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1. Introduction 

1.1 Amyotrophic lateral sclerosis (ALS) 

KANDEL et al. 2013, described ALS as a prototypic motor neuron disease combining loss of 

both upper and lower motor neurons located in motor cortex, brain stem and spinal cord as 

well as atrophy of muscle groups innervated by the degenerating motor neurons. It does not 

affect other neurons as sensory or autonomic ones. Amyotrophy refers to the neurogenic 

atrophy of muscles, whereas lateral sclerosis to the spinal cord stiffness which can be 

observed at autopsy and is caused by glial scars of the lateral columns of the spinal cord. In 

the USA, the disease is also known as “Lou Gehrig’s disease” due to the famous US 

baseball player Lou Gehrig who suffered from ALS at the peak of his career. ALS was first 

described in 1873 by Jean-Martin Charcot who reported its typical symptoms involving 

contracture (stiffness) of lower limbs, amyotrophy of upper limbs with less contracture than 

lower ones as well as bulbar restrictions (MEININGER 2011). Nowadays as reported by AL 

CHALABI et al. 2016, categorizing ALS according to clinical diagnosis still remains a 

challenge. However, the following distinct forms that are classified by the El Escorial criteria 

as definite, probable, laboratory supported probable, possible or suspected and are often 

encompassed in the general term motor neuron disease (MND) exist: 

1. Classical ALS as described by Charcot 

2. Progressive bulbar palsy 

3. Predominantly upper motor neuron ALS 

4. Predominantly lower motor neuron ALS 

5. Pseudobulbar palsy 

6. Mill’s syndrome (progressive hemiparesis) 

7. Progressive muscular atrophy 

8. Flail arm syndrome 

9. Flail leg syndrome 

10. ALS with frontotemporal dementia syndrome 

11. Primary lateral sclerosis  

According to TAYLOR et al. 2016, the causes of ALS still remain largely unknown. 10 % of 

cases show dominant inheritance traits and are passed on within families (familial ALS; 

fALS). The rest are considered as sporadic (sALS) cases. Sporadic cases are often 

mistakenly considered as cases with no genetic cause of ALS, although this term also 

encompasses patients with mutated ALS genes but with no known family history.  
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1.2 Pathomechanisms 

1.2.1 Genetics 

During motor neuron degeneration, as one of the neuropathological hallmarks of ALS, motor 

neurons shrink and accumulate inclusions of different types. Up to date these inclusions 

have been linked to mutations in over 20 genes that are identified as triggers in the 

pathogenesis of ALS (AL CHALABI et al. 2012). The most prominent ones are mutations in 

the genes coding for superoxide dismutase 1 (SOD1), the TAR DNA-binding protein 43 

(TDP-43), fused in sarcoma (FUS), ubiquilin 2 (UBQLN2), optineurin (OPTN), valosin-

containing protein (VCP), TANK-binding kinase 1 (TBK1) as well as most frequently 

chromosome 9 open reading frame 72 (C9orf72) (VAN DAMME et al. 2017).  

SOD1 

Mutations in the SOD1 gene were the first ones to be linked to ALS in 1993 (ROSEN et al. 

1993). Nowadays over 160 mutations have been identified within this gene (AL CHALABI et 

al. 2012). SOD1 mutations are present in 2-3 % of fALS cases as well as 7 % of sporadic 

ones (ROSEN et al., 1993; ANDERSEN et al. 2006). SOD1 encodes for the copper/zinc 

superoxide dismutase 1 enzyme which is a detoxifying agent for reactive oxygen species 

(ROS) as it catalyses the reaction of superoxide anion (O2˙
-) to hydrogen peroxide (H2O2).

Since it was the first one to be discovered it is the best characterized and thus provided the 

basis for the development of the first ALS mouse model in 1994 (GURNEY et al. 1994). 

Toxicity results as a gain of function of the SOD1 protein which misfolds upon mutation and 

aggregates in dying motor neurons and glial cells of the spinal cord. These aggregates 

become ubiquitinated and form inclusions of the cytoplasm that accumulate with disease 

progression and are part of the whole toxicity apparatus seen in ALS (CLEVELAND and 

ROTHSTEIN, 2001).  

TDP-43 

TDP-43 is a DNA- and RNA-binding protein regulating RNA processing throughout the RNA 

life cycle with predominant nuclear localization but with the ability of translocating between 

nucleus and cytoplasm. It is responsible for 0.9 % of ALS cases where a nuclear loss of 

TDP-43 takes place, while it accumulates together with stress granules in the cytoplasm 

forming ubiquitinated aggregates similar to SOD1 (LIU et al. 2017; VAN DAMME et al. 2017). 

TDP-43-cytoplasmic inclusions are detected in most ALS patients as well as other diseases 

such as frontotemporal dementia (FTD) that share the same genetic pool with ALS (SABERI 

et al. 2015; NEUMANN et al. 2006).  



 

3 
 

FUS 

FUS protein shares functionality with TDP-43, since they are both localized in the nucleus 

but translocate to the cytoplasm when mutated and result in motor neuron inclusions. FUS 

inclusions are often accompanied by stress granule marker Poly-A binding protein-1 and 

Ataxin-2 inclusions (ELDEN et al., 2010; GAL et al., 2011). FUS mutations cover 1 % of all 

ALS cases. FUS, together with Ewings sarcoma and TATA-box binding protein associated 

factor 15 is a member of the so called FET proteins that were originally discovered as 

oncogenes of human cancers (GUERRERO et al., 2016; ANDERSSON et al., 2008). FUS 

regulates gene expression, pre-mRNA splicing as well as DNA repair mechanisms (NOLAN 

et al. 2016).  

 

C9orf72 

In 10-15 % of ALS cases (also in FTD) a hexanucleotide repeat expansion (GGGGCC)n is 

detected within the C9orf72 gene. Healthy subjects show 2-23 repeats of the expansion, 

whereas in diseased ones it can be found up to 100-1000 times (RENTON et al. 2011). 

Regarding C9orf72, three different mechanisms have been reviewed by TAYLOR et al. 2016 

to contribute to ALS pathophysiology. The first one is considered a loss of function of the 

C9orf72 protein, whose function remains unclear, but when knocked out in rodent animal 

models was associated with dysfunctions of macrophages and microglia putting in focus a 

non-cell autonomous neurodegeneration. Contrary, the other two potential mechanisms 

support a gain of toxic function. The second one states that RNA foci consisting of both 

sense and antisense GGGGCC repeats, that can be bidirectionally transcribed, accumulate 

with a steady secondary structure in neural cells. The third one claims that toxicity arises 

from dipeptide repeat proteins gained from repeat-associated non-AUG translation. In such 

cases translation occurs regardless the lack of the starting AUG codon. These proteins 

accumulate in neural tissue of end-stage ALS-FTD patients and have been described to 

progressively aggregate with disease onset. 

 

1.2.2 Non-cell-autonomous toxicity 

Besides damaged motor neurons ALS is also characterized by toxic gain of other non-

neuronal cells, mainly glia. All glial cell types have been described to be activated during ALS 

and Cre-Lox mice highlighted their role in motor neuron degeneration by excision-repair of 

the SOD1 mutation (BOILLEE et al. 2006; KANG et al., 2013; YAMANAKA et al., 2008). 

However, astrocytes have been attributed a special role. According to PEHAR et al. 2005, 

2017, both their activity in all ALS types as well as their ability to form glial scars in post 

mortem tissue rendered them a hallmark of ALS. Astrocyte toxicity leads to motor neuron 
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death through a process, which according to its severity is either categorized as astrocytosis 

or astrogliosis. During both processes astrocytes proliferate, become hypertrophic, reactive 

and start excreting mediators of toxicity such as cytokines and growth factors. Hence, 

astrocytic markers as glial fibrillary acidic protein (GFAP) and S100β are upregulated along 

with inflammatory cytokines as cyclooxygenase-2 and inducible nitric oxide synthase (iNOS).  

Toxic gain of astrocytes through growth factor excretion became evident through the study of 

FERRAIUOLO et al. 2011. Within this study mutant SOD1 astrocytes failed to maintain 

proper motor neuron function due to metabolic misbalances of lactate release and altered 

nerve growth factor (NGF) excretion. When mutant SOD1 astrocytes were co-cultured with 

wildtype motor neurons, a 38 % increase in the ratio of pro-NGF to mature NGF was 

registered. This increased total NGF level correlated with a 3.5 neurotrophin receptor p75 

(p75NTR) upregulation and extended expression throughout somata, axons and dendrites in 

motor neurons. In addition, depletion of the first or blockade of the latter prolonged motor 

neuron survival in astrocyte-motor neuron co-cultures.  

NGF-mediated apoptotic stimuli have been associated with fibroblast growth factor-1 (FGF-1) 

release and mutant SOD1 astrocyte activation by CASSINA et al. 2005. In fact, motor 

neuronal FGF-1 was shown to trigger astrocytosis via accumulation of its receptor (fibroblast 

growth factor receptor-1; FGFR1) in the nuclei of reactive astrocytes. FGFR1 accumulation 

and astrocyte proliferation exacerbated NGF astrocytic release and motor neuronal p75NTR 

activation via ligand-receptor interaction which triggered apoptotic pathways in motor 

neurons. Apart from the study of CASSINA et al. FGF-1 was linked before to FGFR1 

mediated SOD1-astrocytosis in vivo highlighting the pivotal role of growth factors in the motor 

neuron-astrocyte crosstalk and in the overall ALS pathophysiology (PEHAR et al. 2005).   

Still it is unclear if motor neuron death is the result of a toxic gain of (mutated) astrocytes and 

whether this toxic gain spreads onto motor neurons via growth factors or other mechanisms 

as the overall role of non-neuronal surrounding cells on motor neurons in the complex cell-

cell interplay still remains to be clarified (CLEMENT et al. 2003) 

 

1.2.3 Excitotoxicity 

According to CHEAH et al. 2010, high glutamate concentrations in the synaptic cleft lead to 

constant motor neuron firing and ultimate degeneration due to permanent hyperexcitability 

that motor neurons are unable to endure. In line with this hypothesis is the fact that riluzole, 

one of the two food and drug administration (FDA)-approved medications for ALS, blocks 

glutamate mediated excitotoxicity and results in a marginally prolonged life expectancy. As 

reviewed by KING et al. 2016 excitotoxicity is the result of combined dysregulated glutamate 
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homeostasis-related events that can be categorized into direct and indirect ones. The direct 

ones include glutamate increase due to insufficient clearance or high synaptic release. From 

a mechanistic point of view this increase is driven by transporter dysfunctions as well as 

increased calcium (Ca2+) uptake that is also implied in ALS associated endoplasmatic 

reticulum stress. Among the indirect are impaired inhibitory interneurons, mainly γ-

aminobutyric acid- (GABA) ergic ones, dysregulated receptor levels and functionality as well 

as changes in the intrinsic excitability of motor neurons (KING et al. 2016). Interestingly, 

glutamate transporter-1/excitatory amino acid transporter-2 (GLT-1/EAAT2) and glutamate 

aspartate transporter/ excitatory amino acid transporter-1 (GLAST/EAAT1) are predominantly 

located on astrocytes and show decreased levels in human sALS and fALS tissue 

(ROTHSTEIN et al. 1992; LEHRE et al. 1995). Specifically loss of the astrocytic 

GLT1/EAAT2 transporter leads to increased glutamate levels and motor neuron excitability 

(ROTHSTEIN et al. 2005). Similar evidence is available for α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic (AMPA)-type glutamate receptor deficiency in ALS (VAN DAMME et al. 

2005; VAN DAMME et al. 2007). 

 

1.2.4 Mitochondrial dysfunction 

Processes as axonal/dendritic transmission, synaptic response and ion channel interactions 

of neuronal cells like motor neurons require high energy deposits and need constant support 

of mitochondria (JIANG et al. 2015). During ALS pathogenesis altered mitochondrial shape, 

disturbed electron transfer as well as deficits in mitochondrial protein import are reported 

which challenge motor neuron homeostasis due to disturbed energy dynamics that increase 

oxidative stress, Ca2+ misbalances or activate apoptotic pathways (COZZOLINO et al. 2015). 

Apart from this it has been shown that SOD1 depletion results in ROS-mediated motor 

neuron axonal damage initiated in mitochondrial intermembrane space (FISCHER et al. 

2011) suggesting mitochondria induced oxidative stress an important contributor in ALS 

pathophysiology. Furthermore, as described by CARRÌ et al. 2017, ALS related gene 

mutations are linked to mitochondrial dysfunctions as misfolded SOD1, FUS and TDP-43 

proteins are highly localized in mitochondria. In the case of C9orf72, mitochondrial 

hyperpolarization is registered, whereas OPTN-, TBK1- and VCP- gene mutations trigger 

dysfunctional autophagic mitochondrial clearance.  
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1.2.5 Disturbed axonal transport 

ALS is implied to be an axonal “dying back” disease where axonal degeneration starting at 

the neuromuscular junction precedes soma loss (FISCHER et al. 2004). Indeed ALS patients 

show defects in axonal transport that arise due to clusters of phosphorylated neurofilaments, 

mitochondria, lysosomes and spheroids along the axons of motor neurons (HIRANO et al. 

1984a; HIRANO et al. 1984b; SASAKI and IWATA 2007; CORBO and HAYS 1992). In the 

superoxide dismutase 1 with a glycine to alanine mutation at codon 93 (SOD1G93A) mouse 

model these alterations are accompanied by a reduction of kinesin-1 and dynein in 

presymptomatic animals that result in impaired anterograde axonal transport (WARITA et al. 

1999). In line with this is the fact that knockout of kinesin heavy chain, Kif5α causes axonal 

transport deficits that enhance hind limb paralysis and neural loss (XIA et al. 2003). Similar 

alterations of dynein-dynactin promote defects in retrograde axonal transport matching the 

ALS phenotype characterized by motor neuron degeneration and muscle denervation 

(LAMONTE et al. 2002). Moreover a mutation substituting serine for glycine at position 59 of 

p150Glued which is a unit of dynactin is associated with vesicle formation at neuromuscular 

junctions, motor neuron degeneration in combination with reactive astrocytes as well as 

abnormal gait of the knockin animals used (LAI et al. 2007). Additionally reduced p150Glued 

transcription showed disturbed retrograde axonal transport in a spinal and bulbar muscular 

atrophy model and is also associated with mitochondrial aggregate formation and motor 

neuron loss (KATSUNO et al. 2006; LEVY et al. 2006). 

 

1.2.6 Inflammation 

Both activated astrocytes and microglia contribute to inflammatory processes in the motor 

cortex and spinal cord throughout ALS pathogenesis and are concomitant with disease 

progression (PHILIPS et al. 2011; TURNER et al. 2004; NAGY et al. 1994; SCHIFFER et al. 

1996). According to KOMINE and YAMANAKA 2015, microglia inflammation is characterized 

by migration of microglia to the responding location in order to clear dead cell debris via 

phagocytosis. During microgliosis elevated pro- and anti-inflammatory cytokine levels (tumor 

necrosis factor-α (TNF-α), interleukin-1β, interleukin-12, interferon-γ or transforming growth 

factor-β, respectively), ROS, chemokines, glutamate, mitogenic factors and neurotrophins 

(IGF-1) are registered. Microglia can activate astrocytes (LIDDELOW et al. 2017) that under 

physiological conditions serve motor neurons with glutamate clearance and support them by 

producing neurotrophic factors that can either act in a neuroprotective (brain derived 

neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), glial cell line derived 

neurotrophic factor (GDNF)) or neurotoxic way (NGF) (KOMINE and YAMANAKA 2015; 
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CASSINA et al. 2005). Astrocyte mediated neurotoxicity is also described through their Toll-

like receptors and by CC chemokine ligand 2 and interleukin 6 (IL-6) production leading to 

potentiation of the already induced inflammation that therefore can turn into a chronic 

response (FARINA et al. 2007). In ALS, inflammation is closely linked to oxidative stress 

since biomarkers of both are found to be altered (BLASCO et al. 2016).  

 

1.2.7 Oxidative stress 

Higher levels of oxidative stress are found in both sALS and fALS patients (FERRANTE et al. 

1997). Oxidized lipids, DNA, proteins, non-sequestrated iron and free radicals are common 

ALS biomarkers (SHIBATA et al. 2001; BOGDANOV et al. 2000; SICILIANO et al. 2007; 

IGNJATOVIĆ et al. 2012). Increased oxidation is caused by reduction/oxidation reactions 

that create free radicals in form of ROS (O2˙
-, hydroxyl radical (OH˙) and hydrogen peroxide 

H2O2) or reactive nitrogen species (RNS) (peroxynitrite (ONOO-) and nitric oxygen (NO˙)) 

(POPA-WAGNER et al. 2013; METODIEWA and KOŚKA 2000). Oxidative processes are 

essential to the neuron-astrocyte crosstalk. Astrocytes support neuronal oxidative 

metabolism by lactate production (PELLERIN et al. 1998) which can be damaged by 

excessive ROS (LIDDELL et al. 2009). Similarly to ROS, RNS like NO˙ and ONOO- can 

stimulate astrocyte induced apoptosis of motor neurons (BARBEITO et al. 2004). However 

NO˙ alone can act in a dual neurotoxic/neuroprotective role on motor neuron survival 

(ESTÉVEZ et al. 1998a; ESTÉVEZ et al. 1998b). Moreover oxidative and nitroxidative stress 

can mediate astrocyte toxicity also through damaged glutamate transporters or impaired 

sodium channels that ultimately result in motor neuron loss rendering ROS and RNS 

hallmarks of ALS pathophysiology and attributing astrocytes a pivotal role in such processes 

(TROTTI et al. 1998; ROJAS et al. 2014).  

 

1.3 Modelling ALS 

Suitable ALS models are essential for preclinical assessment of new therapies and 

mechanistic studies. This is why appropriate models should be capable of mimicking the 

disease in its course and symptoms as a close analogue to the phenotype seen in human 

patients. Various systems have been developed over the years including both cell culture 

models such as patient-derived induced pluripotent stem cells (iPSCs) as well as in vivo 

models from non-vertebrates to rodents. VAN DAMME et al. 2017 summarized the existing in 

vivo systems and in vitro alternatives according to their throughput capacities and human 

relevance. Although animal models best mimic disease in its symptoms and course they lack 
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high throughput capacities due to their high costs, long life spans and ethical issues. For fast 

drug screenings, yeast and small animal models as C. elegans, drosophila and zebrafish are 

more advantageous, whereas mechanistic insights are best provided by cellular systems as 

primary cultures, co-cultures or patient derived iPSCs.  

According to TURNER and TALBOT 2008, rodent models are the gold standard in ALS 

research and preclinical testing. For the most prevalent mutations as SOD1, TDP-43 and 

FUS several models exist that differ in their phenotypes. The mouse models gained by 

insertion of 12-15 kb mutant human SOD1 sequences show a toxic gain of function 

depending on gene expression, protein translation and activity strongly influencing animal 

phenotype-severity and -duration. TURNER and TALBOT summarized the existing mutant 

SOD1 mouse models in the following Table 1. 

Among them the SOD1G93A mouse model shed light into all pathomechanistic hypotheses 

and has been extensively used since its establishment (GURNEY et al. 1994). One of its 

many advantages is that it provides a high concomitance of SOD1 expression to disease 

severity (ALEXANDER et al. 2004). It is characterized by an unstable gait of the animals at 

the beginning of the disease (presymptomatic; 90d) which turns into progressive muscle 

weakness and tremor of the hind limbs (disease onset; 120d) and ends with total hind limb 

paralysis of mutant mice (severe stage; 150d) and death approx. 4 months after disease 

onset (GURNEY et al. 1994; TURNER and TALBOT 2008) as illustrated in Figure 1. 
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Table 1: Transgenic mutant SOD1 mouse models  

SOD1 mutant SOD1 

activity 

(fold) 

Disease 

onset 

(months) 

Disease duration 

(months) 

Reference 

SOD1
A4Va

 nd 8 3 Deng et al. (2006) 

SOD1
G37R

 14.5 4-6 nd Wong et al. (1995) 

SOD1
H46R

 nd 5 1 Chang-Hong et al. 

(2005) 

SOD1
H46R/H48Q

 0 4-6 nd Wang et al. (2002b) 

SOD1
H46R/H48Q/H63G/H120G

 0 8-12 nd Wang et al. (2003) 

SOD1
L84V

 nd 5-6 1 Tobisawa et al. (2003) 

SOD1
G85R

 0 8-14 0.5 Bruijn et al. (1997a) 

SOD1
G86Rb

 0 3-4 1 Ripps et al. (1995) 

SOD1
D90A

 6-8 12 2 Jonsson et al. (2006a) 

SOD1
G93A

 11 3-4 1-2 Gurney et al. (1994) 

SOD1
I113T

 nd 12 2 Kikugawa et al. (2000) 

SOD1
L126X

 nd 7-9 nd Wang et al. (2005a) 

 nd 11 0.75 Deng et al. (2006) 

SOD1
L126delTT

 0 15 1 Watanabe et al. 

(2005) 

SOD1
G127X

 0 8 0.25 Jonsson et al. (2004) 

nd: not described 
a
 Doubly transgenic for SOD1

WT 

b
 Murine transgene 

Reprinted from Progress in Neurobiology, 15, Turner, B. J. and Talbot, K., Transgenics, toxicity and 

therapeutics in rodent models of mutant SOD1-mediated familial ALS, 601-609, Copyright (2008), with 

permission from Elsevier. 
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Figure 1: Time course of clinical and neuropathological events in high copy number transgenic 

SOD1G93A mice. Mice develop hindlimb tremor, weakness and locomotor deficits at about 3 months 

which is preceded by distal synaptic and axonal degeneration. This progresses into fatal paralysis 

about 1 month later concomitant with spinal motor neuron loss and reactive gliosis. A sequence of 

mutant SOD1 aggregation into insoluble protein complexes, inclusion bodies modified by the ubiquitin-

proteasome system and subcellular degeneration in motor neurons may underlie the phenotype. 

Reprinted from Progress in Neurobiology, 15, Turner, B. J. and Talbot, K., Transgenics, toxicity and 

therapeutics in rodent models of mutant SOD1-mediated familial ALS, 601-609, Copyright (2008), with 

permission from Elsevier. 

 

Within their work TURNER and TALBOT 2008, described that neuromuscular junctions start 

to diminish at around 47d. At this stage astrocytosis and microgliosis are also evident. 

Axonal degeneration is obvious at 80d which on a molecular level coincides with 

mitochondrial dysfunction and the appearance of neurofilament inclusions as well as SOD1 

aggregates. Motor neuron degeneration and loss of function is prominent at 100d. Aging 
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expands ALS-typical symptoms in SOD1G93A mice from lower motor neurons also to cortico-, 

bulbo- and rubrospinal tracts. The same model introduced the idea that lack of neurotrophic 

factors might also be involved in ALS pathogenesis as shown for vascular endothelial growth 

factor (VEGF). Intrathecal delivery of VEGF, however, only marginally improved animal 

survival (WANG et al. 2016; STORKEBAUM et al. 2005).  

 

1.4 Therapy of ALS 

From 1994 to 2017 riluzole held the monopole on the therapeutic market of ALS since it was 

the only FDA approved pharmaceutical available for ALS treatment (BENSIMON et al. 1994). 

Its mode of action is based on inhibition of glutamatergic neurotransmission and thus 

counteracting motor neuron excitotoxicity (DOBLE et al. 1996). In 2001 edaravone appeared 

in Asian countries as a medication against acute ischemic stroke (EDARAVONE ACUTE 

INFARCTION STUDY GROUP 2003). 14 years later, in 2015, edaravone became the 

second drug receiving approval for the treatment of ALS in Japan and Korea and with FDA 

approval in 2017 (EDARAVONE (MCI-186) ALS 19 STUDY GROUP 2017; AL CHALABI et 

al. 2017). It is an antioxidant that scavenges free radicals which in Europe is encountered 

with skepticism since approval was based on a single clinical study where only a subgroup of 

ALS patients with certain disease characteristics showed beneficial effects (AL CHALABI et 

al. 2017). In addition to pharmacological approaches, also other experimental strategies 

using various types of stem and progenitor cells as well as antisense oligonucleotide-based 

therapies for familial ALS are currently being explored (FOROSTYAK and SYKOVA 2017; 

VAN ZUNDERT and BROWN 2017). 

 

1.5 FGF-2 and its isoforms, FGF-2HMW and FGF-2LMW 

Growth factors or trophic factors are proteins that support cellular growth in terms of 

proliferation and maturation (EKESTERN et al. 2004). Equally to any other cell type they also 

regulate these processes in developing and adult motor neurons rendering them strong 

therapeutic candidates for neurological diseases such as ALS (HENDERSON et al. 1993). 

Some of them as IGF-I, VEGF, CNTF and GDNF have been applied directly in in vivo mouse 

models or indirectly as products of delivering cells (AZZOUZ et al. 2004; DOBROWOLNY et 

al. 2005; GIESS et al. 2002; WANG et al. 2007; KLEIN et al. 2005). However, until now 

clinical outcomes have not been satisfying (EKESTERN et al. 2004).  

The FGF family consists of 18 members and four homologous factors that are categorized 

into six subfamilies (BEENKEN and MOHAMMADI 2009). All members of the FGF family 
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share structural identity that enables them to bind with high affinity to the four existing FGF 

receptors 1-4 (FGFR-1-FGFR-4) (POWERS et al. 2000). Due to the diversity of FGF ligands 

and receptors, FGFs are able to activate different downstream signaling cascades that 

control a variety of cellular processes starting from embryonic development to 

cancerogenesis (MASON 2007). Besides recent research describing the neurotoxic potential 

of FGF-1 in ALS, special interest is also attributed to the second prototypic FGF, FGF-2 

(CASSINA et al. 2005). FGF-2 is expressed in neural tissue as well as motor neurons of the 

spinal cord (PETRI et al. 2009). It acts in a nerve regenerating manner that has been 

described both in vitro and in vivo experiments (ALLODI et al. 2014; GROTHE et al. 2006). 

Surprisingly, knockout of FGF-2 in mutant SOD1G93A mice increased motor neuron survival 

through decreased astrocytosis and upregulation of CNTF and GDNF (THAU et al. 2012). 

Increased FGF-2 levels have been detected in serum and cerebrospinal fluid of ALS patients 

(JOHANSSON et al. 2003) strengthening the idea of a dual neuroprotective/neurotoxic 

potential. However, gene expression alterations could not be confirmed in spinal cord tissue 

of ALS patients (PETRI et al. 2009), leaving the possibility of posttranscriptional 

modifications at the protein level. This is supported by the fact that FGF-2 appears in five 

isoforms (18, 22, 22.5, 24 and 34 kDa) that are translational variants with different molecular 

weights of the same mRNA. The isoforms common in both rodent and human cells are the 

FGF-218 (low molecular weight FGF-2; FGF-2LMW), FGF-221 and FGF-223 (high molecular 

weight FGF-2; FGF-2HMW) proteins (FÖRTHMANN et al. 2015). Due to their different 

subcellular localization the isoforms exert a diversity of functions rendering FGF-2 a factor 

with pleiotropic cellular effects. FGF-2LMW is predominantly localized in the cytosol but is also 

present in nuclei and extracellular space. Extracellular FGF-2LMW is produced by auto- and 

paracrine secretion through sodium-potassium adenosine triphosphatase or “shedding” 

processes (TAVERNA et al. 2003, BACKHAUS et al. 2004). Secreted FGF-2LMW can bind to 

FGF receptors, be internalized and activate canonical downstream pathways or result in 

nuclear translocation. Contrary FGF-2HMW isoforms are mainly located in the nucleus due to 

their nuclear localization sequence and act in an intracrine way. Thus, FGF-2HMW has direct 

nuclear targets and by interacting with transcription factors also controls gene expression 

(SØRENSEN et al. 2006; CLAUS et al. 2003).  
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2 Aims of the study 

The main aim was to better clarify the role of FGF-2 in ALS pathogenesis. Thus, our first 

attempt was to elucidate which growth factors are relevant in ALS. Consequently a first 

transcriptional growth factor screen was conducted in both the spinal cord as well as the 

gastrocnemius muscle of SOD1G93A mice compared to wildtype littermates over disease 

progression. In addition FGFR downstream signaling effectors were determined in both the 

spinal cord as well as the gastrocnemius muscle in both SOD1G93A and double mutant 

SOD1G93A and either heterozygous or homozygous FGF-2 knockout animals so that potential 

signaling triggers could be specified. The focus was laid on extracellular signal-regulated 

kinase (ERK) and protein kinase B (AKT). Furthermore we aimed to characterize the 

complex interplay of growth factors, especially FGF-2 in the motor neuron-astrocyte crosstalk 

on a mechanistic level. For this purpose SOD1G93A and wildtype motor neurons were co-

cultured on wildtype or either heterozygous- or homozygous FGF-2 knockout astrocytes.  

In a second study, supplementary to the first one, FGF-2 isoform specific effects were 

investigated in vivo: survival, disease onset, motor performance and general condition in 

double mutant SOD1G93A and either homozygous- or heterozygous FGF-2HMW- or FGF-2LMW- 

knockout mice was assessed. In a second step, relevant in vitro outcomes of the first study 

were examined in the motor neuron-astrocyte co-culture system using isoform specific FGF-

2 knockout astrocytes. 
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3.1 Abstract 

We have previously shown that knockout of fibroblast growth factor 2 (FGF-2) and potential 

compensatory effects of other growth factors result in amelioration of disease symptoms in a 

transgenic mouse model of amyotrophic lateral sclerosis (ALS). ALS is a rapidly progressive 

neurological disorder leading to degeneration of cortical, brain stem and spinal motor 

neurons followed by subsequent denervation and muscle wasting. Mutations in the 

superoxide dismutase one (SOD1) gene are responsible for about 20% of familial ALS cases 

and SOD1 mutant mice still are among the models best mimicking clinical and 

neuropathological characteristics of ALS. The aim of the present study was a thorough 

characterization of FGF-2 and other growth factors and signaling effectors in vivo in the 

SOD1G93A mouse model. We observed tissue specific converse gene regulation of FGF-2 

and overall dysregulation of other growth factors which in the gastrocnemius muscle was 

associated with reduced downstream extracellular signal-regulated kinases (ERK) and 

protein kinase B (AKT) activation. To further investigate whether the effects of FGF-2 on 

motor neuron death are mediated by glial cells, astrocytes lacking FGF-2 were co-cultured 

together with mutant SOD1G93A motor neurons. FGF-2 had an impact on motor neuron 

maturation indicating that astrocytic FGF-2 affects motor neurons at a developmental stage. 

Moreover, neuronal gene expression patterns showed FGF-2 and SOD1G93A dependent 

changes in CNTF, GDNF and ERK2 implying a potential involvement in ALS pathogenesis 

before the onset of clinical symptoms. 
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4.1 Abstract  

We have previously shown that total knockout of fibroblast growth factor-2 (FGF-2) results in 

prolonged survival and improved motor performance in superoxide dismutase 1 (SOD1G93A) 

mutant mice, the most widely used animal model of the fatal adult onset motor neuron 

disease amyotrophic lateral sclerosis (ALS). Moreover, we found that SOD1G93A mice display 

differential expression of growth factors, with distinct regulation patterns of FGF-2 in spinal 

cord and muscle tissue. Within the present study we aimed to characterize FGF-2-isoform 
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specific effects on survival, motor performance as well as gene expression patterns in spinal 

cord and muscle tissue by generating double mutant SOD1G93AFGF-2 high molecular weight- 

(SOD1G93AFGF-2HMW) and SOD1G93AFGF-2 low molecular weight (SOD1G93AFGF-2LMW) 

knockout mice. We found isoform selective differential gene expression of neural growth 

factor (NGF), ciliary neurotrophic factor (CNTF) and glial-cell derived neurotrophic factor 

(GDNF) in muscle of SOD1G93AFGF-2LMW knockout mice compared to either single mutant 

SOD1G93A or wildtype mice. On a cellular level, heterozygous and homozygous FGF-2LMW 

knockout astrocytes displayed increased CNTF mRNA levels not seen in FGF-2HMW knockout 

astrocytes implying FGF-2LMW knockout isoform selective interactive effects on the 

expression of CNTF in astrocytes. 

 

4.2 Introduction 

ALS is an adult onset neurodegenerative disease leading to motor neuron loss in the brain 

and spinal cord and subsequent muscle denervation and progressive paralysis of upper and 

lower extremities, bulbar and respiratory muscles. Patients typically die within 3-5 years due 

to respiratory failure. The majority of cases occur sporadically (sALS) while up to 10% are 

familial with mostly autosomal dominant inheritance (Kiernan et al., 2011). For fALS, the 

most frequent mutations have been identified in the SOD1, TAR DNA-binding protein 43 

(TDP-43), fused in sarcoma (FUS) and chromosome 9 open reading frame 72 (C9orf57) 

genes (Al Chalabi et al., 2012; Van Damme et al., 2017). Up to date, the best characterized 

and most used animal models are generated by overexpression of SOD1G93A mutations 

which account for about 20 % of fALS cases (Gurney et al., 1994; Turner and Talbot, 2008).  

FGF-2 belongs together with fibroblast growth factor-1 (FGF-1) to the two prototypic 

fibroblast growth factors (FGFs). It was first purified from the brain and pituitary glands in 

1975 (Baird and Klagsbrun 1991). It belongs to the FGF family consisting of 18 members and 

4 homologous factors (Itoh and Ornitz, 2008). FGFs share structural identity and functional 

homology since they all bind with high affinity to the four existing FGF receptors (FGFR1-4) 

(Smallwood P. M. et al., 1996; Olsen S. K. et al., 2003). Receptor activation mediates 

tyrosine kinase signal transduction via different cascades such as MAPK/ERK, PI3/AKT and 

PLCγ/Ca2+ which regulate cell proliferation, differentiation, survival and apoptosis (Guillemot 

and Zimmer, 2011; Mason, 2007).  

FGF-2 is found in two isoforms that are transcribed from the same mRNA, high molecular 

weight (FGF-2HMW) and low molecular weight (FGF-2LMW) FGF-2. FGF-2LMW is an 18 kDa 

protein predominantly located in the cytosol which is excreted into the extracellular space 

and shows canonical signaling, whereas FGF-2HMW is translated in rodents into 21- and 23 
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kDa proteins that are found in the nucleus and mainly function as transcription factors 

(Moscatelli et al., 1987; Presta et al., 1988; Shing et al., 1984). 

We have previously shown that knockout of FGF-2 increases survival of SOD1G93A mice and 

results in better motor performance as well as lesser motor neuron degeneration and 

astrocytosis. These effects might in parts result from compensatory upregulation of GDNF 

and CNTF (Thau et al., 2012). In a second study, we found dysregulation of a variety of 

growth factors in SOD1G93A mice, with FGF-2 showing transcriptional increase in the spinal 

cord proportional to disease progression. In the same study, FGF-2 knockout in astrocytes 

regulated motor neuron differentiation and could explain reduced muscular translation of 

extracellular signal-regulated kinases (ERK) and protein kinase B (AKT) (see Results section 

of Manuscript I). Consequently, in order to determine whether one of the two existing FGF-2 

isoforms is responsible for the neurotoxic effects in the transgenic ALS mouse model, FGF-2 

isoform specific knockout-SOD1G93A mice were generated and their survival and motor 

functions were examined. Interestingly, isoform-specific FGF-2 knockout could not reproduce 

the beneficial effects seen in complete FGF-2 deficient SOD1G93A animals. However, double 

mouse mutants with FGF-2LMW knockout showed altered growth factor expression patterns in 

the gastrocnemius muscle as seen also in double mutant animals with complete FGF-2 

knockout. To further specify the role of each isoform regarding motor neuron lineage 

commitment and the interplay of different growth factors, the expression of the most relevant 

growth factors (CNTF, NGF and GDNF) was determined in motor neuron-astrocyte co-

cultures as well as in astrocyte monocultures with different genotypes. CNTF was 

upregulated in FGF-2LMW knockout astrocytes implying FGF-2 isoform-dependent interaction 

selectively seen in astrocytes. 

 

4.3 Materials and Methods 

Ethics statement 

All animal experiments were conducted in strict accordance with the German animal welfare 

law and were approved by the Lower Saxony State Office for Consumer Protection and Food 

Safety with reference numbers: 33.9-42502-04-13/1151, 33.12-42502-04-14/1593, 33.12-

42502-04-18/2787 and 33.14-42502-04-13/1320.  

Animals 

All mice were housed under the same controlled conditions (12:12h light-dark cycle) with free 

access to food and water in groups of maximum six animals (Makrolon cages type II, Uno, 

Zevenaar, Netherlands). With disease progression SOD1G93A mice obtained macerated food. 
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These mice overexpress the human SOD1G93A in a high copy number, B6.Cg-Tg (SOD1-

G93A)1Gur/J strain (Gurney et al., 1994), purchased from Jackson laboratories (stock number 

004435, Bar Harbour, ME, USA). Double mutant mice were generated by breeding 

hemizygous SOD1G93A males with homozygous FGF-2HMW or FGF-2LMW knockout females 

(FGF-2HMW-/-; FGF-2LMW-/-), FGF-2tm2Doe/J or FGF-2tm3Doe/J strain (stock number 010698 and 

010720, respectively, Bar Harbour, ME, USA) (Garmy-Susini et al., 2004; Azhar et al., 2009) 

and by breeding double mutant males (SOD1G93AFGF-2HMW+/- or SOD1G93AFGF-2LMW+/-) with 

FGF-2-/- females. This breeding generated littermates of double mutant mice having either a 

heterozygous or homozygous FGF-2HMW- or FGF-2LMW knockout (SOD1G93AFGF-2+/- or 

SOD1G93AFGF-2-/-). All animals were maintained on a C57BL/6 genetic background. FGF-

2HMW knockout animals lack high (21 kDa and 20.5 kDa) molecular weight FGF-2 isoforms, 

whereas FGF-2LMW knockout mice lack low molecular weight (18 kDa) FGF-2 (Liao et al., 

2009). FGF-2HMW-/- and FGF-2LMW-/- animals were received from Prof. Claudia Grothe 

(Institute of Neuroanatomy and Cell Biology, Hannover Medical School, Hannover, 

Germany).  

For the genotyping of FGF-2tm2Doe/J, polymerase chain reaction (PCR) amplified a 230bp 

(FGF-2LMW+/+) fragment which included a mutated start codon. For PCR MmFGF-

2_GT4_IsoF: CCA AGA GCT GCC ACA GCG and MmFGF-2_GT1_IsoR: AGT GGC AAC 

TCA CCG TGT GG (Eurofins MWG Synthesis GmbH) were used. In a second step a PstI 

digest of 3 h at 37°C took place which distinguished between FGF-2HMW+/+ (one band; 

230bp), FGF-2HMW+/- (three bands; 230bp, 189bp and 41bp) and FGF-2HMW-/- (two bands; 

189bp and 41bp). FGF-2tm3Doe/J mice have three stop codons preventing FGF-2HMW 

production. This time PCR amplified a 230bp (FGF-2HMW+/+) or 244bp (FGF-2HMW-/-) fragment 

including a mutated start codon by use of the MmFGF-2_GT4_IsoF: CCA AGA GCT GCC 

ACA GCG and MmFGF-2_GT1_IsoR: AGT GGC AAC TCA CCG TGT GG primers (Eurofins 

MWG Synthesis GmbH). Afterwards SmaI digestion at 30°C over night followed and resulted 

in FGF-2LMW+/+ (two bands; 230bp and 24bp), FGF-2LMW+/- (three bands; 230bp, 205bp and 

24bp) and FGF-2LMW-/- (one band; 244bp). For all in vivo analyses mice were gender-

matched. 

Weight, general condition and survival 

All animals were weighed weekly beginning at an age of 10 weeks. General condition was 

assessed by a scoring system ranging from 5-1 as previously described (Knippenberg et al., 

2010, Vercelli et al., 2008). Within this scoring range, 5 refers to healthy animals without 

paralysis, 4 to an uncoordinated gait as a first sign of paralysis of the hind limbs, 3 to obvious 

paralysis of the hind limbs with uncoordinated gait, 2 to full paralysis of the hind limbs that 

allow movement only by forelimbs and 1 to full paralysis of the hind limbs that keep the 
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animals lying predominantly on their side without being able to lift themselves up within 5 s or 

in having lost 20 % of their initiate weight within one week (Liebetanz et al., 2004). Showing 

first signs of paralysis marked the transition from score 5 to score 4 which was considered 

disease onset. Animals were euthanized at a score of 1. The total age reached was 

registered as the overall animal survival.   

Motor performance 

In order to monitor disease progression and deterioration, motor performance of animals was 

assessed weekly starting from week 11 by rotarod (IITC Inc.) and footprint tests. Footprint 

tests included both analysis of step length and run time, as previously described (Jungnickel 

et al., 2006; Knippenberg et al., 2010). Animals were trained daily for one week at week 10 of 

age so that they become used to the rotarod test and to exclude deviating ones with poor 

motor balance and coordination. The rod accelerated from 1 to 180 rpm within 180 s and the 

time each animal was able to balance on the rod was recorded. Each animal had a total of 3 

trials with the best trial registered. The best trial of the first week (non-training week) was 

defined as 100 %.  

For footprint analyses animal hind paws were dipped in finger paint and paw traces were 

recorded while running over a distance of 50 cm of conventional tape material. Step length 

was measured and analysed by means of footprint software 1.22 as previously described 

(Klapdor et al., 1997). In addition, run time was measured starting from animal release on the 

tape until reaching the end of it. If animals needed more than 50 s due to severe paralysis 

footprint test was aborted and 50 s were recorded.  

Primary Motor Neuron Culture 

Primary motor neurons were isolated via immunopanning technique as previously described 

(Wiese et al., 2010). Lumbar spinal cords on embryonic day 12.5 (E12.5) were dissected. For 

this reason mice were bred by crossing SOD1G93A males with wildtype females overnight. 

Immunopanning was conducted by use of the p75NTR antibody (Abcam, 61425). 8-well 

chamber slides (Falcon, 4118), 6-well plates (Thermo Scientific, 140685) or 4-well plates 

(Greiner, 627160) were coated with poly-L-ornithin (Sigma, P-8638) 1:1000 in borate buffer 

(0.15 M, pH 8.35) for 30 min at 37 °C. Afterwards wells were washed twice with distilled 

water. Laminin (Invitrogen, 23017015) was dissolved 1:100 in Hanks Balanced Salt Solution 

(HBSS, Invitrogen, 14170-138) and coating was maintained at room temperature (RT) until 

seeding of the cells. An equal number of motor neurons were seeded on astrocytes in 

Neurobasal motor neuron culture medium (Invitrogen, 21103-049) containing 5 % horse 

serum (Pan Biotech, P-300702), 2 % B27 supplement (Invitrogen, 17504-044) and 10 % 
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Glutamax (Invitrogen, 35050-038). Before use as a medium supplement, horse serum was 

heat inactivated for 45 min at 56 °C. 

Astrocyte Culture 

Primary astrocytes were isolated and prepared as previously described (Sun et al., 2013). 

Neonatal mice of postnatal day 1-3 (PND1-3) were euthanized. Cerebral dissection, 

meninges and olfactory bulbs removal was conducted in HBSS (1 % 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, HEPES, Sigma, H-0887). Obtained cerebra were chopped 

and centrifuged. After centrifugation, digestion in 0.1 % trypsin (Biochrom, L2123) at 37 °C 

for 20 min, under shaking was conducted. 0.25 % DNase (Roche, 11284932001) was added 

and the cell homogenates were centrifuged and resuspended in trituration solution (1 % BSA 

(Sigma-Aldrich, A7906), 50 % trypsin inhibitor (Sigma, T6414), 3 % DNase, 46 % phosphate 

buffered saline (PBS (Invitrogen, 14190-094)). Afterwards homogenates were disintegrated 

and seeded on precoated poly-L-lysine (Sigma, P-1274) culture flasks (75 cm2, Sarstedt, 

831.813.002) in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, 41965-062), 

supplemented with 10 % fetal bovine serum (FBS, Biochrom, S0615) and 1 % 

penicillin/streptomycin (Sigma-Aldrich, 15140-122). Twice a week medium was changed. 

After 7 days in vitro (DIV), flasks were closed with parafilm (BEMIS, 5170002) and shaken 

overnight at 37°C. The next day a medium exchange with medium containing cytosine-β-D-

arabinofuranoside hydrochloride (Sigma, C6645) was performed for three days. After 14 DIV 

cells were ready to use. 

Immunocytochemistry 

Immuncytochemical stainings were performed in precoated poly-L-ornithin/laminin coated 8-

well chamber slides (Falcon, 4118) after 5 DIV. Cells were fixed in 4 % paraformaldehyde for 

20 min at RT, washed thrice with 1xPBS and blocked for 30 min in blocking buffer (10 % goat 

serum (Invitrogen, 16210072), 2.5 % BSA, 2 % Triton X-100 (Sigma, 9002931)) at RT. 

Mouse anti-tubulin IgG2α (Millipore, 05-559) 1:1000 or rabbit anti-islet1 (Abcam, ab20670) 

1:500) were incubated at 4°C overnight in blocking buffer. The following day chambers were 

washed thrice with 1xPBS and incubated for 2h with secondary antibodies (AlexaFluor 555 

goat anti-rabbit (Invitrogen, A21428) 1:1000, AlexaFluor 488 goat anti-mouse IgG2α (Life 

Technologies, A-21131) 1:1000) at RT. Cells were again washed thrice with 1xPBS and once 

with distilled water. After the washing steps, cells were mounted in mounting solution 

(Mowiol, Calbiochem, 475904) containing 0.1 % DAPI (Sigma, D9542)). Visualization and 

image acquisition was achieved by fluorescence microscopy (BX61; Olympus). Analysis was 

performed with Cell F and CellSens Dimensions.Ink software.  
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Quantitative Real-Time PCR 

Motor neurons and astrocytes were co-cultured on precoated 6-well plates for quantitative 

real time PCR. Medium was removed and cells were washed once with 1x PBS. For RNA 

isolation the RNeasy Micro Kit (Qiagen, 74004) was used according to manufacturer’s 

instructions. Regarding lumbar spinal cords and gastrocnemius muscles, homogenization 

was achieved in trizol (Invitrogen, 15596-026). Afterwards tissues were centrifuged for 10 

min. Supernatant was mixed with chloroform, incubated for 5 min and centrifuged for 15 min. 

Supernatant was discarded and isopropanol was added and incubated at 4°C overnight. The 

following day a centrifugation step was performed for 30 min and supernatant was removed. 

Next pellets were washed in 70% ethanol and centrifuged for 10 min. Supernatant was once 

more removed and pellets were air dried. Pellets were rinsed in ultrapure water and DNAse 

(Roche, 11284932001). A precipitation step followed by adding 5 M sodium bicarbonate pH 

9.6, 4 M lithium chloride and 100 % ethanol and samples were incubated at 4°C overnight. 

The next day samples were centrifuged for 30 min and washed in 70 % ethanol. Afterwards 

they were centrifuged for 10 min and dissolved in ultrapure water. 1000 ng of cellular RNA, 

2000 ng of lumbar spinal cord RNA and 5000 ng of gastrocnemius muscle RNA, 

respectively, were reversely transcribed to cDNA with the QuantiTect Reverse transcription 

kit (Qiagen, 205.314) according to the manufacturer’s instructions. The following TaqMan 

primers were used: NGF (Mm00443039_m1), EGF (Mm00438696_m1), GDNF 

(Mm00599849_m1), CNTF (Mm00446373_m1), IGF-I (Mm00439560_m1), IGF-II 

(Mm00439564_m1) and HPRT1 (Mm00446968_m1) as synthesized by Life technologies 

(Applied Biosystems). 50 ng cDNA were used for real-time PCR analyses sing TagManFast 

Universal Master Mix (2x) (Applied Biosystems, 4352042). HPRT1 was used as a reference 

gene (housekeeping gene). The following cycling conditions were used: annealing at 95°C 

for 20s, elongation through 40 cycles at 95°C for 1s and denaturation 60°C for 20s and 

analyses were conducted by StepOne instrument and software (Applied Biosystems). A 0.2 

threshold was used and gene expression was evaluated by comparative Ct method (2-ΔΔCt). 

Omnisphero 

As previously described (see Results section of Manuscript I), images were analyzed with 

the Omnisphero software (Schmuck et al., 2016) for total neurite length, neurite mass, 

number of branching points and number of terminal tips. Briefly, raw images are imported 

and nuclei are detected by removing uneven background illumination, followed by 

thresholding, watershed segmentation and calculation of respective centroid coordinates, 

which are saved in a matrix within Omnisphero. Neuronal structures are background 

corrected in the same manner and thresholded with the triangle approach. Cell somata are 
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identified as the brightest part of the cell and are removed from further analysis. Neurite 

structures are skeletonized and pruned and results are written into a .xlsx file.  

Statistical Analysis 

All in vitro results were expressed as mean±SEM of at least 3 independent pooled (one 

experiment consisting of at least two transgene and two wildtype littermates) experiments. 

Statistical analysis was performed using GraphPad Prism versions 5 and 6. Comparisons of 

two groups were performed with the paired t-test if normally distributed, or with Mann-

Whitney U test when non-normally distributed. For three groups comparison 1-way ANOVA 

and Tukey´s multiple comparisons post-hoc test were used and for two groups with more 

than two parameters a two-way ANOVA followed by Tuckey´s multiple comparisons post-hoc 

test were applied. 

 

4.4 Results 

Motor performance, weight and general condition of double mutant SOD1G93AFGF-

2HMW- or FGF-2LMWknockout animals 

Deleterious effects of FGF-2LMW knockout on SOD1G93A mice regarding survival, general 

condition, weight and motor performance but slight improvement of rotarod performance by 

heterozygous FGF-2HMW knockout on SOD1G93A mice 

We have previously shown that heterozygous- and homozygous- knockout of FGF-2 results 

in increased survival, better general condition and higher weight in SOD1G93A mice (Thau et 

al., 2012). Thus, in order to determine which one of the two existing FGF-2 isoforms is 

responsible for these effects, both heterozygous- and homozygous- SOD1G93AFGF-2HMW- 

(SOD1G93AFGF-2HMW+/-; SOD1G93AFGF-2HMW-/-, respectively) and SOD1G93AFGF-2LMW 

knockout mice (SOD1G93AFGF-2LMW+/-; SOD1G93AFGF-2LMW-/-, respectively) were bred and 

survival, general condition as well as weight was monitored.  

Significantly lower survival rate was registered for SOD1G93AFGF-2LMW+/- compared to 

SOD1G93A mice (Fig.1, A). The same was seen for general condition of the animals as 

assessed by a well-established score. For weeks 17 and 18, SOD1G93AFGF-2LMW+/- animals 

reached significantly lower scores (i.e. worse general condition) compared to SOD1G93A 

animals. SOD1G93AFGF-2LMW-/- mice scored showed similar trends when compared to 

SOD1G93A mice without statistical significance (Fig.1, B). Body weight of double mutant 

SOD1G93AFGF-2LMW+/- and SOD1G93AFGF-2LMW-/- mice also were significantly lower in week 21 

compared to single transgenic SOD1G93A mice (Fig.1, C).  
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Deterioration of rotarod performance was also recorded in SOD1G93AFGF-2LMW+/- and 

SOD1G93AFGF-2LMW-/- mice, respectively when compared to single mutant SOD1G93A mice. 

Significant deterioration was observed in week 14, 15, 17, 18, 19 and 20 between SOD1G93A-

FGF-2LMW+/- and SOD1G93A mice as well as week 14 between SOD1G93AFGF-2LMW-/- and 

SOD1G93A mice, respectively. Moreover, significantly better rotarod performance was 

achieved in SOD1G93AFGF-2LMW-/- mice when compared to SOD1G93AFGF-2LMW+/- in week 19 

(Fig.1, D). In general, slower runtimes were measured for SOD1G93AFGF-2LMW+/- and 

SOD1G93AFGF-2LMW-/- mice compared to SOD1G93A mice, respectively (Fig.1, E). Runtime was 

significantly longer in week 21 when comparing double mutant SOD1G93AFGF-2LMW+/- or 

SOD1G93AFGF-2LMW-/- animals to single mutant SOD1G93A mice, respectively. Step length was 

not significantly altered in SOD1G93AFGF-2LMW+/- and SOD1G93AFGF-2LMW-/- mice compared to 

SOD1G93A mice (Fig.1, F).  

The same parameters were determined in double mutant SOD1G93AFGF-2HMW knockout 

animals compared to single mutant SOD1G93A mice. No significant differences were detected 

in survival, general condition and weight of SOD1G93AFGF-2HMW+/- and SOD1G93AFGF-2HMW+/- 

mice compared to SOD1G93A mice, respectively (Fig. 2, A, B and C). Rotarod performance 

was better in heterozygous SOD1G93AFGF-2HMW+/- mice compared to SOD1G93A mice, whereas 

SOD1G93AFGF-2HMW-/- animals performed worse than SOD1G93A ones. Significant differences 

were seen between SOD1G93AFGF-2HMW+/- and SOD1G93A mice during week 19. Moreover, for 

week 13 and 15 SOD1G93AFGF-2HMW-/- mice were significantly worse on rotarod compared to 

SOD1G93A mice. Between SOD1G93AFGF-2HMW+/- and SOD1G93AFGF-2HMW-/- mice statistical 

significance was seen in weeks 13 and 15 with SOD1G93AFGF-2HMW+/- performing better than 

SOD1G93AFGF-2HMW-/- animals (Fig. 2, D). 

Runtime was not different when comparing SOD1G93AFGF-2HMW+/- and SOD1G93AFGF-2HMW-/- 

mice to SOD1G93A mice, respectively (Fig. 2, E). No differences were recorded in step length 

of SOD1G93AFGF-2HMW+/- and SOD1G93AFGF-2HMW-/- mice compared to SOD1G93A mice, 

respectively (Fig. 2, F). 
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Figure 1: Decreased survival, deterioration of general condition and motor performance by knockout 

of FGF-2
LMW

 in SOD1
G93A 

mice. Survival and motor performance of SOD1
G93A

,
 
SOD1

G93A
FGF-2

LMW+/- 

and SOD1
G93A

FGF-2
LMW-/- 

mice was examined by rotarod- and footprint-tests in order to register onset 

and progression of disease. A. Kaplan-Meier survival curves. B. General condition scores. C. Weight. 

D. Rotarod performance. E. Runtime on footprint track. F. Step length. *p<0.05, **p<0.01, ***p<0.0.01 

for the comparison of SOD1
G93A 

and SOD1
G93A

FGF-2
LMW+/-

 mice. 
#
p<0.05, 

###
p<0.001 for the 

comparison of SOD1
G93A 

and SOD1
G93A

FGF-2
LMW-/-

 mice. 
§
p<0.05 for the comparison of 

SOD1
G93A

FGF-2
LMW+/-

 and SOD1
G93A

FGF-2
LMW-/-

 mice. Survival was analysed by Log-rank (Mantel-

Cox) test. General condition, weight, rotarod, runtime and step length were assessed by 2-way 

repeated measures ANOVA followed by Bonferroni post-hoc analysis of means. 
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Figure 2: Mild positive impact of heterozygous FGF-2
HMW

 knockout in SOD1
G93A 

mice on rotarod 

performance without further effects on survival, general condition and weight. Survival and motor 

performance of SOD1
G93A

,
 
SOD1

G93A
FGF-2

HMW+/- 
and SOD1

G93A
FGF-2

HMW-/- 
mice was examined by 

rotarod- and footprint-tests in order to register onset and progression of disease. A. Kaplan-Meier 

survival curves. B. General condition scores. C. Weight. D. Rotarod performance. E. Runtime on 

footprint track. F. Step length. **p<0.01 for the comparison of SOD1
G93A 

and SOD1
G93A

FGF-2
HMW+/-

 

mice. 
#
p<0.05 for the comparison of SOD1

G93A 
and SOD1

G93A
FGF-2

HMW-/-
 mice. 

§§
p<0.01, 

§§§
p<0.001 

for the comparison of SOD1
G93A

FGF-2
HMW+/-

 and SOD1
G93A

FGF-2
HMW-/-

 mice. Survival was analysed by 

Log-rank (Mantel-Cox) test. General condition, weight, rotarod, runtime and step length were 

assessed by 2-way repeated measures ANOVA followed by Bonferroni post-hoc analysis of means. 

 

Muscular growth factor transcription in double mutant SOD1G93AFGF-2LMW- and 

SOD1G93AFGF-2HMW knockout mice compared to single mutant SOD1G93A and wildtype 

mice 

Significantly lower NGF and higher GDNF mRNA levels in the gastrocnemius muscle of only 

SOD1G93AFGF-2LMW+/- and SOD1G93AFGF-2LMW-/- animals compared to wildtype mice as well 

as decreased EGF mRNA levels in SOD1G93AFGF-2LMW+/-, SOD1G93AFGF-2LMW-/- and 

SOD1G93A mice compared to wildtype mice with a tendency towards further reduction upon 

FGF-2LMW depletion 

We have previously shown that significant upregulation in mRNA levels of GDNF in the 

lumbar spinal cord and of both GDNF and CNTF in the gastrocnemius muscle were 

associated with increased life expectancies of double mutant SOD1G93AFGF-2+/- and 

SOD1G93AFGF-2-/- animals (Thau et al., 2012). Furthermore we registered a general 
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dysregulation of growth factors in lumbar spinal cord and gastrocnemius muscle of SOD1G93A 

compared to wildtype mice (see Results section of Manuscript I). Consequently, to examine 

compensatory expression changes of growth factors in SOD1G93A animals upon deletion of 

only one FGF-2 isoform, mRNA levels of these growth factors were determined in 

gastrocnemius muscle samples of SOD1G93AFGF-2LMW- and SOD1G93AFGF-2HMW knockout 

mice compared to both  SOD1G93A and wildtype animals at 150 days of age (150d).  

Significant downregulation of NGF was found in muscle tissue of double mutant  

SOD1G93AFGF-2LMW+/- and SOD1G93AFGF-2LMW-/- mice as compared to wildtype animals (Fig.3, 

A). CNTF mRNA levels were not significantly different between wildtype and SOD1G93A 

animals and remained unaltered by FGF-2LMW depletion (Fig.3, B). On the contrary, hetero- 

and homozygous FGF-2LMW knockout in SOD1G93A mice resulted in significant upregulation of 

GDNF mRNA expression (approximately 10-fold) in comparison to wildtype animals while it 

was only moderately elevated in single mutant SOD1G93A mice (Fig.3, C). Significant 

downregulation of EGF was found in both double mutant SOD1G93AFGF-2LMW+/- and 

SOD1G93AFGF-2LMW-/- mice and single mutant SOD1G93A mice compared to wildtype animals 

but the reduction was more prominent in FGF-2LMW-deficient animals with SOD1G93A mutation 

(Fig.3, D). IGF-I was significantly downregulated in SOD1G93A as compared to wildtype 

animals but not altered by FGF-2LMW depletion in SOD1G93A mice (Fig.3, E). IGF-II was not 

significantly altered between wildtype and SOD1G93A animals and remained unaffected by 

FGF-2LMW depletion in SOD1G93A mice (Fig.3, F). 
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Figure 3: Altered mRNA levels of NGF, GDNF and EGF in muscle of wildtype,
 

SOD1
G93A

,
 

SOD1
G93A

FGF-2
LMW+/- 

and
 
SOD1

G93A
FGF-2

LMW-/- 
mice. mRNA levels of growth factors in gastrocnemius 

muscle homogenates of wildtype,
 
SOD1

G93A
,
 
SOD1

G93A
FGF-2

LMW+/- 
and

 
SOD1

G93A
FGF-2

LMW-/- 
mice of 

150d of age. A. NGF mRNA levels (n=4-6). B. CNTF mRNA levels (n=6). C. GDNF mRNA levels 

(n=4-5). D. EGF mRNA levels (n=4-6). E. IGF-I mRNA levels (n=6). F. IGF-II mRNA levels (n=5-6). 

Statistical analyses were performed with one-way ANOVA and Tukey`s multiple comparisons post-hoc 

test: *p<0.05. All values represent means±SEM. All animals were gender-matched. 

 

No dysregulation of growth factor mRNA in the gastrocnemius muscle of SOD1G93AFGF-

2HMW+/- and SOD1G93AFGF-2HMW-/- animals compared to SOD1G93A and wildtype mice  

NGF mRNA levels were unaltered by FGF-2HMW depletion in SOD1G93A mice as well as 

between wildtype and SOD1G93A animals (Fig.4, A). No differences in CNTF gene expression 

was found in muscle tissue of double mutant SOD1G93AFGF-2HMW+/- and SOD1G93AFGF-2HMW-/- 

mice as compared to SOD1G93A and wildtype animals (Fig.4, B). GDNF was not differentially 

expressed between SOD1G93AFGF-2HMW+/- and SOD1G93AFGF-2HMW-/- mice when compared to 

both SOD1G93A and wildtype animals (Fig.4, C). Unaltered mRNA levels were also detected 

for EGF in double mutant SOD1G93AFGF-2HMW+/- and SOD1G93AFGF-2HMW-/- mice as compared 

to SOD1G93A and wildtype animals (Fig.4, D). No differences in IGF-I gene expression were 

found in SOD1G93AFGF-2HMW+/- and SOD1G93AFGF-2HMW-/- mice when compared to both 

SOD1G93A and wildtype animals (Fig.4, E). Similarly, IGF-II mRNA levels were not different 
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between SOD1G93AFGF-2HMW+/- and SOD1G93AFGF-2HMW-/- mice when compared to both 

SOD1G93A and wildtype animals (Fig.4, F). 

 

 

Figure 4: No changes in mRNA levels of growth factors in muscle of SOD1
G93A

FGF-2
HMW+/- 

and
 

SOD1
G93A

FGF-2
HMW-/- 

mice compared to SOD1
G93A

 and wildtype mice. mRNA levels of growth factors 

in gastrocnemius muscle homogenates of wildtype,
 

SOD1
G93A

, SOD1
G93A

FGF-2
HMW+/- 

and
 

SOD1
G93A

FGF-2
HMW-/- 

mice of 150d of age. A. NGF mRNA levels (n=2-6). B. CNTF mRNA levels (n=4-

6). C. GDNF mRNA levels (n=4-6). D. EGF mRNA levels (n=5-6). E. IGF-I mRNA levels (n=5-6). F. 

IGF-II mRNA levels (n=6). Statistical analyses were performed with one-way ANOVA and Tukey`s 

multiple comparisons post-hoc test: *p<0.05. All values represent means±SEM. All animals were 

gender-matched. 

 

Overall, our gene expression analyses showed differential growth factor expression patterns 

for NGF, GDNF and EGF in gastrocnemius muscle selectively in SOD1G93AFGF-2LMW 

knockout mice while no differences were detected in SOD1G93AFGF-2HMW knockout mice. 

In vitro evaluation of astrocyte FGF-2HMW- or FGF-2LMW knockout on motor neuron 

lineage commitment, axonal and neurite outgrowth and growth factor expression 

patterns 

No differences in SOD1G93A and wildtype motor neuron lineage commitment and growth when 

co-cultured on FGF-2LMW+/-, FGF-2LMW-/-, FGF-2HMW+/- or FGF-2HMW-/- astrocytes 
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We have previously shown that knockout of astrocytic FGF-2 promotes motor neuron lineage 

commitment as determined by TUJ1-islet1 co-staining (see Results section of Manuscript I). 

Hence, in order to assess whether any of the two FGF-2 isoform triggers motor neuron 

differentiation, SOD1G93A and wildtype motor neurons were co-cultured on FGF-2HMW- and 

FGF-2LMW knockout astrocytes. Neither heterozygous nor homozygous knockout of FGF-

2HMW or FGF-2LMW significantly altered SOD1G93A or wildtype motor neuron differentiation (Fig. 

5, A, B). Exemplary stainings for all genotypes are shown (Fig.6, A-F). 

Figure 5: No difference in motor neuron numbers regardless of astrocyte FGF-2
HMW

- or FGF-2
LMW

 

knockout genotype. Motor neuron number was assessed by counting merged TuJ1
+
 and islet1

+
 cells. 

A. Wildtype and SOD1
G93A

 motor neurons on FGF-2
LMW+/+

, FGF-2
LMW+/-

 and FGF-2
LMW-/- 

astrocytes 

(n=3). B. Wildtype and SOD1
G93A

 motor neurons on FGF-2
HMW+/+

,
 
FGF-2

HMW+/- 
and FGF-2

HMW-/- 

astrocytes (n=3). All analyses were performed by 2-way ANOVA and multiple comparisons post-hoc 

test. All values represent mean±SEM.  
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Figure 6: No difference in motor neuron numbers regardless of astrocyte FGF-2
HMW

- or FGF-2
LMW

 

knockout genotype. Representative immunocytochemical stainings of motor neurons stained for islet1 

(red), TUJ1 (green) and DAPI (blue). A. Wildtype or SOD1
G93A

 motor neurons on FGF-2
LMW+/+

 

astrocytes. B. Wildtype or SOD1
G93A

 motor neurons on FGF-2
LMW+/-

 astrocytes. C. Wildtype or 

SOD1
G93A

 motor neurons on and FGF-2
LMW-/- 

astrocytes. D. Wildtype or SOD1
G93A

 motor neurons on 

FGF-2
HMW+/+

 astrocytes. E. Wildtype or SOD1
G93A

 motor neurons on FGF-2
HMW+/-

 astrocytes. F. 

Wildtype or SOD1
G93A

 motor neurons on FGF-2
HMW-/-

 astrocytes. 

 

To assess if FGF-2HMW- or FGF-2LMW astrocyte knockout influenced motor neuron maturation, 

different morphological parameters as axonal growth or neurite formation were measured. 

There was no difference in morphological features (number of branches, neurite length, 

neuronal mass and number of terminal tips) between SOD1G93A and wildtype motor neurons 

cultured on FGF-2HMW- or FGF-2LMW knockout astrocytes (Fig.7, A-D) indicating that motor 

neurons are equally mature.  
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Figure 7: No difference in motor neuron morphological properties regardless of astrocyte FGF-2
HMW

- 

or FGF-2
LMW

 knockout genotype. Morphological properties were evaluated by Omnisphero analysis. A. 

Number of branches/motor neuron of TUJ1
+
 motor neurons on FGF-2

LMW+/+
, FGF-2

LMW+/-
 or FGF-2

LMW-

/-
 astrocytes (n=3). B. Total neurite length/motor neuron of TUJ1

+
 motor neurons on FGF-2

LMW+/+
, FGF-

2
LMW+/-

 or FGF-2
LMW-/-

 astrocytes (n=3). C. Neuronal mass/motor neuron of TUJ1
+
 motor neurons on 

FGF-2
LMW+/+

, FGF-2
LMW+/-

 or FGF-2
LMW-/-

 astrocytes (n=3). D. Number of terminal tips/motor neuron of 

TUJ1
+
 motor neurons on FGF-2

LMW+/+
, FGF-2

LMW+/-
 or FGF-2

LMW-/-
 astrocytes (n=3). E. Number of 

branches/motor neuron of TUJ1
+
 motor neurons on FGF-2

HMW+/+
, FGF-2

HMW+/-
 or FGF-2

HMW-/-
 

astrocytes (n=3). F. Total neurite length/motor neuron of TUJ1
+
 motor neurons on FGF-2

HMW+/+
, FGF-

2
HMW+/-

 or FGF-2
HMW-/- 

astrocytes (n=3). G. Neuronal mass/motor neuron of TUJ1
+
 motor neurons on 

FGF-2
HMW+/+

, FGF-2
HMW+/-

 or FGF-2
HMW-/- 

astrocytes (n=3). H. Number of terminal tips/motor neuron of 

TUJ1
+
 motor neurons on FGF-2

HMW+/+
, FGF-2

HMW+/-
 or FGF-2

HMW-/-
 astrocytes (n=3). Statistically 

significant differences were calculated by 2-way ANOVA and multiple comparisons post-hoc test. All 

values represent mean±SEM of 3 independent pooled experiments for Omnisphero analysis. 

 

Significant monoculture dependent changes in CNTF gene expression in FGF-2LMW+/- and 

FGF-2LMW-/- astrocytes 

Upregulation of CNTF and GDNF has been assumed to compensate for FGF-2 knockout in 

SOD1G93A mice in vivo, resulting in neuroprotection (Thau et al., 2012). Moreover, both 

factors were shown to be significantly dependent on either astrocytic SOD1G93A or FGF-2 

expression in motor neuron-astrocyte co-cultures (see Results section of Manuscript I). Thus, 

to examine if the interplay between FGF-2 and CNTF, GDNF as well as NGF is isoform 

specific, in the present study SOD1G93A and wildtype motor neurons were co-cultured on 

astrocytes with the respective FGF-2HMW- or FGF-2LMW knockout genotype (Fig. 8, A-F). 

CNTF mRNA levels were significantly lower in both wildtype and mutant SODG93A motor 

neurons in co-culture with astrocytes of each genotype compared to FGF-2LMW+/- and FGF-

2LMW-/- astrocyte monocultures as assessed by Tukey`s post-hoc test (Fig. 8, A). Contrary, 

CNTF mRNA was not differentially expressed when comparing SOD1G93A and wildtype motor 

neurons co-cultured on different FGF-2HMW knockout astrocyte genotypes to FGF-2HMW+/- or 

FGF-2HMW-/- astrocytes in monoculture (Fig. 8, D). Regarding GDNF gene expression, 

astrocytic FGFHMW- or FGFLMW knockout genotype had no impact as assessed by Tukey’s 

post-hoc test (Fig. 8, B and E). NGF gene expression levels were unaltered in FGF-2LMW 

deficient astrocytes when cultured alone or in co-culture (Fig. 8, C). NGF mRNA did not 

show differences in neither SOD1G93A nor wildtype motor neurons co-cultured on different 

FGF-2HMW knockout astrocyte genotypes or astrocyte monocultures (Fig. 8, F). 
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Figure 8: Dependency of CNTF gene expression on the astrocytic FGF-2

LMW 
knockout genotype. 

Upregulation of CNTF in FGF-2
LMW 

knockout astrocyte monocultures. mRNA levels of motor neuron-

astrocyte co-cultures or astrocyte monocultures were assessed by real-time PCR analysis. A. CNTF 

mRNA levels of motor neuron and astrocyte isolates on FGF-2
LMW+/+

, FGF-2
LMW+/-

 or FGF-2
LMW-/-

 

astrocytes (n=4). B. GDNF mRNA levels of motor neuron and astrocyte isolates on FGF-2
LMW+/+

, FGF-

2
LMW+/-

 or FGF-2
LMW-/-

 astrocytes (n=4). C. NGF mRNA levels of motor neuron and astrocyte isolates 

on FGF-2
LMW+/+

, FGF-2
LMW+/-

 or FGF-2
LMW-/-

 astrocytes (n=4). D. CNTF mRNA levels of motor neuron 

and astrocyte isolates on FGF-2
HMW+/+

, FGF-2
HMW+/-

 or FGF-2
HMW-/-

 astrocytes (n=4). E. GDNF mRNA 

levels of motor neuron and astrocyte isolates on FGF-2
HMW+/+

, FGF-2
HMW+/-

 or FGF-2
HMW-/-

 astrocytes 

(n=4). F. NGF mRNA levels of motor neuron and astrocyte isolates on FGF-2
HMW+/+

, FGF-2
HMW+/-

 or 

FGF-2
HMW-/-

 astrocytes (n=4). All statistical analyses were conducted in the 2-way ANOVA: 
##

p<0.01, 
####

p<0.0001 and Tukey´s multiple comparisons post-hoc test: *p<0.05, **p<00.1, ***p<0.001. All 

values represent mean±SEM of 4 independent experiments. 

 

4.5 Discussion 

We have previously shown that knockout of FGF-2 extends survival of double mouse 

mutants overexpressing human SOD1G93A together with either heterozygous or homozygous 

FGF-2 knockout (SOD1G93AFGF-2+/- and SOD1G93AFGF-2-/-) compared to single mutant 

SOD1G93A animals. Moreover, behavioral assessment of these animals resulted in improved 

motor performance which correlated with higher motor neuron numbers and reduced 

astrocytosis in the spinal cord (Thau et al., 2012). A follow up study strengthened the 

potential role of FGF-2 in ALS, since it showed disease-stage dependent transcriptional 

alterations in the spinal cord of SOD1G93A mice. Several growth factors were dysregulated on 
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the mRNA level in both lumbar spinal cord and gastrocnemius muscle tissue (see Results 

section of Manuscript I). In order to elucidate whether neurotoxic/ neuroprotective effects of 

FGF-2 can be attributed to one of the two FGF-2 isoforms (FGF-2HMW or FGF-2LMW), we 

evaluated the effects of FGF-2 isoform-specific knockout in SOD1G93A animals. Interestingly, 

no substantial beneficial effects were seen in neither SOD1G93AFGF-2HMW- nor SOD1G93AFGF-

2LMW knockout mice. While knockout of FGF-2LMW in SOD1G93A mice resulted in decreased 

survival, deterioration of general condition and motor performance, knockout of FGF-2HMW in 

SOD1G93A mice showed some positive impact on motor performance without affecting 

survival, weight or general condition. One must therefore assume, that the beneficial effects 

of FGF-2 depletion were only obtainable by reduction of both isoforms together but not 

mediated by an individual isoform alone, and that neither the selective downregulation of 

cytosolic secreted FGF-2LMW nor of nuclear FGF-2HMW was sufficient to induce substantial 

neuroprotective effects in vivo. Both FGF-2HMW and FGF-2LMW deficient mice have normal 

phenotypes, are fertile and show typical life spans (Azhar et al., 2009; Garmy-Susini et al., 

2004). However, FGF-2LMW and FGF-2HMW have been shown to exert different biological 

functions on a variety of models. A handful of studies focus on FGF-2 isoform selective 

effects in bone morphogenesis and regeneration. In fact evidence exists that FGF-2LMW and 

not FGF-2HMW favors bone regeneration, as FGF-2LMW knockout leads to decreases in 

mineralized bone density (Xiao et al., 2009), whereas FGF-2HMW knockout benefits bone and 

phosphate homeostasis in vivo (Homer-Bouthiette et al., 2014). Moreover, overexpression of 

FGF-2LMW increases bone mass by enhanced osteoblast activity (Xiao et al., 2014). Apart 

from its positive effects on bone maintenance, FGF-2LMW was also reported to promote 

inflammation and support oxidative stress in atherosclerosis (Liang et al., 2018). Interestingly 

FGF-2HMW has been shown to co-localize with survival of motor neuron protein (SMN), a 

mutated protein in patients suffering from the neuromuscular disease spinal muscular 

atrophy (SMA) (Claus et al., 2003). SMA shares some symptoms with ALS as it is also 

characterized by motor neuron death, muscle wasting and atrophy (D’Amico et al., 2011). 

These isoform specific effects imply that the FGF-2HMW and the FGF-2LMW isoform exert 

differential functions in neurodegenerative and other diseases that still remain to be clarified. 

There was an overall growth factor dysregulation specifically observed in muscle of 

SOD1G93AFGF-2LMW knockout mice when compared to SOD1G93A and wildtype animals. 

Higher mRNA levels of GDNF were already detected in spinal cord and muscle 

homogenates in SOD1G93AFGF-2+/- and SOD1G93AFGF-2-/- compared to SOD1G93A as well as 

in SOD1G93A vs. wildtype mice in both of our previous studies (Thau et al., 2012; Results 

section of Manuscript I). Within this study GDNF showed selective upregulation in muscle 

tissue upon SOD1G93AFGF-2LMW depletion as compared to wildtype animals. GDNF is both 

expressed in neural and muscle cells (Henderson et al., 1994) and is particularly protective 
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for motor neurons (Oppenheim et al., 1995; Zurn et al., 1994). GDNF was (together with IGF-

I) (see Results section of Manuscript I) one of the two growth factors upregulated in 

gastrocnemius muscle of SOD1G93A mice compared to wildtype ones suggesting that 

upregulated muscle-derived GDNF, retrogradely transported to neural cells, represents an 

attempt to antagonize motor neuron degeneration (Li et al., 2007). This is in line with another 

study showing motor neuron rescue by skeletal muscle-derived GDNF which was not 

detected in tissues not innervated by motor neurons (McManaman et al., 1991) suggesting a 

compensatory role for GDNF which however failed to rescue already degenerating motor 

neurons in the present study.  

Most growth factors (FGF-2, CNTF, IGF-I) were downregulated in gastrocnemius muscle of 

SOD1G93A mice compared to wildtype ones (see Results section of Manuscript I) and 

downregulation of NGF and EGF was further induced by FGF-2LMW knockout. Given that only 

FGF-2HMW but not FGF-2LMW has been described as transcriptional regulator, this must rather 

be interpreted as indirect effect of reduced FGF-2LMW secretion.  Both FGF-2 and NGF have 

been described to restore muscle innervation by regeneration of axons through grafting 

between muscle-nerve endplates (Mu et al., 2018). However, NGF has been described to 

enhance contractility in gastrocnemius muscle not as potently as FGF-2 and IGF-I (Menetrey 

et al., 2000). Moreover, since only FGF-2 has been shown to increase the number of motor 

endplates and prevent muscles from atrophy (Iwata et al., 2006) a subsequent 

downregulation of NGF enhanced by FGF-2LMW knockout seems plausible. There is no data 

available regarding EGF in muscles of ALS patients or animal models. However, EGF mRNA 

is downregulated in cerebrospinal fluid of ALS patients (Cieślak et al., 1986) and has shown 

beneficial effects when injected in mutant SOD1G93A mice (Ohta et al., 2006). Within this 

study, muscular EGF expression in SOD1G93A mice was further suppressed by FGF-2LMW 

knockout. Overall since knockout of FGF-2LMW caused altered gene expression of different 

growth factors it is thinkable that FGF-2 exerts isoform selective co-regulative effects on 

other growth factors that are tissue specific and act in a synergistic/antagonistic manner.  

In vitro, growth factors stimulate developmental processes as viability, proliferation and 

differentiation by synergistic and antagonistic signaling switches (Sieber-Blum, 1998). These 

signaling switches strongly rely on cell- and receptor types (Janet et al., 1995). In ALS, motor 

neuron death occurs via non-cell-autonomous glia cell-mediated mechanisms including FGF-

1 and NGF secretion (Cassina et al., 2011). Pro-NGF was described to play a crucial role in 

re-expression of p75NTR receptor on motor neurons initiating apoptotic pathways and 

resulting in motor neuron loss (Ferraiuolo et al., 2011). It has been demonstrated before that 

besides FGF-1, FGF-2 is also able to induce NGF excretion by astrocytes (Yoshida and 

Gage, 1991; Fukumoto et al., 1991) and that it affects astrocytes in an autocrine way (Araujo 
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and Cotman, 1992). In our previous study, we found that total knockout of FGF-2 on 

astrocytes favors motor neuron lineage commitment (see Results section of Manuscript I) but 

here we show that isoform specific knockout has no effect. Thus, both isoforms are equally 

affecting motor neuron differentiation. 

We further found upregulation of CNTF in FGF-2LMW deficient astrocyte monocultures but not 

in FGF-2HMW knockout monocultures. CNTF has been described to upregulate FGF-2 and 

NGF transcription and trigger astrocytosis in a previous study. Contrary to our data, within 

that study increased astrocytic FGF-2 release was beneficial for motor neurons (Albrecht et 

al., 2002). The results of our study show that there is an astrocytic interaction between CNTF 

and FGF-2 which only occurs when the FGF-2LMW isoform is reduced or lacking. However, 

since these effects were detected in wildtype astrocytes lacking FGF-2LMW, the impact of 

double mutant SOD1G93A astrocytes with total or isoform specific FGF-2 knockout on motor 

neurons still remains to be characterized. In fact, it has been reported before that in ALS 

motor neuron degeneration is highly dependent on the presence of SOD1 mutations in 

neighboring glial cells (Clement et al., 2003). 

Although CNTF is known to induce neurite outgrowth in motor neurons (Oyesiku and 

Wingston, 1996) we could not detect such an effect by Omnisphero analysis. This is in line 

with the fact that CNTF upregulation was only observed in astrocyte monocultures and not in 

motor neuron-astrocyte co-cultures indicating that in co-culture FGF-2LMW knock down might 

be compensated by other factors. Regarding NGF we saw unaltered NGF gene expression 

in both FGF-2HMW- and FGF-2LMW knockout astrocyte monocultures. In astrocytes NGF-FGF-

2 co-modulatory effects have been described before under stress induced conditions 

resulting in neural degeneration (Ferraiuolo et al., 2011; Vargas et al., 2004; Pechan et al., 

1992). Co-regulation between FGF-2 and NGF stimulates neurodevelopmental differentiation 

into neurons and astrocytes as well as a variety of other processes through fine-tuned FGFR 

signaling (Zhang et al., 2017; Chevet et al., 1999; Hu et al., 2016; Wert and Palfrey, 2000; 

Blumberg et al., 1995). Specifically both NGF induced neurotoxic and neurodevelopmental 

effects are mainly FGFR1 mediated (Lee et al., 2013; Cassina et al., 2005) highlighting once 

more the importance of complex interactions in the modulation of growth factor gene 

expression in the motor neuron-astrocyte crosstalk that needs to be further elucidated.  

While the selective genetic downregulation of FGF-2 isoforms in mutant SOD1G93A animal 

and cellular models had significant effects on muscular and astrocytic gene transcription 

resulting in partially distinct isoform specific expression patterns of other growth factors, it did 

not give rise to robust neuroprotection in vivo comparable to the one obtained by complete 

FGF-2 knockout. 
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5 Comprehensive discussion 

While there is a large number of well-established hypotheses regarding the pathogenesis of 

ALS, the complex interactions between distinct disease mechanisms still remain to be further 

elucidated. The best described pathomechanisms include genetic mutations, non-cell 

autonomous motor neuron degeneration, glutamate mediated excitotoxicity of motor 

neurons, mitochondrial dysfunction, disturbed axonal transport of motor neurons as well as 

inflammatory and oxidative processes. The focus of this thesis laid on elucidating the dual 

neurotoxic/neuroprotective role of FGF-2 and its isoforms in ALS by examining both its 

impact on effects of the SOD1G93A mutation as well as the non-cell autonomous death of 

motor neurons mediated by astrocytes.  

It has been shown before that deletion of FGF-2 in SOD1G93A mice prolongs their survival, 

improves motor functions and results in less motor neuron loss (THAU et al. 2012). Hence, 

the aim of the first study within this project was to better characterize transcriptional levels of 

FGF-2 and growth factors known for their beneficial effects regarding motor neuron 

degeneration or muscle wasting in the SOD1G93A mouse model. As controls, wildtype 

littermates were used. Further we aimed to characterize expression of FGFR main 

downstream effectors on a transcriptional and translational level in both SOD1G93A as well as 

double mutant SOD1G93A and FGF-2 knockout mice. Since FGF-2 exists in two distinct 

isoforms that vary regarding their localization and functions (CLAUS et al. 2003), in a second 

study we aimed to elucidate the different roles of FGF-2HMW and FGF-2LMW isoforms. Double 

mutant mice with isoform specific knockouts were generated and their survival and 

behavioral data (general condition score, motor performance and weight) were monitored. 

Furthermore, similar to the general transcriptional screen performed in the first study, 

gastrocnemius muscle mRNA levels of growth factors in SOD1G93AFGF-2LMW- and 

SOD1G93AFGF-2HMW deficient mice were examined so that potential isoform specific effects 

would be registered. In order to determine if FGF-2 deficiency is also neuroprotective on a 

more mechanistic cellular level, motor neuron-astrocyte co-cultures were generated. In these 

co-cultures astrocytes devoid of FGF-2 or either of its isoforms were seeded together with 

SOD1G93A or wildtype motor neurons and parameters like motor neuron viability, 

differentiation, morphology, expression patterns as well as electrophysiological properties 

were examined. 

We found that FGF-2 mRNA expression is increased in spinal cord tissue of symptomatic 

SOD1G93A mice and that this increase is highest at disease end stage. Similar to FGF-2 

upregulation in spinal cords of SOD1G93A animals, we also found CNTF, GDNF as well as 

IGF-I increase.  
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In human ALS patients, decreased CNTF immunoreactivity in the ventral horn has been 

described (ANAND et al. 1995; ONO et al. 1999), whereas GDNF mRNA was reported to be 

increased (YAMAMOTO et al. 1996). However both CNTF and GDNF are upregulated in 

spinal cord motor neurons of sporadic ALS patients (JIANG et al. 2005) implying a cell 

specific regulation. IGF-I levels in ventral horns of sporadic ALS patients are comparable to 

controls, whereas there seem to be differences between total and free IGF-I (WILCZAK et al. 

2003). For IGF-I increased receptor expression patterns were reported along with higher 

binding affinities (ADEM et al. 1994; DORÉ et al. 1996) suggesting that ALS-related 

decreases result in compensatory upregulation of receptors and binding sites. 

Contrary to the increased mRNA levels found in spinal cords, FGF-2 was downregulated in 

gastrocnemius muscle of SOD1G93A mice throughout all examined disease stages. At least 

for some time points, similar results were also obtained for CNTF and IGF-I. FGF-2 follows 

muscle specific protein translation with increased levels reached during age-related atrophy 

(KIM et al. 2016). However, since FGF-2 was shown to undergo retrograde transport from 

muscles to motor neurons (GROTHE et al. 1992), muscular downregulation as a response to 

dying motor neurons seems reasonable. Although CNTF expression is preserved in spinal 

cords of ALS patients (SCHORR et al. 1996) there is no data regarding CNTF expression in 

muscles of ALS patients. Only CNTF receptor α (CNTFR-α) levels were examined in a study 

in skeletal muscles of patients with neurogenic atrophy. Within this study, CNTFR-α 

transcript levels were elevated suggesting that its expression is modulated by innervation 

and since a similar upregulation was not achieved for dystrophic human muscle there seems 

to be a higher expressional sensitivity during neurodegenerative processes (WEIS et al. 

1998). IGF-I expression is decreased in skeletal muscle of sporadic ALS patients (LUNETTA 

et al. 2012). In line with this, both expression of the local IGF-I isoform as well as viral 

delivery of total IGF-I with subsequent retrograde transport result in delayed disease onset, 

increased muscle integrity and prolonged motor neuron lifespan (DOBROWOLNY et al. 

2005; KASPAR et al. 2003). These studies point out that both isoform specific expression 

and retrograde transport of growth factors are essential for protection against neurogenic 

muscle wasting.  

Unlike FGF-2, CNTF and IGF-I, GDNF and IGF-II were upregulated in muscles of SOD1G93A 

mice with GDNF (together with CNTF) also being even further upregulated in gastrocnemius 

muscle of SOD1G93AFGF-2 knockout mice of a previous study within our group (THAU et al. 

2012). Muscular GDNF mRNA levels are upregulated in ALS patients, too (YAMAMOTO et 

al. 1996), whereas for IGF-II weak presence both in muscle of ALS patients and in rats has 

been described (KERKHOFF et al. 1994). GDNF enhanced motor neuron survival and 

muscle reinnervation after sciatic nerve lesion (GRUMBLES et al. 2009). Interestingly only 
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muscle-derived GDNF is described to be beneficial against muscle wasting in SOD1G93A mice 

(LI et al. 2007) focusing once more on the importance of retrograde transported growth 

factors. Overall we found that all growth factors analysed in our study (except BDNF) in 

SOD1G93A animals showed tissue and disease stage specific regulation implying that 

upregulation of transcription of the most potent ones (CNTF, GDNF and IGF-I in spinal cords 

and GDNF and IGF-II in gastrocnemius muscle) might be the result of a synergistic 

compensation for either motor neuron- or muscle loss.  

In order to elucidate if there is a particular signaling axis controlling FGF-2 mediated 

neurotoxicity in SOD1G93A mice, FGFR main downstream effectors were examined. mRNA 

levels of all analysed effectors in SOD1G93A mice were equal to control animals in spinal cord 

tissue. In gastrocnemius muscle of SOD1G93A mice, however, ERK2, p38MAPK and JAK2 

were downregulated implying potential involvement in muscle atrophy. To further evaluate 

which changes are also relevant in the SOD1G93AFGF-2 knockout model, a general signaling 

effector screening in spinal cord and muscle was also conducted in heterozygous and 

homozygous SOD1G93AFGF-2 knockout mice (SOD1G93AFGF-2+/-; SOD1G93AFGF-2-/-, 

respectively). In these animals, conferring with the results obtained only in single mutant 

SOD1G93A mice, no dysregulated signaling effectors were detected in lumbar spinal cord 

tissue. In gastrocnemius muscle tissue of double mutant mice AKT3 showed decreased 

transcript expression in both SOD1G93AFGF-2+/- and SOD1G93AFGF-2-/- compared to only 

SOD1G93A mice. Moreover there was an increase in JAK2 mRNA levels in only 

SOD1G93AFGF-2+/- mice compared to SOD1G93A accompanied by a decrease in STAT3 in the 

same animals.  

So far no studies exist regarding p38MAPK and JAK/STAT in muscle tissue of ALS. The 

following data focus on the role of both mediators in neural tissue. Activation of p38MAPK in 

both motor neurons and glial cells, mainly due to oxidative stress leads to neurotoxicity 

resulting in motor neuron loss (BENDOTTI et al. 2005). This is supported by the fact that 

p38MAPK positive inclusions are located in motor neurons of both ALS patients as well as 

SOD1G93A mice (BENDOTTI et al. 2004) and that this is probably the result of an 

overexpression of TNF-α receptors in a motor neuron specific manner since a similar 

expression could not be detected in astrocytes (VEGLIANESE et al. 2006). JAK2 is an 

important mediator of proinflammatory stimuli (SEAVEY and DOBRZANSKY 2012) and 

many of its activators as interferon-γ and interleukin-6 have been described to be involved in 

ALS related inflammation (ZHAO et al. 2013). However, blockade of JAK2 does not rescue 

SOD1G93A animals from neurodegeneration (TADA et al. 2014). JAK2 with downstream 

STAT3 are key players in cancer induced cachexia by mediating inflammatory responses 

(ZIMMERS et al. 2016). Inhibition of STAT3 resulted in reduced muscle loss in tumor 



 

48 
 

mediated cachexia (SILVA et al. 2015) implying that downregulation of STAT3 in 

SOD1G93AFGF-2+/- animals contributes to the beneficial effects provided by FGF-2 deficiency. 

Interestingly STAT3 triggers reactive astrocytosis (SOFRONIEW, et al. 2009) and complete 

knockout of FGF-2 reduces astrocyte differentiation through STAT regulation by binding to 

the GFAP promoter (IRMADY et al. 2011). Since SOD1G93AFGF-2+/- and SOD1G93AFGF-2-/- 

mice showed decreased astrocytosis (THAU et al. 2012) a FGF-2/STAT3 regulation is 

possible.  

Up to date the roles of both ERK and AKT in ALS pathophysiology remain controversial. 

While one study reports beneficial effects of both factors for motor neurons (LIM et al. 2011) 

no alterations of activated proteins could be found in ALS patients (WAGEY et al. 1998). 

Within this study, decrease in muscular ERK was detected in SOD1G93A mice at ALS onset. 

However no ERK translational dysregulation was found in double mutant animals implying 

that there is no FGF-2 related regulation of ERK in muscle of FGF-2 deficient mice. Delivery 

of FGF-2LMW in myoblasts suppresses myostatin transcription concordant with ERK 

phosphorylation (LIU et al., 2008). Thus it is plausible that reduced FGF-2 transcription 

resulted in further suppression of the ERK signal in gastrocnemius muscle of SOD1G93A mice 

of our study. Moreover, a tendency towards an ERK decrease in SOD1G93AFGF-2+/- and 

SOD1G93AFGF-2-/- mice was observed. Unlike ERK, AKT was decreased in both models. 

There was a decrease in presymptomatic SOD1G93A and SOD1G93AFGF-2-/- mice. 

Consequently AKT downregulation in presymptomatic gastrocnemius muscle tissue reveals 

AKT-related muscle wasting that is further suppressed by FGF-2 knockout. These results are 

concomitant with a study showing no AKT dysregulations in muscle biopsies of ALS patients 

with mild or severe symptoms (LÉGER et al. 2006) leading to the conclusion that muscular 

AKT plays a role in ALS muscle loss with its suppression starting before first symptoms and 

being further enhanced by FGF-2 knockout. Hence, it was shown that both cascades play 

crucial roles in muscle loss during ALS pathogenesis with FGF-2 dependent AKT regulation 

before the onset of clinical symptoms. However, the exact relevance of FGF-2 as well as 

contribution of other growth factors still needs to be elucidated. 

Interestingly, neither FGF-2HMW- nor FGF-2LMW isoform-specific knockout in SOD1G93A mice 

resulted in an increased life expectancy or better general condition as observed in mice with 

complete FGF-2 knockout. Consequently, the beneficial effects triggered by FGF-2 

deficiency must be interpreted as a result of its total knockout and not of one of its isoforms. 

Building on this, mRNA levels were determined in both SOD1G93AFGF-2LMW- and 

SOD1G93AFGF-2HMW knockout mice with only SOD1G93AFGF-2LMW knockout animals showing 

dysregulated gene expression patterns. In these animals downregulation of NGF and EGF 

was seen, whereas GDNF showed prominent upregulation. NGF and EGF were not 
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analysed in animals of our first study, thus were determined only in the isoform specific 

models. NGF downregulation has not been detected in human ALS patients as post mortem 

biceps show elevated NGF mRNA levels (KÜST et al. 2002). Similar results were obtained 

from biopsies of ALS patients where both mRNA and protein levels were examined 

(STUERENBURG and KUNZE 1998). For EGF, no studies in human ALS muscle tissue 

exist.  

On a cellular level, motor neuron degeneration has been related to glial cells, especially 

astrocytes and nowadays studies exist supporting that astrocytes are key players in ALS 

pathogenesis leading to a non-cell autonomous death of motor neurons (PEHAR et al. 2005; 

WALLIS et al. 2018). Since the neuroprotective potential of growth factors on motor neurons 

is out of doubt (HENDERSON et al. 1993; TOVAR Y ROMO et al. 2014) a possible dual 

neuroprotective/neurotoxic role seems plausible. In fact it has been shown before that both 

astrocytic FGF-1 and NGF mediate motor neuron death through activating their receptors, 

FGFR1 and p75NTR, ultimately resulting in motor neuron loss (CASSINA et al. 2005; 

FERRAIUOLO et al. 2011) raising the question of a potential FGF-2 induced motor neuron 

toxicity  as presented in Figure 2.  
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Figure 2: Neurotrophic factors regulating survival and death of motor neurons. FGF-2 could be 

involved in two mechanisms: 1. Regulation of expression and function of other neurotrophic factors 

(e.g. GDNF and CNTF) and 2. Nuclear translocation of astrocytic FGFR1 leading to reactive 

astrocytosis and putatively inducing paracrine FGF-2 and NGF expression/secretion promoting motor 

neuron degeneration as already shown for FGF-1 (CASSINA et al. 2005; FERRAIUOLO et al. 2011). 

 

In order to examine this hypothesis, astrocytes lacking FGF-2 (FGF-2+/-; FGF-2-/-) were co-

cultured on SOD1G93A and wildtype motor neurons and motor neuron survival, differentiation, 

axonal growth/branching, electrophysiological properties as well as transcription of relevant 

genes was assessed. Immunocytochemical characterization of the cultures revealed that 

motor neurons expressed the neural cell marker TuJ1 as well as the motor neuron markers 

islet1 (early marker) and neurofilament H non-phosphorylated (SMI-32; late marker for 

mature motor neurons). Further patch clamp analyses supported the characterization of the 

culture as motor neurons showed electrophysiological properties of mature motor neurons 

including sodium and potassium currents upon stepwise depolarization, spontaneous action 

potentials and synaptic activity. 
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FGF-2 is known to induce neural cell differentiation (QIAN et al. 1997; WU et al. 2012) which 

made FGF-2 a widely used additive for tissue culture media. Within this study, we saw that 

motor neuron lineage commitment was dependent on astrocytic FGF-2 expression. However, 

this induction of motor neuron differentiation could not be linked to either FGF-2HMW or FGF-

2LMW leading to the conclusion that both isoforms equally influence motor neuron lineage 

commitment. Apart from stimulating cell differentiation, FGF-2 also enhances axonal growth 

and regeneration as well as neurite branching (KLIMASCHEWSKI et al. 2004; FURUKAWA 

and FURUKAWA, 2007; MIYAGAWA et al. 1993) with FGF-2LMW selectively favoring neurite 

outgrowth of motor neurons (ALLODI et al. 2013). For this reason motor neurons cultured on 

all FGF-2, FGF-2HMW and FGF-2LMW astrocyte genotypes were analysed by Omnisphero. 

Surprisingly, there were no differences in none of the examined morphological parameters 

implying that axonal elongation and branching rather depend on autocrine growth factors 

produced by motor neurons than by paracrine astrocytic excretion.  

Co-cultures were analysed regarding their transcription of growth factors and ERK. In co-

cultures with total FGF-2 depletion, SOD1G93A dependent CNTF and ERK2 transcription was 

found as well as FGF-2 dependent GDNF expression. These results are in line with a co-

regulation of FGF-2 and GDNF that drives neurodevelopmental processes in the astrocyte-

motor neuron interplay as no SOD1G93A dependency could be registered here. Contrary, 

CNTF mediated ERK activity is clearly SOD1-genotype dependent and might be the result of 

an astrocytic toxic gain of function. Although co-cultures with FGF-2HMW- or FGF-2LMW 

knockout did not show altered levels of NGF and GDNF, an increased expression of CNTF 

was observed in astrocyte monocultures lacking FGF-2LMW. Since this increase in CNTF 

expression was only observed in astrocytes lacking FGF-2LMW and not in ones deficient of 

FGF-2HMW, astrocytic CNTF production is selectively FGF-2LMW dependent. The synergy 

between CNTF and FGF-2 in astrocyte activation has been shown before (ALBRECHT et al. 

2002). We show that this interplay must occur between CNTF and FGF-2HMW. However, the 

complex interaction of autocrine/paracrine pathways between motor neurons and astrocytes 

as well as the exact role of each growth factor and their related signaling cascades still 

remains to be elucidated. 

Future studies should focus on further examination of this complex interplay by better 

characterizing isoform specific effects of growth factors as well as their receptors in both 

whole tissue homogenates and on a cellular level. More thorough definition of disease and 

disease stage-specific expression changes in growth factors and subsequent signaling 

cascades in vivo and in vitro could shed more light into the complexity of ALS pathogenesis. 
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6 Summary 

Ekaterini Kefalakes 

Role and putative therapeutic implications of fibroblast growth factor-2 (FGF-2)-

dependent interplay of neurotrophic factors and signaling cascades in amyotrophic 

lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) is considered a multifactorial neurodegenerative disease 

with unknown etiology. While numerous growth factors have been assessed regarding their 

therapeutic potential in ALS, the idea of a toxic growth factor misbalance has only recently 

been further pursued. Specifically FGF-2 which is mainly known due to its pleiotropic 

neuroprotective effects is hypothesized to elicit neurotoxicity by promoting astrocyte 

mediated non-cell autonomous motor neuron death. Within this study the various effects of 

FGF-2, of its two isoforms and of other growth factors and FGFR signaling interactions were 

elucidated in neural and muscle tissue of mutant SOD1G93A ALS mutant mice in a disease 

stage dependent manner.  

We found that several growth factors were dysregulated in both spinal cord and muscle of 

SOD1G93A mice as well as alterations of FGFR downstream signaling effectors in muscle of 

SOD1G93AFGF-2+/- and SOD1G93AFGF-2-/- mice that were associated with suppression of ERK 

and AKT at different disease stages supporting the fact that both play roles in ALS muscle 

wasting at different stages.  

Surprisingly, neither FGF-2HMW- nor FGF-2LMW knockout did result in prolonged life 

expectancy or improved general condition of SOD1G93A mice. However there was a general 

misbalance of growth factor gene expression profiles observed in muscle tissue of 

SOD1G93AFGF-2LMW+/- and SOD1G93AFGF-2LMW-/- mice indicating co-dependent regulations 

between growth factors when either of them is knocked out. Since similar effects were not 

detected in SOD1G93AFGF-2HMW+/- and SOD1G93AFGF-2HMW-/- muscle tissue, these 

dysregulations are FGF-2LMW knockout specific. However, their relevance to ALS needs to be 

further elucidated. Our results imply that only total knockout of FGF-2 exerts beneficial 

effects on life span, motor performance, motor neuron loss and astrocytosis.  

To elucidate if astrocytes promote motor neuron death via FGF-2 excretion, FGF-2-, FGF-

2HMW- or FGF-2LMW deficient astrocytes were co-cultured with either SOD1G93A or wildtype 

motor neurons and different motor neuronal properties were determined. Astrocytic FGF-2 

expression was shown to regulate motor neuron lineage commitment. Interestingly we could 

not find a link to axonal elongation or neurite sprouting regardless of the astrocytic FGF-2 

genotype. Co-cultures also displayed several growth factor gene expression changes. Most 
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prominently, GDNF expression was dependent on the astrocytic FGF-2 genotype, whereas 

CNTF and consecutive ERK expression were modified by presence of the SOD1G93A 

mutation. Such growth factor dependencies were also detected when FGF-2LMW was knocked 

out in astrocyte monocultures. Heterozygous and homozygous FGF-2LMW knockout 

astrocytes showed upregulation of CNTF providing first evidence for FGF-2 isoform-specific 

CNTF gene expression during neurodevelopmental processes.  
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7 Zusammenfassung 

Ekaterini Kefalakes 

Bedeutung und mögliche therapeutische Implikationen der Fibroblasten 

Wachstumsfaktor-2 (FGF-2) abhängigen Wechselwirkungen von Wachstumsfaktoren 

und deren Signalkaskaden in der amyotrophen Lateralsklerose. 

Amyotrophe Lateralsklerose (ALS) gilt als multifaktorielle neurodegenerative Erkrankung 

deren genaue Ätiologie noch unbekannt ist. Während das therapeutische Potenzial von 

verschiedenen Wachstumsfaktoren bei der ALS in zahlreichen Studien untersucht wurde, 

wird ein neurotoxischer Effekt erst seit Kurzem im Zusammenhang mit ALS-

Pathomechanismen diskutiert. So steht besonders der Wachstumsfaktor FGF-2 im Fokus, 

der für seine pleiotropen neuroprotektiven Effekte bekannt ist. FGF-2 besitzt jedoch auch 

neurotoxisches Potential, welches auf der Förderung des nicht-zellautonomen Astrozyten-

mediierten Untergangs von Motorneuronen basieren könnte. Innerhalb der vorliegenden 

Studie wurden die Wirkungen von FGF-2, seiner beiden Isoformen, anderer co-regulierter 

Wachstumsfaktoren und deren Effektormolekülen auf Nerven- und Muskelgewebe zu 

verschiedenen Krankheitszeitpunkten untersucht. 

Es wurde gezeigt, dass verschiedene Wachstumsfaktoren im Rückenmark sowie im 

Muskelgewebe von SOD1G93A Mäusen dysreguliert vorliegen. Zusätzlich wiesen FGFR 

nachgeschaltete Signalkaskadeneffektoren im Muskel von SOD1G93AFGF-2+/- und 

SOD1G93AFGF-2-/- -Mäusen Veränderungen in ihrer Genexpression auf. Diese fehlregulierte 

Gentranskription ging mit einer Stadien-spezifischen ERK-und AKT-Suppression einher, was 

auf eine Bedeutung bei der Entstehung und dem Fortschreiten von Muskelschwund hinweist. 

Überraschenderweise resultierte weder eine genetische Deletion von FGF-2HMW noch von 

FGF-2LMW in einer Verlängerung der Überlebensspanne oder einem besseren 

Allgemeinzustand der SOD1G93A -Mäuse. Allerdings wurde ein generelles Ungleichgewicht 

der Expressionsprofile von Wachstumsfaktoren im Muskelgewebe von SOD1G93AFGF-2LMW+/- 

und SOD1G93AFGF-2LMW-/- -Mäusen detektiert. Diese Effekte konnten im Muskelgewebe von 

SOD1G93AFGF-2HMW+/- und SOD1G93AFGF-2HMW-/- -Mäusen nicht nachgewiesen werden, was 

auf eine FGF-2LMW Depletions-Spezifität in diesem Gewebe hinweist. Ob dies eine Relevanz 

im Hinblick auf die Progression der ALS hat, bedarf weitergehender Untersuchungen. Die 

Ergebnisse dieser Studie deuten darauf hin, dass lediglich die komplette Gendeletion von 

FGF-2 fördernde Effekte im Sinne einer erhöhten Lebenserwartung, verbesserten 

motorischen Leistung, Erhalt von Motorneuronen und Reduktion von Astrozytose hervorrufen 

könnte. 



 

56 
 

Um aufzuklären ob Astrozyten durch Exkretion von FGF-2 zum Motorneuron-Untergang 

beitragen, wurden FGF-2-, FGF-2HMW- und FGF-2LMW-genreduzierte Astrozyten mit SOD1G93A 

oder Wildtyp-Motorneuronen co-kultiviert und verschiedene Parameter bestimmt. Die 

vollständige Depletion des FGF-2-Gens resultierte in vermehrter motoneuronaler 

Differenzierung. Interessanterweise konnte, unabhängig vom FGF-2 Astrozyten-Genotyp, 

kein Zusammenhang mit Axonlänge oder  Neuritenwachstum festgestellt werden. Die Co-

Kulturen zeigten ebenfalls Dysregulationen in der Genexpression von diversen 

Wachstumsfaktoren. Die prominentesten waren eine FGF-2-abhängige GDNF-Expression, 

während CNTF und nachgeschaltetes ERK von der SOD1G93A Mutation abhingen. Bei 

Gendepletion von FGF-2LMW zeigte sich ebenfalls eine Hochregulation von CNTF in der  

Astrozyten-Monokultur. Diese Resultate geben erste Hinweise auf eine FGF-2-isoform-

spezifische Regulation der astrozytären CNTF-Expression. 
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