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Summary 

 

Establishment and validation of the AAV2/DJ mediated alpha-synuclein rat model 

of Parkinson’s disease – Impact of FGF-2 isoforms on the dopaminergic system 

 

Friederike Freiin von Hövel 

Parkinson’s disease (PD) is a neurodegenerative synucleinopathic disorder, 

pathologically characterized by intracytoplasmic alpha-synuclein (α-syn) aggregates in 

the central nervous system (CNS). These insoluble aggregates are mainly localized 

within dopaminergic (DA) neurons in the substantia nigra (SN) pars compacta, and 

together with the progressive loss of affected DA neurons, define the diagnosis. Today, 

patients can be symptomatically treated temporarily, nevertheless the disease proceeds 

and healing is not yet possible. Disease modifying gene therapy aims to reverse or slow 

down disease progression by e.g. supporting remaining DA neurons with neurotrophic 

factors (NTF). Among these, the fibroblast growth factor 2 (FGF-2) is known to mediate 

the development, maintenance, and survival of DA neurons in vitro and in vivo, and 

therefore represents a promising therapeutic target. Since PD is mainly an idiopathic 

disease with the pathogenesis not fully understood, therapeutic intervention highly 

depends on comparable research models, with increased face, construct, as well as 

predictive validity.  

In study I, we established an early symptomatic rat model of PD, by unilateral 

overexpression of human α-syn in DA neurons of the SN. This determined 

overexpression was mediated by the adeno associated viral vector serotype 2/DJ 

(AAV2/DJ), which was used in the DA system for the first time. In addition, further 

characterization detailed behavioral and histomorphological evaluations were performed. 

Mimicking an early phase of PD, with optimized construct validity, this model permits 

evaluation of therapeutic effects of FGF-2 on remaining as well as α-syn affected DA 

neurons. With this background, the physiological impact of different FGF-2 isoforms in 

the developing and mature murine CNS, with special regard to the DA system, was 

comprehensively analyzed in study II. For this purpose, FGF-2 isoform specific knock 

out mice, only expressing the low molecular weight FGF-2 (LMW) or high molecular 

weight FGF-2 (HMW) were examined, and compared to mice lacking both isoforms, as 
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well as their respective wild type littermates. Finally, in study III, we generated an 

AAV2/DJ mediated doxycycline induced FGF-2 isoform specific expression system, 

which was analyzed on DA progenitor cells in vitro as well as in the nigrostriatal system 

of healthy adult rats in vivo.  

Finally, this PhD project provides a viral vector based α-syn rat model of PD, displaying 

the essential human pathological characteristics, detailed knowledge of specific FGF-2 

isoforms in vivo and novel approaches for therapeutic usage in DA neurons. 
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Zusammenfassung 

 

Etablierung und Validierung des AAV2/DJ basierten alpha-Synuclein 

Rattenmodells der Parkinson‘schen Erkrankung – Charakterisierung der FGF-2 

Isoform spezifischen Einflüsse auf das dopaminerge System 

 

Friederike Freiin von Hövel 

Morbus Parkinson ist eine progrediente, neurodegenerative Erkrankung und wird den 

Synucleinopathien zugeordnet. Diese werden durch intrazytoplasmatische, alpha-

Synuclein (α-syn) enthaltende Aggregate im zentralen Nervensystem klassifiziert. Das 

pathologische Korrelat bilden diese unlöslichen Einschlüsse in den dopaminergen (DA) 

Neuronen der Substantia nigra (SN) pars compacta, einer Region im ventralen Mittelhirn, 

die mit dem fortschreitenden Verlust der betroffenen Zellen assoziiert sind. Betroffene 

Patienten können zeitlich begrenzt, gut symptomatisch therapiert werden, die Heilung der 

Erkrankung ist jedoch bisher nicht möglich. Neue gentherapeutische Ansätze sollen den 

fortschreitenden Verlauf deutlich verlangsamen und/oder ganz aufhalten. Dazu werden 

neurotrophe Faktoren (NTF), wie der Fibroblasten Wachstumsfaktor 2 (FGF-2), gezielt 

in die betroffene Gehirnregion eingebracht. Der protektive Effekt von FGF-2 auf DA 

Neurone sowie sein Einfluss auf deren Entwicklung konnte bereits in vitro und in vivo 

bestätigt werden. Wegen der meist idiopathischen Ursache für Morbus Parkinson fehlen 

bisher jedoch prognosefähige Tiermodelle, mit denen diese Effekte auf den Menschen 

übertragen werden können.  

Basierend auf motorischen Symptomen und detaillierten histomorphologischen 

Untersuchungen wurde in Studie I ein frühsymptomatisches Rattenmodell für Morbus 

Parkinson etabliert. Dazu wurde humanes α-syn, mit dem Adeno-assozierten viralen 

Vektor Typ 2/DJ (AAV2/DJ) einseitig in den DA Neuronen der SN überexprimiert. Die 

charakteristische voranschreitende Pathogenese erlaubt zukünftig die Evaluierung von 

NTF, wie FGF-2, auf krankheitsvermittelte Effekte. Die physiologischen Einflüsse von 

unterschiedlichen FGF-2 Isoformen im DA System des Gehirns wurden in Studie II 

näher charakterisiert. Dazu wurden Mausmutanten untersucht, welche jeweils nur die 

niedrig molekulare oder hochmolekulare Isoform von FGF-2 exprimieren und die 

Ergebnisse mit totalen Knockout Mäusen und deren Wildtyp Wurfgeschwistern 
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verglichen. Ergänzend wurde in Studie III ein induzierbarer AAV2/DJ generiert, der 

jeweils eine der beiden FGF-2 Isoformen enthält, welche nach Doxycyclin Gabe 

exprimiert werden. Die Funktion dieses Systems wurde auf DA Vorläuferzellen getestet 

und vorerst im DA System gesunder Ratten evaluiert. Abschließend kann basierend auf 

dieser Arbeit die therapeutische Effizienz der unterschiedlichen FGF-2 Isoformen im 

neuen α-syn Morbus Parkinson Rattenmodell evaluiert werden. 
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1. Introduction 

 Parkinson’s disease 1.1

Parkinson’s disease (PD) is the second most common neurodegenerative disorder in the 

central nervous system (CNS), affecting patients for the rest of their life (Disease et al., 

2018). First described in his monography “An essay on the shaking Palsy” in 1817, it is 

named after the British physician James Parkinson. Today, around 250.000 patients suffer 

from PD in Germany, with men slightly more often affected than women (Nerius et al., 

2017). Since the prevalence increases with age, more cases are expected in the future due to 

the ageing society (Dorsey et al., 2007; Nerius et al., 2019; Pringsheim et al., 2014). 

Clinically, the disease is characterized by the main motor symptoms: resting tremor, 

rigidity and bradykinesia, but also other symptoms like postural instability (increasing 

difficulties with keeping balance and walking), autonomic dysfunction (like constipation 

and orthostatic hypotension), dementia, depression, and sleep disturbances occur frequently 

(Samii et al., 2004). In most cases, resting tremor is the first clinical symptom, which is 

usually starting asymmetrically at the distal part of one extremity with often observed ‘pill 

rolling’, circular movements performed by the index finger and the thumb. While rigidity 

describes increasing muscle stiffness, bradykinesia initially starts with difficulties of fine 

motor tasks finally resulting in akinesia, meaning complete lack of movements.  

Pathologically, the disease is confirmed by loss of dopaminergic (DA) neurons in the 

substantia nigra pars compacta (SNpc), a region in the ventral midbrain (VM), and 

intracytoplasmic inclusions in the remaining dopamine producing neurons (Gibb and Lees, 

1988). These eosinophilic inclusions, first described by Frederick Lewy in 1913, and 

therefore named Lewy bodies (LB) or Lewy neurites (LN), mainly consist of the protein 

alpha-synuclein (α-syn). Their appearance is not only restricted locally to the SNpc, but 

also seen in other parts of the CNS, further characterizing PD as a synucleinopathic 

disorder (Galvin et al., 2001; Spillantini et al., 1997). At the onset of motor symptoms and 

diagnosis of PD, patients have lost up to 60% of their axon terminals in the striatum (ST) 

with rapid increase (Cheng et al., 2010). Regarding loss of DA neurons in the SNpc, 

observations differ, but on average a reduction up to 30% of DA neurons can be assumed at 

this early point in time (Kordower et al., 2013). The SN, including SNpc and SN pars 

reticulata (SNpr), the ST (consisting of caudate nucleus and putamen), the globus pallidus 

(GP, consisting of external and internal GP), and the subthalamic nucleus (STN) are 
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subcortical nuclei summarized as basal ganglia (BG) (Fig. 1A-B) (Trepel, 2015). The 

coordinated interaction of these nuclei is crucial for initiation and implementation of 

arbitrary movements. Simplified, afferent nerve pathways from the cortical areas excite the 

ST by the neurotransmitter glutamate. Efferent nerve fibers of the ST further inhibit the SN 

and GP using the neurotransmitter γ-amino butyric acid (GABA). Besides the striatonigral 

fibers, the SNpc is also influenced by corticonigral input, and in turn exerts inhibiting 

effects on the ST via the nigrostriatal pathway by the neurotransmitter dopamine (Fig. 1A-

B). In PD, the loss of dopamine producing neurons in the SNpc results in reduced inhibitory 

input to the ST, and consequently leading to hyperactivity of this brain area. The 

subsequent imbalance within the BG network finally end in the motor symptoms of PD. 

 

 

Fig. 1 Localization of the basal ganglia in the human brain.  
A) Sagittal section demonstrating that the substantia nigra (SN) is localized in the ventral midbrain. The 
striatum (ST), consisting of the caudate nucleus and the putamen, is directly influenced by the SN via the 
nigrostriatal pathway. B) Coronal section showing the globus pallidus (GP), which is located medial to the 
putamen. (Illustration is adapted from Trepel (Trepel, 2015)). 
 
 

 Dopamine synthesis 1.2

Dopamine (3,4-dihydroxyphenethylamine) is a catecholaminergic neurotransmitter with 

important functions in BG modulation. It is synthesized in DA neurons in the CNS by 

decarboxylation from its precursor L-3,4-dihydrophenylalanine (L-DOPA) by the enzyme 

aromatic L-amino decarboxylase (AADC). In the VM, dopamine synthesizing neurons are 

commonly subdivided into three main groups: the A8 group is located in the retrorubral 

field, the A9 is defined by the SNpc, whereas the A10 group is partitioned in the ventral 
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tegmental area (VTA) (Smith and Villalba, 2008). L-DOPA also functions as precursor in 

the biosynthesis of other catecholamines, norepinephrine and epinephrine, and is produced 

by tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis, from the 

amino acid L-Tyrosin. Following synthesis, the neurotransmitter is stored in synaptic 

vesicles by the vesicular monoamine transporter 2 (VMAT2) until it is released into the 

synaptic cleft via exocytosis. After release, dopamine activates pre- or postsynaptic 

dopamine receptors (D1-5). Receptors belonging to the D1-like family (D1 and D5) excite, 

whereas receptors belonging to the D2-like family (D2-4) inhibit the target neuron. After 

disconnecting from its receptor, dopamine is either reuptaken into the presynaptic neuron 

by the dopamine transporter (DAT) or the plasma membrane monoamine transporter 

(PMAT). Back in the cytosol, the neurotransmitter can either be restored in vesicles or is 

degraded by the monoamine oxidase (MAO) to 3,4-dihydrophenylacetic acid (DOPAC) and 

further catabolized by the catechol-O-methyltransferase (COMT) to the main metabolic 

break-down product homovanillic acid (HVA) (Hornykiewicz, 1966).  

 

 Etiology of Parkinson’s disease 1.3

Since the etiology of PD remains unknown in the majority of the cases, classifying PD a 

mainly idiopathic disorder, a genetic background can be found in at least 15% of the 

patients. So far, nine genetic loci (PARK-1-8, and -10) have been associated with dominant 

or recessive high family incidence of the disease (Gasser, 2009). The first mutations 

resulting in autosomal dominant PD have been reported in PARK-1, localized on 

chromosome 4q, which contains the α-syn encoding gene (SNCA) (Polymeropoulos et al., 

1996).  

Until today, five missense mutations in the SNCA are known, with four of them causing PD 

before the age of 60 (A53T, A30P, E46K, and G51D), and another one associated with a 

later onset of the disease (H50Q) (Fig. 2) (Kruger et al., 1998; Lesage et al., 2013; 

Polymeropoulos et al., 1997; Proukakis et al., 2013; Zarranz et al., 2004). Furthermore, 

several duplications and triplications of SNCA are discovered, demonstrating that increased 

expression of the human α-syn wild type (α-syn-WT) protein is also leading to familiar 

predispositions (Ibanez et al., 2004; Singleton and al., 2003). Thereby, the degree of α-syn 

expression also correlates with severity of disease progression (Venda et al., 2010). The 

human SNCA gene is predominantly expressed in neurons of the CNS and contains seven 

exons, of which five encode for the α-syn protein (Venda et al., 2010). Alpha-syn, which is 
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the main component of LB, spans 140 amino acids and is structurally divided into three 

parts: the acidic C-terminal, the central hydrophobic region, and the amphipathic region at 

the N-terminus (Beyer, 2006). All point mutations are located within the N-terminal region 

(Fig. 2). The first reported A53T mutation, e.g. describes the transversion from guanine to 

adenine at the nucleotide position 209 resulting in an alanine (A) to threonine (T) 

substitution at amino acid 53 (Polymeropoulos et al., 1997). Meanwhile, the E46K mutation 

describes a guanine to alanine transversion at nucleotide position 188, thus resulting in 

lysine (K) instead of glutamate (E) at position 46 (Zarranz et al., 2004). In addition to 

genetic risk factors, environmental exposure can also lead to PD. In California e.g. a series 

of patients developing PD pathology after intravenous application of a “synthetic heroin” 

mixture containing 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) were reported 

(Langston et al., 1983).  

 

 

Fig. 2 Point mutations in the human SNCA gene causing Parkinson’s disease.  
The human chromosome 4 contains the α-syn encoding gene (SNCA). The α-syn protein comprises 140 amino 
acids long and divided in the acidic C-terminal (grey), the central hydrophobic region (orange), and the 
amphipathic region at the N-terminus (violet). All described point mutations are located within the N-
terminus, where transversion of a nucleobase resulted in an amino acid exchange (indicated by arrows). A30P 
describes an alanine (A) to proline (P) exchange at position 30, lysine (K) instead of glutamate (E) at position 
46 resulted in the E46K mutation. A point mutation in exon 3 led to an exchange of histidine (H) to glutamine 
(Q) at position 50, or glycine (G) to aspartate (D) at position 51. The first described mutation A53T is located 
at position 53, where alanine (A) is replaced by threonine (T). Post-translational modifications of the α-syn 
protein, like phosphorylation at residue S129 (pS129), are known to be enhanced in LB and LN. 
 
 
 

 Alpha-synuclein and Lewy body pathology  1.4

Besides neurofilament and ubiquitin, α-syn was identified as major component of LB 

(Galvin et al., 1999; Spillantini et al., 1997). Moreover, α-syn aggregation is also associated 

with other neurodegenerative diseases summarized as synucleinopathies (Galvin et al., 

2001). The protein was first described in the CNS of the pacific electric ray (Torpedo 
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californica) and rat (Maroteaux et al., 1988), and later also detected in amyloid plaques of 

Alzheimer patients (Ueda et al., 1993). Today, the synuclein family consists of α-, β- , and 

γ-syn, which share around 60% amino acid identity. The physiological function of the 

commonly soluble and monomeric structured α-syn is still poorly investigated. So far, in 

vitro studies demonstrate interaction of α-syn and DAT (Wersinger et al., 2003). 

Furthermore, associations with soluble N-ethylmaleimide-sensitive factor attachment 

protein receptor (SNARE) suggest involvement in vesicle fusion, exocytosis, and dopamine 

release (Choi et al., 2013). In disease state, α-syn was shown to shift from monomeric 

structure to protofibrils, fibrils, and oligomers, which seem to correlate with toxicity and 

disease severity, and are therefore hypothesized as the toxic forms of the protein (Koprich 

et al., 2017). However, today it is hypothesized that LB formation within DA neurons is a 

result of toxic accumulation of misfolded α-syn, rather than a protective sequestering of the 

cell as part a survival mechanisms (Conway et al., 2000).  

Physiologically, α-syn is degraded by intracellular pathways like macroautophagy or the 

ubiquitin-proteasome system, while in disease state, the α-syn protofibrils, fibrils, and 

oligomers are prone to form intracytoplasmic, insoluble aggregates/LB, which cannot be 

removed (Ulusoy et al., 2010a; Winner et al., 2011). Therefore, mutations of the human 

SNCA seem to enhance oligomerization. Meanwhile, the influence of post-translational 

modifications which are enhanced in LB, like phosphorylation especially at residue S129 

(pS129), on degradation or oligomerization is still elusive (Fig. 2) (Oueslati, 2016). 

Furthermore, in vitro and in vivo studies demonstrate that α-syn oligomerization reduces 

dopamine synthesis by reduction of TH and AADC activity (Gao et al., 2007; Tehranian et 

al., 2006). Moreover, misfolded α-syn leads to dysregulation of the calcium (Ca2+) 

homeostasis resulting in increased vulnerability of affected neurons. It also causes defects 

in lysosomal degradation, which is probably partly responsible for LB pathology (Butler et 

al., 2017). 

 
 

 Neurodegeneration of dopaminergic neurons 1.5

Like other synucleinopathies, PD is pathologically characterized by insoluble α-syn 

aggregates in the CNS. However, pronounced loss of DA neurons in the SNpc (A9) is an 

unique selling point, and DA neurons in other VM areas (A8 and A10) are less affected 

(Hirsch et al., 1988). This observation suggests that DA neurons located in the SNpc 
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possess increased vulnerability, which might be due to high electrophysiological workload, 

massive arborized projections, and less myelinated axons (Koprich et al., 2017).  

Based on the multifactorial causes of the disease, the pathogenesis resulting in neuronal 

loss might also differ. As excitable cells, neurons highly depend on balanced Ca2+ 

homeostasis. It is known that dysfunction leads to increased intracellular Ca2+ 

concentrations, which further result in oxidative stress and apoptosis (Mattson, 2007). 

Investigations following MPTP intoxication, a documented environmental factor causing 

PD, support the hypothesis that disturbances in the cellular Ca2+ and potassium (K+) 

household, accompanied by dysfunction of regulatory elements like mitochondrial damage, 

contribute to cellular stress and neuronal death (Sulzer, 2007). Additionally, α-syn 

overexpression leads to increase of Ca2+ influx and disruption of the intracellular buffer 

capacity (Butler et al., 2017; Dryanovski et al., 2013). Furthermore, intracellular dopamine 

interacts with other substances to form toxic oxygen radicals. Physiologically, it is 

sequestered into vesicles by VMAT2 or metabolized by MAO, and its synthesis by TH is 

regulated by an inhibiting feedback mechanism. All these steps are differently affected by 

α-syn resulting in increased cytosolic dopamine levels, even though its precise function is 

not fully understood (Venda et al., 2010). Furthermore, DA neurons contain autophagic 

vacuoles enclosing neuromelanin even under physiological conditions. Following neuronal 

loss, neuromelanin is released and activates microglia leading to inflammation, which could 

further stress neighboring neurons (Sulzer, 2007). 

 

 Therapeutic strategies of Parkinson’s disease 1.6

Today, medical treatment of PD patients is based on pharmacotherapy, as well as surgical 

procedures aiming to reduce clinical symptoms and improve patients’ quality of life by 

influencing DA pathways. However, none of these therapies have the potential to reduce or 

reverse disease progression, making additional neurorestorative and neuroprotective 

interventions mandatory.  

 

1.6.1 Pharmacotherapy 

Depending on the age of the patient at disease onset, as well as clinical symptoms, different 

treatment recommendations are given by the “Deutsche Gesellschaft für Neurologie e.V.” 

(DGN) (Deuschl et al., 2016). As the loss of dopamine in the ST is primarily responsible 
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for the first occurring motor symptoms, pharmaceutical therapies focus on replacement of 

the missing neurotransmitter. Depending on the neuronal loss, this can either be achieved 

by inhibiting dopamine degradation processes, applying the dopamine precursor L-DOPA, 

or using a dopamine agonist. Since the first clinical trial, published by George C. Cotzias in 

the late sixties, L-DOPA has become the most effective and widely used treatment for PD 

(Zhang and Tan, 2016). Because dopamine is not able to cross the blood-brain barrier 

(BBB), the precursor L-DOPA can be administered orally instead. After entering the CNS, 

it is converted to dopamine by AADC leading to an increased striatal dopamine level 

(Koller and Rueda, 1998). However, only 5-10% of the substance is able to reach the CNS, 

while the majority is metabolized in the periphery. The increased peripheral dopamine 

levels result in several side effects. In order to reduce these unintended side effects, the 

medication needs to be supplemented by aromatic L-amino acid decarboxylase inhibitors 

(AAADI). Additionally, effectiveness of L-DOPA treatment declines over time and half of 

the treated patients develop motor fluctuations and dyskinesia already after five years (Nutt, 

2001). Motor fluctuations commonly start as end-of-dose deterioration, but can also lead to 

unpredictable “ON” (positive response after treatment) and “OFF” (no response after 

medication) phases. Alternatively, patients can be treated with a dopamine agonist (e.g. 

apomorphine, bromocriptine) in combination or alone. This therapeutic approach rarely 

results in motor fluctuations or dyskinesia, but it is also less effective and is accompanied 

by other complications, like impulse control disorders, especially in older patients (Eggert 

et al., 2012). Additionally, CNS dopamine levels can be increased by reducing its 

degradation through administering of MAO-B inhibitors or COMT inhibitors. Both 

inhibitors reduce the amount of L-DOPA medication needed and increase its half-lifetime. 

However, the side effects are often even worse, while the inhibitors are not able to treat 

motor symptoms. To summarize, pharmacotherapy can improve clinical symptoms of PD 

patients, but also bears several side effects, is limited in time, and unable to stop disease 

progression (Goetz et al., 2005). 

 

1.6.2 Surgical therapy 

Before the successful establishment of L-DOPA, surgical interventions were commonly 

used to treat PD patients. Historically, neurosurgery started with lesioning of specific areas 

of the BG to improve motor symptoms. However, due to its possible complications, this 

method was only unilaterally feasible and still held high risks of severe side effects caused 



Introduction 

8 

by damage of adjacent brain areas. With the development of deep brain stimulation (DBS) 

in the late eighties, lesioning became obsolete. This stereotactic surgery involves the 

bilateral implantation of an electrode within the brain, which is connected to a stimulator 

localized subcutaneously below the clavicle. The electrical impulses send to specific brain 

areas interfere with neural activity. The stimulator is mainly localized in the STN, but the 

GP can also be implemented (Deuschl et al., 2016; Follett et al., 2010). Comparable clinical 

studies demonstrated that DBS improves motor symptoms similar to L-DOPA treated 

patients (Merola et al., 2014; Zibetti et al., 2011). However, side effects like depression, 

dementia, apathy, and other psychiatric alterations can occur. Additionally, this method 

neither hinders the disease progression. Due to the side effects caused by surgical 

intervention, the DGN recommend this method for patients with pharmacotherapeutic 

untreatable tremor or motor fluctuations, and patients with tendency towards psychosis 

after L-DOPA treatment (Eggert et al., 2012).  

  

1.6.3 Cell replacement therapy  

Cell replacement therapy (CRT) aims to replace the loss of DA neurons within the SNpc, as 

main reason for motor symptoms in PD patients. In the last thirty years, grafts from several 

sources like human and porcine fetal tissue, human adrenal chromaffin cells, carotid body 

cells, and immature retinal cells, have been transplanted in PD patients (Drucker-Colin et 

al., 1999; Obeso et al., 2010). Different clinical studies demonstrate that allografts from 6-9 

week old fetal, post-mitotic VM neurons survive after transplantation, but provide variable 

results regarding patients’ benefits (Barker et al., 2013). So far, the survival rate following 

grafting varies. Although remaining grafts were shown to survive for decades, they were 

also affected by PD pathology over time (Kordower and Brundin, 2009). Beneficially, 

patients showed increased dopamine uptake and re-innervation of the ST, even though no 

study confirms enhanced outcome compared to DBS or L-DOPA therapy. And some 

patients also develop worse dyskinesia and immune reaction towards the allografts (Arenas, 

2010; Olanow et al., 2003). Besides that, several ethical concerns regarding the donor tissue 

exist, leading to greater interest in autologous cell replacement strategies. On this account, 

human fibroblasts reprogrammed to induced pluripotent stem cells (iPSc) and then 

differentiated into DA neurons were evaluated in preclinical studies (Lindvall, 2016). 

Promising results were reported from rodent and non-human primate (NHP) models, 

displaying functional integration and motor improvements following transplantation 
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(Dell'Anno et al., 2014; Kikuchi et al., 2017). In 2016, a phase I study started, examining 

patients transplanted with human parthenogenetic neural stem cells from the International 

Stem Cell Corporation in the ST and SNpc (NCT02452723). Interim results provided cause 

for optimism regarding safety and tolerability of this method (Kern et al., 2019).  

 

1.6.4 Neurotrophic factors  

Another strategy to alter disease progression in PD patients, especially in those cases with 

family predisposition, is to safe DA neurons from dying by delivering supporting 

substances. Molecules enhancing the development and maturation of neurons, and 

sometimes also bearing protective potential within the CNS, are broadly summarized as 

neurotrophic factors (NTF). So far, many have been studied in vitro and in vivo regarding 

their neuroprotective and neurorestorative potential towards DA neurons, aiming to slow 

down or reverse progression of PD pathology (summarized by Evans and Barker (Evans 

and Barker, 2008)). Among all NTF, the glial cell-derived neurotrophic factor (GDNF) 

superfamily, the nerve growth factor (NGF) superfamily, the cerebral dopamine 

neurotrophic factor (CDNF), and the fibroblast growth factor (FGF) family display 

enhanced therapeutic potential. Additionally, some of these were demonstrated to be 

significantly reduced in the SNpc of PD patients (Parain et al., 1999, Tooyama et al., 1993). 

As most NTF cannot penetrate the BBB, intracerebral application is mandatory to treat DA 

neurons. Single injections as well as permanent infusion of the NTF into the cerebrospinal 

fluid (intraventricular or intrathecal) or intraparenchymal using osmotic minipumps or viral 

vectors for delivery, are effective.  

 

 Infusion therapy with neurotrophic factors  1.6.4.1

After promising preclinical results, infusion therapy using GDNF and neurturin (NTN), 

both belonging to the GDNF superfamily, were evaluated in clinical studies with different 

results. While Nutt et al. failed to show improvements after intracerebroventricular infusion 

of GDNF in a phase I trial (Nutt et al., 2003), other studies reported improvement of motor 

deficits following intraputaminal application (Gill et al., 2003; Slevin et al., 2005). Based 

on these findings, intraputaminal infusion of GDNF was analyzed in a subsequent phase II 

trial, but with no significant improvements (Lang et al., 2006). Furthermore, some patients 

developed antibodies towards the infused NTF and poor diffusion from the injection site 
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towards the tissue was reported as well as rapid bio metabolism by endogenous enzymes 

(Sullivan and O'Keeffe, 2016). 

 

 Gene therapy with neurotrophic factors 1.6.4.2

Gene therapeutic approaches for human diseases were first introduced in 1972 (Friedmann 

and Roblin, 1972). They can either be used to silence, replace, or correct faulty genes, or to 

include therapeutic ones by using viral vectors. Gene therapies have been evaluated to 

increase distribution of the NTF within the target area in PD patients and to induce long 

lasting expression accompanied by minimally invasive intervention. So far, the approaches 

for PD can be classified in non-disease modifying or disease modifying treatments. A 

former attempt tried to improve clinical symptoms by expression of DA enzymes to adjust 

the neurotransmitter imbalance within the BG circuitry. Disease modifying interventions 

aim to stop PD progression and/or reverse neuronal loss by overexpression of NTF. For 

NTF delivery to the CNS, commonly serotypes from adeno-associated viral vector (AAV) 

or lentiviral vector (LV) were used. In vivo studies already provide evidence for safety and 

great accuracy of gene expression in the mammalian CNS for both vectors (Lentz et al., 

2012). Preclinical studies in rodent and NHP models demonstrate tolerability of the 

delivery system with improved behavioral symptoms and neuroprotection following GDNF 

and NTN expression (Axelsen and Woldbye, 2018). Using AAV serotype 2 (AAV2) for 

intraputaminal overexpression of NTN in an open-label phase I trial, promising results for 

advanced PD patients were gathered (Marks et al., 2008), and a comparable study using 

GDNF is still ongoing (NCT01621581). A subsequent phase II trial of the NTN study, 

however, failed to show improvements in PD patients and therefore did not reach the 

planned endpoint (Marks et al., 2010). Notably, post mortem studies proofed long time 

transgene expression (Bartus et al., 2015). Most promising results of preclinical evaluations 

are based on neuroprotective effects by retrograde transport of the intrastriatal delivered 

NTF. Although, α-syn was shown to influence axonal transport crucially (Venda et al., 

2010), as a consequence newer studies switched to delivery of NTN to the ST as well as the 

SN. Simultaneous delivery of NTN to putamen and SN was demonstrated to be safe and 

feasible over a five year period (Marks et al., 2016). Nevertheless, NTN expression failed 

to show significant benefits compared to the sham-injected control group (Olanow et al., 

2015).  
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 Adeno-associated viral vector  1.7

To date, AAV is one of the most frequently used viral vectors for gene therapy (Daya et al., 

2008). Originally, the adeno-associated virus belongs to the family Parvoviridae and genus 

Dependoparvovirus. Their replication within the host cell depends on cotransfection with a 

helper virus (e.g. adenovirus or herpesvirus). So far, twelve human serotypes are described, 

which are small (25 nm), non-enveloped viruses containing a linear single-stranded DNA 

genome, which is 4.7 kilobases (kb) long. Until today, they are not associated with any 

known disease, display low immunogenicity, are able to transduce non dividing cells, and 

provide long-lasting transgene expression, characterizing them as most suitable for research 

issues. Their genome is flanked by inverted terminal repeats (ITR), essential for replication, 

transcription, and genome packaging. Between the two ITR, the Rep region produces four 

different Rep proteins, and the Cap gene encodes for three viral capsid proteins (VP1-3). 

These proteins facilitate receptor binding at the cell surface and thus, determine 

transduction efficiency of the different serotypes (Lentz et al., 2012). In an adeno-

associated viral vector (AAV), the ITR are kept because of the necessary packaging signals, 

while the Rep and Cap regions are replaced by the transgene of interest (ToI) (Fig. 3A). 

Today, commonly AAV serotype two (AAV2) is used in neurological diseases, as this 

vector is extensively examined and able to sufficiently transduce several tissues (Daya and 

Berns, 2008). However, regarding transduction of DA neurons, this serotype is less 

efficient compared to others (Korecka et al., 2011). Therefore, pseudotyping approaches 

were used to increase transduction efficiency, meaning that the genome including the ToI 

flanked by AAV2 ITR is integrated in a different serotype capsid e.g. serotype 1 (AAV2/1) 

(McFarland et al., 2009). Using a DNA family shuffling technology even more AAV 

serotypes can be integrated to create hybrid capsids, which combine novel and synergistic 

properties. AAV pseudotyped variant 2/DJ, e.g. contains eight different serotypes (Grimm 

et al., 2008). Following successful attachment and transduction (e.g. AAV2 uses heparin 

sulfate as its primary receptor), the vector enters the host cell nucleus, is uncoated and the 

second strand synthesis starts (Fig. 3B).  

To initiate stable transcription of the ToI, a promoter is included upstream in the genome. 

The promoter functions as RNA polymerase binding site and transcription regulator (Fig. 

3C). Thereby, different promoters can be selected based on the host organism and cell type 

to improve expression specificity, like the human synapsin promoter 1 (h-Syn) for neurons 

(Kugler et al., 2003).  
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Fig. 3 Viral vector constructs.  
A) In viral vector constructs the original vector capsid is maintained or can be modified (1). Meanwhile the 
original Rep and Cap region flanked by two inverted terminal repeats (ITR) (2) are replaced by a promotor, 
the transgene of interest (ToI) and in addition, often by an expression enhancer element like the woodchuck 
hepatitis virus post-transcriptional regulatory element (WPRE) (3). B) Following injection, the pseudotyped 
viral vector (indicated by colored capsid) binds receptors at the cell surface (1) and enters the cell via receptor 
mediated endocytosis (2). After escaping the lysosomal pathway, the vector further enters the cell nucleus (3), 
where the genome, after uncoating, is released for (4). C) Viral vector carrying a stably expressed promotor 
(1) will continuously express their ToI (2) due to the endogenous RNA polymerase. D) In contrast, in 
doxycycline (Dox) inducible constructs the stably expressed ubiquitin promotor (Ubc) (1) results in constant 
expression of the rTetR (e.g. the rtTA3) element (2), while no ToI is expressed. Following Dox administration 
(3), the rTetR activates the TetO promotor (4) resulting in expression of the ToI (5). (Adapted from Das et al. 
(Das et al., 2016)).  
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An additionally integrated enhancer element, such as the woodchuck hepatitis virus post-

transcriptional regulatory element (WPRE), further increases ToI expression through RNA 

export and translation (Glover et al., 2002). Besides stable transgene expression, regulatory 

promoters can also be used to modulate ToI expression, which is useful for therapeutic 

treatment. Gossen et al. (1995) created the Tet-On system, a regulatory mechanism, in 

which the ToI expression depends on tetracycline administration, like doxycycline (Dox; a 

tetracycline derivative) (Fig. 3D). This system is a further development of the Tet-Off 

system, which originally consisted of a Tet-repressor protein (TetR) and the Tet operator 

(TetO), which is responsible for tetracycline resistance of Escherichia coli. Fusion of the 

TetR with the VP16 protein of herpes simplex virus resulted in the tetracycline controllable 

transcriptional activator (tTA), and TetO combined with the eukaryotic promotor permits 

usage in mammalian cells. For the Tet-On system, a mutation of the original TetR is used, 

which functions in a reverse (rTetR) way and activates the TetO in the presence of 

tetracycline. Further improvements of this system increased the sensibility towards 

antibiotic availability (Das et al., 2016).  

 
 In vivo models of Parkinson’s disease 1.8

In the last decades, several animal models have been generated to study PD pathology and 

develop therapeutic strategies. While none of the invented models is able to cover all 

aspects of the disease so far, each has different advantages regarding face, predictive, and 

construct validity. The animal model closest mimicking PD pathology is the MPTP model 

in NHP (Langston, 2017), as it shares etiology (construct validity), behavioral deficits (face 

validity), and response to drug administration (predictive validity). However, this only 

covers a small amount of PD cases. As PD mainly is an idiopathic disorder not occurring in 

animals naturally, further reliable models are needed. So far, several approaches have been 

made to mimic the disease in rodents, aiming to pharmacokinetic and therapeutic targets 

with optimized translatability to the human conditions. 

 

 Toxin-induced rat models of Parkinson’s Disease 1.8.1

In the toxin-induced animal models, loss of DA neurons in the SNpc is induced through 

application of neurotoxins, like 6-hydroxydopamine (6-OHDA), MPTP, paraquat or 

rotenone (Jagmag et al., 2015). The toxic effect is mostly mediated by inhibiting 
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mitochondrial function and/or creating reactive oxygen (Potashkin et al., 2010). The 6-

OHDA rat model of PD, first described in 1968, has been extensively used due to its 

catecholamine selective effects after local administration (Ungerstedt, 1968). After 

injection, rapid neuronal loss is observed accompanied by behavioral deficits, which allow 

invention with symptomatic treatments.  However, neuronal loss does not mimic the slow 

progress observed in patients and no LB pathology is displayed (Potashkin et al., 2010). 

Furthermore, therapeutic treatment to slow down or reverse disease progression cannot be 

evaluated and recent predictive validity for clinical improvements failed (Koprich et al., 

2017). 

 

 Genetic rodent models of Parkinson’s disease  1.8.2

Based on the genetic alterations found to cause PD in patients, several genetic animal 

models have been developed to investigate signaling pathways and increase construct 

validity. Most of the transgenic rodents either express the human α-syn-WT, as model for 

SNCA multiplications, or mutant α-syn, like the missense mutations α-syn-A30P, α-syn-

A53T, or α-syn-E46K. Other gene mutations known to cause PD are used as well 

(summarized by Jagmag et al. (Jagmag et al., 2015)). Specific promoters were included 

trying to selectively affect neurons within the DA system. Most of the generated animals 

displayed intracellular α-syn positive inclusions within DA neuron of the SNpc and also 

other areas in the CNS, even after longer time periods (from four months onward). 

However, while some of these animals presented neuronal dysfunction, not all of them 

developed consistent neuronal loss and/or obvious motor deficits. Some animals display 

non-motor features of PD like cognitive (evaluated using the Morris water maze), or 

olfactory impairments, and constipation (Butler et al., 2017; Koprich et al., 2017). To 

summarize, these models possess strong construct validity resulting in clinical and 

pathological key features of PD, but with certain variabilities. Furthermore, predictive 

validity still needs to be examined in detail.   

 

 Viral vector based rat models of Parkinson’s disease 1.8.3

An alternative to transgenic animals is provided by determined expression of the disease 

causing transgene (α-syn) in DA neurons using viral vectors. This system has the advantage 

to bypass possible compensation mechanism, probably arising in transgenic animals 
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throughout development. Furthermore, the transgene can be delivered into defined brain 

regions at different points in time.  

In 2002, the first LV based model of PD by overexpression of either α-syn-WT or α-syn-

A30P or –A53T mutant in the rat SNpc was described (Lo Bianco et al., 2002). 

Simultaneously, another approach by local overexpression of either α-syn wt or α-syn 

mutant (A53T) in adult rats using AAV2 was reported (Kirik et al., 2002). Both studies 

demonstrated progressive neuropathology and DA neurodegeneration, even transgene 

expression was enhanced after AAV transduction, but the animals did not develop motor 

deficits. Finally, it was postulated that transduction efficiency and level of α-syn expression 

in the SNpc crucially determine progression of PD pathology (Decressac et al., 2012c). 

Thereby, AAV mostly outperformed LV due to higher titers and transduction efficiencies 

regarding DA neurons (Dehay and Fernagut, 2016). So far, many approaches have been 

made to establish reliable PD models in rodents based on α-syn overexpression, whereby 

they only achieved mixed results (recently reviewed by Van der Perren et al., and Albert et 

al. (Albert et al., 2017; Van der Perren et al., 2015b)).  

Due to the limitations evaluated for AAV2, alternative AAV serotypes have been 

developed by pseudotyping to further increase transduction efficiency for DA neurons (e.g. 

AAV2/5; AAV1/2) (Azeredo da Silveira et al., 2009, Gombash et al., 2013). Furthermore, 

not only α-syn-WT or mutant have been evaluated as PD model, but also translational 

modifications like phosphorylation (pS129) of α-syn (McFarland et al., 2009). Besides the 

transduction efficiency, transgene expression was also increased by generating other 

promotors, like h-Syn, which mostly replaced the original used chicken β actin promotor 

(CBA), and including enhancer elements like WPRE (Van der Perren et al., 2015b). 

However, caused by different experimental designs (e.g. rat strain; AAV serotype; 

promoters; vector titer; α-syn expression), studies are difficult to compare. Indeed, much 

effort has been put into optimization of α-syn expression, which resulted in progressive 

neuronal loss in shorter latency and behavioral changes demonstrating that 40-80% loss of 

DA neurons is achievable in 3-26 weeks. Thereby, it was postulated that increasing the 

AAV titer can also result in unspecific toxicity, as well as transgene overload, like observed 

for some green fluorescent protein (GFP) carrying control vectors (Albert et al., 2017), 

suggesting that exactly adjusted transgene delivery is needed. Besides neuronal loss and 

behavioral deficits, striatal TH fiber density is also reduced and LB pathology is confirmed 
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by proteinase treatment as well as ubiquitin and pS129 staining, verifying that these animal 

models replicate the progressive α-syn related neuropathology (Koprich et al., 2017).  

To summarize, these models possess increased construct and face validity (Koprich et al., 

2017). Furthermore, initial tests also demonstrated increased predictive validity for these 

models (Decressac et al., 2011). So far, three different approaches towards reliable α-syn 

rat models are available and studied in more detail presented in table 1 (Tab. 1). 

 

Tab. 1 Summary of exemplary α-syn rat models of Parkinson’s disease.  

 

AAV AAV1/2 AAV2/6 AAV2/7 

Promotor  
(enhancer) 

CBA/CMV 
(WPRE + BGH) 

h-Syn 
(WPRE) 

h-Syn/CMV 
 

α-syn A53T WT A53T 

Rat strain SD SD Wistar 

Vector titer 
(injected volume) 

5.1 x 1012 gc/ ml 
(2 µl) 

3.1 x 108 gc/ 3 µl 
(3 µl) 

1 x 1011 gc/ ml 
(3 µl) 

Control vector 
GFP 
eV 

GFP 
 

GFP 
 

Duration in weeks 6 16 4 

ST (% TH+ fiber 
reduction) 30 – 50% 60% 80 – 90% 

SN (% TH+ cell 
loss) 25 – 40% 75% 80 – 90% 

Behavioral deficits pronounced in the 
cylinder test 
 

pronounced in the 
cylinder test 
and amphetamine- 
induced rotation test 

pronounced in the 
cylinder test 
 

PD pathology α-syn aggregates 
- PK resistant 

α-syn aggregates 
- pS129 + 

α-syn aggregates 
- ubiquitin + 
- pS129 + 

Primary reference 
 

(Koprich et al., 
2011; Koprich et al., 
2010) 

(Decressac et al., 
2012c; Decressac et 
al., 2011) 

(Van der Perren et 
al., 2015a) 

Further described 
by  

(He et al., 2016; 
Musacchio et al., 
2017) 

(Decressac et al., 
2012a; Decressac et 
al., 2012b) 

(Oliveras-Salva et 
al., 2013; Van der 
Perren et al., 2016) 
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AAV = adeno-associated viral vector; BGH = bovine growth hormone polyadenylation sequence; CBA = 
chicken β actin promotor; CMW = cytomegalovirus enhancer element; eV = empty vector; gc = genome 
copies; GFP = green fluorescent protein; h-Syn = human synapsin promotor 1; PK = proteinase K; pS129 = α-
syn phosphorylated at serine 129; SD = Sprague Dawley; SN = substantia nigra; ST = striatum; WPRE = 
woodchuck hepatitis virus posttranscriptional regulatory element; TH = tyrosine hydroxylase 
 
 

 Fibroblast growth factor family 1.9

In mammals, the FGF family originally consists of 23 different members expressed in 

several tissues. The human FGF-15 and mouse FGF-19 have not been identified and are 

likely to be orthologues genes (Ornitz and Itoh, 2001). Based on sequence homology and 

phylogenetic studies, several subfamilies can be distinguished and a conserved 120 amino 

acid residue core with up to 60% identity is shared (Itoh and Ornitz, 2004). By their mode 

of action, FGFs can also be classified as intracrine, paracrine, and endocrine proteins (Itoh 

and Ornitz, 2011). Most FGFs act through binding of a fibroblast growth factor receptor 

(FGFR), a tyrosine kinase receptor, endocrine FGFs (FGF-15/19, FGF-21, and FGF-23) 

with lower affinity (Itoh and Ornitz, 2011). However, FGF-11 – FGF14, also termed as 

FGF homologous factors 1-4, act intracrine on a FGFR-independent manner (Olsen et al., 

2003). The first isolated FGFs were extracted from bovine pituitary glands and later 

classified as acidic FGF (FGF-1) and basic FGF (FGF-2) (Gambarini and Armelin, 1982, 

Gospodarowicz et al., 1974). 

 

 Fibroblast growth factor-2 1.9.1

In humans, FGF-2 is expressed in various cell types and tissues with different physiological 

functions. In the CNS, its reduction is associated with disturbances in the glutamatergic and 

nigrostriatal system and therefore linked to several neurodegenerative as well as 

neuropsychiatric disorders (Even-Chen and Barak, 2018; Terwisscha van Scheltinga et al., 

2013; Tooyama et al., 1993). In adult mice, the orthologues FGF-2 gene is also broadly 

expressed with enriched expression levels of FGF-2 mRNA in white adipose tissue, heart, 

lung, aorta as well as the male and female reproductive tract (Fon Tacer et al., 2010). 

In rodents, FGF-2 is expressed throughout development and maturation of the CNS in 

general, mainly localized in astrocytes and neurons with different distribution patterns 

depending on the brain region analyzed (Bean et al., 1991; Cintra et al., 1991; Gonzalez et 

al., 1995; Grothe et al., 1991). Originating from the same mRNA, the FGF-2 protein is 
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expressed in different isoforms: in rodents starting at an internal AUG codon, a 18 kilo 

Dalton (kDa) product is released, described as low molecular weight FGF-2 (LMW); 

translation from an upstream CUG codon results in a 21 and 23 kDa protein, summarized as 

high molecular weight FGF-2 (HMW) (Fig. 4A) (Florkiewicz et al., 1991a;Florkiewicz and 

Sommer, 1989; Giordano et al., 1992).  

LMW is found within the cell nucleus and cytoplasm, and can also be secreted via an 

unconventional Tec kinase mediated mechanism (Claus et al., 2003; Ebert et al., 2010). In 

contrast, HMW is restricted to the cell nucleus due to an additional NH2-terminal extension 

containing another nuclear localization sequence (NLS) (Foletti et al., 2003; Quarto et al., 

1991; Renko et al., 1990). Due to its nuclear localization, HMW acts intracrine and an 

interaction with the FGF-2 interacting factor (FIF), an anti-apoptotic polypeptide, has been 

reported (Van den Berghe et al., 2000) as well as binding to the survival of motor neuron 

(SMN) protein, which suggests a role in RNA metabolism (Claus et al., 2003). 

Furthermore, HMW regulates gene transcription through the integrative nuclear FGFR-1 

signaling (INFS) pathway (Stachowiak et al., 2015; Stachowiak et al., 2007) and is able to 

induce chromatin compaction and cell death by the extracellular signal-regulated kinase 1 

and 2 (ERK1/2) pathways (Ma et al., 2007). In contrast, secreted LMW acts para- or 

autocrine through the FGFRs, which leads to activation of different intracellular signaling 

factors influencing cell growth, proliferation, migration, and differentiation (Sorensen et al., 

2006). Additionally, LMW can also enter the cell by receptor mediated endocytosis needing 

phosphoinositide 3 (PI3) kinase activity (Malecki et al., 2004) and can further be 

translocated to the nucleus via interaction with translokin (Bossard et al., 2003).  

Besides their variable localization and mode of action, FGF-2 isoforms also have distinct 

expression patterns throughout embryonal development of the CNS (Giordano et al., 1992), 

especially within the nigrostriatal system (Rumpel et al., 2016), where they are mainly 

localized within the DA neurons and glia cells (Bean et al., 1991), emphasizing further 

distinct responsibilities. Additional studies demonstrated that FGF-2 crucially influences 

DA neuron development and maturation in vivo (Baron et al., 2012b; Ratzka et al., 2012; 

Reuss et al., 2003). Regarding therapeutic approaches for PD, FGF-2 pretreatment of fetal 

DA neurons promotes survival of grafted cells as well as behavioral recovery in 6-OHDA 

lesioned rats, which is even more pronounced by repeated intrastriatal infusion (Mayer et 

al., 1993b). 
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Fig. 4 FGF-2 biosynthesis.  
A) The FGF-2 gene is localized on mouse chromosome 3 between bp 37348477 and 37404893. Based on the 
same mRNA, LMW is translated from an AUG start codon (orange), while two HMW isoforms are translated 
from alternative upstream localized CUG codons (violet). The 18 kDa core sequence (orange) is shared by all 
isoforms and contains a bipartile nuclear localization sequence (NLS) responsible for nuclear and nucleolar 
localization (grey). Additionally, HMW isoforms contain several glutamine / arginine (GR) repeats in their N-
terminal functioning as a second NLS. B) In FGF-2-/- mice, the FGF-2 coding exon was exchanged by a 
neomycin resistance gene (neo), leading to a total loss of function of the FGF-2 allele (indicated by green 
cross). LMW-/- mice only express HMW because the ATG transcription start site for LMW was replaced by 
targeted mutation (green). In HMW-/- mice, the 14 bp oligo insert (green) includes three stop codons (TAG) 
preventing HMW translation, while LMW is still translated. 
 
 
Furthermore, LMW producing fibroblasts co-transplanted with fetal DA neurons in the rat 

SN following toxin lesion, support neuronal survival and enhanced motor function 

(Takayama et al., 1995). Similar improvements were also reported after striatal co-

transplantation of DA neurons and HMW overexpressing Schwann cells (Timmer et al., 

2004). These experiments were underlined by in vitro studies, demonstrating that FGF-2 

application supports growth and neurite formation as well as survival of DA precursor cells 

(Beck, 1994; Ferrari et al.; 1989; Grothe et al., 2000; Mayer et al., 1993a). Besides its 

neurotrophic effect, FGF-2 was also proved to mediate α-syn expression at the 

transcriptional level in vitro on DA precursor cells (Clough and Stefanis, 2007; Rideout et 

al., 2003). 
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  FGF-2 mouse models 1.10

The mouse FGF-2 gene is located on chromosome 3 between base pare (bp) 37348477-

37404893 (Fig. 4A) (Finger JH et al., 2017). To study the physiology as well as 

pathophysiologic impacts caused by a loss of FGF-2 and its isoforms in vivo, different 

mouse models have been developed (Smith CL et al., 2018). Dono et al. created and first 

described a mouse model lacking the whole FGF-2 protein (FGF-2tm1Zllr/J; FGF-2-/-) (Dono 

et al., 1998). In these animals, the first FGF-2 encoding exon as well as the flanking 

nucleotide sequences, were exchanged by a neomycin resistance gene (neo) in the opposite 

transcriptional orientation, leading to a total loss of function of the FGF-2 allele (Fig. 4B). 

This mouse strain is fertile. So far, changes in the cardiovascular system as well as 

dysregulations throughout development of the skeleton are reported (Dono et al., 1998; 

Neuhaus et al., 2003). Regarding development and maturation of the CNS, affected 

migration and differentiation of neuronal precursor cells during development of the cerebral 

cortex (CC) were described, resulting in a thinner cortical layer, while cell proliferation was 

not dysregulated (Dono et al., 1998). Besides that, FGF-2-/- mice developed increasing 

numbers of DA neurons within the SNpc compared to wild type (wt) littermates (FGF-2+/+) 

(Ratzka et al., 2012; Timmer et al., 2007). This observation was accompanied by an 

increased volume of the ST, whereas the fiber density itself was not altered (Rumpel et al., 

2016), which is also true for the amygdala (Zechel et al., 2006). Furthermore, the absence 

of FGF-2 influenced the differentiation and maturation of astrocytes, especially within the 

gray matter of the hindbrain (Irmady et al., 2011) and the ST (Reuss et al., 2003). 

Expression analysis of all members of the FGF-2 family as well as FGFRs verified no 

compensating upregulations of other FGFs in the nigrostriatal system (Ratzka et al., 2011). 

Finally, also alterations in the formation of the hippocampus (HC) were also observed 

(Dono et al., 1998; Zechel et al., 2009) and some behavioral changes have been 

demonstrated in these animals (Even-Chen and Barak, 2018; Terwisscha van Scheltinga et 

al., 2013).  

To distinguish influences of FGF-2 isoforms, Garmy-Susini et al. invented a mouse model 

lacking only the LMW FGF-2 isoform (FGF-2tm2Doe/J; LMW-/-) (Garmy-Susini et al., 2004). 

In these animals, the ATG translation start site was replaced by a mutant exon leading to 

translation of alanine instead of methionine, while translation of the HMW isoforms was 

not affected (Fig. 4B). Affected mice display decreased bone mineral content and density 
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(Xiao et al., 2009) as well as reduced cardiac muscle contractility accompanied by 

increased cardiomyocyte apoptosis (Nusayr et al., 2013).  

Mice lacking the HMW FGF-2 isoform (FGF-2tm3Doe/J; HMW-/-) have been generated and 

first described by Azhar et al. (Azhar et al., 2009). In these animals, a Tag-and-Exchange 

gene targeting technique was used to include a 14-bp oligo insertion between the CTG and 

ATG translation start sequence (Fig. 4B). The inserted stop codons lead to the ablation of 

HMW, while the LMW isoform is still expressed. These mice display no myocardial 

changes in adulthood, while it was shown that they are more resistant towards acute cardiac 

damage (Koleini et al., 2019). However, to date no studies regarding the development and 

maturation of the CNS of both isoform-specific knock out (ko) mice have been published. 

 

 Aims of the study 1.11

Altogether, PD describes a progressive, neurodegenerative disorder, affecting millions of 

people around the world. Conventional therapeutic treatments can improve the patients’ 

quality of life, but cannot prevent progression of the disease, which is still not considered 

curable to date. So far, gene therapeutic approaches using NTF, to recover or reverse the 

disease progress, failed in clinical trials, even though promising results have been described 

after preclinical evaluations, which led to a lack of predictive animal models.  

Based on the current situation, this thesis provides three comprehensive studies, with focus 

on the protective potential of FGF-2 towards DA neurons suffering from PD pathology. 

The priorities of each of the three chapters were defined by their specific issue, for which 

particular aims have previously been determined: 

The primary goal of this thesis presented in study I was to establish a rat model of PD, 

closely resembling the disease characterizing pathology. Based on viral vector mediated 

overexpression of α-syn, this model aims to mimic the disease progression, with degrading 

motor symptoms, mild to clear loss of DA neurons accompanied by striatal dysfunction, 

and LB pathology. The first aim of study I was to evaluate the efficiency of AAV2/DJ to 

infect rat derived DA progenitor cells in vitro. The AAV2/DJ was originally generated to 

transduce liver cells, and produced by a family gene shuffling technology which combined 

different AAV serotypes, intending to increase its transduction efficiency (Grimm et al., 

2008). Transferring this to the in vivo situation, the second aim of study I was to examine 

the safety and feasibility of this vector for application in the CNS, and evaluation of the 
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titer dependent transduction efficiency on DA neurons in the SN of healthy adult rats. 

Finally, addressing the overarching objective, the third aim of study I was to compare the 

impact of overexpressed human α-syn-WT with α-syn-E46K mutant in DA neurons of the 

SNpc of adult rats over a twelve week experimental time period. This comprehensive 

evaluation included subsequent behavioral testing, comprising spontaneous and drug-

induced examinations, as well as detailed histological explorations, with purely descriptive, 

but also statistically meaningful stereological and densitometrical analysis.     

FGF-2 is proven to promote maturation, differentiation, and survival of DA neurons in vitro 

and in vivo (Baron et al., 2012; Grothe and Timmer, 2007; Ratzka et al., 2012; Timmer et 

al., 2007). However, little is known about the impact of the translated LMW and HMW 

isoforms in the CNS so far. Analyzing isoform specific ko mice, the second objective of 

this thesis was to characterize the physiological influence of LMW and HMW on the DA 

system in vivo, and also most likely to reveal their specific neuroprotective potential. With 

regard to this, the first aim of study II was to determine the spatiotemporal expression 

pattern of all FGF-2 isoforms in the nigrostriatal system of LMW and HMW ko mice, 

compared to FGF-2 ko and their respective wt littermates. Following this, the second aim of 

study II was the morphological evaluation of the developing SN mainly induced by LMW 

or HMW. Furthermore, a comprehensive immunohistochemical evaluation of FGF-2 

distribution in the murine CNS was intended, which is supplemented. 

Finally, the third objective of this thesis was to establish the general basis to evaluate the 

neuroprotective effects of the different FGF-2 isoforms in the established α-syn rat model 

of PD. In this light, the Dox inducible expression system was incorporated into AAV2/DJ 

to overexpress either LMW or HMW. The first aim of study III was to characterize the 

functionality of this system on DA progenitor cells in vitro. Following this, the second aim 

of study III was to analyze the safety and functionality of this system after nigral or striatal 

application in healthy adult SD rats. 
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2. Study I 
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  Abstract 2.1

Parkinson’s disease (PD) is pathologically characterized by the progressive loss of 

dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and alpha-

synucleinopathy. We mimic the disease pathology with overexpression of either the human 

α-syn wildtype (α-syn-WT) or E46K mutant form (α-syn-E46K) in DA neurons of the 

SNpc in adult rats using AAV2/DJ as viral vector for the first time. Transduction efficiency 

was compared to an equal virus titer expressing the green fluorescent protein (GFP). Motor 

skills of all animals were evaluated in the cylinder and amphetamine-induced rotation test 

over a total time period of 12 weeks. Additionally, stereological quantification of DA cells 

and striatal fiber density measurements were performed every four weeks after injection. 

Rats overexpressing α-syn-WT showed a progressive loss of DA neurons with 40% 

reduction after 12 weeks accompanied by a greater loss of striatal DA fibers. In contrast α-

syn-E46K led to this reduction after four weeks without further progress. Insoluble α-syn 

positive cytoplasmic inclusions were observed in both groups within DA neurons of the 

SNpc and ventral tegmental area (VTA). In addition, both α-syn groups developed a 

characteristic worsening of the rotational behavior over time. However, only the α-syn-WT 

group reached statistically significant different values in the cylinder test. Summarizing 

these effects, we established a motor symptom animal model of PD by using AAV2/DJ in 

the brain for the first time. Thereby, overexpressing of α-syn-E46K mimicked a rather pre-

symptomatic stage of the disease, while the α-syn-WT overexpressing animals imitated an 

early symptomatic stage of PD. 

 

Keywords: Parkinson’s disease, AAV2/DJ, alpha-synuclein, rat model, E46K 
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  Introduction 2.2

Parkinson’s disease (PD) is a neurodegenerative disorder with variable clinical 

characteristics as well as different genetic and other underlying neuropathological 

mechanisms (Thenganatt and Jankovic, 2014). The cardinal motor symptoms resting 

tremor, rigidity, and bradykinesia are directly linked to the decreased level of dopamine 

within the striatum (ST) due to the loss of dopaminergic (DA) neurons in the substantia 

nigra pars compacta (SNpc) (Fearnley and Lees, 1991). These pathological features are 

accompanied by the appearance of intracellular protein aggregates called Lewy bodies 

(LB), and their detection accounts for the definitive diagnosis (Gibb and Lees, 1988; Hardy, 

et al., 2006). LB mainly consist of the misfolded protein alpha-synuclein (α-syn) and appear 

in different shapes and subcellular locations (Gibb and Poewe, 1986; Spillantini, et al., 

1997). Normally, the soluble α-syn is abundant in the brain and although the physiological 

function is still poorly understood, neuropathological changes in PD were shown to 

correlate with α-syn levels and its aggregation (Azeredo da Silveira, et al., 2009; Koprich, 

et al., 2011; Shibayama-Imazu, et al., 1993).  

While PD is mainly an idiopathic disease, a genetic background can be found in at least 

10% of the patients (Gasser, 2009). Among these, three missense mutations (A30P, E46K, 

and A53T) in the α-syn encoding gene (SNCA) have been found to cause early onset of PD 

(Kruger, et al., 1998; Polymeropoulos, et al., 1997; Zarranz, et al., 2004). Additionally, 

duplication and triplication of the wildtype SNCA gene have been associated with 

autosomal dominant PD (Ibanez, et al., 2004; Singleton and al., 2003). To further 

investigate the development of PD and to establish new therapeutic approaches for the 

reverse or slowing of disease progression, reliable animal models, which closely mimic the 

disease phenotype and pathology, are important (Burton, et al., 2003).  

The fact that elevated levels of α-syn lead to PD pathology has been extensively exploited 

to generate animal models with greater construct and face validity. One of the widely used 

models is the adeno-associated viral vector (AAV) mediated overexpression of α-syn in DA 

neurons by stereotactic injection of the viral vectors into the SNpc. The use of AAV vectors 

offers several advantages including the lack of pathogenicity combined with efficient 

transduction of different cell types, and long-term transgene expression (Wu, et al., 2006). 

The majority of previously published studies used recombinant AAV serotype 2 (AAV2) to 

transduce mammalian brain cells. However, several other AAV serotypes overexpressing α-

syn wildtype (α-syn-WT) or different mutant forms in combination with various promoters 
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and application of variable vector titers were demonstrated to induce a broad range of PD 

related behavioral and morphological effects (Albert, et al., 2017). Thereby, the cross-

packaging of AAV2-derived expression plasmids with capsids from other serotypes (e.g. 

AAV2/5, AAV2/7, AAV2/8 and AAV2/9) resulted in increased neural tropism and 

transgene expression (Burger, et al., 2004; McFarland, et al., 2009; Reimsnider, et al., 

2007; Van der Perren, et al., 2016; Van der Perren, et al., 2011). In the last years, several in 

vitro engineered AAV capsids have been developed. Among others, AAV2/DJ was created 

by an adapted DNA family shuffling technology to combine eight different AAV serotypes. 

Compared to other AAV capsids this vector was demonstrated to have superior 

transduction efficiency in vitro (Grimm, et al., 2008). Because the transduction efficiency 

as well as the level of α-syn expression are crucial parameters for the reliable induction of 

PD pathology in animal models, we hypothesize that the merging of different wildtype 

capsids with their unique properties might also be beneficial for the efficient transduction of 

DA neurons in vivo (Decressac, et al., 2012b).  

Additionally, the overexpression of certain α-syn mutants has been shown to be superior in 

their ability to model PD pathology compared to α-syn-WT (Azeredo, et al., 2009; Lo 

Bianco, et al., 2002; Van der Perren, et al., 2015). With this regard, the SNCA missense 

mutation E46K displayed enhanced fibrillization propensity in vitro compared to α-syn-WT 

and was found to resemble the human LB morphology more closely in a transgenic mouse 

model (Emmer, et al., 2011; Fredenburg, et al., 2007). Besides the transgenic model 

overexpressing α-syn-E46K, this mutation has only been used in a lentiviral approach so 

far, where its overexpression led to greater reduction of DA neurons compared to α-syn-

A30P and α-syn-WT (Winner, et al., 2011).  

In this study, we explored the suitability of AAV2/DJ as a vector for an AAV-based rat 

model of PD for the first time. Furthermore, we compared the effects of α-syn-WT and α-

syn-E46K mutant overexpression in DA neurons of the SNpc regarding PD related 

morphological and behavioral phenotypes aiming to establish a reliable early motor stage 

PD animal model. 
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  Materials and methods 2.3

 Vector preparation 2.3.1

cDNAs encoding for the green fluorescent protein (GFP), human α-syn-WT, or α-syn-

E46K were cloned into the pAAV-MCS plasmid provided with the AAV-DJ helper free 

expression system (VPK-410-DJ, Cell Biolabs, INC., CA, USA). The CMV promoter in the 

original pAAV-MCS plasmid was replaced by human synapsin promoter, to ensure neuron-

specific expression.  

For virus production, 1x106 HEK293T cells were seeded on 15 cm dishes (TPP®, 

Trasadingen, Switzerland) and transfected on the next day with equimolar amounts of pDJ, 

pHelper, and pAAV-GFP, pAAV-α-syn-WT, or pAAV-α-syn-E46K plasmids, respectively, 

using a 3:1 ratio of polyethylenimine (PEI, Sigma-Aldrich, Munich, Germany) according to 

the published protocol (Huang, et al., 2013). Forty-eight to 72 h post-transfection, cells 

were harvested and viral particles were purified as previously described (Zolotukhin et al., 

2002). Briefly, after centrifugation (3.000 x g, 5 min), the cell pellet was lysed in 2 ml lysis 

buffer (50 mM Tris HCl (pH 8.0), 150 mM NaCl) per plate followed by three freeze and 

thaw cycles. Cell lysates were supplemented with benzoase buffer (500 mM Tris-HCl (pH 

8.0), 10 mM MgCl2, 1 mg/ml BSA) mixed with 50 U/ml benzoase (70746, Novagen®, 

Søborg, Denmark) and incubated for 30 min at 37˚C followed by 30 min centrifugation at 

4.000 x g to discharge cell debris. The supernatant was transferred onto a discontinuous 

iodixanol gradient (54%, 40%, 25%, and 15%) prepared in Optiseal polypropylene 

centrifuge tubes (Beckman Coulter, CA, USA) with OptiPrepTM (AXIS-SHIELD PoC AS, 

Oslo, Norway) and centrifuged for 70 min in a Ti70 rotor at 18°C with 63.000 x g. Two to 

4 ml of the 40% phase containing viral particles were collected with a 21 gauge cannula. 

The collected fraction was washed three times with phosphate-buffered saline (PBS, 

Biochrom, Germany) before concentration with Amicon® Ultra-15 centrifugal filters 

(Merck Millipore, Dublin, Ireland). Aliquots were stored at -80°C. 

Genome copy viral titers were ascertained via quantitative PCR similar to (Huang et al., 

2013) using the StepOnePlus Instrument (Applied Biosystems, Darmstadt, Germany). Five 

µl of virus solution were incubated with 3U DNase (QIAGEN, Hilden, Germany) for one 

hour at room temperature before 2.5 µl of proteinase K (Roche, Mannheim, Germany) were 

added and incubated 1 h at 65°C followed by 20 min at 95°C. For PCR analysis, WPRE 

forward (5´-TGG CGT GGT GTG CAC TGT-3`) and reverse (5´-CCC GGA AAG GAG 



Study I 

28 

CTG ACA-3) primer (Eurofins genomics, Ebersberg, Germany) were used together with 

SYBR-Green in 10-fold serial dilution. The titer was evaluated compared to a standard 

curve using pAAV-GFP or pAAV-α-syn plasmids dilution series. A non-template control 

was also performed. 

 

 Purification assay and transduction efficiency in vitro 2.3.2

Ten µl of the virus solution were incubated with equal amounts of Laemmli buffer at 95°C 

for 5 min before separated by sodium dodecyl gel electrophoresis (SDS-page) on a 10% gel 

according to (Zolotukhin, et al., 2002). Coomassie brilliant blue staining was performed 

over night to ensure solutions content and purity grade.  

Transduction efficiency of AAV2/DJ preparations carrying GFP, α-syn-WT, or α-syn-

E46K were analyzed in vitro on primary cultures of DA progenitor cells. The ventral 

mesencephalon of embryonic day 12 old rat embryos was dissected and cultivated as 

previously described (Timmer, et al., 2006). Briefly, 80.000 cells were seeded in 24-well 

NuncTM plates (Thermo Fisher Scientific, Roskilde, Denmark) for one day of attachment 

followed by two days of differentiation. For media compositions see Ratzka, et al. (2012). 

The cells were transfected with 1 µl virus solution in 400 µl differentiating medium for 

three days before changing to virus free medium for additional four days. Cells were fixed 

with 4% paraformaldehyde (PFA, Sigma-Aldrich, Munich, Germany), blocked with PBS 

containing 0.3% TritonX, 3% normal goat serum (NGS, GibcoTM, Life technologies, 

Warrington, UK), and 1% bovine serum albumin (BSA, Sigma-Aldrich, Munich, 

Germany). For immunocytochemistry, cells were incubated over night with primary anti-

TH (AB 152, Millipore, 1:1000) and anti-GFP (1814 460, Roche, 1:200), or anti-α-syn 

(MS-1572-P1, Thermo Fisher Scientific, 1:1000) antibodies in PBS containing 1% NGS 

and 0.3% TritonX. Secondary anti-mouse antibodies were conjugated with Alexa488 (a 

11034, Invitrogen, 1:500). Secondary anti-rabbit antibodies were conjugated with Alexa555 

(A-21429, Invitrogen, 1:500). Transduction efficiency was calculated three days after viral 

vector application with an inverse microscope (IX70, Olympus) using a 20x magnification 

by counting of either GPF+, or α-syn+ and TH+ double labeled cells. Therefore, at least ten 

randomly selected fields (equivalent to 1% of the area) with a minimum of 150 TH+ cells 

in total were counted. 
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 Animals and surgical procedure 2.3.3

Seventy-two adult female Sprague Dawley rats from Janvier (France) weighting 225–250 g 

at the start of the experiments were housed in cages of two to four with food and water 

available ad libitum. The animals were kept in temperature- and humidity-controlled rooms 

on a 14-h light/10-h dark schedule. All experimental protocols were permitted by the local 

authorities (Lower Saxony State Office for Consumer Protection and Food Safety (LAVES) 

Hannover, Germany) and followed the German Animal Protection Act (33.12-42502-04-

15/1993).  

All rats received an unilateral stereotactic injection under general chloral hydrate (370 

mg/kg; i.p.) anesthesia. Animals were fixed in a stereotactic frame (Stoelting Co., Illinois, 

USA) and 3 µl virus solution were injected in a rate of 0.3 µl/min above the right substantia 

nigra using a 10 µl gastight Hamilton Syringe with a 33 gauge needle (1701 Small Hub RN; 

Hamilton) (AP -5.2 mm, LAT -2.0 mm, and DV -7.2 mm (values with reference to bregma 

and dura)) (Paxinos and Watson, 2007). After injection, the needle was left in place for 

additional 5 min to allow diffusion before slow withdrawal. Dipyrone (200mg/kg; s.c.) was 

injected prior to surgery as analgetic treatment, which was continued via drinking water for 

three days post-surgery. At the end of the surgery, animals were provided with 0.9% saline 

s.c. and were closely monitored until regaining of full consciousness.  

In a pilot study, the compatibility of the AAV2/DJ in brain tissue was evaluated by 

stereotactic injection of an empty AAV2/DJ vector into the SNpc of two adult rats (high 

titer: 2.4 x 109 gc/µl). This was followed by a preliminary experiment evaluating the 

transduction quality of AAV2/DJ-GFP on DA neurons in vivo. Therefore, 14 rats received 

two different titers of AAV2/DJ-GFP (either low titer: 4.5 x 106 gc/µl; or medium titer 4.5 

x 107 gc/µl) into the right SNpc. Three animals of each group were sacrificed after four 

weeks. The remaining four animals from both groups were sacrificed after eight weeks for 

morphological evaluation. 

In the second experiment 56 adult rats were injected with either AAV2/DJ-GFP (4.5 x 108 

gc/µl) (n=8), AAV2/DJ-α-syn-WT (4.0 x 108 gc/µl) (n=24), or AAV2/DJ-α-syn-E46K (4.3 

x 108 gc/µl) (n=24). All animals were tested in the amphetamine-induced rotation and in the 

cylinder test, before as well as four, eight and 12 weeks after surgery. A subset of animals 

was sacrificed for morphological evaluation at each time point after vector injection. 
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 Behavioral analysis 2.3.4

Behavioral testing was performed pre surgery in addition to four, eight, and 12 weeks after 

virus injection.  

Amphetamine-induced rotation test - The rats were tested for their rotational bias according 

to Ungerstedt and colleagues as described previously (Ungerstedt and Arbuthnott, 1970). 

After intraperitoneal injection of D-Amphetamine sulfate (2.5 mg/kg in saline; Sigma-

Aldrich, Munich, Germany) right and left full body turns were monitored over a period of 

90 min in an automated rotometer bowl with right body turns, ipsilateral to the virus 

injection, expressed as positive values.  

Cylinder test - Spontaneous forelimb asymmetry was measured using the cylinder test 

(Schallert, et al., 2000). Briefly, rats were placed in a transparent cylinder in front of two 

mirrors and monitored for a maximum period of 5 min. Left and right forepaw touches 

while exploring the glass wall were counted by a person blinded to the group conditions. 

The contralateral paw use is expressed in percentage of 20 total wall contacts. 

 

 Perfusion and immunohistochemistry 2.3.5

Animals were perfused four, eight, and 12 weeks post-surgery as described previously 

(Rumpel, et al., 2015). Briefly, deeply anesthetized rats were transcardially perfused with 

150 ml 0.9% saline followed by 250 ml of 4% PFA in PBS (Sigma-Aldrich). After post-

fixation overnight, the brains were transferred to 30% sucrose (Roth, Karlsruhe, Germany) 

for cryoprotection. After freezing, brains were coronally sectioned on a freezing stage 

microtome at 40 µm thickness in series of six.  

Immunohistochemical staining was performed on free-floating sections. The primary 

antibodies mouse anti-α-syn (610787, BD Biosciences, 1:500), rat anti-DAT (MAB369, 

Millipore, 1:500), mouse anti-GFP (1814 460, Roche, 1:200), and mouse anti-TH (T1299, 

Sigma–Aldrich, 1:500) followed by the avidin–biotin-complex ABC kit (Vector 

Laboratories, Peterborough, UK) with biotinylated rabbit anti-mouse antibody (Dako, 

Glostrup, Denmark, 1:200) or goat anti-rat peroxidase antibody (A 9037, Sigma-Aldrich, 

1:100) and DAB (Sigma–Aldrich) with ammonium nickel sulfate intensification were used. 

Every third section was processed for double immunofluorescence staining with rabbit anti-

TH (AB152, Millipore, 1:500) with either mouse anti-GFP (1814 460, Roche, 1:200) or 

mouse anti-α-syn (610787, BD Biosciences, 1:500). Additional exemplary series were 
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double stained with mouse anti-TH (T1299, Sigma–Aldrich, 1:500) and rabbit anti-phospho 

α-syn S129 (AB59264, Abcam, 1:2000), rabbit anti-VMAT2 (20042, Immunostar, 1:5000) 

and mouse anti-α-syn (610787, BD Biosciences, 1:500), or rabbit anti-Iba1 (019-19741, 

Wako, 1:1000) and mouse anti-GFAP (G3893, Sigma-Aldrich, 1:400). Secondary anti-

mouse antibodies were conjugated with Alexa555 (A-21422, Invitrogen, 1:500) or 

Alexa488 (A32723, Invitrogen, 1:500), and secondary anti-rabbit antibodies with Alexa555 

(A-21429, Invitrogen, 1:500) or Alexa488 (A-11034, Invitrogen, 1:500). Nuclei were 

visualized by 4′,6-Diamidin-2-phenylindol (DAPI) (Sigma-Aldrich, 1:1500) staining.  

For proteinase K digestion, single free floating sections were treated with either 10 µg/ml 

proteinase K (PK) (03115879001, Roche) in TBS-T (10 mM Tris–HCl, pH 7.8; 100 mM 

NaCl; 0.1% Tween-100) or TBS-T alone for 30 min at room temperature followed by three 

washes before treatment with mouse anti-α-syn (610787, BD Biosciences, 1:500) or rabbit 

anti-phospho α-syn S129 (AB59264, Abcam, 1:2000) and DAB as described above.  

All depicted images were taken with Olympus BX51 or BX60 microscope equipped with 

XM-10 camera (Olympus, Hamburg, Germany). Size, contrast, and brightness of the 

images as well as composition of figures and labeling were adjusted using Photoshop CS2 

(Adobe Systems Software, Dublin, Ireland). 

 

 Cell counting and striatal fiber densitometry 2.3.6

For estimating the total number of DA neurons within the SNpc, every third section was 

evaluated using the optical fractionator workflow of the StereoInvestigator® software 

(MBF Biosciences, VT, USA) coupled with an Olympus microscope (BX51, Olympus) 

under 40x magnification. A minimum of 17 sections per animal including the whole SNpc 

were counted using a 200x200 µm grid size, 110x110 µm counting frame, and 2 µm guard 

zone by a user blinded to the experimental conditions. The tissue thickness was determined 

at each counted section. Results represent estimated population using mean section 

thickness with counts. A coefficient of error <0.05 (Gundersen m=1) was accepted.  

Striatal TH+ fiber density was analyzed by densitometry as described previously (Rumpel 

et al., 2015). Optical density (OD) of the left and right ST was measured on TH-stained 

brain sections at six coronal levels: AP +1.6, +1.2, +0.8, +0.4, ±0.0, -0.4 mm relative to 

bregma (Paxinos and Watson, 2007) using the ImageJ software (National Institutes of 

Health, Bethesda, MD, USA). The OD of the corpus callosum was set as background and 
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subtracted from the other values. Results are expressed as percentage remaining fibers 

within the right ST corresponding to the contralateral site. 

 

 Statistical analysis 2.3.7

All applied statistics were done using the GraphPad Prism software (version 6). All values 

are presented as mean ± SEM. Comparisons between or within the groups were conducted 

using a two-way ANOVA followed by post hoc test as indicated. Correlation analysis was 

performed using linear regression. Statistical significance was set at p<0.05. 

 

 Results 2.4

2.4.1. Transduction qualities of AAV2/DJ in vitro and in vivo 

In a first attempt, we evaluated the efficiency of AAV2/DJ to infect DA neurons by 

applying GFP carrying AAV2/DJ vector solution to DA rat progenitor cells in vitro. Mean 

estimated transduction efficiency (TH+/GFP+) cells was 60.3% (Fig. 1a-c). Additionally, 

by comparison with non-infected cultures, no reduction of TH expression was observed.  

After this, we evaluated the AAV2/DJ compatibility in brain tissue by stereotactic injection 

of an empty vector into the SNpc (n=2). Staining for TH expression as well as glial 

fibrillary acidic protein (GFAP) and DAPI after three weeks gave no indication of 

incompatibility of the vector compared to the non-injected hemisphere. Therefore, we 

evaluated the transduction efficiency of DA neurons in vivo by unilateral stereotactic 

injection of low and medium titers of the AAV2/DJ carrying GFP into the right SNpc of 

adult rats (low titer: 4.5 x 106 gc/µl; medium titer 4.5 x 107 gc/µl). The expression of GFP 

in DA neurons was examined after four (n=3 per group) and eight weeks (n=4 per group). 

Transduction efficiency after four weeks in vivo was 53.0 ± 8.3% (low titer) and 46.6 ± 

8.8% (medium titer). After eight weeks, the transgene was still expressed in both 

approaches but to a lower extent, with low titer: 35.2 ± 3.2% (Fig. 1d-f) and medium titer: 

36.9 ± 6.4% (Fig. 1g-i). Both titers did not induce a significant reduction of TH+ cells 

within the right SNpc compared to the healthy contralateral side (Data not shown). 
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Fig. 1 Transduction qualities of AAV2/DJ carrying GFP in vitro and in vivo. 
Immunohistochemical staining of DA progenitor cells three days after application of AAV2/DJ carrying GFP 
(a-c). Exemplary midbrain sections of the SNpc eight weeks after stereotactic injection of low (d-f) or 
medium vector titer (g-i) demonstrate the transduction of TH+ (red) and GFP+ (green) cells. GFP staining 
reveals that especially but not exclusively DA neurons were transduced in vitro as well as in vivo (b, e, h). 
 
 

2.4.2. Impact of AAV2/DJ-α-syn-WT and AAV2/DJ-α-syn-E46K overexpression in 

the rat SN 

2.4.2.1 Expression pattern and distribution of AAV2/DJ mediated α-syn overexpression 

Fifty-six adult rats received a unilateral injection of AAV2/DJ carrying human α-syn-WT, 

α-syn-E46K mutant, or GFP into the right SNpc (α-syn-WT: 4.0 x 108 gc/µl; α-syn-E46K: 

4.3 x 108 gc/µl; GFP: 4.5 x 108 gc/µl). Before in vivo injection, the purity of the vector 

solution was verified and transduction efficiencies of the vector stocks were evaluated in 

vitro on DA rat progenitor cells as described to ensure comparability of the α-syn 

overexpression (α-syn-WT: 43.6%; α-syn-E46K: 44.4%). Morphological and behavioral 

changes were evaluated four, eight, and 12 weeks after surgery and compared with healthy 

values collected before stereotactic injection. 

To confirm the expression of α-syn or GFP in SNpc neurons for follow-up morphological 

analysis, we performed double immunofluorescence staining for TH and human α-syn or 

GFP, respectively (Fig. 2).  
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Fig. 2 Transgene expression four weeks after unilateral AAV2/DJ injection.  
Immunohistochemistry of α-syn-WT (a-e), α-syn-E46K (f-k), and GFP (l-p) injected animals four weeks after 
surgery. Cell nuclei are stained with DAPI (blue; a, f, l). TH staining (red) shows only minimal reduction of 
TH+ cells in the a-syn-WT group (b) at this time-point, while an obvious reduction was visible in the α-syn-
E46K injected group (g) compared to the GFP control animals (m). Staining of α-syn and GFP (green; c, h, n) 
displays transgene expression in the right SNpc. DAB staining of α-syn-WT (e), α-syn-E46K (k), and GFP (p) 
demonstrates corresponding transgene expressions in the ST, while the left hemisphere is clear. 
 
 
Robust expression of all transgenes was observed in DA neurons within the SNpc over the 

whole experimental time period. A few cells located within the substantia nigra pars 

reticulata (SNpr) and ventral tegmental area (VTA) as well as other neurons, especially 

along the needle tract, also displayed transgene expression. Nevertheless, DAB staining 
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confirmed the main localization of transgene expression within the SNpc. The ipsilateral 

right ST also showed high immunoreactivity of the injected transgene indicating 

anterograde transport within the axons of the transduced cells (Fig. 2e, k, p). 

Specific staining against the S129-phosphorylated α-syn form (pS129-α-syn), which is 

known to accumulate preferentially in LBs (Anderson, et al., 2006), displayed enhanced 

phosphorylated α-syn within the injected SNpc compared to the other hemisphere after α-

syn overexpression. Additionally, performed proteinase K treatment of histological sections 

revealed insoluble α-syn accumulations in both α-syn overexpressing groups (Fig. 3a-b, i-k 

exemplary for the eight week time point), while in the GFP control animals, no 

accumulations were seen (Fig. 3r-s). Both methods showed that overexpression of either α-

syn-WT as well as α-syn-E46K led to the appearance of Lewy body like pathology. 

Proteinase K pretreatment was also performed before specific pS129-α-syn staining and 

revealed that at least part of the phosphorylated accumulations were insoluble (Fig. 3c-d, l-

m, t-u exemplary for the eight week time point). Double immunofluorescence staining 

verified the localization of the pS129-α-syn inclusions within the cytoplasm of remaining 

DA neurons on the injected SN (Fig. 3e-h; n-q).  

Compared to the four week time-point, pS129-α-syn+ accumulations seemed to increase in 

both a-syn groups after eight weeks. After 12 weeks, however, only few remaining DA 

neurons of the SNpc were double labeled reflecting the ongoing cell loss (Data not shown).  

 

2.4.2.2 Morphological changes following α-syn-WT and α-syn-E46K overexpression  in 

the rat SN  

The loss of DA neurons in the injected SNpc and concomitant reduction of DA fiber 

density within the related ST following α-syn overexpression was quantified four, eight, 

and 12 weeks after viral vector injection. Within the injected hemisphere, single animals 

displayed enhanced cell accumulations, although same vector stocks were used and purity 

of the solutions was confirmed before injection. This observation, however, was mainly 

restricted to the needle tract. To determine a possible immunological response, GFAP and 

Iba1 staining was performed and revealed activation of astrocytes and microglia in exactly 

these areas (Data not shown). Because of the unknown effect of this response on DA 

neuron loss caused by α-syn overexpression these animals were excluded from the study. 
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Remaining DA neurons within the injected SNpc were stereological quantified in all 

animals included in the study (Fig. 4a-b). The estimated number of DA neurons on the 

uninjected hemisphere was in consistency with earlier reports (Koprich, et al., 2010, Nair-

Roberts, et al., 2008). Animals overexpressing α-syn-WT showed a progressive loss of DA 

neurons within the injected SNpc during the whole experimental period with 78.3% (± 

9.7%) remaining TH+ neurons after four weeks, 77.8% (± 7.3%) after eight weeks, and 

58.0% (± 3.2%) at the end of the study. In contrast, at the earliest time-point, the α-syn-

E46K group displayed greater reduction with 62.0% (± 5.3%) remaining TH+ neurons,  

 

 

Fig. 3 Animals overexpressing α-syn develop phosphorylated and proteinase K resistant α-syn 
inclusions within the injected SNpc eight weeks after viral vector injection.  
Midbrain sections of animals overexpressing α-syn-WT (a-h); α-syn-E46K (i-q), or GFP (r-u) stained against 
α-syn displayed broad distribution of overexpressed as well as endogenous α-syn (a, i, r). After proteinase K 
treatment, only the α-syn overexpressing groups displayed remaining positive accumulations as indicated by 
white arrow tips (b, k), while none were visible in the GFP control group after twelve weeks (s). Distribution 
of pS129-α-syn (c, l, t) was more restricted to the SNpc with enhanced appearance in the α-syn-WT group (c). 
Additional proteinase K pretreatment (d, m, u) revealed similar amounts of resistant inclusions in the α-syn 
groups as indicated by white arrow tips (d, m). Double immunofluorescence staining showed pS129-α-syn+ 
cytoplasmic inclusions (green) within DA neurons (red) of the injected SNpc in both α-syn groups eight 
weeks after virus injection (h, q). Cell nuclei were stained with DAPI (blue). 
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which did not further decrease over the experimental period (eight weeks: 62.8 ± 7.2%; 12 

weeks: 66.7 ± 10.6%; Fig. 4a). Surprisingly, unlike the results of our preliminary test, also 

the GFP group showed a reduction of TH+ cells on the injected SNpc after 12 weeks (73.1 

± 4.8% remaining TH labeled cells; Fig. 4b). Nevertheless, while the interference of TH 

expression due to GFP has already been reported by others (Febbraro, et al., 2013), both α-

syn groups displayed significantly greater TH cell loss on the injected SNpc compared to 

the contralateral hemisphere at the 12 week time-point (Fig. 4b). Additional histological 

sections were stained against vesicular monoamine transporter (VMAT2) to verify that due 

to α-syn overexpression this is downregulated together with TH. The estimated number of 

remaining VMAT2+ neurons was in line with the TH expression in all groups after 12 

weeks as seen in other viral vector studies (α-syn-WT: 6958.3 ± 332.3 TH+ and 6204 ± 

716.6 VMAT2+ neurons; α-syn-E46K: 6769.6 ± 665 TH+ and 6343.7 ± 758 VMAT2+ 

neurons; GFP: 9240.1 ± 631 TH+ and 8483.9 ± 814 VMAT2+ neurons) (Decressac, et al., 

2012a; Gaugler, et al., 2012).  

To determine the effect of TH+ cell loss on innervation of the related ST, the density of 

TH+ fibers was analyzed at six different coronal levels (AP: +1.6; +1.2; +0.8; +0.4 AP: 0.0; 

and -0.4 relative to bregma) (Fig. 4c). Both α-syn overexpressing groups displayed 

significantly reduced TH+ fiber density in the ipsilateral ST over time (Fig. 4d-e). The α-

syn-E46K group showed a prominent 62.0% (± 5.3%) reduction of TH+ fibers at four 

weeks, which did not significantly change over time (eight weeks: 62.7 ± 7.2% ; 12 weeks: 

66.7 ± 10.7%). On the other hand, in the α-syn-WT overexpressing animals, TH+ fiber loss 

was more progressive over time. After four weeks, TH+ fiber density was reduced to 67.0% 

(± 5.7%), and decreased further (eight weeks: 58.7 ± 9.4%; 12 weeks: 44.1 ± 6.6%; Fig. 

4d). Notably, the striatal fiber density was over 10% lower than the remaining DA neuron 

number at each time-point. Histology of the SN and corresponding ST clearly marked the 

ongoing degeneration in the α-syn-WT group (Fig. 4f-h) with strong correlation between 

the remaining number of DA neurons and TH+ fiber density in the ST over time (α-syn-

WT: R2=0.27). Additional DAT staining was performed on exemplary selected α-syn-WT 

injected animals at each time-point to confirm striatal fiber loss and revealed similar 

findings as seen with TH immunoreactivity (Data not shown). As seen with DA neuron 

loss, striatal TH+ fiber density measurements of the GFP group also revealed a reduction 

after 12 weeks (68.0 ± 5.5% TH+ fibers, Fig. 4e). 
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Fig. 4 Quantification of the histomorphological changes following α-syn overexpression in the SNpc. 
Percentage of remaining TH+ neurons in the injected SNpc of animals overexpressing α-syn over the whole 
experimental period in comparison to the results of animals injected with the AAV2/DJ empty vector (dotted 
line) verified loss of DA neurons already after four weeks (a). The estimated number of TH+ cells within the 
injected SNpc as well as the contralateral hemisphere of all groups at 12 weeks revealed significant 
differences in both α-syn groups (b). For TH+ fiber density measurements, serial sections of six different 
rostro-caudal striatal planes relative to bregma according to Paxinos and Watson (Paxinos and Watson, 2007) 
were analyzed (c). Percentage of remaining TH+ fibers in the ipsilateral ST of animals overexpressing α-syn 
over the whole experimental period in comparison to animals injected with the AAV2/DJ empty vector 
(dotted line) confirmed the stereological results (d). The percentage of remaining TH+ fibers in the ipsilateral 
ST of all groups at the end of the study showed significant differences between GFP control animals and 
animals overexpressing α-syn-WT (e). The progression of degeneration in the SNpc and corresponding ST is 
visualized on exemplary TH DAB stained sections of animals overexpressing α-syn-WT at all experimental 
time-points post-surgery (f-h). Data are presented as mean ± SEM and number of animals analyzed as 
indicated in each graph. Two-way ANOVA followed by Bonferroni’s post hoc analysis (a, d) or by Sidak’s 
post hoc analysis (b, e) with *p<0.05; **p<0.005, ****p<0.0001 as indicated in each panel. 
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2.4.2.3 Behavioral outcome following α-syn-WT and -E46K overexpression in the rat SN 

To analyze the behavioral alterations triggered by unilateral α-syn overexpression, the 

motor performance of all animals was evaluated before (-1) as well as four, eight, and 12 

weeks after viral vector injection. All animals were evaluated in the amphetamine-induced 

rotation test and the cylinder test. 

 

 

Fig. 5 Behavioral outcome in the amphetamine-induced rotation and cylinder tests before as well as 
four, eight, and 12 weeks after viral vector injection.  
Number of full body turns after single amphetamine injection were counted over 90 minutes with ipsilateral 
turns expressed as positive values for all animals at every time point post-surgery (a). Left forepaw usage in 
the cylinder test is given as percentage of total wall touches for all animals over the whole experimental time 
period (b). Data are presented as mean ± SEM. Two-way ANOVA followed by Tukey’s post hoc analysis 
with **p<0.05 and ***p<0.001 compared to pre-test values within the same group and #p<0.05 compared 
between α-syn-WT and α-syn E46K at the same time point. (n for α-syn-WT: pre-test/ four weeks: 18; eight 
weeks: 15; 12 weeks: 8; α-syn-E46K: pre-test/ four weeks: 20; eight weeks: 12; 12 weeks: 4; GFP: at every 
time point: 8). 
 
 
The GFP control animals did not show any changes in motor behavior over time, neither in 

the amphetamine-induced rotation test (pre-test: 0.4 ± 1.2; four weeks: 0.0 ± 1.5; eight 

weeks: 0.4 ± 1.5; 12 weeks: -0.3 ± 1.6 full body turns per minute; Fig. 5a), nor in the 

cylinder test (pre-test: 47.5 ± 1.0%; four weeks: 43.8 ± 3.4%; eight weeks: 47.5 ± 3.0%; 12 

weeks: 43.8 ± 4.1% left paw usage; Fig. 5b). The α-syn-WT overexpressing rats showed 

substantially increasing contralateral rotational behavior over time (pre-test: -0.2 ± 0.8; four 

weeks: -1.4 ± 1.0; eight weeks: -2.6 ± 1.1; 12 weeks: -3.7 ± 1.9 full body turns per minute), 

although this did not reach significance (Fig. 5a). However, α-syn-E46K overexpressing 

animals developed significant ipsilateral rotational behavior over time (pre-test: 0.0 ± 0.7; 

four weeks: -0.7 ± 1.0; eight weeks: 0.9 ± 1.4; 12 weeks: 2.6 ± 2.5 full body turns per 

minute; Fig. 5a). With regard to the cylinder test, the α-syn-E46K group did not develop 



Study I 

40 

obvious reduction in left forepaw usage and reached similar values as the GFP control 

animals (pre-test: 49.3 ± 1.4%; four weeks: 45.0 ± 2.3%; eight weeks: 49.6 ± 2.4%; 12 

weeks: 46.3 ± 3.8% left paw usage; Fig. 5b). In opposition, rats overexpressing α-syn-WT 

revealed a significant reduction of left forepaw usage at every time point post-surgery 

compared to the evaluated baseline values in the pre-test (pre-test: 51.4 ± 2.4%; four weeks: 

38.1 ± 1.9%; eight weeks: 40.7 ± 3.1%; 12 weeks: 35.6 ± 2.2% left paw usage) (Fig. 5b). 

 

 Discussion 2.5

The aim of this study was to generate a reliable animal model of an early stage of PD with 

high motor face validity. Therefore, we compared the morphological and behavioral 

outcomes following α-syn-WT and α-syn-E46K overexpression regarding PD related 

phenotypes over 12 weeks. Before this, we evaluated the compatibility of AAV2/DJ as viral 

vector in brain tissue for the first time hypothesizing that this vector occupied enhanced 

transduction efficiency of DA neurons. 

Our morphological findings suggest that AAV2/DJ is highly efficient to transduce DA 

neurons with long lasting transgene expression for up to 12 weeks. The compatibility of the 

AAV2/DJ in brain tissue was confirmed by injection of an empty vector without visible 

microglia activation or loss of DA neurons.  

Overexpressing of either α-syn-WT or α-syn-E46K resulted in an evident neuronal loss 

combined with enhanced formation of phosphorylated α-syn aggregations within the 

injected SNpc. Although these α-syn accumulations do not exclusively appear in PD 

patients, their appearance defines the diagnosis (Cookson and van der Brug, 2008; Goedert, 

et al., 1998). However, it remains unclear, whether α-syn aggregation represents a 

physiological or pathological reaction of the neuron. Double immunofluorescence staining 

verified their localization in the cytoplasm of remaining DA neurons in the injected SNpc 

as well as in neurons of the VTA at every time point post-surgery. Additionally, we could 

show that part of these inclusions were resistant towards proteinase K treatment. Therefore, 

we recapitulate that overexpression of α-syn-WT as well as α-syn-E46K in the rat SNpc 

results in highly phosphorylated and insoluble α-syn inclusions mimicking human LB like 

pathology. 

Also, overexpression of α-syn-WT as well as α-syn-E46K resulted in irreversible 

morphological changes in the dopaminergic nigrostriatal pathway. While animals of the α-
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syn-WT group displayed an ongoing progressive loss of TH expression in the SNpc as well 

as in the ipsilateral ST, α-syn-E46K seemed to be more toxic leading to similar neuronal 

loss in less time, which did not progress further. However, the results after α-syn-WT 

overexpression led to the implication that a greater loss of DA neurons could be achievable 

over a longer time period.  

The histomorphological changes following AAV2/DJ-α-syn-E46K injection in this study 

are comparable to a lentiviral vector approach using the same α-syn mutant (Winner, et al., 

2011). Compared to both other known point mutations of the SNCA gene, which have been 

transduced with other AAVs in studies with comparable vector titers, overexpression of α-

syn-E46K seems to be more toxic than the α-syn-A30P and less toxic than the α-syn-A53T 

in DA neurons (Gaugler, et al., 2012; Koprich, et al., 2011; Van der Perren, et al., 2015). 

This observation might be the consequence of the different amyloid fibrillation forming 

capacities of the mutations closer characterized in vitro (Winner, et al., 2011). 

The variety between the so far published viral vector based α-syn overexpression rat PD 

models regarding rodent strain, serotype, promoter, and working titers as well as the great 

variability in the model outcomes make it difficult to compare our results (Albert, et al., 

2018; Dehay and Fernagut, 2016). Analysis of studies using AAV serotypes that are 

incorporated in the AAV2/DJ suggests that the combination of these serotypes did not 

further enhanced the transduction efficiency in DA neurons (Gombash, et al., 2013; 

Gorbatyuk, et al., 2008; Kirik, et al., 2002; Korecka, et al., 2011; McFarland, Lee, Hyman 

and McLean, 2009; Van der Perren, et al., 2011; Yamada, et al., 2004).  

Interestingly, we also observed a reduction of TH labeling following GFP expression after 

12 weeks. However, this decrease in DA neurons was not significant compared to the 

contralateral hemisphere and animals did not develop motor impairments. Notably, we did 

not expect this after excluding viral vector toxicity in vivo prior to the main experiment by 

evaluating an empty vector with higher titer as well as lower titers of AAV2/DJ carrying 

GFP, which did not induce histomorphological changes. Nevertheless, also others reported 

titer dependent neuronal loss after transducing DA neurons with GFP by using other AAVs 

and we propose that a transgene carrying vector is a more appropriate control than an empty 

vector for these animal models (Klein, et al., 2006; Koprich, et al., 2011). We point out that 

the pronounced vulnerability of DA neurons towards transgene overload is a major obstacle 

to establish an adequate control (Albert, et al., 2017).  
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The amphetamine-induced rotation and cylinder tests have been widely used to evaluate 

behavioral changes following α-syn overexpression (Decressac, et al., 2012a, Febbraro, et 

al., 2013, Gaugler, et al., 2012, Gombash, et al., 2013, Kirik, et al., 2002). Besides the cell 

specific interaction of different α-syn expressions significant impairments could be 

expected in the cylinder test (<35%) and amphetamine-induced rotation test (>3 turns/min) 

when at least 45% of TH+ cells and corresponding striatal fibers are lost (Decressac, et al., 

2012b). In our study, both α-syn overexpressing groups developed increased rotational 

behavior over time, whereas only animals of the α-syn-WT group displayed significant 

reduced forepaw usage in the cylinder test already after four weeks, which further 

decreased, while the α-syn-E46K group had normal behavior. However, even with declines 

around 40% of DA neurons, the animals were still below the postulated threshold and most 

probably in a disease stage covered by compensation mechanisms. Indeed, it has been 

shown earlier that extracellular dopamine content is normalized at disease beginning, which 

could overshadow motor symptoms (Bergstrom and Garris, 2003).  

Under drug intervention these animals displayed dopamine imbalances leading to increased 

rotations towards the affected hemisphere, but without significance due to ranges below the 

established threshold. In contrast, animals overexpressing α-syn-WT seemed to have 

overcome the critical limit. Especially the reduced fiber density (increase of more than 50% 

after 12 weeks) strongly correlates with the deficits displayed in the cylinder test. 

Correspondingly, they also showed increasing rotational behavior, but unexpectedly, 

towards the contralateral side. This contradictory contralateral rotational behavior has 

already been observed previously after α-syn-WT overexpression and could be a 

consequence of compensation mechanisms as well (Febbraro, et al., 2013; Gorbatyuk, et 

al., 2010; Ulusoy, et al., 2010). Compensatory mechanisms include increased dopamine 

synthesis, release, and diffusion, which could result in higher dopamine levels after drug 

intervention, although the hemisphere is more affected (Zigmond, et al., 1990). 

Additionally, other studies showed compensatory sprouting of surviving neurons after 

progressive neuronal loss within 16 weeks, even though impaired DAT function, 

dysregulation of dopamine release, and diminished dopamine uptake capacity have been 

reported (Finkelstein, et al., 2000; Lee, et al., 2008; Stanic, et al., 2003).  

Next to the possible compensation mechanisms due to dopamine reduction, the effect of α-

syn itself has to be taken into account. In vitro analysis showed that α-syn-WT as well as α-

syn-A30P decreased dopamine uptake by interacting with DAT, while α-syn-A53T was 
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unable to modulate DAT function (Wersinger, et al., 2003). It was shown that α-syn-A53T 

influences dopamine storage and release via VMAT2 resulting in enhanced dopamine 

release after amphetamine treatment (Lotharius, et al., 2002). It was also postulated that 

phosphorylated α-syn affects the nigrostriatal terminals, which leads to abnormal dopamine 

release. Additional in vitro analysis showed similar cellular membrane binding capacities 

for α-syn-WT and α-syn-E46K as well as morphological analogies, whereas the mutant 

form displayed enhanced fibrillization activity (Fredenburg, et al., 2007). Finally, it was 

suggested that in early stages of the α-syn rat model, visible motor impairments are a 

consequence of neuronal dysfunction and in later stages, the combination of neuronal loss 

combined with dysfunction of the remaining neurons (Decressac, Mattsson and Bjorklund, 

2012a).  

Summarizing these effects, we would like to highlight that in the α-syn PD rat model, the 

animals suffer from progressive neuron loss at the narrow borderline to the healthy state 

due to compensatory mechanisms, while impairment only takes place with increasing 

neuronal cell death. In our case, the α-syn-E46K overexpressing animals mimicked a pre-

symptomatic stage of PD, where histomorphological changes were masked by 

compensation mechanisms in their normal activity until uncovered by drug intervention. In 

contrast, the α-syn-WT overexpressing animals imitated an early symptomatic motor stage 

of PD, with behavioral impairments obviously detectable without drug interference. To 

diagnose such early disease stages with regard to motor deficits, new or more sensitive 

behavioral tests without drug intervention have to be added. Additionally, treatment with L-

DOPA before the behavioral testing will further increase the predictive validity of the 

model. 

 

 Conclusion 2.6

In conclusion, we established a suitable animal model of PD based on local overexpression 

of human α-syn-WT using the viral vector AAV2/DJ. This model has reliable construct and 

face validity displaying three essential pathological characteristics: α-syn positive 

cytoplasmic inclusions, gradual degeneration of DA neurons, and progressively developing 

behavioral changes. Imitating an early symptomatic motor stage of PD, this model 

possesses enhanced predictive validity to evaluate new therapeutic approaches to reverse or 

slow down the disease progression. 
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  Abstract 3.1

Background: Loss of fibroblast growth factor 2 (FGF-2) is responsible for the 

development of an increased number of dopaminergic (DA) neurons in the murine 

substantia nigra pars compacta (SNpc). Furthermore, dysregulation of its expression 

patterns within the central nervous system (CNS) is associated with behavioral 

abnormalities in mice. Until now, the contributions of the individual FGF-2 isoforms (one 

low (LMW) and two high molecular weight (HMW) isoforms) in the CNS are elusive.  

Methods: To unravel the specific effects of FGF-2 isoforms, we compared three knockout 

mouse lines, one only deficient for LMW, one deficient for HMW and another lacking both 

isoforms, regarding DA neuronal development. With this regard, three time points of 

ontogenic development of the SNpc were stereologically investigated. Furthermore, 

behavioral aspects were analyzed in young adult mice, supplemented by corticosterone 

measurements. 

Results: Juvenile mice lacking either LMW or HMW develop equal supernumerary DA 

neuron numbers in the SNpc. Compensatory increased LMW expression is observed in 

animals lacking HMW. Meanwhile, no knockout mouse line demonstrated changes in 

anxiety-like behavior, stress susceptibility, or locomotor behavior. 

Conclusions: Both FGF-2 isoforms crucially influence DA neuronal development in the 

murine SNpc. However, absence of LMW or HMW alone alters neither anxiety-like nor 

locomotor behavior, or stress susceptibility. Therefore, FGF-2 is not a determinant and 

causative factor for behavioral alterations alone, but probably in combination with 

appropriate conditions, like environmental or genetic factors. 

 

Keywords: FGF-2, dopaminergic system development, LMW, HMW, anxiety behavior, 

glucocorticoids, stress susceptibility 
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  Introduction 3.2

Fibroblast growth factor 2 (FGF-2) is abundant in the central nervous system (CNS) and 

widely expressed in neurons of the ventral midbrain (VM) (Cintra et al., 1991). There, 

expression patterns play a major role in the development and maintenance of dopaminergic 

neurons (DA), especially within the substantia nigra pars compacta (SNpc) (Grothe and 

Timmer, 2007).  

In vitro, exogenously applied FGF-2 stimulates survival and neurite outgrowth in DA 

neuronal cultures and also possesses neuroprotective effects (Ferrari et al., 1989; Grothe et 

al., 2000). Contradictory, in vivo analyses of mice overexpressing FGF-2 revealed a 

decreased number of DA neurons and a reduced cell density in the SNpc (Timmer et al., 

2007). Meanwhile, mice lacking FGF-2 displayed 36% more tyrosine hydroxylase (TH) 

positive neurons in this area, while the number of DA neurons within the VTA was not 

altered (Ratzka et al., 2012). Further investigations of FGF-2 deficient mice discovered the 

onset of the observed phenotype between embryonic (E) day 14.5, demonstrating an 

increased proliferation rate of DA progenitor cells in the subventricular zone (SVZ), and 

postnatal day (P) 0, characterized by a decreased apoptosis rate (Ratzka et al., 2012).  

In rodents, FGF-2 is translated in three different isoforms originating from the same 

mRNA. The low molecular weight FGF-2 (LMW) isoform (18 kD) is expressed starting at 

the AUG codon (Bugler et al., 1991), whereas, two high molecular weight FGF-2 (HMW) 

isoforms (20.5 and 21 kD) are generated by translation from an alternative upstream CUG 

codon (Azhar et al., 2009). While HMW is restricted to the cell nucleus, LMW can be 

found in the nucleus, in cytoplasm, and is also secreted resulting in autocrine or paracrine 

effects (Ebert et al., 2010; Florkiewicz et al., 1991). Besides their different localization, 

both isoforms also differ in their spatiotemporal expression throughout development of the 

nigrostriatal system. Thereby, LMW is the dominant isoform in the embryonic phase, and 

HMW increases during development and is more pronounced in adult mice (Rumpel et al., 

2016). These findings suggest different regulatory impacts of FGF-2 isoforms on 

development of the DA pathway.  

Disturbances in the DA and glutamatergic (GA) system as well as in the fibroblast growth 

factor signaling have been related to several neuropsychiatric and neurodegenerative 

disorders (Bernheimer et al., 1973; Even-Chen and Barak, 2018; Laruelle et al., 2003; 

Simard et al., 2018; Terwisscha van Scheltinga et al., 2013). Recently, there is increasing 

evidence linking the level of FGF-2 expression with anxiety behavior in rodents (Eren-
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Kocak et al., 2011; Perez et al., 2009; Salmaso et al., 2016). Furthermore, FGF-2 deficiency 

was associated with hyperactivity in mice, caused by maladjustment between the GA and 

the DA system (Fadda et al., 2007). 

To identify the specific roles of FGF-2 isoforms in the development and function of the DA 

system, mouse strains lacking FGF-2 and mice lacking either LMW (LMW-/-) or HMW 

(HMW-/-) were closely evaluated with regard to DA neuron development as well as 

behavioral characterization with special focus on anxiety behavior, stress sensitivity, and 

locomotor activity. 

 

 Materials and methods  3.3

 Animals and tissue preparation  3.3.1

All experimental protocols were permitted by the local authorities (Lower Saxony State 

Office for Consumer Protection and Food Safety (LAVES) Hannover, Germany) and 

followed the German Animal protection Act (33.12-42502-04-13/1205). The experiments 

were performed using mice lacking FGF-2 (FGF-2tm1Zllr) (Dono et al., 1998) or with 

animals only deficient for LMW (FGF-2tm2Doe/J) (Garmy-Susini et al., 2004) or HMW 

(FGF-2tm3Doe/J) (Azhar et al., 2009).  

All strains were maintained on a C57BL/6J background, retrospectively compared by 

single-nucleotide polymorphism (SNP) analysis. Therefore, B6J.Cg-Fgf-2tm3Doe/J and 

B6J.Cg-Fgf-2tm2Doe/J and B6;Cg-Fgf-2tm1Zllr have been compared to reference strains 

B6J and B6NCrl using a marker set of 39 SNPs. This marker set has been composed at the 

Institute for Laboratory Animal Science, Hannover Medical School to distinguish several 

B6 substrains. Informative SNPs were selected from published data (Mekada et al., 2009; 

Zurita et al., 2011) as well as from results of our own experiments (unpublished data). 

Positions of SNPs are in accordance to dbSNP release 150. DNA was isolated from ear 

biopsies by using a MasterPure™ complete DNA Purification Kit (Lucigen, Middleton, 

USA) in accordance with the manufacturer’s instructions. SNP genotyping was carried out 

by LGC Genomics (Hoddesdon, UK). This marker set has been also successfully used 

earlier (Smoczek et al., 2018). 

Both mouse strains deficient for isoforms of Fgf-2 show a SNP profile equal to reference 

strain B6J. The genetic background of the strain deficient for both Fgf-2 isoforms (B6;Cg-
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Fgf-2tm1Zll ) is not standardized. This background is characterized by SNP genotypes 

homozygous and heterozygous for B6J and B6NCrl alleles (Tab. 1). 

Genotypes were determined by PCR as previously described (Kefalakes et al., 2018; Ratzka 

et al., 2011), and gene mutation was verified by sanger sequencing (GATC, Eurofin 

Genomics, Ebersberg, Germany).  

All animals were kept in the same temperature- and humidity-controlled room on a 14-h 

light/10-h dark schedule and housed in open cages as groups or individuals with food and 

water available ad libitum. The hygienic status was routinely monitored according to the 

FELASA recommendations (Mahler Convenor et al., 2014). No evidence of infectious 

agents was revealed except for occasional positive tests for Rodentibacter pneumotropica 

and Helicobacter spp.  

Embryos at the E14.5 time-point were generated by time-mated homozygous mice, with the 

day of vaginal plug defined as E0.5. All older homozygous FGF-2-/-, LMW-/- and HMW-/- 

knock-out (ko) animals and their respective FGF-2+/+, LMW+/+ and HMW+/+ wt littermates 

were obtained by crossbreeding of heterozygous (het) animals. Neonatal mice (P0) were 

defined by the day of birth, and P28 designated as juvenile mice, while older animals were 

indicated as young adult mice.  

 

 Western Blot analysis 3.3.2

Embryos and neonatal (P0) mice were decapitated, while all older mice were sacrificed by 

cervical dislocation after CO2 inhalation for tissue preparation. 

For protein expression analysis, striatum (ST, P28 and P0) or ganglionic eminence in the 

forebrain (FB, E14.5), and VM tissue samples from individual young adult male and female 

mice (n=3 per genotype) or pooled from three animals (E14.5 and P0) were dissected and 

homogenized with radioimmune precipitation assay (RIPA) buffer, consisting of 800 µl 

RIPA base stock (20 mM tris-HCl, 137 mM NaCl, 25 mM β-Glycerophosphate, 2 mM 

EDTA, 1% Triton-X-100, 1% Sodiumdeoxychlorate, 1 mM Sodiumorthovanadate), 2.6 µl 

5 M NaCl, 20 µl 50x Protease Inhibitor (Roche, 11873580001), and 177 µl Millipore water 

per milliliter (Rumpel et al., 2016). For expression analyses, 100 µg (only for FGF-2) or 

20µg of total protein were denatured by boiling in Laemmli buffer (except for VGLUT1 

samples), and applied to a 15% (only for FGF-2) or 12% sodium dodecyl sulfate 

polyacrylamide gel (SDS-PAGE). After blotting on nitrocellulose membranes (Amersham  
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Protran Premium 0.45 NC nitrocellulose Membrane, GE Healthcare), membranes were 

blocked with 5% milk powder in Tris-buffered saline containing 0.03% Tween 20 buffer 

(TBST) for one hour at room temperature. 

Following antibodies were used: rabbit anti-FGF-2 (1:750, SC-79, Santa Cruz Biotech., 

Heidelberg, Germany), rabbit anti vesicular glutamate transporter 1 (VGLUT1; 1:5.000, 

135305, Synaptic Systems, Goettingen, Germany), rabbit anti membrane excitatory amino 

acid transporter 3 (EAAT3; 1:10.000, ab124802, Abcam, Berlin, Germany), rabbit anti TH 

(1:1000, ab152, Millipore, Darmstadt, Germany), and mouse anti fibroblast growth factor 

receptor 1 (FGFR1; 1:500; ab823, Abcam).  

Glucocorticoid receptor (GR) expression was analyzed in hippocampus (HC) samples from 

young adult male animals (n=4) with mouse anti-glucocorticoid receptor (1:500, SC-

393232, Santa Cruz Biotech.).  

Detection was performed on a Chemiluminescence Imager system (Intas, Goettingen, 

Germany). Equality of the protein amounts analyzed was ensured by Ponceau S (P-3504, 

Sigma-Aldrich, Munich, Germany) staining. 

 

 Tissue processing and immunohistochemistry 3.3.3

For bromodeoxyuridine (BrdU) incorporation assay time-mated female homozygous mice 

received a single intraperitoneal BrdU injection (100 µg/g body weight, Boehringer 

Ingelheim, 1296736) 20 hours before dissection of embryos at the E14.5 time-point (Ratzka 

et al., 2012). For immunohistochemistry, embryos and neonatal (P0) mice were decapitated, 

while juvenile female mice (P28) were transcardially perfused with 4% paraformaldehyde 

(PFA) under deep ketamine/xylazine anesthesia.  

Dissected brains of E14.5, P0, and P28 mice (n=5-7 per time-point and group) were fixed 

overnight in 4% PFA at 4°C and then transferred to 30% sucrose (Roth, Karlsruhe, 

Germany). Each brain was coronally sectioned on a cryostat. Adult brain sections (50 μm 

thickness, six series) were blocked with PBS containing 1% bovine serum albumin (BSA, 

Sigma-Aldrich) and 0.3% TritonX-100 (9002-93-1, Sigma-Aldrich), before mouse anti-TH 

(1:5000, T1299, Sigma St Louis, MO, USA) was applied in blocking solution  at 4°C 

overnight. After washing the next day, biotinylated rabbit anti-mouse antibody (1:200, 

Dako, Glostrup, Denmark) was added in blocking solution for one hour at room 

temperature. This was followed by the avidin–biotin-complex ABC kit (Vector 
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Laboratories, Peterborough, UK) and 3,3´-diaminobenzidin tetrahydrochloride (DAB; 

D5905, Sigma-Aldrich) with ammonium nickel sulfate intensification. 

Neonatal brain sections (40 μm thickness, two series) were first postfixed in 4% PFA for 10 

minutes at room temperature, followed by 10 minutes with 0.01 M citrate buffer (pH 6) at 

95°C. After blocking in PBS containing 5% normal goat serum (NGS, GibcoTM, Life 

technologies, Warrington, UK), 1% BSA, and 0.3% TritonX-100 at room temperature, 

sections were incubated with mouse anti-TH (1:1000, T1299, Sigma) and rabbit anti-

cCasp3 (1:200,  #9664, Cell Signaling, Frankfurt, Germany) in PBS containing 1% NGS, 

1% BSA, and 0.3% TritonX-100 at 4 °C overnight. Secondary goat anti-mouse Alexa 488 

(1:500, A-11029, Invitrogen) and goat anti-rabbit Alexa 555 (1:500, A-21429, Invitrogen) 

antibodies were applied for one hour at room temperature. Nuclei and apB were stained by 

4,6-diamidino-2-phenylindole (DAPI, 1:1000; Sigma-Aldrich). 

For BrdU detection, E14.5 sections were treated as described previously (Ratzka et al., 

2012). Briefly, sections (40 μm thickness, three series) were denaturized with 2 M HCl for 

one hour at 37 °C before neutralizing in 0.1% borate buffer (pH 8.5) for five minutes. After 

blocking with PBS containing 5% NGS, 1% BSA, and 0.3% TritonX-100 at room 

temperature, sections were incubated with mouse anti-BrdU (1:100, 11 170 376 001, 

Roche) and rabbit anti-Lmx1a (1:6000, AB10533, Merck) in PBS containing 1% NGS, 1% 

BSA, and 0.3% TritonX-100 at 4 °C overnight. Secondary goat anti-mouse Alexa 555 

(1:500, AB21422, Invitrogen) and goat anti-rabbit Alexa 488 (1:500, AB11034, Invitrogen) 

antibodies were used as described before.  

 

 Stereological quantification of DA neurons 3.3.4

Cells were counted with the optical fractionator workflow of the StereoInvestigator® 

software (MBF Biosciences, VT, USA) under 40x magnification using an Olympus 

microscope (BX51, Olympus). Tissue thickness was determined at each section. The total 

number of TH positive (TH+) neurons within the SNpc was estimated in LMW-/- or HMW-

/- as well as LMW+/+ or HMW+/+ female mice on P28 in every third section (120x120 µm 

grid size, 80x80 µm counting frame, 3 µm guard zone, accepted coefficient of error (CE, 

Gundersen m=1) <0.05). For quantification of BrdU/Lmx1a double labeled cells within the 

ventral mesencephalic SVZ of E14.5 LMW-/- or HMW-/- as well as LMW+/+ or HMW+/+ 

embryos, cells were counted on every third section (45x45 µm grid size, 30x30 µm 
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counting frame, 2 µm guard zone, CE <0.1, four rostral and four caudal sections). In P0 

animals, the same counting parameters were used to estimate the number of cells within the 

SNpc positive for cleaved caspase-3 (cCasp3+), for cCasp3+ and apoptotic bodies 

(apB/cCasp3+), apB alone or of TH+ cells showing signs of preluded natural cell death on 

every other section (CE <0.3). All results represent the estimated population using mean 

section thickness with counts. 

 

 Behavioral tests 3.3.5

All behavioral experiments were conducted in young adult (mean age 65.8 days per group) 

male FGF-2-/-, LMW-/- and HMW-/- mice, and their respective wt littermates (n=12 per 

group). The experimental room was kept at constant temperature, humidity, sound level, 

and brightness. Light intensity was measured by a luxmeter and dimmed to ≈ 70 lx. The 

experiments were carried out between 9:00 a.m. to 14:30 p.m. on one day for each test 

(open-field and subsequent modified light/dark test and elevated plus maze), respectively. 

After 30 min of acclimatization in their home cages in the experimental room, single 

animals were transferred from cages into the respective experimental setting in a 

beforehand defined randomized order. After every mouse the maze was cleaned with 70% 

ethanol to neutralize odour. 

The open field arena was a force-plate actometer with a white quadrangular ground plate 

(42 cm x 42 cm) and transparent walls (31 cm height) (Fowler et al., 2001; Schneider et al., 

2014). Mice were released in the center of the arena for 10 minutes of exploration. Traveled 

distance, center-time (defined as the time spent in the central 6% of the open field area), 

low mobility bouts, and wall rears were analyzed as described previously (Fowler et al., 

2001). Focal energy densities were scored automatically by the program analyzing the force 

data. 

The modified version of light/dark test was set in a circular black plastic arena (105 cm 

diameter) with a white floor. A circular plastic anthracite animal house (12.5 cm diameter, 

13 cm high) was located in the center, with a light source (> 1000 lx) arranged at about 40 

cm distance to the entrance. Animals were placed in the house (≈ 4 lx) with their view on 

the opposite side of the entrance and time until the mouse left the house with all four paws 

at the same time was measured.  
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The white perspex elevated plus maze was standing 48 cm above the ground and had an 

arm length of 35 cm (5 cm arm width, 15 cm wall height). It was positioned equally in the 

room every time with one closed arm pointing to a corner of the room, the two open arms 

with similar distance to walls and the second closed arm pointing to the experimenter. 

Animals were placed with their heads in the center of the maze in view of the closed arm 

directed to the experimenter. Exploration behavior of the mice was filmed for five minutes 

and the time spend in open arms versus time spend in closed arms was measured by an 

investigator blinded to the experimental conditions. Results given as percentage of time 

spent in the open arm.  

Analysis of fecal corticosterone metabolites and blood corticosterone 

Fecal corticosterone metabolites (FCM) were measured with a 5α-pregnane-3β,11β,21-

triol-20-one enzyme immunoassay (Touma et al., 2004; Touma et al., 2003). Therefore, 

feces were collected twice (one baseline measurement on a “day of rest” in the local animal 

facility and “stress” measurement of FCM six hours after stress, defined as transport to the 

experimental room) two hours after transferring animals to clean cages and stored at -20°C.  

Blood was taken from the facial vein of mice from each group (n=5-7) directly after 

transport from the housing to the experimental room and stored as dried blood spots on 

Protein SaverTM 903TM Cards (10531018, GE Healthcare Bio-Sciences Corp.) at room 

temperature before analyzed (Häger et al., 2018). 

 

 All Analysis of fecal corticosterone metabolites and blood corticosterone 3.3.6

Fecal corticosterone metabolites (FCM) were measured with a 5α-pregnane-3β,11β,21-

triol-20-one enzyme immunoassay (Touma et al., 2004; Touma et al., 2003). Therefore, 

feces were collected twice (one baseline measurement on a “day of rest” in the local animal 

facility and “stress” measurement of FCM six hours after stress, defined as transport to the 

experimental room) two hours after transferring animals to clean cages and stored at -20°C.  

Blood was taken from the facial vein of mice from each group (n=5-7) directly after 

transport from the housing to the experimental room and stored as dried blood spots on 

Protein SaverTM 903TM Cards (10531018, GE Healthcare Bio-Sciences Corp.) at room 

temperature before analyzed (Häger et al., 2018). 
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 Statistical analysis  3.3.7

All results are expressed as mean ± SEM. Statistical analysis was done using GraphPrism 6 

(GraphPad Software, Inc., San Diego, USA) with Student’s t-test, Kruskal-Wallis test or 

ANOVA followed by post hoc analysis as indicated. Statistical significance was set at 

p<0.05. 

 

 Results 3.4

3.4.1 FGF-2 expression patterns in the developmental nigrostriatal system of isoform 

specific knockout mice 

FGF-2 expression patterns were analyzed in the nigrostriatal system of different ko strains 

throughout development. All FGF-2 isoforms were clearly detectable in the VM and ST of 

young adult FGF-2+/+ as well as LMW+/+ and HMW+/+ mice, while no FGF-2 was 

expressed in FGF-2-/- mice (Fig. 1A). While FGF-2 HMW is physiologically expressed in 

two different isoforms, LMW is sometimes also detected as double signal. However, young 

adult LMW-/- only displayed one signal due to lack of the 18 kD isoform and showed 

intense expression of the HMW signals similar to the wt animals. Meanwhile, young adult 

HMW-/- mice lacking HMW seem to have increased expression of LMW in the VM and ST 

compared to all other animals, which was repeatedly observed.  

At P0, HMW was similarly expressed in the VM of all groups except HMW-/-. 

Additionally, no HMW was detectable in the ST of all groups. However, LMW expression 

was similar in the VM of LMW+/+ and HMW+/+ mice. Meanwhile, HMW-/- mice displayed a 

more pronounced LMW signal in the VM and ST on P0, while no 18 kD signal was 

detected in LMW-/- newborns (Fig. 1B).  

During embryonal development, FGF-2 LMW was already expressed in the ST and VM of 

all groups except LMW-/- animals, where no 18 kD signal was observed. Both HMW 

signals were slightly expressed in VM and FB of LMW+/+ and HMW+/+ embryos, while 

none was detected in the ko animals at this early developmental stage (Fig. 1B).  
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Fig. 1 FGF-2 expression pattern throughout development of the nigrostriatal system in isoform specific 
FGF-2 knockout mice.  
A) Western Blot analysis of striatum (ST) and ventral midbrain (VM) tissue samples from young adult mice 
lacking either FGF-2 (FGF-2-/-), only LMW (LMW-/-), or HMW (HMW-/-) compared to their wt littermates. 
All FGF-2 isoforms (LMW with 18 kD, and HMW with 20.5 and 21 kD) were detectable in the respective wt 
(FGF-2+/+, LMW+/+, and HMW+/+), while FGF-2-/- mice were lacking all isoforms. Meanwhile, LMW-/- only 
expressed both HMW isoforms, and HMW-/- only expressed LMW vice versa. B) FGF-2 expression patterns 
in isoform specific ko mice throughout development demonstrated that on P0, LMW+/+ and HMW+/+ 
expressed all FGF-2 isoforms in the VM, while minimal amounts of HMW were detectable in the ST. LMW-/- 
showed similar HMW expression in the VM, while no LMW was expressed. In comparison, newborn HMW-/- 
mice repeatedly demonstrated stronger signals of LMW in the VM as well as in the ST, without detectable 
HMW expression. On E14.5, LMW+/+ and HMW+/+ expressed all FGF-2 isoforms in the VM and the 
forebrain (FB), with LMW more pronounced. At this stage, in LMW-/- mice, no FGF-2 was detectable while 
HMW-/- mice expressed LMW in the VM as well as in the FB. 
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3.4.2 Quantification of dopaminergic neurons through development of FGF-2 

isoform specific knockout mice 

Stereologically estimated DA neurons (TH+) within the SNpc of P28 juvenile LMW+/+ and 

HMW+/+ mice revealed values of 4037 ± 131.7 TH+ cells per hemisphere (Fig. 2A, B). 

Compared to that LMW-/- mice displayed 16.1% more TH+ cells reaching statistical 

significance (4719 ± 143.4 TH+ cells per hemisphere). The difference compared to the 

respective wt group was even more pronounced in HMW-/- mice with 5103 ± 99.3 TH+ 

cells per hemisphere and an average increase of 19.4%.  

On P0, the estimated number of TH+ neurons was 2144 ± 286.1 TH+ cells per hemisphere 

for LMW+/+, while fewer cells were counted in HMW+/+ mice (1826 ± 187.6 TH+). 

However, no significant differences were seen compared to the newborn LMW-/- (1620 ± 

187 TH+ cells) and HMW-/- mice (1588 ± 239.4 TH+ neurons) (Fig. 2C). Postnatal 

apoptosis was stereologically analyzed by cCasp3 staining combined with DAPI to 

visualize chromatin clumps defined as apB (Fig. 2H). Estimated number of cells positive 

for both events in the SNpc did not differ between LMW+/+ (123.4 ± 27.8 cCasp3+/apB+ 

cells) and HMW+/+ (126.2 ± 24.3 cCasp3+/apB+ cells) newborns (Fig. 2D). Comparatively, 

LMW-/- (198.7 ± 47.4 cCasp3+/apB+ cells) showed 37.9% increase on P0, even though this 

did not reach statistical significance. HMW-/- mice showed similar amounts of apoptotic 

events (155.1 ± 42.6 cCasp3+/apB+ cells). This pattern was also seen when estimating the 

number of cells within the SNpc that were either cCasp3+ or apB+. LMW+/+ (161.4 ± 33.6 

cCasp3+ cells; 224.7 ± 39 apB+ cells) and HMW+/+ (165.3 ± 27.5 cCasp3+ cells; 220.8 ± 

36.3 apB+ cells) mice showed lesser apoptotic events compared to LMW-/- (247.3 ± 54.7 

cCasp3+ cells; 325.8 ± 54.7 apB+ cells) and HMW-/- (192 ± 51.5 cCasp3+ cells; 241.2 ± 

37.8 apB+ cells) mice (Fig. 2D-H). However, in very rare cases, cells positive for cCasp3 

and / or apB were still recognizable as TH+ neurons (zero to five counted cells per animal; 

data not shown). 

In E14.5 embryos, quantification of co-localization of proliferating (BrdU+) and DA 

precursor cells (Lmx1a+) in the SVZ was performed using a stereological approach (Fig. 

2K). The estimated cell populations of BrdU+/Lmx1a+ cells in the SVZ of the VM were 

similar in all groups independent of FGF-2 expression (LMW+/+: 3570 ± 456.1; LMW-/-: 

3629 ± 873.8; HMW+/+ 3064 ± 375.3; HMW-/- 2974 ± 498.9 BrdU+/Lmx1a+ cells). 

Segmenting the SVZ into three rostral and three caudal coronal areas according to earlier 

studies (Ratzka et al., 2012), revealed higher numbers of DA precursor cells within the  
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Fig. 2 Analyses of dopaminergic neurons in the ventral midbrain of LMW-/- and HMW-/- mice during 
ontogenetic development.  
A) Estimated numbers of DA neurons (TH+) in the SNpc of juvenile LMW-/- and HMW-/- mice were 
significantly increased compared to their respective wt littermates (LMW-/- versus LMW+/+ p=0.016, HMW-/- 

versus HMW+/+ p=0.002). B) Demonstrates an example image of the TH DAB staining of the right SNpc at 
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P28. C-H) Triple immunofluorescent staining of the SNpc of newborn mice was performed to stereologically 
estimate the number of DA neurons (TH+) (C) and simultaneously analyze the SNpc of LMW-/- and HMW-/- 
for the apoptosis marker cCasp3 and the appearance of apoptotic bodies (apB). Cells positive for both markers 
were slightly increased in LMW-/- and HMW-/- mice on P0 (D). Meanwhile, the cell population positive for 
cCasp3 (F, H) and the estimated number of cells with apB (E) were only enhanced in LMW-/- mice compared 
to all other groups. I-K) On E14.5, the number of proliferating DA precursor (BrdU+/Lmx1a+) cells was 
comparable in the rostral (I) and caudal (J) subventricular zone (SVZ) of all groups. G) Exemplary TH 
staining (red) including DAPI (blue) staining of neonatal brain tissue. H) Exemplary cCasp3+ cell (green) 
including apB stained with DAPI (blue). K) Distribution of BrdU (red) within Lmx1a+ cells (green) of the 
caudal SVZ 20 hours after single BrdU injection. One-way ANOVA followed by Tukey´s post hoc test with 
F(3, 20) = 10.85, p=0.0002, *p<0.05 and **p<0.01 compared to the respective wt (n as indicated in the 
graphs). No strain-specific significant differences were found between the analyzed wt animals.  
 
 
rostral area of LMW-/- and HMW-/- embryos, respectively (Fig. 2I, J). LMW-/- mice (1324 ± 

396.9 BrdU+/Lmx1a+ cells) displayed 19% more DA precursors than their wt littermates 

(1111 ± 220.4 BrdU+/Lmx1a+ cells), and HMW-/- mice (1174 ± 340.7 BrdU+/Lmx1a+ 

cells) showed 9% more DA precursors than HMW+/+ (1075 ± 288.0 BrdU+/Lmx1a+ cells) 

(Fig. 2I). 

 

3.4.3 Behavioral analysis 

The force plate actometer revealed no differences among animal groups concerning the 

walked distance of about 100 m (Fig. 3A). The amount of time periods spent inactive (low 

mobility bouts; Fig. 3B) did also not differ between genotypes of each strain or among 

strains (FGF-2+/+ 18.2 ± 4.1, FGF-2-/- 23.3 ± 3.9, LMW-/- 15 ± 2.3, LMW+/+ 21.2 ± 2.6, 

HMW+/+ 22.8 ± 4, HMW-/- 17.1 ± 3.5). Regarding rearing activity at the walls of the arena, 

LMW-/- mice showed less wall rears (30.2 ± 2.8) than their respective wt (44.7 ± 4), while 

HMW-/- mice (47.9 ± 5.4) showed more wall rears compared to their wt littermates (33 ± 

5.5) (Fig. 3C). Both FGF-2 genotypes showed a comparable amount of wall rears (FGF-2+/+ 

26.9 ± 4.2; FGF-2-/- 22.8 ± 2.5). Looking at the energy density scores, the LMW-/- mice 

(152.7 ± 10.1) were significantly lower than LMW+/+ mice (210.8 ± 15.9), whereas the 

HMW-/- group (211.7 ± 22.4) showed a tendency to a higher additive score compared to  
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Fig. 3 Results of the behavioral analysis with no strain or genotype specific differences concerning 
locomotor activity or anxiety-like behavior.  
A-F) Force plate actometer results are shown as total walked distance in mm (A), total number of low 
mobility bouts (B), total number of wall rears (C), total energy density score (D), and time spent in the center 
within the first minute of the experiment (E) and during the whole 10 minutes of the experiment (F) for all ko 
mice (FGF-2-/-, LMW-/-, and HMW-/-) and their respective wt (FGF-2+/+, LMW+/+, and HMW+/+) analyzed. No 
differences in the walked distance of about 100 m (A) or time periods spent inactive (B) were seen 
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independent of mouse strain. In contrast, genotype specific differences within the LMW-/- and HMW-/- mice 
were observed concerning explorative behavior (C, D). Furthermore, hints for strain specific differences 
concerning explorative behavior and curiosity were given (C, E, F). G) In the modified dark-light test, no 
differences were observed within the groups with regard to time measured until entering the bright arena 
between respective littermates within one strain. However, LMW-/- mice had the shortest latency time. H) 
Timespan in the open arm of the elevated plus maze in percentage of the whole five minutes monitored 
revealed no differences between all strains analyzed.  
Comparisons among isoform-specific FGF-2 ko strains or wt of all three mouse strains: one-way ANOVA, 
Sidak’s multiple comparisons test with C) F(3, 44) = 3.577, p=0.021 for HMW+/+ and HMW-/- (p=0.026), 
LMW+/+ and LMW-/- (p=0.031) group comparisons and F(2, 33) = 3.830, p=0.032 for wt group comparisons 
(FGF-2+/+ versus LMW+/+ p=0.010), E) F(2, 33) = 4.301, p=0.022 (FGF-2+/+ versus LMW+/+ p=0.016, FGF-
2+/+ versus HMW+/+ p=0.016) and F) F(2, 33) = 2.645, p=0.086 (FGF-2+/+ versus HMW+/+ p=0.036) (except 
for D: Kruskal-Wallis test (p=0.033), Dunn’s multiple comparisons test (LMW+/+ versus LMW-/- p=0.016); 
comparisons within FGF-2 mouse strain: Student’s t-test. *comparisons within same strain if not marked 
otherwise, with *p<0.05. Twelve animals per group were analyzed. 
 
 
their respective wt (153.6 ± 20.3) (Fig. 3D). Again, both FGF-2 genotypes displayed 

similar results (FGF-2+/+ 162.3 ± 15.8 and FGF-/- 144.1 ± 15.1). 

FGF-2+/+ and LMW+/+ mice differed concerning the amount of wall rears (FGF-2+/+ 26.9 ± 

4.2; LMW+/+ 44.7 ± 4) and concerning the time spent in the center within the first minute of 

each experiment, as the same result was obvious when comparing FGF-2+/+  and HMW+/+ 

mice (FGF-2+/+ 6.5 s ± 2.3; LMW+/+ 1.4 s ± 0.6; HMW+/+ 1.4 s ± 0.6) (Fig. 3E). With 

regard to the time spent in the center during the whole experimental period of ten minutes, 

there was only a significant difference visible comparing FGF-2+/+ and HMW+/+ mice 

(FGF-2+/+ 13.3 s ± 3.6; HMW+/+ 5.8 s ± 1.7), with the results of the other genotypes in 

between (Fig. 3F). 

In the modified dark-light test, no significant differences were observed within the analyzed 

mouse strains, but LMW-/- mice displayed the lowest mean latency time with 14.5 s ± 3.4 

(Fig. 3G). The percentage of total time spent in the open arms of the elevated plus maze 

was between 10 to 25% for all animal groups analyzed (Fig. 3H). 

 

3.4.4 Complementary analysis of behavior-related hormonal and protein expression 

status  

Concentrations of fecal corticosterone metabolites were only significantly increased in 

FGF+/+ (stress: 40.6 ng/ml ± 4; rest: 21.82 ng/ml ± 3.6) following stress induction (Fig. 4A). 

Meanwhile, similar blood corticosterone concentrations were measured in all groups 

following stress induction (Fig. 4B).  
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Fig. 4 Analyses concerning stress susceptibility in different FGF-2 knockout mouse strains.  
A-B) Concentrations of corticosterone (metabolites) in fecal (A) and blood (B) samples of all ko mice (FGF-
2-/-, LMW-/-, and HMW-/-) and their respective littermates (FGF-2+/+, LMW+/+, and HMW+/+). A) Comparable 
concentrations of fecal corticosterone metabolites were found among all groups before (blank bar) and after 
transport stress (striped bar), with only increased levels observed in FGF-2+/+ animals after stress induction 
(p=0.021). B) Blood corticosterone concentrations after transport with comparable levels for all groups 
analyzed. C) Glucocorticoid receptor (GR) expression measured by Western Blot in hippocampal (HC) 
samples was similar in all groups. The slightly darker band in the FGF-2+/+ mice corresponds to the darker 
PonceauS staining and is therefore not conspicuous. D) Additional ST and VM tissue samples of young adult 
mice of all genotypes were analyzed for excitatory amino acid transporter 3 (EAAT), fibroblast growth factor 
receptor 1 (FGFR1), tyrosine hydroxylase (TH), and vesicular glutamate transporter 1 (VGLUT1) expression, 
with PonceauS verifying similar protein loads. Repeated analysis displayed no clear differences between ko 
and wt animals of the same strain.  
Statistics: A) Two-way ANOVA, Sidak’s multiple comparisons test, with F(1, 11)time factor (rest versus stress) = 
11.25, p=0.006, F(1, 11)column factor (genotype) = 0.925, p=0.357, F(1, 11)interaction factor = 0.682, p=0.427, *p<0.05. B) 
Unpaired Student’s t-test comparing FGF-2+/+ and FGF-2-/- mice (t(8) = 1.012, p=0.341), one-way ANOVA 
with F(3,18) = 1.114, p=0.369, Tukey’s multiple comparisons test comparing isoform-specific FGF-2 ko 
mouse strains. 
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Additionally, glucocorticoid receptor (GR) expression patterns in hippocampal samples 

were not influenced by FGF-2 expression in young adult mice (Fig. 4C), which was also 

proved by densitometric analysis (Fig. S2). Furthermore, expression of TH, FGFR1, 

EAAT3, and VGLUT1 in ST or VM was also not influenced by genotype (Fig. 4D).  

 
 

 Discussion 3.5

In this study, we describe for the first time a similarly increased amount of DA neurons in 

the SNpc of juvenile mice either deficient for LMW or HMW. At this time-point, both 

isoforms were similarly expressed in wt mice. Until now, decreased FGF-2 expression in 

humans was correlated with major depression (Evans et al., 2004; Mallei et al., 2002), and 

possible relations between FGF-2 gene polymorphisms and the response for antidepressant 

therapy (which seems to increase FGF-2 expression) have been described (Kato et al., 

2009). Furthermore, reduced FGF-2 immunoreactivity was demonstrated in Parkinson’s 

disease patients (Tooyama et al., 1993). FGF-2 promoted survival and differentiation of DA 

neurons in vitro and in vivo (Grothe and Timmer, 2007; Reuss and Unsicker, 2000; Timmer 

et al., 2007). Interestingly, juvenile FGF-2-/- mice displayed 36% more TH+ neurons in the 

SNpc, with the onset determined during the late stages of embryonic development (between 

E14.5 and P0) (Ratzka et al., 2012). 

Because FGF-2 isoforms differ in their spatiotemporal expression pattern throughout the 

development of the nigrostriatal system, we hypothesized that different parameters could 

lead to supernumerary DA neurons in the adult SNpc. Therefore, we analyzed total FGF-2-/-

, LMW-/-, and HMW-/- mice in comparison to their wt littermates at three developmental 

time-points (E14.5, P0, and P28 or young adult). LMW expression was pronounced in all 

embryos except LMW-/- embryos. On the day of birth, LMW and HMW were similarly 

expressed in the VM of LMW+/+ and HMW+/+ mice. Even though similar amounts of total 

protein were analyzed, no clear FGF-2 expression was measurable in the ST on P0, which 

is in contrast to earlier reports (Rumpel et al., 2016). In young adult wt mice, all FGF-2 

isoforms were equally detectable in the nigrostriatal system, which is in agreement with 

earlier studies (Giordano et al., 1992). Young adult LMW-/- mice displayed equal HMW 

expression. In contrast, HMW-/- mice displayed enhanced LMW signals. This phenotype in 

HMW-/- mice was already visible on P0 and might be a compensative upregulation. 
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To verify whether the different expression patterns result in morphological changes and the 

hyperplasia phenotype seen in FGF-2-/-, we quantified DA neurons in the SNpc. Notably, 

both, LMW-/- and HMW-/- mice developed an increased number of DA neurons in the SNpc 

(16.1% in LMW-/-, 19.4% in HMW-/-), which correlates in total with the hyperplasia of 

TH+ neurons in FGF-2-/- mice (Ratzka et al., 2012). This result suggested that both isoforms 

have distinct developmental effects and that their interaction crucially influences the 

regulation of DA neuronal number in the SNpc. To determine the onset of this phenotype, 

E14.5 embryos were analyzed revealing that LMW-/- embryos developed in average 19% 

more DA precursor cells in the rostral SVZ compared to wt controls, while the difference in 

means was diminished to 9% in HMW-/- embryos. The number of DA neurons in the SNpc 

is not only predetermined by precursor cells, but possibly also influenced by natural 

ontogenetic cell death, with the highest peak of physiological apoptosis right after birth 

(Jackson-Lewis et al., 2000). Furthermore, FGF-2-/- mice showed reduced apoptosis at this 

stage (Ratzka et al., 2012). Interestingly, with our design-based stereological approach, we 

detected increased average estimations of morphological signs of cell death in LMW-/- and 

HMW-/- mice on P0 compared to their respective wt assuming similar partial, but minor 

influence leading to enhanced apoptosis at this developmental stage. Mean counts of 

apoptosis markers were increased in LMW-/- compared to HMW-/- mice, which is in 

accordance to in vitro studies, where HMW overexpression promoted apoptosis, while 

LMW had an enhanced anti-apoptotic effect (Ma et al., 2007). In contrast, the apoptosis 

rate was reduced in wt littermates, leading to the hypothesis that interaction of the FGF-2 

isoforms had compensating effects. Remarkably, the rarity of detected TH+ cells showing 

signs of apoptosis suggested that DA neurons were less affected by apoptosis at this time-

point. This observation is in agreement with other studies demonstrating that on P0, only 

10-20% of apoptotic neurons were also TH+ (Jackson-Lewis et al., 2000). The 

physiological regulation of DA neuronal development through natural cell death is still 

elusive, for example increasing DA neuron numbers were reported in the murine SNpc 

through maturation (Jackson-Lewis et al., 2000; Lieb et al., 1996), supported by increasing 

TH mRNA expression in the VM one week after birth (Ivanova and Beyer, 2003). Thus, 

apoptosis would not seem to lead to a significant decrease in DA neuron number in the 

SNpc of mice after birth (Lieb et al., 1996; Martí-Clúa, 2016). Therefore, it would be 

interesting to compare in the future total estimated neuron number with the number of TH+ 
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neurons to directly see potential changes in the relation. Importantly, rodent strains and age 

stages differ as well as qualitative and quantitative analysis methods. 

Besides morphological impact, we aimed to evaluate behavioral phenotypic traits 

depending on FGF-2 expression, totally or only partially concerning one isoform. Previous 

studies related anxiety behavior and hypothalamic-pituitary-adrenal axis activity with FGF-

2 expression (Salmaso et al., 2016). In contrast, we did not observe an increased activity of 

the hypothalamic-pituitary-adrenal axis regarding corticosterone secretion during stress and 

hippocampal glucocorticoid receptor expression, or aggravated anxiety behavior in FGF-2-/- 

mice. Importantly, the cited study investigated a FGF-2 mouse strain with Black Swiss 

background, compared to wt littermates and wt of the same background (Simard et al., 

2018). With direct regard to anxiety-like behavior, there is evidence that Black Swiss mice 

are innately less anxious than C57BL/6 mice in the dark-light test (Flaisher-Grinberg and 

Einat, 2010). Therefore, the strain might be more susceptible to loss of FGF-2. 

Additionally, mice were kept under different conditions (single housed in smaller cages) 

and increasing evidence exists relating caging systems, housing conditions as well as 

nutrition, and different mouse strains with deviations in anxiety and explorative behavior 

(Ahlgren and Voikar, 2019; Kovacs and Pearce, 2013; Pasquarelli et al., 2017). In addition, 

imbalances between GA and DA signaling leading to hyperlocomotion were reported 

(Fadda et al., 2007). Therefore, we further analyzed protein expressions related therewith 

(EAAT3, VGLUT1, TH). However, we did not find any differences among genotypes, 

which supported our behavioral results. Also, we observed no alterations in hippocampal 

GR expression, which was associated with increased FGF-2 expression and reduced 

anxiety-like behavior due to environmental enrichment by others (Perez et al., 2009; 

Salmaso et al., 2016). Altogether, it seems that the C57BL/6J background was more stress-

resistant, be it due to housing conditions or due to genetics, highlighting that 

standardization of test protocols does not guarantee absence of systematic differences in 

results of different research institutes (Crabbe et al., 1999). With the center time analyzed in 

the actometer in the first minute, we intended to evaluate possible freezing behavior due to 

the confrontation of the animal with a new environment. Interestingly, in this test, the FGF-

2+/+ mice stayed in place significantly longer than LMW+/+ and HMW+/+ mice. Of course, 

this way of interpretation depends on exactly identical conditions in all experimental runs. 

During the whole testing period of 10 minutes, conditions were always comparable. As 

results show at least a significant difference comparing FGF-2+/+ and HMW+/+ mice, we 
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propose strain specific differences in behavior during exploration of new environments. 

This observation is in agreement with the results of the wall rear analysis demonstrating 

reduced explorative behavior of FGF-2+/+ compared LMW+/+, and also supported by the 

additive energy density score results. Additionally, comparing animals within one mouse 

strain demonstrated different behavioral activity for isoform specific ko mice. However, 

this observation could, of course be due to altered FGF-2 expression outside the 

nigrostriatal pathway.  

Importantly, SNP analyses of mouse strain backgrounds verified discrepancies between 

FGF-2 and isoform specific ko strains further supporting our hypothesis that behavior is 

crucially influenced by the background of those mice. Finally, we would not interpret the 

varying center time in the open field experiments as a relevant difference in anxiety-like 

behavior or stress sensitivity. In fact, the results in the more sensitive elevated plus maze 

and modified dark-light test supported by corticosterone measurements revealed no 

differences among the experimental groups. 

In conclusion, we show that FGF-2 isoforms influenced the development of the nigrostriatal 

system in mice, though without resulting in behavioral saliences. Nevertheless, we want to 

highlight that standardization of mouse background strains for better comparability among 

research centers is crucial. 
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Fig. S1 Densitometric analysis of hippocampal glucocorticoid receptor (GCR) expression in FGF-2 ko 
mouse strains. 
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4.1 Abstract 

Dopaminergic neurons (DA) in the substantia nigra pars compacta (SNpc) are especially 

vulnerable towards pathological mechanisms that lead to their progressive degeneration. In 

Parkinson’s disease (PD), gene therapeutic interventions providing neurotrophic factors 

(NTF) aim to protect and restore this specific cell group. Fibroblast growth factor 2 (FGF-

2) is a NTF, which crucially influences neuronal development, outgrowth, and survival in 

the central nervous system (CNS). Physiologically, the protein is translated in a low 

molecular weight FGF-2 (LMW) and high molecular weight FGF-2 (HMW) isoform, 

distinguished by different expression patterns and cellular localizations, as well as 

neuroprotective potential. In this light, we generated an adeno associated viral vector 

(AAV) with the tetracycline inducible (TetOn) expression system to overexpress either 

LMW or HMW in the adult rodent nigrostriatal system. To determine transgene 

distribution, both isoforms were tagged with a Flag peptide (LMWFlag and HMWFlag). After 

evaluation of the functionality of the TetOn system on primary DA neuronal cultures, adult 

rats were unilaterally injected in the substantia nigra (SN) or striatum (ST). Two weeks 

following intrastriatal or nigral injection, two groups received doxycycline (Dox) 

containing diet to induce FGF-2 isoform expression, while the other group served as control 

receiving standard diet. After two and six weeks of Dox administration, animals were 

analyzed for transgene expression. After nigral injection, LMWFlag and HMWFlag 

expression was consistently observed over the whole experimental time following Dox 

induction, but accompanied by tyrosine hydroxylase (TH) downregulation. After striatal 

injection, transgene expression was only detectable in single animals, however, without 

obvious effects on DA neurons. 

 

Keywords: AAV2/DJ, TetOn, FGF-2, LMW, HMW 
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4.2 Introduction 

Parkinson’s disease (PD) is characterized by alpha-synuclein (α-syn) pathology and the 

progressive loss of dopaminergic (DA) neurons in the substantia nigra pars compacta 

(SNpc), located in the ventral midbrain (VM). These dopamine producing neurons 

demonstrate uniquely increased vulnerability towards α-syn aggregation compared to other 

areas in the central nervous system (CNS) (Venda et al., 2010). PD modifying gene therapy 

aims to slow down and/or reverse pathology in DA neurons (Axelsen and Woldbye, 2018). 

Neurotrophic factors (NTF), like the glial cell-derived neurotrophic factor (GDNF) or 

neurturin (NTN), which share neuroprotective, as well as repairing properties, have 

therefore become of great interest. Because most NTF cannot cross the blood-brain barrier, 

direct administration into the CNS is required. Direct infusion, however, failed to 

demonstrate clinical improvements, probably due to insufficient distribution within the 

CNS (Lang et al., 2006; Nutt et al., 2003). Gene therapeutic approaches, using viral vectors 

can increase NTF distribution and treat specific cell populations. Adeno associated viral 

vectors (AAV) are considered safe with efficient transduction of different cell types within 

the CNS resulting in long lasting transgene expression (Daya and Berns, 2008). After 

beneficial results in primate PD models, AAV serotype 2 (AAV2) expressing NTN showed 

promising effects in a clinical phase I trial (Marks et al., 2008). However, a clinical phase II 

trial failed to show improvements following either intraputaminal, or intraputaminal and 

nigral application of AAV2-NTN (Bartus et al., 2013; Marks et al., 2010; Olanow et al., 

2015). 

Belonging to the NTF, the fibroblast growth factor 2 (FGF-2) is involved in the 

development and maturation of the DA system (Grothe and Timmer, 2007). In mammals, 

FGF-2 is physiologically translated in different protein isoforms, one 18 kilo Dalton (kDa) 

low molecular weight FGF-2 (LMW), and a 21 kDa and 23 kDa high molecular weight 

FGF-2 (HMW) isoform (Florkiewicz et al., 1991; Florkiewicz and Sommer, 1989). Both 

isoforms display specific spatiotemporal expression patterns in the CNS (Grothe et al., 

1991; Rumpel et al., 2016), with HMW is restricted to the cell nucleus (Quarto et al., 1991; 

Renko et al., 1990), meanwhile LMW localized in the cell nucleus and cytoplasm, and is 

also known to be secreted (Claus et al., 2003; Ebert et al., 2010). In animal models of PD, 

intrastriatal infusion of LMW or pre-treatment of grafted cells beneficially influenced DA 

survival and behavioral performance (Mayer et al., 1993; Otto and Unsicker, 1990). 
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Furthermore, co-transplantation of DA neurons with FGF-2 overexpressing Schwann cells 

or fibroblasts improved graft survival and behavioral deficits (Takayama et al., 1995; 

Timmer et al., 2004). HMW overexpression resulted in enhanced survival and striatal re-

innervation compared to LMW (Timmer et al., 2004). In contrast, transplantation of non-

viral genetically modified VM progenitor cells overexpressing HMW did not further 

improve graft survival or functional recovery compared to control grafts (Rumpel et al., 

2015). Additionally, several in vitro studies demonstrate positive influence of both FGF-2 

isoforms on DA neuronal outgrowth and survival (Grothe et al., 2000; Li et al., 2006; Reuss 

and Unsicker, 2000).  

On this account, we generated the AAV2/DJ carrying either LMW or HMW aiming to 

evaluate its safety and feasibility for nigrostriatal application. Recently, we already 

demonstrated the AAV2/DJ to be safe in the CNS with efficient transduction of DA 

neurons (von Hovel et al., 2019). To enable specific intracellular and extracellular 

transgene distribution and differentiation from endogenous FGF-2, LMW and HMW were 

tagged with a Flag peptide resulting in LMWFlag and HMWFlag, respectively (Ratzka et al., 

2011). Previous gene therapeutic approaches demonstrated that enhanced and prolonged 

delivery of NTF (i.e. GDNF) can also lead to downregulation of DA neuronal markers, like 

tyrosine hydroxylase (TH) or dopamine transporter (DAT) (Barroso-Chinea et al., 2016; 

Georgievska et al., 2004a; Georgievska et al., 2004b; Rosenblad et al., 2003). Furthermore, 

FGF-2 dysregulation is associated with tumorigenesis and psychiatric disorders 

(Terwisscha van Scheltinga et al., 2013; Turner and Grose, 2010). Against this background, 

we used the tetracycline (Tet) inducible (TetOn) mechanism to control LMWFlag and 

HMWFlag expression (Fig. 1A, B). In this system the reverse Tet controlled transcriptional 

activator (rtTA) undergoes conformational change upon doxycycline (Dox) availability, 

leading to Tet operator (TetO) binding, further resulting in transgene expression (Gossen et 

al., 1995).  

In this study, we report the functionality of an AAV2/DJ mediated Dox inducible FGF-2 

isoform specific expression system in vitro and in vivo. On primary DA cell cultures, 

efficient and controllable LMWFlag and HMWFlag expression was observed. In healthy rats, 

transgene expression was detectable over six weeks following nigral application, but 

accompanied by TH downregulation, independent of Dox administration. In contrast, no 

alterations in the nigrostriatal system were seen after striatal injection, but inducible 
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LMWFlag and HMWFlag expression diminished over time, while none inducible green 

fluorescent protein (GFP) expression was still detectable. 

4.3 Materials and methods 

4.3.1 Plasmids 

For cloning of the Dox inducible AAV constructs (Fig. 1), the coding sequences for rat 

FGF2-18 kDa and -23 kDa tagged with 3xFLAG were amplified by PCR from the 

pCAGGS expression plasmids (Ratzka et al., 2011) using following oligos: FGF2-CAG-5’-

BspEI  5’-CGATGC TCCGGA GCAAAGAATTCGCCGCCACC-3’, FGF2-FLAG-3’-FseI 

5’-TAATGC GGCCGGCC GAGGAGTGAATTGATCACTA-3’. The amplified PCR 

products were digested with BspEI and FseI restriction enzymes (New England Biolabs 

(NEB), Ipswich, USA) and ligated into pAAV-Ptet-RFP-shR-rtTA plasmid digested with 

AgeI and FseI (NEB). pAAV-Ptet-RFP-shR-rtTA, containing the reverse tetracycline 

controlled transcriptional activator variant 3 (rtTA3) enhanced by the incorporated 

Woodchuck hepatitis virus post-transcriptional regulatory element (WPRE), was a gift from 

Howard Gu (Addgene plasmid # 35625; http://n2t.net/addgene:35625; RRID: Addgene 

35625) and published by Naughton et al. (2011). GFP was cloned into the pAAV-MCS 

plasmid provided with the AAV-DJ helper free expression system (VPK-410-DJ, Cell 

Biolabs, INC., CA, USA) as described earlier (von Hovel et al., 2019). 

 

 

Fig. 1 Doxycycline inducible LMWFlag and HMWFlag TetOn system.  
BGH = bovine growth hormone polyadenylation sequence; HMWFlag = Flag tagged high molecular weight 
FGF-2 isoform; ITR = inverted terminal repeats; LMWFlag = Flag tagged low molecular weight FGF-2 
isoform; rtTA3 = reverse tetracycline controlled transcriptional activator variant 3; TetO = tetracycline 
operator; Ubc = ubiquitin promotor; WPRE = woodchuck hepatitis virus post-transcriptional regulatory 
element. 
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4.3.2 AAV production 

For production of AAV2/DJ vector stocks, 1x106 HEK293T cells were seeded on 15 cm 

dishes (TPP®, Trasadingen, Switzerland) and transfected the next day with equimolar 

amounts of pDJ, pHelper, and either pAAV-GFP, pAAV-LMWFlag, or pAAV-HMWFlag 

encoding plasmids using a 3:1 ratio of polyethylenimine (PEI, Sigma-Aldrich, Munich, 

Germany) according to the published protocol (Huang et al., 2013). As previously 

described, cells were harvested and viral particles were purified three days post-transfection 

(Zolotukhin et al., 2002). Briefly, after centrifugation (3.000 x g, 5 min), the cell pellet was 

lysed (50 mM Tris HCl (pH 8.0), 150 mM NaCl) followed by three freeze and thaw cycles. 

The cell lysate was supplemented with benzoase buffer (500 mM Tris-HCl (pH 8.0), 10 

mM MgCl2, 1 mg/ml BSA) including 50 U/ml benzoase (70746, Novagen®, Søborg, 

Denmark) followed by incubation at 37°C for 30 min and 30 min centrifugation at 4000 x g 

to discharge cell debris. A discontinuous iodixanol gradient (54%, 40%, 25%, and 15%) 

was prepared in an Optiseal polypropylene centrifuge tube (Beckman Coulter, CA, USA) 

with OptiPrepTM (AXIS-SHIELD PoC AS, Oslo, Norway) and the supernatant was added 

before centrifugation in a Ti70 rotor at 18°C with 63.000 x g for 70 min. Viral particles 

within the 40% phase were collected with a 21 gauge cannula and washed three times with 

phosphate-buffered saline (PBS, Biochrom, Germany) before concentration with Amicon® 

Ultra-15 centrifugal filters (Merck Millipore, Dublin, Ireland). Aliquots were stored at -

80°C. 

Genome copy viral titers were ascertained via quantitative PCR as described earlier by von 

Hovel et al. (2019) using the StepOnePlus Instrument (Applied Biosystems, Darmstadt, 

Germany). Briefly, 5 µl of virus solution were incubated with 3U DNase (QIAGEN, 

Hilden, Germany) for one hour at room temperature (RT) before deactivated at 65°C for ten 

minutes. After that, 2.5 µl of proteinase K (Roche, Mannheim, Germany) were added and 

incubated for one hour at 65°C followed by 20 min at 95°C. WPRE forward (5´-TGG CGT 

GGT GTG CAC TGT-3`) and reverse (5´-CCC GGA AAG GAG CTG ACA-3) primers 

(Eurofins genomics, Ebersberg, Germany) were used together with SYBR-Green in 10-fold 

serial dilution for PCR analysis. A non-template control was performed additionally and 

titer was evaluated compared to a standard curve using pAAV-GFP plasmids dilution 

series.  

All vector stocks were analyzed by sodium dodecyl gel electrophoresis (SDS-page) 

according to Zolotukhin et al. (Zolotukhin et al., 2002). Briefly, after incubation with equal 
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amounts of Laemmli buffer at 95°C for 5 min, virus solution was applied to a 12%-gel and 

after electrophoresis stained with Coomassie brilliant blue overnight. 

 

4.3.3 In vitro evaluation of Dox-inducible AAV2/DJ in primary dopaminergic cell 

culture 

Functionality of the TetOn system was analyzed in vitro on primary cultures of DA 

progenitor cells. Embryonic day 12 old rat embryos were obtained from time-mated female 

Sprague Dawley (SD) rats from Charles River Laboratories (Sulzfeld, Germany), which 

were sacrificed according to §4 of the German Animal Protection Act (2015/93). Embryos 

were quickly retrieved from the uterus and the VM dissected under microscopical control 

(Stemi SV6, Zeiss, Jena, Germany) in preparation medium (Timmer et al., 2006). After 

dissociation, cells were cultivated for one day in adhesion medium, and two days in 

proliferation medium, followed by another dissociation step. Media compositions were 

identical to (Ratzka et al., 2012). A total of 80.000 cells per well were seeded in 24-well 

NuncTM plates (Thermo Fisher Scientific, Roskilde, Denmark) for one day of attachment 

followed by two days of differentiation. For transduction 1 μl vector solution was applied in 

400 μl differentiation medium for three days before changing to vector free medium for 

additional four days in control conditions. To induce transgene expression, 0.1 or 1 µg/µl 

Dox (D9891; Sigma-Aldrich) was added to the medium for 24 to 96 hours, before cells 

were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) for immunocytochemistry 

(Fig. 2A). In a second experiment, 1 µg/µl Dox was added for 48 hours, before replaced by 

differentiation medium without antibiotic (Fig. 2B). For Western Blot analysis, 350.000 

cells were seeded in 6-well NuncTM plates (Thermo Fisher Scientific) and treated 

identically before cells, and supernatant were taken separately. 

 

4.3.4 In vivo evaluation of Dox-inducible AAV2/DJ in healthy rats 

All experimental protocols were permitted by the local authorities (Lower Saxony State 

Office for Consumer Protection and Food Safety (LAVES) Hannover, Germany) and 

followed the German Animal Protection Act (33.12-42502-04-15/1993). Adult female 

Sprague Dawley rats from Janvier (France) weighting 225–250 g at the start of the 

experiments were housed in Macrolon Type IV S open cages (Techniplast, 

Hohenpeissenberg, Germany) in groups of two to four with food (1324 TPF from Altromin 
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Spezialfutter GmbH & Co. KG, Lage, Germany) and water available ad libitum and kept in 

temperature- and humidity-controlled rooms on a 14-h light/10-h dark schedule. One-

hundred-six animals received unilateral stereotactic injections under general chloral hydrate 

anesthesia (370 mg/kg, i.p.) using a 10 μl gastight Hamilton Syringe with  

 

 

 
Fig. 2 Experimental design of the in vitro evaluation of the doxycycline inducible LMWFlag and 
HMWFlag TetOn system.  
A) Experimental setup for induction of Flag expression by Dox administration in vitro. After seeding of DA 
progenitor cells for one day of attachment (Att.) followed by two days of differentiation (Diff.), cells were 
transduced (Transd.) with virus containing solution for three days. Afterwards, the culture medium was 
changed and Dox was supplemented for the indicated time. Every 24 hours, cells were harvested for Western 
Blot analysis, or fixated for immunocytochemistry. B) To demonstrate Dox-dependent Flag expression, cells 
were treated identical to A, but Dox medium was changed to Dox free medium after incubation for 48 hours. 
Every 24 hours, cells were harvested for Western Blot analysis, or fixated for immunocytochemistry over a 
time-period of three days. 

 
 
a 33 gauge needle (1701 Small Hub RN; Hamilton, Ghiroda, Romania). All animals were 

randomly allocated to the treatment groups. Forty-eight animals obtained 3 µl of either 

AAV-FGF2-LMWFlag (3.4 x 107 gc/µl) or AAV-FGF2-HMWFlag (3.0 x 107 gc/µl) above the 

right substantia nigra (AP -5.2 mm, LAT -2.0 mm, and DV -7.2 mm) in a rate of 0.3 µl/min 

(Fig. 3A), which were delivered via a micro-pump (Micro4TM; World Precision 

Instruments Inc., Sarasota, USA). The other 48 animals were injected into the right striatum 

with either AAV-FGF2-LMWFlag (2.2 x 107 gc/µl) or AAV-FGF2-HMWFlag (5.6 x 107 

gc/µl) at four different sites: AP +0.5 mm, LAT -3.6 mm, DV -5.0 mm and -4.0 mm; and 

AP +1.0 mm, LAT -2.6 mm, and DV -5.0 mm and -4.0 mm and the animals received a total 
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amount of 6 µl (1.5 µl at each site) virus solution in a rate of 0.5 µl/min (Fig. 3A). All 

stereotactic values are given with reference to bregma and dura according to Paxinos and 

Watson (2007). In a second experiment, 10 animals received striatal injections of 6 µl of 

either AAV-FGF2-LMWFlag (2.0 x 109 gc/µl) or AAV-FGF2-HMWFlag (3.0 x 109 gc/µl). 

Since the transduction efficiency of AAV2/DJ in the CNS had so far only been evaluated 

regarding DA neurons, two animals were similarly injected in the ST with a non-inducible 
 

 
 

Fig. 3 Experimental design of the in vivo study evaluating the doxycycline inducible LMWFlag and 
HMWFlag TetOn system.  
A) Stereotaxic injection sites above the right substantia nigra (SNr) as indicated by the blue cross as well as in 
the right striatum (STr) symbolized by the orange crosses, with reference to bregma and dura according to 
Paxinos and Watson (Paxinos and Watson, 2007). B) Forty-eight animals in two groups, each consisting of 24 
adult rats, were unilaterally injected with either inducible AAV2/DJ-FGF-2-LMWFlag or -HMWFlag in the SNr 
or the STr. In each group, 16 animals received Dox diet to induce LMWFlag and HMWFlag expression starting 
at two weeks after surgery (+Dox), while the remaining animals received standard diet. After two weeks, 12 
animals per group were sacrificed for Western Blot (WB) analysis and four animals were perfused for 
immunohistochemistry (IHC). The remaining animals received Dox diet continuously. After another four 
weeks, six animals per group were sacrificed for WB and two perfused for IHC. C) In a second experiment 
using higher vector titers, 10 animals in two groups, each consisting of five adult rats, were unilaterally 
injected with either AAV2/DJ-FGF-2-LMWFlag or -HMWFlag in the STr. Two additional animals received 
striatal non inducible AAV2/DJ-GFP injection. All animals received Dox diet to induce LMWFlag and 
HMWFlag expression one week after surgery. After two weeks, three animals per LMWFlag or HMWFlag group 
were sacrificed for WB, all other animals were perfused for IHC. 
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AAV2/DJ-GFP (8.9 x 108 gc/µl) as control (von Hovel et al., 2019). The needle was left in 

place for additional 5 min after injection to allow diffusion before slow withdrawal. Prior to 

surgery, Dipyrone (200 mg/kg; s.c.) was injected as analgetic treatment, which was 

continued via drinking water for three days post-surgery. Also, all animals were provided 

with 0.9% saline s.c. as post-operative care, were kept warm on a heating pad, and were 

closely monitored until regaining full consciousness.  

One to two weeks post-surgery, part of the animals were fed with Dox supplemented diet 

(625 ppm Doxycycline in 1324 TPF from Altromin Spezialfutter GmbH & Co. KG), which 

was changed every other day, while control animals were fed 1324 TPB standard diet (Fig. 

3B, C). At the end of the study, two or six weeks after Dox induction (Fig. 3B, C), part of 

the animals were deeply anesthetized with an overdose of chloral hydrate (740 mg/kg, i.p.) 

and transcardially perfused with 150 ml 0.9% saline followed by 250 ml of 4% PFA in 

PBS. The brains were removed and incubated in 4% PFA overnight, before transfer to 30% 

sucrose (Roth, Karlsruhe, Germany) for cryoprotection and storage at -80°C. All other 

animals received an overdose of chloral hydrate (740 mg/kg, i.p.) followed by decapitation 

to remove the brain tissue. The corresponding brain areas SN left (SNl) and right (SNr), and 

ST left (STl) and right (STr) were dissected in cold PBS under microscopic control (Stemi 

SV6), frozen in liquid nitrogen, and stored at -80°C until further processing. 

 

4.3.5 Cell and tissue processing 

In the in vitro study, cells were fixed with 4% PFA, washed with PBS, and blocked with 

PBS containing 0.3% TritonX, 3% normal goat serum (NGS, GibcoTM, Life technologies, 

Warrington, UK), and 1% bovine serum albumin (BSA, Sigma-Aldrich) for one hour at RT. 

For TH/Flag immunocytochemistry (ICC), cells were incubated overnight at 4°C, 

respectively, with primary anti-TH (1:1.000, AB152, Millipore) and mouse anti-Flag M2 

(1:1.000, F1804, Sigma-Aldrich) antibodies in PBS containing 1% NGS and 0.3% TritonX. 

Secondary anti-mouse (Alexa488 (1:500, a 11034, Invitrogen)) and anti-rabbit (Alexa555 

(1:500, A-21429, Invitrogen)) antibodies were used the next day, and cell nuclei were 

visualized by 4′,6-Diamidin-2-phenylindol (DAPI) (Sigma-Aldrich,1:1500) staining. 

Transduction efficiency was calculated on an inverse microscope (IX70, Olympus) using a 

20x magnification. TH+, and GPF+ cells were counted on at least 10 sites (von Hovel et al., 

2019). 
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In the in vivo study, frozen brains were coronally sectioned on a freezing stage microtome 

in a thickness of 40 µm and series of six. For Flag M2/DAB staining, every sixth section 

was treated with PBS containing 10% methanol and 3% H2O2 for 10 min before washing 

with PBS and incubation with mouse anti-Flag M2 (1:1.000, F1804, Sigma-Aldrich) in 

blocking solution consisting of PBS, 1% BSA, and 0.3% TritonX. Following three washing 

steps the next day, sections were incubated with rabbit anti mouse IgG (1:200) in the same 

blocking solution for one hour at RT. Positive labeling was visualized using the Vecta Stain 

ABC kit (PK-6102, Vector Laboratories LTD., Peterborough, UK) and PBS containing 

0.05% 3,3’-Diaminobenzidin (DAB) and 0.01% H2O2. Sections were dehydrated and 

mounted (Corbit-Balsam, Hecht, Kiel, Germany) onto glass slides (Thermo Fisher 

Scientific). For immunohistochemistry (IHC), free-floating sections from additional series 

were blocked with PBS containing 5% NGS and 0.3% TritonX for one hour at RT before 

rabbit anti-TH (1:1.000, AB152, Millipore) was applied in PBS containing 1% NGS and 

0.3% TritonX overnight. After washing with PBS, secondary goat anti-rabbit Alexa555 

(1:500, A-21429, Invitrogen) antibody was incubated in the same solution for one hour at 

RT followed by another washing step and blocking with 10% BSA and 0.3% TritonX in 

PBS before mouse anti-Flag M2 (1:500, F1804, Sigma-Aldrich), or mouse anti-GFAP 

(G3893, Sigma-Aldrich, 1:400) was added in PBS with 3% BSA and 0.3% TritonX 

overnight. Positive labeling was visualized with secondary goat anti-mouse Alexa488 

(1:500, a 11034, Invitrogen) antibody and cell nuclei were stained with DAPI before 

sections were transferred onto gelatinized slides (SuperFrost, Thermo Fisher Scientific).  

For TetR staining, free-floating sections from additional series were blocked for one hour at 

RT with PBS containing 5% NGS and 0.3% TritonX before incubation with mouse anti-

TetR (1:1.000; Clone9G9; 631131) overnight in PBS with 1% BSA and 0.3% TritonX. 

Positive labeling was visualized with secondary goat anti-mouse Alexa555 (1:500, A 

21422, Invitrogen) antibody and cell nuclei were stained with DAPI before sections were 

transferred onto gelatinized slides (SuperFrost, Thermo Fisher Scientific). 

 

4.3.6 Western Blot analysis 

For the in vitro and in vivo studies, cell pellets or brain tissue samples were homogenized 

and lysed in an appropriate amount of radioimmune precipitation assay (RIPA) buffer 

consisting of 800 µl RIPA base stock (20 mM Tris-HCl, 137 mM NaCl, 25 mM β-
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glycerophosphate, 2 mM EDTA, 1% Triton-X-100, 1% sodiumdeoxychlorate, 1 mM 

sodiumorthovanadate), 2.6 µl 5 M NaCl, 20 µl 50x protease inhibitor (Roche, 

11873580001), and 177 µl Millipore water per milliliter. Ten or fifty µg of total protein, for 

cell culture or tissue samples respectively, were mixed with equal amounts of Laemmli 

buffer and incubated at 95°C for 5 min before application to a 15% sodium dodecyl sulfate 

polyacrylamide gel (SDS-PAGE). After blotting on a nitrocellulose membrane (Amersham 

Protran Premium 0.45 NC nitrocellulose Membrane, GE Healthcare), membranes were 

blocked with 5% milk powder in Tris-buffered saline containing 0.03% Tween 20 buffer 

(TBST) for one hour at RT. Membranes were incubated with mouse anti-Flag M2 (1:1.000, 

F1804, Sigma-Aldrich), mouse anti-TetR (1:1.000; Clone9G9; 631131, Clontech 

Laboratories, Mountain View, CA, USA), or mouse anti-GAPDH (1:4.000, MAB374, 

Millipore) antibodies in blocking buffer at 4°C overnight. After washing, secondary anti-

rabbit (1:4.000, Amersham ECL Rabbit IgG, NA934, GE Healthcare) or anti-mouse 

(1:6.000, Amersham ECL Mouse IgG, NA931, GE Healthcare) antibodies conjugated to 

horseradish peroxidase were applied for one hour at RT. Detection was performed on a 

Chemiluminescence Imager system (Intas, Göttingen, Germany). 

 

4.4 Results 

4.4.1 In vitro evaluation of doxycycline-inducible AAV2/DJ in primary dopaminergic 

cell culture 

Functionality of the Dox-inducible TetOn system was verified in vitro on primary cultures 

of DA progenitor cells. Following three days of viral vector transduction, no Dox (0 µg/µl) 

or different Dox concentrations (0.1 and 1 µg/µl) were administered for 24, 48, 72, and 96 

hours, and protein expression was analyzed by WB (Fig. 2A). Weak LMWFlag expression 

was seen after administration of the low Dox concentration (0.1 µg/µl), while a stable Flag 

signal was seen with the high Dox concentration (1 µg/µl) over the whole experimental 

time period (Fig. 4A). After three days, a slight Flag expression was also detected without 

added Dox. Similar in vitro results were also observed for HMWFlag, while in both 

experiments no LMWFlag or HMWFlag was found in the supernatant (data not shown).  

To further verify dependence of Flag expression on Dox presence, additional cultures were 

treated with 1 µg/µl Dox for 24 and 48 hours before changing the medium to Dox free 

medium for further 24, 48, and 72 hours (Fig. 2B). Flag expression constantly decreased  
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Fig. 4 AAV2/DJ mediated LMWFlag and HMWFlag expression depends on doxycycline availability.  
A) Western Blot analysis of AAV2/DJ-FGF2-LMWFlag transduced primary DA cell cultures treated with 
different Dox concentrations (0.1, or 1 µg/µl) or without Dox (0 µg/µl) for different time periods (24, 48, 72, 
and 96 hours) displayed superior Flag expression with 1 µg/µl Dox at all evaluated time-points. Leaky Flag 
expression without Dox was observed after three days. B-C) AAV2/DJ-FGF2-LMWFlag or -HMWFlag 

transduced cells not treated with Dox (- Dox) or treated with 1 µg/µg Dox (+ Dox). LMWFlag was highly 
detectable following 24 or 48 hours of Dox treatment and expression progressively decreased after Dox 
withdrawal for another 24, 48 and 72 hours (B). The same expression pattern was observed for HMWFlag 
demonstrating that protein expression highly depended on Dox availability (C). D-E) Immunofluorescent 
staining of HMWFlag or LMWFlag without (- Dox) or following Dox treatment (+ Dox) for 48 hours. HMWFlag 
was expressed within the cell nucleus of TH+ neurons (indicated by filled white arrow), but also in other cells 
in Dox treated cultures, while no Flag expression was detectable in control cultures without Dox 
administration (D). Meanwhile, LMWFlag was detectable in the cell nucleus and cytoplasm (indicated by white 
arrow) (E). Scale bars as indicated. 
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over time and was similar to cultures not treated with Dox in both groups after Dox 

withdrawal for three days (Fig. 4B, C). Flag ICC on primary cultures of DA progenitor 

cells also showed Flag expression highly depended on Dox availability. Following 48 hours 

of Dox treatment, HMWFlag could be detected within the cell nucleus of DA neurons as 

verified by TH+/Flag+ double staining, as well as other cells (Fig. 4D). Meanwhile, 

LMWFlag was expressed in the cell nucleus and cytoplasm after Dox induction for 48 hours 

(Fig. 4E). However, the majority of Flag+ cells were not double labeled with TH+. 

 

4.4.2 In vivo evaluation of doxycycline-inducible AAV2/DJ following nigral injection 

Forty-eight animals in two groups, each consisting of 24 adult rats, were unilaterally 

injected with either FGF2-LMWFlag or -HMWFlag in the right SN (SNr). Two weeks after 

surgery, part of the animals received Dox diet to induce LMWFlag and HMWFlag expression. 

Four and eight weeks after injection, animals were analyzed and compared to animals fed 

with standard diet (Fig. 3B). Results are summarized in table 1. 

 

Tab. 1 Flag expression after doxycycline treatment. 

Summary of the in vivo evaluation of doxycycline-inducible AAV2/DJ 

Group Injection site Dox 
WB 

n Flag+ / n Group 

IHC 

n Flag+ / n 

Group 

HMWFlag 

SN 
+ 2w 6/6 2/2 

+ 6w 4/6 2/2 

ST 
+ 2w   4/9*   0/4* 

+ 6w 1/6 0/2 

LMWFlag 

SN 
+ 2w 5/6 1/2 

+ 6w 4/6 2/2 

ST 
+ 2w   3/9*   2/4* 

+ 6w 1/6 0/2 

 
* all animals summarized independent of vector titer. Dox = doxycycline, IHC = immunohistochemistry,  
SN = substantia nigra, ST = striatum, WB = Western Blot. 
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Following two weeks of Dox diet, HMWFlag was clearly detectable in the SNr in the 

majority of the animals, while no signal could be found in the contralateral hemisphere 

(SNl) (Fig. 5A) or STr and STl (data not shown). All animals injected with LMWFlag 

displayed a strong Flag signal in the SNr, which was also detectable in the related STr (Fig. 

5B), while the none injected SNl and STl were clear (data not shown). In animals not 

treated with Dox, a slight Flag expression was seen. After six weeks of Dox induction, in 

both groups, Flag was only weakly expressed in the injected SNr in some animals, while 

again, a slight leakiness was seen without Dox (Fig. 5C, D). In the none injected SNl, and 

related STl no Flag was detected. Direct comparison of the different time-points and in 

vitro cell samples verified a decrease of Flag expression over time (Fig. 5E, F).  

 

 

Fig. 5 HMWFlag and LMWFlag expression following doxycycline induction after unilateral injection into 
the substantia nigra.  
Four to eight weeks after unilateral injection of LMWFlag or -HMWFlag (n=24 / group, respectively) into the 
substantia nigra, animals were sacrificed for Western Blot analysis and tissue samples of the injected right 
substantia nigra (SNr) with the related right striatum (STr) were compared to the contralateral substantia nigra 
(SNl) and the related contralateral striatum (STl). A-B) Half of the animals received Dox containing diet for 
two weeks (+ 2w Dox; n=6 / group), while the other half received standard diet (- Dox; n=6 / group). A slight 
leakiness was seen without Dox administration in both groups (- Dox). HMWFlag was detectable in SNr, 
whereas the SNl was clear (A). LMWFlag expression was clearly detectable in the SNr, with weaker expression 
in the STr (B). C-D) Half of the animals received Dox containing diet for six weeks (+ 6w Dox; n=6 / group), 
and were also compared to the former animals that received standard diet. Again, a slight leakiness was seen 
without Dox administration in both groups (- Dox). HMWFlag expression in the SNr was only detectable in 
some animals compared to the SNl (C). LMWFlag was only seen in the SNr of two-thirds of the animals with 
no Flag signal in the STr (D). E-F) Direct comparison of each time-point after HMWFlag (E) or LMWFlag (F) 
injection showed decreased Flag expression over the experimental time period in both groups. Accuracy of 
the detected expression was verified compared to in vitro testing on dopaminergic progenitor cells with the 
same viral vector batches treated with Dox for 24 hours (+ Dox). 
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Additionally, at each time-point, two animals per group were perfused for IHC to visualize 

transgene expression and distribution (Fig. 6, 7). Staining for the TetR promotor was also 

performed to verify positive transduction independent of Dox administration and transgene 

expression.  

Animals injected with HMWFlag, but without Dox treatment, displayed low Flag and TetR 

expression. Small amounts of Flag+ cells, but no double-labeled TH+/Flag+ cells were 

found (Fig. 6A, B). Meanwhile, animals injected with HMWFlag and Dox treatment for two 

weeks showed strong Flag and TetR signals (Fig. 6C). Notably, enhanced DAPI 

accumulation was displayed in the SNr (Fig. 6A, C), which was mainly GFAP positive 

(data not shown). In higher magnification, the distribution of Flag+ cells was limited to the 

needle fiber tract and only single double-labeled TH+/Flag+ cells were seen (Fig. 6D). No 

Flag signal was found in animals treated with Dox for six weeks, whereas few TetR+ cells 

were observed (Fig. 6E).  

Similarly, animals injected with LMWFlag, but without Dox treatment, showed weak TetR 

expression (Fig. 7A, B). With Dox treatment for two weeks, animals displayed strong Flag 

expression and double-labeled TH+/Flag+ cells (Fig. 7C, D). However, after six weeks of 

Dox induction, only very weak Flag and TetR staining was detectable (Fig. 7E).  

In both groups, TH+ cell numbers was reduced in the SNr compared to the SNl, 

independent of group and time-point analyzed (Fig. 6A, C, E; Fig. 7A, C, E). This was even 

more pronounced following Dox treatment and also confirmed by TH/DAB staining (data 

not shown). 
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Fig. 6 HMWFlag expression following nigral injection with and without doxycycline induction.  
TH staining (red) was performed to visualize dopaminergic neurons in the right injected and contralateral 
substantia nigra (SNr and SNl), HMWFlag expression was visualized by Flag staining (green). Staining of the 
TetR promotor (violet) was performed to show positive transduction independent of Dox administration and 
transgene expression. Cell nuclei were visualized by DAPI (blue). A-B) Without Dox treatment (- Dox). 
Animals fed with standard diet displayed very weak TetR expression (indicated by filled white arrow; A). 
Higher magnification showed a small amount of Flag+ cells (indicated by white bordered arrow), while no 
double-labeled TH+/Flag+ cells were detected (B). C-D) Dox treatment for two weeks (+2w Dox). Animals 
treated with Dox displayed positive TetR expression (indicated by filled white arrow; C) and Flag signal 
(indicated by white bordered arrow; D). E) Dox treatment for six week (+ 6w Dox). No Flag expression was 
found in the SNr. TetR expression was reduced compared to the earlier time-point (indicated by filled white 
arrow). Scale bars as indicated. 
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Fig. 7 LMWFlag expression following nigral injection with and without doxycycline induction.  
TH staining (red) was performed to visualize dopaminergic neurons in the right injected and contralateral 
substantia nigra (SNr and SNl), LMWFlag expression was visualized by Flag staining (green). Staining of the 
TetR promotor (violet) was performed to show positive transduction independent of Dox administration and 
transgene expression. Cell nuclei were visualized by DAPI (blue). A-B) Without Dox treatment (- Dox). 
Animals fed with standard diet displayed very weak TetR expression (indicated by filled white arrow; A). 
Higher magnification showed a small amount of double labeled TH+/Flag+ cells (indicated by white bordered 
arrow; B). C-D) Dox treatment for two weeks (+ 2w Dox). Flag and TetR expression was enhanced in 
animals receiving Dox (indicated by filled white arrow; C). Intense labeling of TH+/Flag+ cells was visible, 
demonstrating that LMWFlag was localized within the cytoplasm (indicated by filled white arrow; D). E) Dox 
treatment for six weeks (+ 6w Dox). TetR expression was reduced compared to the earlier time-point 
(indicated by filled white arrow). Scale bars as indicated. 
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4.4.3 In vivo evaluation of doxycycline-inducible AAV2/DJ following striatal 

injection 

Similar to the nigral injection, 48 adult rats were unilaterally injected with either FGF2-

LMWFlag or -HMWFlag into the right ST at four different sites (Fig. 3A). Two-thirds of the 

animals received Dox containing food for two or six weeks starting two weeks after surgery 

and were analyzed at the given time-points for comparison with animals fed with standard 

diet (Fig. 3B).  

 

 

Fig. 8 HMWFlag and LMWFlag expression following doxycycline induction after unilateral injection into 
the striatum.  
Four to eight weeks after unilateral injection of FGF2-LMWFlag or -HMWFlag (n=24 / group, respectively) into 
the striatum, animals were sacrificed for Western Blot analysis and tissue samples of the injected right 
striatum (STr) with the related right substantia nigra (SNr) were compared to the contralateral striatum (STl) 
and the related contralateral substantia nigra (SNl). A-B) Half of the animals received Dox containing diet for 
two weeks or six weeks (+ 2w Dox; + 6w Dox; n=6 / group, respectively), while the other half received 
standard diet (- Dox; n=6 / group, respectively). HMWFlag was detectable in the STr of only few animals, 
whereas the STl was clear. In animals without Dox induction (- Dox), no signal could be detected in the STr 
and STl (A). Two different protein analysis demonstrated that LMWFlag was detectable in the STr of some 
animals two and six weeks after Dox diet, while the STl was clear. In animals, which did not receive Dox 
treatment (- Dox), no signal could be detected in STr and STl (B). C) Expression of the TetR promotor of the 
same viral vector batches after in vitro testing on dopaminergic progenitor cells with (+ Dox) and without 
Dox (- Dox) application. D) TetR promotor expression in the STr and STl of animals injected with either 
FGF2-HMWFlag or -LMWFlag after two weeks of Dox administration (+ 2w Dox). 
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In a second experiment, additional ten animals were injected with higher vector titers of 

either FGF2-LMWFlag or -HMWFlag and treated with Dox diet for two weeks in comparison 

to two AAV-GFP injected animals (Fig. 3C). All results are also summarized in table 1. 

 

 

Fig. 9 GFP expression following striatal injection.  
TH staining (red) was performed to visualize dopaminergic fibers in the ST, and cell nuclei were visualized 
by DAPI (blue). A) Animals injected with AAV2/DJ-GFP, demonstrated broad distribution of GFP (green) 
within striatal DA fibers. Scale bar as indicated. 
 
 
In the HMWFlag group, the animals, without Dox induction displayed TetR expression, but 

no Flag+ cells were found (Fig. 10A). After two weeks of Dox treatment, the animals 

showed enhanced TetR expression along the needle tract, but only single Flag+ cells (Fig. 

10B). No Flag+ or TetR+ cells were found after six weeks of Dox diet. Animals, which 

were injected with LMWFlag in the STr, and had not received Dox diet, showed weak Flag 

expression (Fig. 10C). The transgene expression was enhanced after Dox treatment for two 

weeks but restricted to a very small area (Fig. 10D). After six weeks, however, no Flag 

expression was observed in this group.  
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Fig. 10 HMWFlag and LMWFlag expression following striatal injection with and without doxycycline 
induction.  
TH staining (red) was performed to visualize dopaminergic fibers in the right injected and contralateral 
striatum (STr and STl). HMWFlag and LMWFlag expression was visualized by Flag staining (green). Staining of 
the TetR promotor (violet) was performed to show positive transduction independent of Dox administration 
and transgene expression. Cell nuclei were visualized by DAPI (blue). A) HMWFlag injected animals not 
treated with Dox (- Dox) showed TetR+ cells along the needle tract, but no Flag expression (indicated by 
filled white arrow). B) In contrast, animals fed with Dox diet (+ 2w Dox) did not only display TetR 
expression (data not shown), but also Flag+ cells (indicated by white bordered arrow). C) In the LMWFlag 
group, Flag was very weakly detectable in one animal without Dox (- Dox) treatment (indicated by white 
bordered arrow). D) Flag expression was enhanced after two weeks of Dox diet (+ 2w Dox), but restricted to a 
very small area along the needle tract (indicated by white bordered arrow). Scale bars as indicated. 
 
 



Study III 

96 

4.4.4 In vitro and in vivo evaluation of an AAV2/DJ mediated doxycycline-inducible 

FGF-2 isoform specific expression system 

In summary, the newly generated AAV2/DJ, carrying either FGF2-LMWFlag or -HMWFlag 

with the Dox inducible TetOn system, was demonstrated to be highly dependable on the 

inducer presents in vitro (Fig. 11A).  

 

 

Fig. 11 Summary of the in vitro and in vivo AAV2/DJ mediated doxycycline inducible LMWFlag and 
HMWFlag TetOn analysis.  
A) In vitro FGF2-LMWFlag and -HMWFlag expression was induced by Dox administration and declined after 
Dox withdrawal. B) In vivo transgene expression was highly induced by Dox administration, and diminished 
over time, independent of Dox availability. C) The different in vivo results raise the question whether the 
limitations of the study were due to AAV2/DJ transduction efficiency (1), Dox delivery system (2), Flag 
detection method (3), or other interfering cellular mechanism (4). 
 
 
Evaluating the same vector in healthy adult SD rats, transgene expression was highly 

induced by Dox administration compared to control animals. However, following nigral 

injection, TH downregulation was observed at the injected site. Meanwhile, after striatal 

injection FGF2-LMWFlag and -HMWFlag expression diminished over time, independent of 

Dox availability (Tab. 1; Fig. 11B). This raises the following questions: Is the AAV2/DJ 
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unsuitable to efficiently transduce the ST? Is the Dox concentration within the CNS 

insufficient to induce transgene expression? Is the transgene detecting method not sensitive 

enough? Do different cellular mechanisms interfere with transgene expression? (Fig. 11C). 

 

4.5 Discussion 

PD is mainly associated with the pronounced loss of DA neurons in the SNpc, which show 

increased vulnerability towards α-syn aggregation. Therefore, this cell group is the main 

focus of disease modifying gene therapy (Axelsen and Woldbye, 2018; Evans and Barker, 

2008). In our study, we evaluated a newly generated Dox-inducible AAV2/DJ vector 

carrying either LMWFlag or HMWFlag, aiming to evaluate its feasibility and safety for 

further putative treatment evaluations.  

In vitro analysis of the TetOn system on DA progenitor cells demonstrated that a low 

concentration of Dox was already sufficient to induce expression of the transgene after one 

day, which is in accordance with earlier studies (Markusic et al., 2005). Meanwhile, 

enhanced and stable expression was detectable with a higher Dox concentration over the 

whole experimental time period. Withdrawal of Dox after induction of transgene expression 

showed that LMWFlag and HMWFlag expression strongly depended on Dox availability and 

expression levels were nearly normalized to the non-induced level after three days, which is 

shorter compared to other systems (Chtarto et al., 2007). Notably, after induction, no 

transgene expression was detected in the supernatant via WB analysis, even though this 

observation did not per se exclude transgene release, and only little Flag expression was 

observed in the non-induced state. However, this leakiness could have been initiated by the 

AAV inverted terminal repeats (ITR) incompletely arrested by the bovine growth hormone 

polyadenylation sequence (BGH) (Haberman et al., 2000), or due to unspecific binding of 

the stably expressed rtTA variant 3 (rtTA3) to the TetO site (Chtarto et al., 2007; Urlinger 

et al., 2000). The risk of unspecific binding, of the rtTA3 element is also enhanced by the 

incorporated WPRE sequence. At the same time, the higher intracellular concentration of 

rtTA3 reduces the concentration of Dox necessary for activation (Chtarto et al., 2007). The 

rtTA3 itself is a mutant variant from the originally generated TetOn system, which was 

invented by fusion of the bacterial TetR with the viral VP16 sequence (Das et al., 2004). 

This mutation was optimized for transcriptional function in mammalian cells and 

demonstrated to be 25-fold more sensitive to Dox administration compared to its precursor, 

whereby in comparison to other mutations it showed increased basal background expression 
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in the absence of the effector (Das et al., 2016; Markusic et al., 2005). Following ICC, no 

intense transgene labeling was visible in the absence of Dox induction. In contrast, Dox 

administration induced intense LMWFlag expression in the cell nucleus and cytoplasm, 

whereas HMWFlag staining was specifically found in the cell nucleus, as expected. This 

cellular localization corresponds to the distribution of the reported endogenous FGF-2 

isoforms (Claus et al., 2003; Grothe et al., 1991). Interestingly, only a minority of TH 

positive neurons showed a Flag signal, while transgene expression was mainly localized in 

neighboring cells.  

Gene therapeutic approaches in animal models of PD demonstrated that substantial 

protection of DA neurons in the SNpc is feasible by delivering NTF to the striatal 

projection area, as well as nigral cell bodies (Bartus et al., 2011; Kirik et al., 2000; Ren et 

al., 2013). Therefore, we evaluated the functionality of our TetOn system in vivo in the rat 

CNS but with different outcomes following nigral and striatal injection as already 

summarized (Tab. 1 and Fig. 11). Because functionality of the same vector batches was 

confirmed in vitro before injection, other limitations have to be considered. First and 

foremost transduction efficiency of AAV2/DJ for the injection site has to be ensured. Our 

earlier study, already demonstrated that AAV2/DJ efficiently transduce DA neurons (von 

Hovel et al., 2019). Furthermore, the distribution of GFP within the nigrostriatal system 

confirmed transduction efficiency of this vector in striatal tissue, as well as retrograde 

transport of the transgene to the SNpc. Remarkably, GFP was driven by the human 

synapsin-1 promotor and therefore, its overexpression might not be comparable to the 

TetOn system.  

The second obstacle might be the Dox delivering method, which had to ensure a sufficient 

level of long lasting Dox plasma concentrations to induce transgene expression in the CNS. 

So far, Dox containing diet represents the most convenient method to induce transgene 

expression (Cawthorne et al., 2007). Former studies analyzed the stability of Dox under 

different storage conditions over six months and estimated plasma concentrations, as well 

as weight gain (Redelsperger et al., 2016). Even though it was demonstrated that Dox 

concentrations were stable independent of storage conditions, we replaced the feed every 

other day, and stocks were stored at -20°C. All animals were also weighted twice a week, 

which demonstrated continuous weight increase, due to food intake. Furthermore, it was 

already demonstrated that the diet used (containing 625 ppm Dox) resulted in antibiotic 

plasma concentrations efficient to activate the rtTA3 element in the periphery 
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(Redelsperger et al., 2016), and another study successfully used similar Dox concentrations 

in combination with the less sensitive rtTA-M2 variant in the CNS (Chtarto et al., 2016). 

Finally, positive nigral and striatal Flag detection after six weeks of induction proved that in 

principle the in vivo delivered Dox concentration was sufficient to induce transgene 

expression in the CNS.  

Against this background, there seems to be another reason causing the decrease of 

transgene expression over time. After nigral injection, acute loss of DA neurons in the 

SNpc was observed compared to the non-injected contralateral hemisphere, especially 

following Dox administration. Therefore, we hypothesize a reduced LMWFlag and HMWFlag 

expression due to neuronal loss over time, which was also confirmed by diminished TetR 

expression. Meanwhile, TH staining of the ST, as well as SN gave no indications for 

neuronal loss during the entire experimental time period following striatal injection. Since 

positive HMWFlag and LMWFlag expression was only found in some animals in the first 

striatal experiment, we hypothesized that dilution effects might have masked transgene 

expression after tissue dissection. Therefore, we increased the vector titer adapted to earlier 

reports (Bartus et al., 2011) and replicated the experiment. Unfortunately, results were 

similar to the lower titer, and again, only single cells demonstrated transgene expression. 

Coincidently, also TetR detection was diminished suggesting another interfering cause. 

Previous studies demonstrated that cellular immune response against rtTA due to the 

bacterial and viral origin could interfere with long-term transgene expression in muscle 

tissue (Lena et al., 2005; Markusic et al., 2010). However, so far, this has not been observed 

in the CNS even with pre-immunization against the promotor (Chtarto et al., 2016; Xiong et 

al., 2008). We also did not find indications for enhanced immune reaction within the 

injected ST compared to the non-injected hemisphere, although, this did not exclude 

transcriptional silencing of the integrated transgene. So far, the exact mechanisms of 

transgene silencing were elusive, methylations of regulating sequences or coding sequences 

have been described, as well as acetylation of histones, or extrusion of inserted transgenes 

for several promotors (Chen et al., 1997; Siegfried et al., 1999; Tsai et al., 2000). However, 

for the rtTA3 element one former in vitro experiment demonstrated silencing in mammary 

epithelial cell lines (Yu et al., 2016), but others also observed silencing in the CNS after 

grafting cells transduced with the TetOn system (Johansen et al., 2002).  

In summary, the evaluated AAV2/DJ mediated, Dox-inducible FGF-2 expression system 

worked in vitro on primary DA cell cultures. In vivo application in the murine CNS 
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demonstrated technical feasibility, with LMWFlag visible in the cytoplasm, and HMWFlag 

restricted to the cell nucleus, as expected following Dox administration. At the same time, 

minimal basal Flag expression was also detected in non-induced control animals, and 

furthermore we failed to provide safe and long lasting transgene expression. 

In contrast, an inducible AAV2/1 mediated GDNF expression in the rat ST was detectable 

for up to nine weeks (Barroso-Chinea et al., 2016; Chtarto et al., 2016). In these studies, the 

highly Dox sensitive rtTA-V16 promotor was used, which already performed superior 

compared to the former rtTA-M2 in vitro and in vivo (Chtarto et al., 2016; Das et al., 2016; 

Zhou et al., 2006). In addition, the modifications of the rtTA-V16 promotor reduced 

epitopes, which could cause cellular immune response (Urlinger et al., 2000). However, 

besides functionality of the TetOn system in the CNS, independent of the Dox delivery 

system and absence of immune reaction, TH and dopamine transporter downregulation 

depending on transgene expression levels was observed in both studies (Barroso-Chinea et 

al., 2016; Chtarto et al., 2016). Thereby, reduced nigrostriatal TH expression was also 

reported following increased protein and RNA delivery to nigral DA neurons (Albert et al., 

2018; Rosenblad et al., 2003), probably highlighting the increased vulnerability of this cell 

group. These observations demonstrated once more, that induced delivery systems were 

generated to control expression levels of the administered NTF and to evaluate their 

neuroprotective concentration (Bartus et al., 2013; Chtarto et al., 2016; Chtarto et al., 2007; 

Manfredsson et al., 2009).  

On this account, we aim to modify our TetOn system by replacing the rtTA3 variant with 

the rtTA-V16 promotor. This vector will be closer evaluated in vitro to ensure the absence 

of basal background transgene expression, increased Dox dependency, as well as to 

determine the specific transgene expression levels. After the establishment of its 

functionality and safety in vitro, we further intend to closer characterize this vector in the 

DA system in vivo to evaluate the protective expression level of FGF-2 isoforms. 
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5. Discussion 

Today, six million patients worldwide suffer from PD with the number of patients having 

doubled in the last 25 years (Collaborators, 2018). So far, the established 

pharmacotherapeutic and surgical therapies can improve the main motor symptoms, 

which also account for the clinical diagnosis (Eggert et al., 2012). However, none of 

these therapies is able to reverse or slow down disease progression, and side effects also 

restrict the patients’ quality of life. Since the prevalence of PD is steadily increasing, 

mostly, but not solely due to ageing society, there is an urgent need to generate new 

preventive interventions and treatments for affected patients (Rocca, 2018a, b). Around 

85% of PD cases have an idiopathic background, whereas genetic factors and unknown 

neurotoxin intake are responsible for the minority of cases, which hamper intervention of 

novel therapeutic approaches (Eggert et al., 2012). The fundamental pathophysiology 

consists of insoluble, intracellular aggregations of α-syn, described as LB and LN, which 

interfere with several cellular processes (Lewy, 1912; Spillantini et al., 1997). With this 

regard, DA neurons in the SNpc possess increased vulnerability towards α-syn 

aggregation, and their loss accounts for the major motor symptoms (Butler et al., 2017). 

Thus, disease modifying gene therapy aims to slow down or reverse pathological 

processes within the CNS by inhibiting α-syn aggregation, and its spreading, and/or 

restoration of α-syn affected and damaged DA neurons (Axelsen and Woldbye, 2018). 

Supporting DA neurons with NTF delivered promising results in different preclinical 

models of PD (Aron and Klein, 2011; Kirik et al., 2004; Kirik et al., 2001; Wang et al., 

2002), but to date, failed to show significant benefits in clinical studies (Lang et al., 

2006; Marks et al., 2010; Nutt et al., 2003). The observed discrepancies between these 

approaches suggest that the common toxin-based animal models lack predictive validity. 

Even though they possess enhanced face validity, construct validity is lower in these 

models, especially due to the mainly idiopathic background of PD, and probably because 

a possible impact of α-syn was not taken into account (Kirik et al., 2001; Tereshchenko 

et al., 2014). In contrast, the viral vector based α-syn rat model displayed enhanced 

predictive validity for therapeutic strategies by closer mimicking the described PD 

pathology (Decressac et al., 2011; Koprich et al., 2017; Lo Bianco et al., 2004).  

Based on the current situation, the performed studies focused on the establishment and 

validation of the AAV2/DJ mediated α-syn rat model of PD. In addition, the therapeutic 
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potential of the different FGF-2 isoforms were evaluated by comprehensive 

characterization of their physiological impact on the developing murine DA system.  

 

5.1 AAV2/DJ in the central nervous system 

To establish the α-syn rat model, we chose the AAV2/DJ and compared 

histomorphological as well as behavioral outcomes following overexpression of either 

human α-syn-WT or α-syn-E46K mutant. Since disease onset and severity in rats highly 

depends on α-syn levels (Decressac et al., 2012c), the AAV2 used originally was revised 

by pseudotyping and promotor specifications to enhance transduction efficiency, and 

transgene expression within DA neurons in the last decade (Dehay and Fernagut, 2016; 

Van der Perren et al., 2015b). The AAV2/DJ, named after its founder D. Grimm and J. S. 

Lee, was initially generated to transduce liver cells. This vector comprised capsid 

proteins from eight different AAV serotypes, whereby it shares more than 80% similarity 

with its closest relevant AAV2, 8, and 9 (Grimm et al., 2008). Its safety application in the 

rodent CNS was first described for transduction of neurons within the basal and lateral 

amygdala, where only another AAV2/DJ further modified to specific residues of AAV8 

(AAV2/DJ8) performed better (Holehonnur et al., 2014). However, AAV2/DJ8 was 

described to primarily transduce astrocytes following nigral injection, and it had less 

tropism for neurons in vitro compared to AAV2/DJ (Hammond et al., 2017). Therefore, 

we decided to use the AAV2/DJ and increased transgene expression within DA neurons 

by using the neuron specific h-Syn promotor (Korecka et al., 2011; Van der Perren et al., 

2011). With our results we were now able to supplement the safety application for 

AAV2/DJ in the rodent DA system, without inflammatory responses following nigral and 

striatal injection. In line with earlier observations (Holehonnur et al., 2014), we 

summarized that AAV2/DJ carrying GFP holds superior transduction efficiency on DA 

neurons in the SN compared to the original AAV2, and pseudotyped variants like 

AAV2/5 (McFarland et al., 2009; Van der Perren et al., 2011). Even though, our 

morphological findings suggested that the combination of recombinant AAV capsid 

serotypes did not multiply the previously reported transduction efficiencies. Additionally, 

we characterized AAV2/DJ in more detail, and could further add that following nigral 

and striatal injection in healthy adult rats, the transgene (e.g. GFP) driven by the h-Syn 

promotor was distributed in the whole nigrostriatal system, which was in accordance to 

other AAV serotypes (McFarland et al., 2009; Van der Perren et al., 2011). 
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5.2 Adequate controls for pathological effects of alpha-synuclein  

Since DA neurons of the SNpc were reported to generally be highly vulnerable towards 

protein, and RNA expression (Albert et al., 2017; Albert et al., 2018), simultaneous 

injection of control animals was mandatory to guarantee that neuronal loss was specific 

to α-syn expression. On this account, we injected the AAV2/DJ carrying GFP, using a 

comparable viral vector dosage (1.3 x 109 gc/hemisphere), which was postulated to 

adequately cover the whole SN (Bartus et al., 2011a). As expected, no behavioral 

changes were observed across these animals over the whole experimental time period. In 

contrast, we observed reduced DA neurons in the injected SN compared to the 

contralateral hemisphere. As AAV2/DJ was proven to be safe in the CNS before, these 

morphological changes were likely due to GFP expression, and earlier studies also 

reported titer dependent GFP toxicity (Klein et al., 2006; Koprich et al., 2011; Landeck et 

al., 2017; Ulusoy et al., 2009).  

GFP itself was originally isolated from marine organisms, and even though it was already 

demonstrated to possibly cause immune reactions and cytotoxicity in mammal cells 

(Ansari et al., 2016), it is widely used as control in the α-syn rat model (Decressac et al., 

2012c; Koprich et al., 2011; Van der Perren et al., 2015a). To avoid GFP toxicity or cell 

death due to protein overload, another group recently looked for a more appropriate 

control for the α-syn rat model (Albert et al., 2018). Using an AAV with double-floxed 

inverse open reading frames, this vector leads to RNA production, without protein 

translation after nigral injection. However, also this vector resulted in TH 

downregulation, although to a lower extent compared to GFP (Albert et al., 2018). This 

appears to underline the increased vulnerability of DA neurons in the SN towards 

genetherapeutic modifications. Therefore, it was recommended to only use viral vectors 

for the α-syn rat model in a dose range with control vectors being well tolerated (Landeck 

et al., 2017), and suggested to generate specific controls encoding mammalian proteins, 

which share non-toxic oligomerization properties with α-syn to enhance comparability 

(Albert et al., 2017). In this context, it is also worth mentioning that overexpression of 

the human α-syn in rodents might cause interspecific side effects, independent of 

oligomerization processes. Comparing overexpression of either human α-syn-WT and 

rodent α-syn in DA neurons of adult SD rats resulted in TH reduction, enhanced α-syn 

phosphorylation (pS129-α-syn), and PK resistant aggregates by the human, but not the 

rodent protein (Landeck et al., 2017; Lo Bianco et al., 2002). However, this could also be 
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explained by missing degradation enzymes, as well as different physiological, or/and 

pathological properties of both proteins (Landeck et al., 2017).  

 

5.3 Effects of alpha-synuclein overexpression 

We reported unilateral injection of AAV2/DJ-α-syn-WT (1.2 x 109 gc/hemisphere) into 

the SN of adult rats resulted in progressive behavioral and histomorphological changes, 

thereby closely mimicking PD pathology. In humans, PD is diagnosed when first motor 

symptoms appear, which is associated with loss of 30% of DA neurons and up to 60% of 

striatal axon terminals (Cheng et al., 2010; Kordower et al., 2013). Therefore, our model 

mimics an early symptomatic motor stage of PD. Moreover, the amount of remaining DA 

neurons permits evaluation of premature therapeutic interventions for α-syn affected, and 

healthy neighboring DA neurons. 

Meanwhile, the histomorphological changes were more pronounced four weeks 

following AAV2/DJ-α-syn-E46K (1.3 x 109 gc/hemisphere) injection but did not further 

proceed. This observation was in accordance to a LV based approach (Winner et al., 

2011), and subsequently only resulted in milder behavioral impairments. The E46K 

variant is a point mutation of the human SNCA, associated with early onset familiar 

forms of PD (Zarranz et al., 2004). Compared to α-syn-WT, this mutation was 

demonstrated to form amyloid fibrils more quickly, and  increased Ca2+ influx through 

interaction with cell membranes (Winner et al., 2011). As excitable cells, especially DA 

neurons in the SNpc, highly depend on functioning of the Ca2+ homeostasis, and 

dysfunction leads to increased intracellular Ca2+ concentrations resulting in oxidative 

stress and apoptosis (Mattson, 2007). For this reason, histomorphological changes 

following α-syn-E46K overexpression were expected to develop in an acute and fast 

course. In contrast, the loss of DA neurons did not further proceed, even though α-syn-

E46K was still detectable at the end of the experimental time period, suggesting that fast 

degeneration of affected DA neurons might interfere with spreading of α-syn, and 

therewith associated disease progression.  

Against this background, these animals did not develop limitations in their spontaneous 

activity, while drug-induced behavior worsened over time, evidencing triggerable 

neurotransmitter imbalances. Therefore, we hypothesized that similar to humans, 

neuronal loss was overshadowed by compensation mechanisms, resulting in the 
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described paradox rotations, which were also observed by others (Febbraro et al., 2013; 

Ulusoy et al., 2010b). They have also already shown that such compensated animals were 

highly sensitive towards dopamine synthesis blockers, and displayed motor impairments 

after application (Kirik et al., 2002).  

 

In summary, the possibility to diagnose such an early disease stage would allow 

therapeutic interventions right before daily limiting motor symptoms occur. For this 

reason, we recommended that more sensitive tests need to be supplemented or additional 

investigations, like ultrasonic vocalization recordings (Gombash et al., 2013) or positron 

emission tomography (PET) imaging (Phan et al., 2017; Van der Perren et al., 2015a).  

 

5.4 Impact of FGF-2 isoforms on the developing dopaminergic system 

FGF-2 is abundantly expressed throughout development and maturation of the murine 

CNS and the protein as well as its mRNA can be found in glial cells and nearly all DA 

neurons of the VTA and the SN (Bean et al., 1991; Cintra et al., 1991; Gonzalez et al., 

1995). Similar to humans, rodents translate different FGF-2 variants resulting in LMW 

and HMW (Florkiewicz et al., 1991; Florkiewicz and Sommer, 1989), with HMW 

restricted to the cell nucleus, and LMW also found in the cytoplasm, and known to be 

secreted (Claus et al., 2003; Ebert et al., 2010; Foletti et al., 2003; Quarto et al., 1991; 

Renko et al., 1990). Furthermore, they were shown to have different spatiotemporal 

expression patterns in the developing VM (Rumpel et al., 2016), suggesting different 

physiological effects.  

Interestingly, juvenile FGF-2-/- mice developed a hyperplasia of the SNpc compared to 

their wt littermates (Timmer et al., 2007). This phenotype was later determined with 36% 

increased number of DA neurons in the SNpc, while the neurons in the VTA were not 

affected (Ratzka et al., 2012). Thereby, the developmental onset was postulated during 

the late embryonic stage (E14.5-P0). At this time point the majority of FGF family 

members can be found in the developing VM, whereby no compensating upregulation 

was observed in FGF-2-/- mice (Ratzka et al., 2011). Nevertheless, this observation, of 

course, did not exclude more pronounced effects by other present FGFs like FGF-8 or 

FGF-20 (Ohmachi et al., 2003; Ratzka et al., 2011). Furthermore, participation of FGF-2 

in the control of migration and differentiation of neuronal precursor cells during 
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development of the CC was proven (Dono et al., 1998), with same alterations also 

observed in FGF-2/FGF-1 double ko mice, excluding FGF-1 as compensating factor 

(Miller et al., 2000). In addition, increasing evidence for developmental influence of 

FGF-2 was given since the hyperplasia phenotype of the SNpc occurred, independent of 

genetic background of the analyzed mice strain (Ratzka et al., 2012; Timmer et al., 

2007). Notably, the number of DA neurons in the SNpc of mice can significantly vary 

between mice strains (Prasad and Richfield, 2008; Timmer et al., 2007). Therefore, it was 

mandatory to assure comparable genetic backgrounds. In this context, SNP analysis was 

performed, verifying the genetic C57BL/6J background of both FGF-2 isoform specific 

ko mice. With this regard, the stereological results of the analyzed wt littermates were in 

agreement with earlier reports for adult C57BL/6J mice (Baquet et al., 2009), and 

furthermore direct comparison between LMW-/- and HMW-/- was possible. 

To study the distinct physiological impacts of LMW and HMW, we stereologically 

analyzed FGF-2 isoform specific ko mice, and finally verified that both isoforms initiate 

a hyperplasia phenotype in the SNpc of juvenile mice (LMW-/- +16%; HMW-/- +19% DA 

neurons in the SNpc), almost equally dividing the impact of total protein loss (Fig. 5).  

 

5.4.1 Dopaminergic neurons in the substantia nigra of mice lacking LMW  

Since LMW was the more pronounced isoform in embryonic wt mice, the loss of this 

isoform was hypothesized to take responsibility for the increased amount of DA 

progenitor cells at the embryonic stage of FGF-2-/- (Rumpel et al., 2016). This suggestion 

was confirmed by our observation in embryonic LMW-/-, which also developed increased 

DA progenitor cell number compared to all other animals analyzed. Meanwhile, in 

contrast to FGF-2-/- (Ratzka et al., 2012), we observed enhanced apoptosis in newborn 

LMW-/-, although, we also verified that DA neurons were less affected by these 

regulatory processes (Fig. 5).  

HMW, which was detectable from the day of birth in LMW-/- was already demonstrated 

to enhanced apoptosis in vitro (Ma et al., 2007), but controversially also proved to 

interact with the nuclear FIF, which possessed antiapoptotic effects (Van den Berghe et 

al., 2000), as well as the SMN protein, which also potentiates cell survival (Claus et al., 

2003). In this light, the developmental impact of HMW might not only vary by cellular 
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localization, but also by time point of expression and cell type analyzed (Sorensen et al., 

2006; Woodbury and Ikezu, 2014).  

Earlier studies demonstrated, that the majority of DA neurons in the murine SNpc 

developed in the proliferation phase before E11 (Bayer et al., 1995). At this time, FGFR1 

was mainly expressed in the cytoplasm, and later changed to the nucleus at the neuronal 

differentiation stage (Fang et al., 2005; Gale and Li, 2008; Stachowiak et al., 2009). In 

this context, only HMW was proven to interact with the endogenous nuclear FGFR1, 

resulting in higher transcriptional activation of the TH gene, and also increased TH 

protein level by activation of the INFS mechanisms (Baron et al., 2012a; Peng et al., 

2002). Notably, we analyzed the whole VM, including VTA and SN, which could 

explain the lack of altered TH or FGFR1 expression levels in LMW-/-. 

Furthermore, HMW was verified to regulate the FGF-2 gene in vitro (Peng et al., 2001), 

demonstrated to block proliferation, stimulate differentiation, as well as neuronal 

development by activation of the INFS (Stachowiak et al., 2015). In line with this, the 

LMW-/- mice displayed similar increase of DA progenitor cells and mature DA neurons. 

 

 

Fig. 5 Development of dopaminergic neurons in the substantia nigra pars compacta of FGF-2 
isoform specific knock out mice. 
In wt littermates (LMW+/+ and HMW+/+) all FGF-2 isoforms were detectable from the embryonic (E14.5) 
stage through adulthood. Meanwhile, no FGF-2 was found in embryonic LMW-/-, while HMW was 
expressed from the day of birth (P0) onwards. In contrast, LMW was seen in embryonic HMW-/-, and even 
more pronounced compared to wt through maturation. In contrast to wt littermates embryonic LMW-/- and 
HMW-/- displayed increased mean number of DA progenitor cells (indicated by black arrow). Furthermore, 
both ko strains showed enhanced signs of apoptosis at the day of birth (indicated by grey arrow), even 
though DA neurons were less affected. Finally, juvenile LMW-/- (+16%) and HMW-/- (+19%) developed 
significant more DA neurons in the SNpc compared to their respective wt.  
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5.4.2 Dopaminergic neurons in the substantia nigra of mice lacking HMW 

Compared to their wt littermates embryonic HMW-/- also displayed increased number of 

DA progenitor cells, accompanied by slightly enhanced apoptosis at the day of birth, with 

DA neurons less affected. Notably, the number of DA progenitor cells, as well as 

apoptotic events were less compared to LMW-/-. Meanwhile, in the VM of HMW-/- more 

pronounced LMW expression was obvious from the day of birth through adulthood 

compared to wt littermates (Fig. 5).  

Since especially LMW is an established mitogen for expanding neuronal progenitor cells 

in vitro (Timmer et al., 2006), its enhanced expression could also promote the 

hyperplasia phenotype in vivo. Furthermore, compensatory upregulation of protein 

expression might be conceivable. As LMW was localized in the cell nucleus, and 

cytoplasm, and furthermore was proven to be secreted, proliferation can be mediated by 

different mechanisms. Extracellular LMW can activate intracellular signaling by direct 

interaction with a cell surface FGFR, a unique capacity of this isoform, or can reach the 

cytosol through FGFR mediated endocytosis, where it can be further translocated to the 

cell nucleus (Sorensen et al., 2006). Thereby, it was demonstrated that its mitogenic 

function and therefore proliferative stimulus, highly depend on entering the cell nucleus, 

whereas differentiation was mainly mediated via cell surface FGFR binding (Bailly et al., 

2000).  

In the murine SN, four different FGFR variants can be found (FGFR1b, 1c, 2c, and 3c) 

(Claus et al., 2004; Ohmachi et al., 2003). Interestingly, transgenic mice expressing a 

dominant negative FGFR1 mutant (FGFR1 ko mice were nonviable (Eswarakumar et al., 

2005)) displayed reduced DA neurons in the SNpc (Klejbor et al., 2006), which was also 

true for heterozygous FGFR3 mice (Timmer et al., 2007). Furthermore, former studies 

demonstrated increased nuclear FGFR1 accumulation in embryonic FGF-2-/- mice, 

suggesting a pronounced role of the INFS for development of supernumerary DA 

neurons (Baron et al., 2012a; Ratzka et al., 2012). Thereby, only HMW was proven to 

interact with the endogenous nuclear FGFR1 (Peng et al., 2002), whereas LMW only 

interacted with the receptor localized at the cell surface or in the cytoplasm (Dunham-

Ems et al., 2009), resulting in little activation of the TH gene (Baron et al., 2012a; Peng 

et al., 2002). Nevertheless, LMW was proven to stimulate transcription by interaction 

with transcription factors like the upstream binding factor in vivo and in vitro (Sheng et 
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al., 2005). However, so far exact mechanisms responsible for supernumerary DA neurons 

in juvenile HMW-/- mice, as well as increased LMW expression were still elusive.  

 

Finally, it is to mention that LMW and HMW support proliferation and maturation of DA 

neurons in the developing SNpc, suggesting that both isoforms possess unique curable 

potential for DA neurons towards PD pathology. Nevertheless, further detailed 

examination was mandatory to clarify exact physiological mechanisms. Against this 

background, FGF-2 isoform specific ko mice display an appropriate tool to learn more 

about the specific impacts of LMW and HMW in the CNS. 

 

5.5 Disease modifying gene therapy for dopaminergic neurons using FGF-2 

Disease modifying gene therapy of PD aims to slow down or reverse progression of the 

α-syn pathophysiology. Thereby, AAV mediated gene therapies have been approved in 

Europe in 2012 (Touchot and Flume, 2017). Overexpression of NTF to support affected 

DA neurons is a promising approach, and first clinical trials are already ongoing 

(Axelsen and Woldbye, 2018). On the one hand, former gene therapeutic studies in toxin-

based models of PD demonstrated that preventive striatal application of NTF was 

sufficient to protect DA fibers at the delivery site, as well as DA neurons in the SN by 

retrograde transport (Kirik et al., 2004; Kirik et al., 2000). On the other hand, post-

mortem examinations of patients, who were treated with AAV mediated NRTN 

intrastriatal, showed only minimal transgene expression in the SNpc, suggesting 

deficiencies in the connecting nigrostriatal pathway (Bartus et al., 2011b). These results 

probably explain the lack of reliable improvements in clinical trials with only striatal 

applications of NTF (Lang et al., 2006; Nutt et al., 2003). They also indicate that NTF 

should be delivered directly to the DA cells bodies in the SNpc, as well as axon terminals 

in the ST (Bartus et al., 2011a). Furthermore, because of the great vulnerability of DA 

neurons in the SNpc, and to avoid unintentional side effects, precise dosage of supporting 

factors is mandatory. As we hypothesized supportive and protective effects on DA 

neurons in the developing SNpc earlier, and other in vitro studies demonstrated 

regulatory influence of FGF-2 on α-syn expression on the transcriptional level 

(Woodbury and Ikezu, 2014), both isoforms should be evaluated separately in adult 

healthy rats.  



          Discussion 

115 

Therefore, we generated an inducible AAV overexpressing either LMW or HMW by 

antibiotic treatment, and evaluated its safety and feasibility following nigral and striatal 

application. The earlier evaluated serotype AAV2/DJ was provided with a tetracycline 

inducible promotor (TetOn system). In this system, the ToI is expressed following 

doxycycline (Dox; a tetracycline derivative) administration (Gossen et al., 1995). Due to 

the putative time-limited effect of FGF-2, the TetOn system has two major advantages 

with regard to clinical application: Firstly, intake of the antibiotic drug is only necessary 

in short time periods, and secondly, induction and transgene expression starts rapidly 

after intake, and is therefore independent of the biological half-life of the supplemented 

antibiotic (Agwuh and MacGowan, 2006; Das et al., 2016). A major goal is to increase 

the Dox sensitivity in order to reduce antibiotic intake for the patient. As reported, this 

demand was achievable by including the WPRE element, which increases the promotor 

expression level, but also the risk for unspecific interaction and subsequent promotor 

leakiness (Chtarto et al., 2007). Since already low concentrations of NTF influence DA 

neurons further improvements of the promotor system were desirable (Allen and Feigin, 

2014). 

In our in vitro experiments, we verified sensitivity of the viral vector towards Dox 

concentration, as well as controllability by antibiotic presence. Following in vivo 

application, we could show that chow containing 625 ppm Dox resulted in plasma 

concentrations sufficient to induce transgene expression, even across the BBB in the 

CNS. Importantly, earlier reports verified that the expected Dox plasma concentration 

was below the clinically approved antimicrobial dosage (Agwuh and MacGowan, 2006; 

Chtarto et al., 2016; Manfredsson et al., 2009). This level was desirable, since it was 

demonstrated not to increase Dox-resistant microorganisms and had reduced side effects 

(Chtarto et al., 2016).  

To calculate effective dosages between species, quantification of SN volumes has been 

performed, demonstrating that the mean volume of the SN in SD rats was 2.7 mm3 and 

400 mm3 in humans (Bartus et al., 2011a). On this account, 200 x 109 AAV gc were 

sufficient to cover the whole human SN, while only 1.6 x 109 AAV gc per hemisphere 

(gc/hemisphere) were needed in rats (Bartus et al., 2011a). Former studies also delivered 

higher vector titers encoding NTFs to the rat SN, which resulted in body weight 

reduction, and also reduced TH expression (Bartus et al., 2011a; Manfredsson et al., 

2009). Based on these results, we increased the safety range and started the in vivo 
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experiments with lower viral vector titers (1.0 x 108 gc/hemisphere) to evaluate their 

feasibility and safety for nigral application. Although we were able to demonstrate 

positive transgene expression, by verifying expression of the Flag tagged FGF-2 

(LMWFlag and HMWFlag), we also observed TH downregulation in the injected SN, 

despite using a lower vector titer. However, we suggest that this observation was another 

demonstration of increased vulnerability of DA neurons as discussed earlier. Therefore, it 

will be mandatory to determine the specific FGF-2 expression level in another 

experiment, to calculate the safety range and supporting doses of FGF-2 for DA neurons.  

We also performed the same experiment with striatal injection of the inducible 

AAV2/DJ-LMWFlag and -HMWFlag vector and found only minimal promotor and 

transgene expressions in the injected hemisphere. Besides the AAV serotype, the 

promotor also determines cellular specificity. In contrast to the induced FGF-2 

expression, the previously evaluated α-syn or GFP expression was driven by the 

constantly expressed h-Syn promotor. Earlier studies comparing the TetOn system (with 

rtTA-M2 promotor) with other promotors in the nigrostriatal system already 

demonstrated that after striatal injection, mainly parvalbumine positive interneurons were 

positive for the expressed TetOn driven transgene and transgene expression in neurons 

projecting towards the SN were less efficient with this promotor (Bockstael et al., 2008). 

In the same study, after nigral injection, the transgene expression was preferentially 

restricted to TH positive neurons (VTA and SN), which was in contrast to our results. 

This former observation suggested that the TetOn system itself provided the possibility to 

almost exclusively treat DA neurons in the SN, as well as striatal TH fibers, avoiding 

unintended side effects by widely dispersed FGF-2 expression patterns.  

In addition, we were unable to provide long lasting transgene expression after striatal 

injection of the Dox controllable AAV2/DJ. We excluded the Dox delivery system, the 

striatal AAV2/DJ transduction efficiency, as well as enhanced cellular immune responses 

as possible error sources. However, we would like to point out that our TetOn expression 

cassette including the rtTA3 promotor needs to be further modified. The rtTA3 was 

generated by random mutagenesis of the bacterial and viral integral parts in yeast as well 

as human cell lines followed by functional screening towards increasing Dox sensitivity 

and decreasing basal background transgene expression (Das et al., 2016; Das et al., 

2004). Meanwhile, a second viral evolution with combination of three different mutations 

resulted in the rtTA-V16 variant, which was demonstrated to be even more sensitive 
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towards Dox availability in vitro (Das et al., 2016; Zhou et al., 2006). Importantly, this 

promotor also showed higher resistance towards different silencing effects with Dox 

withdrawal in vitro and in vivo (Chtarto et al., 2016; Das et al., 2016). Following striatal 

injection, 25 ppm containing Dox chow was already sufficient to induce transgene 

expression (Chtarto et al., 2016), which was far lower than the one we used. Furthermore, 

the expression level was not only regularized by vector titer, but also by Dox 

concentration (Chtarto et al., 2016). In addition, only minimal transgene expression was 

detectable without Dox administration, and a wider safety distance towards TH 

downregulation was shown. A parallel study using the same vector for striatal application 

compared to a GFP TetOn system, but with Dox delivery via drinking water, evaluated 

that three times the amount of endogenous GDNF did not induce TH downregulation, but 

mediated dopamine uptake. This was associated with DAT dimerization and 

hypothesized to support DA neurons by decreasing oxidative stress due to enhanced 

dopamine uptake; however, this still needs to be verified in a PD model (Barroso-Chinea 

et al., 2016).  

 

5.6 Future recommendations for controllable FGF-2 gene therapy 

Based on our present results, we aim to perform specific modifications to improve safety 

and feasibility of the Dox inducible LMWFlag and HMWFlag expression system in the 

rodent CNS. First, the TetOn expression cassette will be changed, with rtTA3 replaced 

by the rtTA-V16 promotor. This new system will be intensively evaluated in vitro on 

primary DA cultures regarding Dox dependency, transgene expression levels, and its 

influence on other protein expression using immunohistochemistry and WB analysis. In a 

second step, interactions with α-syn will also be characterized in vitro by co-transduction 

with the reported α-syn carrying vector. Following these experiments, a moderate viral 

vector titer will again be unilaterally injected separately in the SN and ST of adult SD 

rats fed with different Dox concentrations, to exactly determine the dose dependent FGF-

2 expression level, supportive for DA neurons and fibers. Depending on the results, 

higher vector titers could be evaluated, whereby the amount reported sufficient to cover 

the whole SN or ST should not be exceeded to avoid unintended side effects (Barroso-

Chinea et al., 2016; Bartus et al., 2011b).  
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Finally, the neuroprotective and restorative effects of FGF-2 isoforms can be evaluated in 

the established α-syn rat model of PD. Thereby, the AAV mediating α-syn expression as 

well as AAV carrying the inducible LMWFlag and/or HMWFlag TetOn system, can be 

administered together, and protective effects of FGF-2 isoforms can be evaluated by 

precise dosage and time determined expression levels. 
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7.1. Abstract 

Fibroblast growth factor 2 (FGF-2) is widely expressed in different organs of mice with a 

variety of functions. Within the human central nervous system (CNS), FGF-2 plays a 

crucial role in the glutamatergic and nigrostriatal system and therefore its deficiency is 

associated with different neuropsychiatric and neurodegenerative diseases. FGF-2 is 

expressed as a low molecular weight FGF-2 (LMW) and a high molecular weight FGF-2 

(HMW) isoform with different characteristics. Both isoforms display distinct intracellular 

localizations with HMW expressed in the nucleus and LMW preferentially expressed in 

the cytoplasm and the extracellular space. Moreover, expression patterns differ 

throughout development of the CNS, assuming further isoform-specific qualities. So far, 

little is known about the distribution of the different isoforms within the murine CNS. 

Therefore, we aimed to analyze isoform-specific knock out (ko) mice, using antibodies 

specific for the core sequence shared by both isoforms. Besides commercially available 

antibodies, we also evaluated a newly generated polyclonal antibody raised against 

recombinant rodent LMW using several immunohistochemical approaches. All examined 

protocols were complemented by Western Blot analysis, and tissue labeling specificity 

was controlled by either replacing or omitting the primary antibody or pre-absorption 

with the full FGF-2 antigen. The most promising protocols were subsequently evaluated 

for tissue prepared from FGF-2 ko mice which were compared to wild type (wt) tissue, as 

well as tissue from isoform-specific ko mice. In summary, all examined staining 

protocols for FGF-2 failed to distinguish distinct antigen labeling between ko and wt 

tissue.      

 

Keywords: FGF-2, LMW, HMW, immunohistochemistry   
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7.2. Introduction 

In mammals and humans, the fibroblast growth factor (FGF) family comprises 22 

different members, which can be subdivided into groups based on phylogenetic analysis,  

chromosomal localization, or by their different mode of action (Itoh and Ornitz, 2004, 

2011, 2008; Ornitz and Itoh, 2001; Rumpel et al., 2016). The first described FGFs were 

extracted from the bovine pituitary glands and were later classified as acidic FGF (FGF-

1) and basic FGF (FGF-2) (Gambarini and Armelin, 1982; Gospodarowicz et al., 1974). 

Both FGFs are broadly expressed in various tissues and cells in adult mice, with enriched 

expression levels of FGF-2 mRNA in white adipose tissue, heart, lung, aorta, as well as 

the male and female reproductive tract (Fon Tacer et al., 2010). FGF-2 is also widely 

expressed within the central nervous system (CNS) and crucially influences the 

development and maintenance of several cell populations (Hensel et al., 2012; Ratzka et 

al., 2011; Walicke, 1988). In addition, alterations of FGF-2 expression are associated 

with disturbances in the glutamatergic and nigrostriatal system and therefore linked to 

several neurodegenerative as well as neuropsychiatric disorders (Even-Chen and Barak, 

2018; Terwisscha van Scheltinga et al., 2013; Tooyama et al., 1993). 

Originating from the same mRNA, FGF-2 is expressed as different molecular weight 

isoforms. In rodents, an internal AUG start codon initiates the translation of an 18 kDa 

product described as low molecular weight FGF-2 (LMW). An alternative translation 

initiation from an upstream CUG codon results in a larger 21 and 23 kDa protein, 

grouped as high molecular weight FGF-2 (HMW) (Giordano et al., 1992). In humans, an 

additional third and fourth HMW isoform has also been reported (Arnaud et al., 1999; 

Florkiewicz and Sommer, 1989). Even though all isoforms share the 18 kDa core 

sequence, a nuclear localization sequence (NLS) at the N-terminal extension of the 

HMW is responsible for its defined nuclear localization, while LMW FGF-2 locates to 

the cytoplasm from where it also is secreted to the extracellular space (Bugler et al., 

1991; Claus et al., 2003; Ebert et al., 2010; Florkiewicz et al., 1991b; Renko et al., 1990). 

These specific characteristics also determine different autocrine and paracrine impacts of 

both isoforms, although, the intracellular functions of FGF-2 are not fully understood so 

far (Itoh and Ornitz, 2011; Sorensen et al., 2006). In the rat CNS, FGF-2 was detected in 

astrocytes, but mainly proofed in neurons within the developmental brainstem including 

hypoglossal system, cortex, striatum (ST), and spinal cord (Gonzalez et al., 1995; Grothe 

and Unsicker, 1992; Grothe et al., 1991; Weise et al., 1993). Additionally, FGF-2 is 
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localized in the cerebral granule and Purkinje cells of adult mice (Reynolds et al., 2005). 

Gene analysis verified stable expression patterns of FGF-2 mRNA through development 

of the murine CNS (Ozawa et al., 1996). However, all studies focus on the complete 

FGF-2 protein and little is known about the function and expression patterns of HMW 

and LMW. Thereby, protein analysis of the murine nigrostriatal system already showed 

that LMW is predominantly expressed at embryonic stage, and HMW is more 

pronounced through adulthood (Rumpel et al., 2016). In this context it is interesting to 

mention that FGF-2 ko (FGF-2-/-) mice displayed increased neuronal number within the 

substantia nigra pars compacta (SNpc) in the ventral midbrain (VM) compared to their wt 

littermates (Ratzka et al., 2012).  

Since this data assumes distinct functions of FGF-2 isoforms during different phases of 

the developing CNS, we were interested in the distribution of the isoforms in determined 

brain areas using an immunohistochemical approach. As most antibodies do not 

differentiate between LMW and HMW, we wanted to analyze brain tissue of isoform-

specific ko mice. Besides commercially available antibodies, we also evaluated a newly 

generated polyclonal antibody raised against recombinant rodent LMW. Antibody 

labeling specificity was completed by several controls including Western Blot analysis, 

immunocytochemistry, and FGF-2-/- tissue samples. Ultimately, we were not able to 

visualize distinct FGF-2 positive labeling, which permitted differentiation between 

murine FGF-2 wt (FGF-2+/+), FGF-2-/-, and isoform-specific LMW ko (LMW-/-), and 

HMW ko (HMW-/-) tissue.  
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7.3. Materials and methods 

7.3.1 Animals 

All animal experiments followed the German Animal Protection Act (33.14-42502-04-

13/1205) and were permitted by the local authorities (Lower Saxony State Office for 

Consumer Protection and Food Safety (LAVES) Hannover, Germany). For 

immunohistochemistry, FGF-2 knockout (ko, B6.FGF-2tm1Zllr) (Dono et al., 1998) as well 

as FGF-2 isoform-specific LMW ko (B6.FGF-2tm2Doe/J) (Garmy-Susini et al., 2004) and 

HMW ko (B6.FGF-2tm3Doe/J) (Azhar et al., 2009) mice were analyzed. All animals were 

kept as groups or individuals in open cages in the same temperature- and humidity-

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

libitum. No evidence of infectious agents was revealed except for occasional positive 

tests for Rodentibacter pneumotropica and Helicobacter spp. The hygienic status was 

routinely monitored according to the FELASA recommendations (Mahler Convenor et 

al., 2014). Genotypes of all mice strains were verified by PCR. For FGF-2 ko mice, the 

protocol previously described by Ratzka et al. (2011) was used. For the FGF-2 isoform-

specific ko mice, the protocol previously described by (Kefalakes et al., 2019) was used.  

Adult mice were transcardially perfused under deep Ketamine/Xylazine anesthesia 

using15 ml 0.9% saline followed by 15 ml of either 4% PFA, Bouin’s solution (0.04 M 

picric acid, 0.9 M acetic acid, and 10% formaldehyde), or 2% PFA containing 0.2% 

parabenzoquinone (B10358-5G, Sigma-Aldrich). Brains were removed and post-fixed in 

the same fixatives for 24 or 2 hours, respectively, before processing for paraffin (7 or 10 

µm) or frozen (20 µm) sections.  

 

7.3.2 FGF-2 immunohistochemistry 

For FGF-2 immunohistochemistry, six protocols were tested (I-VI), summarized in table 

1. Sections were pre-treated with different solutions. After washing, the slides were 

blocked for at least 1 hour at room temperature (RT) with different blocking media. 

 

BSA = bovine serum albumin; NGS = normal goat serum; H2O2 = hydrogen peroxide; PFA = 
paraformaldehyde; PBS = phosphate buffered saline; RS = rabbit serum; RT = room temperature; Tris = 
Tris-buffered saline; TX = Triton X 
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Tab. 1 Evaluated FGF-2 immunohistochemistry protocols. 

 
Fixation + 

Post-
fixation 

 
4% PFA 
overnight 

 
Bouin’s solution 

overnight 

 
4% PFA 
overnight 

 
2% PFA + 0.2% 

parabenzoquinone 
2 hours 

Embedding Cryo Paraffin Paraffin Paraffin 

 
Protocol 

 
 
 

 
I 
 
 

 
II 
 
 

 
III 

modified 
from 

Hsu et al. 
(2001) 

 
IV 

 
 

 
V 

modified from 
Gonzalez et al. 

(1990); Reynolds 
et al. (2005) 

 
VI 

modified from 
Hanneken and 
Baird (1992) 

 
Pre-

treatment I 

 
PBS + 

0.3% TX 
for 30 min 

at RT 

 
PBS + 

0.3% TX 
for 30 min 

at RT 

 
PBS + 
0.3% 
H2O2 
for 30 

min at RT 

 
0.01 M 
citrate 

buffer for 
9 min at 
95°C + 

30 min at 
RT 

 
1 mg/ml 

hyaluronidase + 
0.1 M sodium 
acetate for 30 
min at 37°C 

 
methanol + 3% 

H2O2 
for 5 min at RT 

 
Pre-

treatment 
II 

 
(none) 

 
methanol + 
3% H2O2 

for 30 min 
at RT 

 
(none) 

 
methanol + 
0.3% H2O2 
for 30 min 

at RT 

 
methanol + 0.3% 
H2O2 for 30 min 

at RT 

 
(none) 

Washing 
PBS PBS 

PBS PBS 
PBS 

PBS 
Tris Tris PBS + 0.3% TX 

Blocking 

PBS + 1% 
BSA + 

5% NGS 

PBS + 1% 
BSA + 

5% NGS 

PBS + 
0.2% TX 

+ 
2% BSA 
+ 10% 
NGS 

PBS + 
1.5% NGS 

PBS + 1.5% 
NGS 

PBS + 1.5% NGS 
PBS + 5% 

RS 
PBS + 5% 

RS 
Tris + 3% 

milk 
powder + 
0.5% TX 

Tris + 3% 
milk 

powder + 
0.5% TX 

0.01 M 
Sorensen 
phosphate 
buffer  + 

0.5 M 
sodium 

chloride + 
0.2% TX 

0.01 M 
Sorensen 
phosphate 
buffer + 
0.5 M 

sodium 
chloride + 
0.2% TX 

PBS + 0.2% TX + 
2% BSA + 10% 

NGS 

PBS + 
0.2% TX + 
2% BSA 

PBS + 
0.2% TX + 
2% BSA 
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The evaluated FGF-2 antibodies in table 2 were applied in dilutions of 1:50 – 1:400 in 

the indicated blocking solutions for 1 hour at RT or overnight at 4°C. After washing, first 

antibody binding was visualized as stated in table 3 either by fluorescent dye-binding of 

secondary antibodies or by enhancement using the peroxidase anti-peroxidase (PAP) or 

ABC system before application of 3,3´-diaminobenzidin (DAB) for 5 to 60 min at RT 

under visual control. 

Specificity of the antibody binding was verified by omitting the primary or secondary 

antibodies or replacing the primary antibody with BSA. The primary antibody was also 

pre-incubated with 100 x the amount of recombinant rat FGF-2 18 kDa by shaking the 

mixture for 2 to 8 hours at 37°C before application of the antibody overnight at 4°C.  

 
Tab. 2 Primary FGF-2 antibodies for immunohistochemistry. 

Primary 
antibody 

Catalogue 
number 

Manufacture
r 

Host Dilution Indicated immunogen 

polyclonal 
anti-FGF-
2 

ab8880 Abcam 

rabbit 

1:50 

1:100 

1:200 

synthetic peptide, corresponding to 
amino acids 1-23 of rat basic FGF 

SAB210813
5 

Sigma-
Aldrich 

1:50 

1:100 

1:200 

synthetic peptide directed towards 
the middle region of human FGF-2 

F3393 
Sigma-
Aldrich 

1:100 

synthetic peptide sequence, 
corresponding to amino acids 1-24 
of bovine basic FGF conjugated to 
Keyhole Limpet Hemocyanin  

sc79 Santa Cruz 

1:50 

1:100 

1:200 

1:400 

raised against a peptide mapping 
within an internal region of FGF-2 
of human origin 

SA8718 Eurogentec 

1:50 

1:100 

1:200 

recombinant rat FGF-2 18 kDa 
fusion protein containing six 
histidine residues at the N termini, 
IgG purified followed by 
immunoaffinity chromatography 

 
FGF = fibroblast growth factor; kDa = kilo Dalton. 
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Tab. 3 Secondary antibodies for FGF-2 immunohistochemistry. 

Secondary 

antibody 
Catalogue 
number 

Manufacturer Host Dilution 

anti-rabbit IgG 
Alexa 555 

A-21429 Invitrogen goat 1:500 

anti-rabbit IgG 
Alexa 488 

A-32731 Invitrogen goat 1:500 

anti-rabbit IgG R6503 Sigma-Aldrich sheep 1:50 

Vectastain® Elite 
ABC Kit  

PK-6101 
Vector 
Laboratories 

goat 1:200 

Peroxidase Anti-
Peroxidase (PAP) 
Soluble Complex  

P2026 Sigma-Aldrich rabbit 1:50 

 

7.3.3 Anti-FGF-2 antibody characterization 

For production of the Eurogentec custom polyclonal antibody SA8718 (Eurogentec, 

Liege, Belgium), blood samples of five rabbits were analyzed for natural antibodies 

towards mouse and human FGF-2 or other disturbing labeling. For the 28-day speedy 

protocol, two selected animals received four injections of 100 µg of recombinant rat 

FGF-2 18 kDa protein. The sample of one animal was further IgG purified by Eurogentec 

(IgG with protein G matrix). With an additional purification step, we received a total 

antibody amount of 64 µg/ml. 

The specificity of the newly generated antibody, as well as the commercially available 

rabbit anti FGF-2 ab8880 (Abcam), SAB2108135 (Sigma Aldrich), and sc-79 (Santa 

Cruz) antibodies was validated using Western Blot analysis. Therefore, 0.3, 1 or 3 ng of 

different FGFs listed in table 4 were mixed with the double amount of Laemmli buffer 

for 5 min at 95°C before separation using a 15% SDS page.  

Additionally, brain tissue of FGF-2-/- mice and FGF-2+/+ littermates as well as other tissue 

known to contain higher concentrations of endogenous FGF-2 were probed (Fon Tacer et 

al., 2010). Therefore, adult mice were deeply anaesthetized with CO2 and sacrificed by 

cervical dislocation. Brains were removed and dissected in ice-cold PBS under the 

microscope (Stemi SV6, Zeiss, Jena, Germany). In addition, heart, lungs and white 

adipose tissue were sampled and frozen in liquid nitrogen before storage at -80°C. All 
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samples were prepared with radioimmune precipitation assay (RIPA) buffer (20 mM tris-

HCl, 137 mM saline, 25 mM β-glycerophosphate, 2 mM EDTA, 1% Triton-X-100, 1% 

sodiumdeoxychlorate, 1 mM sodiumorthovanadate, 2.6 µl 5 M saline, 20 µl 50x protease 

inhibitor (Roche, 11873580001), and 177 µl Millipore water per milliliter). Total protein 

amount was determined by Pierce™ BCA Protein Assay (23225, Thermo Fisher 

Scientific, Rockford, IL, USA). Dilution ranges of total protein amounts up to 100 µg 

were boiled in Laemmli buffer for 5 min at 95°C. Additional lysates containing 2 mg of 

protein were incubated with heparin sepharose CL-6B (Pharmacia, Uppsala, Sweden) for 

1 hour at RT before boiling in Laemmli buffer as previously described by Rumpel et al. 

(2016). All denatured samples were separated by 15% SDS-PAGE followed by blotting 

on nitrocellulose membranes. After blocking in 5% milk powder TBST, the membrane 

was incubated with the antibody (1:200 – 1:1.000 in blocking solution) at 4°C overnight. 

After washing, the secondary anti-rabbit antibody (1:4.000, Amersham ECL Rabbit IgG, 

NA934, GE Healthcare) conjugated to horseradish peroxidase was added for 1 hour at 

RT. Antibody labeling was detected using the Chemiluminescence Imager system (Intas, 

Göttingen, Germany) after applying SuperSignal™ West Femto Maximum Sensitivity 

Substrate (34096, Thermo Fisher Scientific, Rockford, IL, USA). 

 

Tab. 4 FGFs used for Western Blot evaluation. 

FGF Origin 
Order number (Manufacturer)/ 

first description 

FGF-2  

18 kDa 
recombinant human protein 100-18B (PeproTech) 

FGF-2  

18 and 23 kDa 

recombinant rat protein 
containing six histidine residues 
at the N termini 

Grothe et al. (2000) 

FGF-2  

18 kDa (LMW) 

21 and 23 kDa (HMW) 

PC12 cells stably overexpressing 
rat FGF-2 

Grothe et al. (1998) 

FGF-1 recombinant mouse protein  5-0179-MNAE (Sino Biological Inc.). 

 
FGF = fibroblast growth factor; kDa = kilo Dalton. 
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7.3.4 Mass spectrometry analysis 

As an unspecific signal of the sc-79 (Santa Cruz) antibody was detected by Western Blot 

analysis, a mass spectrometry analysis was added. Brain tissue (striatum and brain stem) 

was dissected and lysed in RIPA buffer. Two mg of protein were incubated with heparin 

sepharose before denaturation in Laemmli buffer as described before. One µl of 

acrylamide was added and samples were incubated for 30 min at RT before separation by 

SDS-PAGE. Coomassie brilliant blue staining was performed overnight. Selected areas 

were analyzed and data was provided by Prof. Dr. a. Pich from the MS Core Facility 

Proteomics at the Hannover Medical School. 

 

7.3.5 Hippocampal neuronal culture and transfection  

Primary mixed hippocampal cultures were prepared as described previously Hensel et al. 

(2016). Briefly, postnatal day 3 old FGF-2-/- mice were sacrificed by decapitation 

according to the German Animal Protection Act (file number AZ: 2017/168). The 

hippocampus was dissected in cold Hank´s balanced salt solution (HBSS, 24020-083, 

Gibco, Gathersburg, MD, USA). The tissue was incubated for 20 min at 37°C with a pre-

warmed enzymatic-solution (50 mM EDTA, 100 mM CaCl2, 2 mg cysteine (C-7352, 

Sigma, St Louis, MO, USA), and 10 U/ml papain (P 3125, Sigma) in Dulbecco’s 

modified Eagle’s medium (DMEM) (31966-021, Invitrogen, Carlsbad, CA, USA)) 

followed by 5 min inactivation in 10% (v/v) fetal calf serum (FCS) (B15-001, PAA) 

containing 25 mg albumin (A-9418, Sigma) and 25 mg trypsin inhibitor (T-9253, Sigma). 

After removal of the supernatant, each hippocampus was triturated in DMEM containing 

10% FCS, MITO (355006, BD), and Penicillin/Streptomycin (15140-122, Pen/Strep, 

Gibco) and incubated for 1 min at RT for sedimentation of remaining tissue debris. One 

hundred µl of the supernatant cell suspension were plated per coverslip in a 24-well dish 

and incubated for 30 min at 37°C and 5% CO2. Subsequently, 10% FCS-medium was 

replaced by Neurobasal A medium (10888-022, Invitrogen) containing B27 (17504-044, 

Invitrogen), Glutamax (35050-038, Invitrogen), and Pen/Strep. Half of the medium was 

changed the next day (day of in vitro 2 (DIV2)) and a full medium change was performed 

on DIV8. On DIV4, cultures were transfected with FGF-2 18 kDa or FGF-2 23 kDa 

plasmids fused to dsRed (Claus et al., 2003) or dsRed alone as control using 

Lipofectamine 2000 (11668-019, Invitrogen) and OptiMEM (31985-062, Gibco) as 
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transfection reagents according to the manufacturer’s guidelines. The transfection mix 

was kept on the cultures for three days before fixating the cultures with 4% PFA for 10 

min at RT.  

 

7.3.6 FGF-2 immunocytochemistry 

Fixed cultures were washed with PBS and blocked for 1 hour at RT with, blocking 

solution containing 3% BSA and 0.03% Trit-X100 (TX) in PBS. Primary rabbit anti-

FGF-2 antibodies sc-79 (1:100, Santa Cruz) or SA8718 (1:100, Eurogentec) were added 

together with mouse anti-GFAP (1:500, G 3893, Sigma) or mouse anti-GFAP alone in 

blocking solution at 4°C over night. After washing, secondary goat anti-rabbit IgG Alexa 

555 (A-21429) and goat anti-mouse Alexa 488 (A-11034) were diluted (1:500 in 

blocking solution) in blocking solution and incubated for 1 hour at RT. Before mounting 

with prolong gold (P36930, Invitrogen), cell nuclei were visualized by adding 4′,6-

Diamidin-2-phenylindol (DAPI) (1:1.500, Sigma). 

 

7.4. Results 

7.4.1 Detection of denatured FGF-2 

The ability of the antibodies used to detect the specific antigen was evaluated before via 

Western Blot analysis (summarized in table 5). Therefore, recombinant FGF-2 protein of 

rat (rFGF-2 18kDa) and human (hFGF-2) were applied in different concentrations (0.3, 1, 

and 3 ng). Additionally, recombinant mouse FGF-1, which shares homology with FGF-2, 

was added (Tab. 4). Altogether, all antibodies detected hFGF-2 and rFGF-2, and none of 

them cross-react with rFGF-1. Nevertheless, the rabbit anti FGF-2 sc-79 antibody 

performed superior compared to the other tried antibodies (Fig. 1A).  

Recombinant rat FGF-2 protein stably overexpressed by PC12 cells (18 kDa (LMW), or 

21 kDa and 23 kDa (HMW)) and recombinant 18 kDa and 23 kDa, enlarged by six 

histidine residues, detected by anti FGF-2 sc-79 or SA8718 (Fig. 1C) in comparison. All 

samples are best detected by anti-FGF-2 sc-79 (Fig. 1B). The polyclonal rabbit anti FGF-

2 SA8718, which was raised against recombinant rFGF-2 18 kDa protein, also detects all 

samples, but with lesser extent in comparison (Fig. 1C). 
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Fig. 1 FGF-2 Western Blot analysis.  
A) Exemplary Western Blot analysis of different concentrations (0.3, 1, and 3 ng) of recombinant murine 
FGF-1 (rFGF1), and FGF-2 18 kDa (rFGF2), and human FGF-2 (hFGF2) verified the ability of rabbit anti-
FGF-2 sc-79 to detect the specific antigen. B-C) Analysis of PC12 cells stably overexpressing LMW or 
both HMW isoforms in comparison with recombinant rat FGF-2 (rFGF2 18 kDa or 23 kDa). The 
recombinant rat FGF-2 contains six histidine residues, responsible for enlarging the protein. All isoforms 
are very good detected by the polyclonal rabbit anti-FGF-2 sc79 (B). The anti-FGF-2 SA8718 also detects 
all samples, but displays weaker signal in comparison. D) Using ST or VM tissue of adult FGF-2-/-, LMW-/-

, and HMW-/- mice and their respective wt demonstrated that sc-79 was able to differentiate between these 
genotypes. Equal protein concentrations were ensured with PonceauS staining. 
 
 
Furthermore, murine CNS tissue samples from the ST as well as the VM of the different 

FGF-2 isoform-specific ko mice were analyzed. Only the rabbit anti FGF-2 sc-79 

antibody allowed differentiation between all genotypes (Fig. 1D). However, this antibody 

did not only display a double signal for HMW but also for LMW in wt animals, whereby 

the upper LMW signal is also observed in LMW-/- tissue, suggesting unspecific binding. 

At least, also additional protein labeling larger than 40 kDa was shown (data not shown). 

Additional, masspectometry analysis unmasks the second LMW signal as FGF-1. 
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Tab. 5 Summarized Western Blot results of all FGF-2 antibodies evaluated. 

Antibodies Samples 

ab8880 

+ detects 0.3 ng hFGF-2 

+ detects rat FGF-2 stably overexpressed by PC12 cells 

- does not differentiate between FGF-2-/- and FGF-2+/+ brain tissue in mice 

- displays additional protein labeling in brain tissue 

- does not detect recombinant mouse FGF-1 

SAB2108135 

+ detects 0.3 ng hFGF-2 

+ detects rat FGF-2 stably overexpressed by PC12 cells 

+ detects mouse FGF-2 18, 21, and 23 kDa in brain, heart, lung, and white adipose tissue 

- does not differentiate between FGF-2-/- and FGF-2+/+ brain tissue in mice 

- displays additional protein labeling in brain tissue 

- does not detect purified, recombinant rat FGF-2 18 and 23 kDa 

- does not detect recombinant mouse FGF-1 

sc-79 

+ detects 0.3 ng hFGF-2  

+ detects rat FGF-2 stably overexpressed by PC12 cells 

+ detects recombinant rat FGF-2 18 and 23 kDa 

+ detects rat FGF-2 in brain tissue 

+ detects mouse FGF-2 in 100 µg brain, heart, lung, and white adipose tissue 

+ does not detect recombinant mouse FGF-1 

- displays additional protein labeling in brain tissue 

- crossreacts with mouse FGF-1 and other proteins in brain tissue 

SA8718 

+ detects 0.3 ng hFGF-2  

+ detects rat FGF-2 stably overexpressed by PC12 cells 

+ detects recombinant rat FGF-2 18 and 23 kDa 

+ does not crossreact with recombinant mouse FGF-1 

- does not differentiate between FGF-2-/- and FGF-2+/+ brain tissue in mice 

- displays additional protein labeling in brain tissue 

 
FGF = fibroblast growth factor; kDa = kilo Dalton; hFGF-2 = recombinant human FGF. 
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Fig. 2 Exemplary FGF-2 immunohistochemistry.  
A) Localization of the hippocampal formation and the FGF-2 enriched CA2 region within the mouse brain 
(Paxinos and Franklin, 2001). FGF-2 immunofluorescence staining (green) of paraffin embedded, 
PFA/parabenzoquinone fixated, coronal FGF-2+/+ samples. The rabbit anti-FGF-2 antibodies sc-79 or 
SA8718 were compared to similar stained sections omitting the anti FGF-2 antibody (-αFGF2). In the 
enlarged CA2 region, no difference was seen between the used antibodies (demonstrating CA2 region in 
the right hemisphere) and the control sections (demonstrating CA2 region in the left hemisphere). B) DAB 
staining of paraffin embedded, PFA/parabenzoquinone fixated, coronal FGF-2+/+ (black framed) sections. 
As control, the primary antibody was omitted (-αFGF2), preabsorbed with murine rFGF-2 (preab sc-79), 
and used on similarly treated tissue of FGF-2-/- mice (green framed). C) Similar treated sagittal sections 
were also analyzed for FGF-2, with main focus on the hippocampus (big green border), and the A5 region 
(small green border). Magnifications of these areas for FGF-2-/- (green framed), FGF-2+/+ (black framed), 
LMW-/- (red framed), and HMW-/- (blue framed) samples, did not allow clear allocation of the genotypes. 
Scale bars as indicated. 
 
 

7.4.2 FGF-2 immunohistochemistry  

Altogether, we evaluated six different immunohistochemistry protocols aiming to 

visualize the distribution of FGF-2 isoforms within the CNS of FGF-2 isoform-specific 

LMW-/- and HMW-/- mice in comparison to FGF-2-/-, and FGF-2+/+ control animals (Tab. 

1). Former studies in adult rats reported high distribution of FGF-2 mRNA as well as 

protein expression within the cell nuclei and cytoplasm in the rat CA2 region of the 

hippocampus and the A5 region (noradrenergic cell group within the superior olivary 
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complex) (Gonzalez et al., 1995). Therefore, these regions were the main focus for 

establishing a reliable FGF-2 staining protocol for mouse tissue. First, four different 

commercially available FGF-2 antibodies (Tab. 2), which were indicated as suitable for 

FGF-2 immunohistochemistry, were tested on PFA fixed brain tissue of FGF-2+/+ mice 

using diverse pretreatments as well as staining procedures (summarized in Tab. 1). As 

control for positive FGF-2 staining, the primary antibodies were omitted or replaced with 

BSA on sections of the same animals. However, none of the used antibodies or 

implemented protocols led to reliable results. Therefore, the same procedure was 

repeated with samples fixated in Bouin’s solution, similar to earlier studies (Gonzalez et 

al., 1990; Grothe and Unsicker, 1990). All evaluated pretreatments, as well as buffer and 

blocking combinations, also led to similar variable results in this approach. 

Based on earlier descriptions of FGF-2 immunohistochemistry in adult mouse olfactory 

epithelium by Hsu et al. (2001), we tried tissue fixation with PFA/parabenzoquinone in 

the next step. This time, the focus was only on evaluation of the rabbit anti FGF-2 sc-79 

(Santa Cruz) antibody, which has been also used in this study and performed best in the 

Western Blot analysis, as well as on the newly generated polyclonal antibody SA8718 

(Eurogentec). Comparing the results after immunofluorescence staining, both antibodies 

displayed no specific staining compared to the control without first antibody (Fig. 2A). 

Therefore, we further evaluated these antibodies using DAB for detection.  Coronal 

PFA/parabenzoquinone fixated FGF-2+/+ and FGF-2-/- sections were analyzed by 

comparison with the anti FGF-2 sc-79 antibody (Fig. 2B). Omitting the primary antibody 

or following preabsorption with murine rFGF-2 showed promising results. However, 

positive labeling could also be observed in the ko tissue samples, even though to a lesser 

intensity than in the FGF-2+/+ tissue. Hence, we used the same protocol on sagittal 

sections of LMW-/-, HMW-/-, FGF-2-/-, and FGF-2+/+ in comparison. Again, we focused 

on the CA2 region of the hippocampus, and also on the A5 region (noradrenergic cell 

group within the superior olivary complex), because this area demonstrated intense FGF-

2 labeling (Fig. 2C). Furthermore, we looked closer at the nigrostriatal pathway, because 

this region was reported to be crucially affected by FGF-2 (Ratzka et al., 2012). 

Additional TH staining of serial sections allowed exact determination of the 

dopaminergic system.  Nevertheless, this approach revealed no difference in distinct 

FGF-2 labeling throughout the different brain regions analyzed. Altogether, no clear 
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allocation of the sections to the respective genotype by investigators blinded to the 

experimental conditions was possible.  

 

 
 
Fig. 3 Exemplary FGF-2 immunocytochemistry on FGF-2+/+ hippocampal cultures.  
A) Rabbit anti FGF-2 SA8718 demonstrated positive FGF-2 labeling (green) in astrocytes (GFAP; red). B) 
Comparable the rabbit anti FGF-2 sc-79 antibody showed less intensive labeling in astrocytes. C) Control 
cultures stained with omitting the primary FGF-2 antibody (-αFGF2) verified, that positive labeling clearly 
depend on the primary FGF-2 antibody. Cell nuclei are stained with DAPI (blue). Scale bars as indicated. 
 
 

7.4.3 FGF-2 immunocytochemistry on hippocampal neuronal culture 

We used primary hippocampal cultures of newborn FGF-2-/- and FGF-2+/+ mice to further 

evaluate the labeling by sc-79 and SA8718 antibodies. In mixed hippocampal FGF-2+/+ 

cultures, both antibodies demonstrated positive intranuclear and cytoplasmatic FGF-2 

staining in astrocytes (Fig. 3 A-B). Control treated cultures stained by omitting the 

primary FGF-2 antibody verified that positive FGF-2 labeling is antibody dependent 

(Fig. 3C). To test whether both FGF-2 antibodies exclusively label FGF-2, we used 

hippocampal cultures of newborn FGF-2-/- mice. These cultures were either transfected 

with dsRed fused to rat FGF-2 18 kDa or rat FGF-2 23 kDa (Fig. 4A-C) or dsRed alone 

as control (Fig. 4D-F).  
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Fig. 4 Exemplary FGF-2 immunocytochemistry on primary FGF-2-/- hippocampal cultures following 
transfection.  
A-C) FGF-2 labeling on primary hippocampal cultures of FGF-2-/- embryos transfected with dsRed fused 
to FGF-2 23 kDa. Both rabbit anti-FGF-2 antibodies, SA8718 (A), and sc-79 (B), detected the transfected 
FGF-2 23 kDa (green) within astrocytes (blue) as verified by dsRed expression (red). In control stained 
cultures without primary anti FGF-2 antibody (-αFGF2), no signal was observed. D-F) FGF-2 detection on 
similar cultures transfected with dsRed alone, showed co-localization of the dsRed signal and FGF-2 
labeling for the SA8718 (D), and sc-79 (E) antibody. No FGF-2 staining was seen following staining 
without the primary FGF-2 antibody (F). Cell nuclei were stained by DAPI (white). Scale bars as indicated. 
 
 

In the ds-FGF2 23 kDa transfected cultures the rabbit anti FGF-2 SA8718 showed clear 

co-localization with the ds-Red signal of the ds-FGF2 23 kDa (Fig. 4A), as well as the 

anti FGF-2 sc-79 antibody (Fig. 4B). In both cases this was also true for the ds-FGF2 18 

kDa transfected cultures (Data not shown). Control cultures stained without the primary 

rabbit anti FGF-2 antibodies demonstrated negative staining (Fig. 4C). However, in 

control cultures, transfected with dsRed alone, strong positive labeling was observed for 
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anti FGF-2 SA8718 antibody, exclusively co-localization with the ds-Red signal (Fig. 

4D). Furthermore, the sc-79 antibody also demonstrated positive labeling, which was not 

only co-localized with the ds-Red signal (Fig. 4E). The control cultures stained without 

the primary anti FGF-2 antibodies verified the FGF-2 labeling dependent on the primary 

antibody in this case as well (Fig. 4F). 

 

7.5. Discussion 

Based on their different developmental expression patterns as well as intracellular 

localizations, we hypothesized that FGF-2 isoforms have different developmental effects 

in the CNS of mice. So far, the majority of the studies on FGF-2 distribution in the CNS 

of rodents have been performed on different developmental stages of rats (Gomez-Pinilla 

et al., 1997; Gonzalez et al., 1995; Gonzalez et al., 1990; Grothe and Unsicker, 1992, 

1990; Grothe et al., 1991). Only two studies reported on FGF-2 distribution in mice using 

immunohistochemistry, i.e. within the olfactory epithelium and in cerebellar neurons 

(Hsu et al., 2001; Reynolds et al., 2005) and unfortunately neither study performed a 

comparison with FGF-2-/- tissue. Additionally, until to date no immunohistochemical 

approaches are available to distinguish the distribution of FGF-2 isoforms. This would 

have, however, impacted our knowledge about the putative specific functions of the 

isoforms, since studies indicate different expression patterns for LMW and HMW in the 

developing CNS (Rumpel et al., 2016). 

To address this, we first aimed to establish an immunohistochemistry protocol using 

FGF-2+/+ tissue in comparison to FGF-2-/- samples. Afterwards, we wanted to use brain 

tissue of FGF-2 isoform-specific ko mice to demonstrate distinct localization of both 

isoforms. We tested several approaches using commercially available antibodies, as well 

as a newly generated polyclonal antibody raised against recombinant rodent LMW. 

Altogether, we observed positive labeling in FGF-2+/+ tissue samples using different 

staining protocols and FGF-2 antibodies. Omitting of the primary antibody or following 

preincubation with rFGF-2 antigen indicated specificity of the protein labeling. However, 

all approaches failed, when tissue samples of FGF-2-/- mice were used as control. Besides 

immunohistochemical labeling approaches, complementarily Western Blot analyzes were 

performed. Positive labeling in fresh or fixated tissue samples, does not always correlate 

with detection after extraction, reduction and boiling of the tissue, which is required for 
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SDS-Page. This further investigation verified the ability of the antibodies to label 

endogenous as well as recombinant human and murine FGF-2, but also displayed 

unspecific labeling. Notable, the newly generated polyclonal rabbit anti-FGF-2 SA8718 

(Eurogentec) antibody, raised against recombinant rodent LMW, detects its antigen, as 

well as recombinant HMW in the Western Blot, but failed to distinguish FGF-2+/+ and 

FGF-2-/- tissue samples. In the end, only the rabbit anti FGF-2 sc79 (Santa Cruz) 

antibody was able to clearly differentiate samples of the CNS of all analyzed genotypes 

in the Western Blot, although additional signals were also detected. Masspectometrical 

analysis, at least identified one false positive labeling as FGF-1. Due to the fact that FGF-

2 and FGF-1 share at least 80% sequence and structural similarity, this observation was 

not surprising (Venkataraman et al., 1999; Zhu et al., 1991). However, purified 

recombinant mouse FGF-1 itself was not detectable by Western Blot analysis before. 

Other members of the FGF family are likely to interfere in vivo as well, since the family 

is characterized by a conserved 120 amino acid residue core, with up to 60% identity 

(Itoh and Ornitz, 2004). FGF-1 is at least the most promising candidate for unspecific 

antibody labeling in the CNS, where it is known to be highly expressed (Fon Tacer et al., 

2010). Meanwhile, previous expression analysis revealed no compensatory upregulation 

of other members of the FGF family in the CNS of FGF-2 ko mice (Ratzka et al., 2011), 

which could enhance unspecific signaling. To address the difference between denatured 

and fixated protein, the ability of FGF-2 detection was further confirmed in hippocampal 

cultures of FGF-2 ko mice transfected with dsRed labeled LMW or HMW plasmids. 

Notably, besides FGF-2 antigen detection, positive labeling was also observed in control 

cultures, demonstrating that FGF-2 is not exclusively detected.  

Summarizing our results, we have systematically evaluated different staining protocols 

and FGF-2 antibodies on mouse tissues fixed and embedded with different conditions. 

However, in agreement with others, we observed variable positive labeling highly 

dependable on tissue processing and antibody specificity (Gonzalez et al., 1995; 

Hanneken and Baird, 1992). Therefore, we postulate that valid controls are highly 

recommended to verify specificity of protein labeling. Besides omitting or replacing the 

primary antibody by preimmune serum, or following preabsorption with the antigen of 

interest, the most suitable control is the use of comparable tissue of ko animals treated 

identically and simultaneously to wt samples. Although some staining protocols were 

promising in comparison with the controls omitting, replacing, or preabsorbing the 
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primary antibody, in comparison to FGF-2 ko animals, we finally could not provide a 

reliably immunohistochemical protocol for the specific detection of FGF-2 and its 

isoforms in the murine CNS. 
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