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1.  Summary 

Franziska Bursch 

Studies on pathomechanisms and novel therapies in amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) is the most common adult onset motor neuron disease 

and is characterized by the loss of motor neurons (MNs) in the brain, brain stem and spinal 

cord. Most patients die within 3-5 years due to respiratory failure. The underlying 

pathomechanisms are poorly understood and as no cure exists novel therapeutic 

approaches are urgently needed. 

In the first part of this study we examined the therapeutic potential of human mesenchymal 

stromal cells (hMSCs) via different injection routes (intrathecal vs intraspinal) in a transgenic 

SOD1G93A mouse model of ALS. Additionally, we studied if repeated intraspinal injections 

have more benefits than single injection. Besides survival time, general condition and weight 

loss, changes in motor performance were assessed via rotarod and footprint analysis. 

Analysis of spinal cord tissue and comparison of expression levels of neurotrophic factors 

was performed by immunohistochemistry and quantitative real time polymerase 

chainreaction (qRT-PCR).  

Surprisingly intrathecal injection of hMSCs resulted in deterioration of disease progression 

whereas double intraspinal injection had benefits on motor performance. This deterioration 

was underlined by the finding that animals receiving hMSCs intrathecally had an increase in 

microgliosis. 

In the second part we used induced pluripotent stem cells (iPSCs)-derived motor neurons 

from patients with known ALS causing mutations (FUS, SOD1, TDP-43 and C9orf72) and 

healthy controls to examine glutamatergic transmission. The glutamatergic transmission 

system seems to play a crucial role in the mechanisms of ALS related MNs death.  IPSC-

derived MNs of ALS patients provide an optimal platform to study molecular mechanisms of 

ALS.  

Upon application of compounds stimulating either AMPA, NMDA, kainate or metabotropic 

glutamate receptors we observed only slight differences in the overall number of responding 

MNs and in the corresponding amplitudes of the responses. QRT-PCR data revealed 
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mutation-specific changes in expression levels of the different glutamate receptors. 

Furthermore, basal intracellular calcium levels were found to be increased in iPSC-derived 

MNs with TDP-43 and C9orf72 mutation. Spontaneously occurring calcium transients were 

observed with higher frequencies in C9Orf72 MNs. Raising intracellular calcium levels via the 

application of thapsigargin, a non-competitive inhibitor of the sarco/endoplasmic reticulum 

Ca2+ ATPase (SERCA) resulted in decreased corresponding amplitude in SOD1 MNs. Three 

isogenic control lines were examined to prove observed changes were mutation-specific. 
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2.  Zusammenfassung 

Franziska Bursch 

Studien über Pathomechanismen und neue Therapien der Amyotrophen Lateralsklerose 

Amyotrophe Lateralsklerose (ALS) ist die häufigste Motoneuronerkrankung mit Beginn im 

Erwachsenenalter. Sie ist gekennzeichnet durch den Verlust von Motoneuronen im Gehirn, 

Hirnstamm und Rückenmark. Die meisten Patienten sterben innerhalb von 3 bis 5 Jahren 

nach Symptombeginn an Atemstillstand. Die zugrunde liegenden Pathomechanismen sind 

unzureichend verstanden und da bis heute keine wirksame Therapie existiert, besteht ein 

dringender Bedarf an neuen therapeutischen Ansätzen. 

Im ersten Teil dieser Studie haben wir das therapeutische Potenzial von humanen 

mesenchymalen Stromazellen (hMSCs) bei verschiedenen Applikationswegen (intrathekal vs 

intraspinal) in einem transgenen ALS SOD1G93A Mausmodell untersucht. Zusätzlich haben wir 

untersucht, ob wiederholte intraspinale Injektionen einen größeren Effekt haben als eine 

Einfach-Injektion. Neben der Überlebenszeit, allgemeinem Zustand und Gewichtsverlust 

wurden Veränderungen der motorischen Fähigkeiten durch den Rotarod-Test und Footprint- 

Analysen bestimmt. Motoneuronverlust, Astrozytose und Mikrogliose im 

Rückenmarksgewebe sowie die Expressionslevel von neurotrophen Faktoren wurden mit 

Hilfe von Immunhistochemie und quantitativer real time PCR untersucht.  

Überraschenderweise verschlechterte die intrathekale Injektion von hMSCs den 

Krankheitsverlauf, während die doppelte intraspinale Injektion die motorischen Fähigkeiten 

verbesserte. Die Verschlechterung ließ sich durch eine vermehrte Mikrogliaaktivierung nach 

intrathekaler hMSC-Gabe erklären. 

Im zweiten Teil untersuchten wir die glutamaterge Transmission in aus induzierten 

pluripotenten Stammzellen (iPSCs) differenzierten Motorneuronen von Patienten mit 

bekannten ALS verursachenden Mutationen (FUS, SOD1, TDP-43 und C9orf72) und gesunden 

Kontrollen. Störungen der glutamatergen Neurotransmission spielen eine wichtige Rolle in 

der Degeneration von Motoneuronen (MN) bei ALS. Aus iPSC differenzierte MN von ALS-

Patienten stellen eine optimale Plattform für die Untersuchung molekularer 

Pathomechanismus der ALS dar.  
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Nach der Applikation von AMPA, NMDA, Kainat oder metabotrope Glutamatrezeptoren 

stimulierenden Substanzen beobachteten wir kleine Unterschiede in der Anzahl von 

reagierenden MN und der korrespondierenden Amplitude der Antwortpotenziale. QRT-PCR 

ergab mutationsspezifische Veränderungen im mRNA-Expressionslevel der verschiedenen 

Glutamatrezeptoren. Zusätzlich waren die basalen intrazellulären Kalziumlevel in MN mit 

TDP-43- und C9orf72-Mutationen erhöht. Spontane Kalziumanstiege wurden mit höherer 

Frequenz in C9orf72 MN beobachtet. Erhöhung der intrazellulären Kalziumlevel mittels der 

Applikation von Thapsigargin, einem nicht kompetitiven Inhibitor der 

Sarko/endoplasmatischen Retikulum Ca2+ ATPase (SERCA), führte zu einer Erniedrigung der 

zugehörigen Amplitude in Zellen mit SOD1-Mutationen. Drei isogene Kontrolllinien wurden 

untersucht um sicherzustellen, dass die beobachteten Veränderungen mutationsspezifisch 

waren. 
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3. Introduction 

3.1 Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) which was first described by Charcot in 1869 (Charcot 

and Joffroy, 1869) is a devastating motor neuron (MN) disease affecting both upper and 

lower motor neurons. Degeneration of MNs causes rapidly progressive muscle weakness 

leading to death within 3-5 years. ALS is the most common adult onset MN disease. Around 

90% of ALS cases are sporadic (sALS) and around 10% are familial cases (fALS) (Kiernan et al., 

2011). Currently, no efficient neuroprotective treatment with more than marginal effects on 

disease progression exists 

The incidence rate of ALS is 2.08/100,000 and the prevalence rate is 5.4/100,000 (Chio et al., 

2013). Men have a higher probability to develop sporadic ALS than women (3.0/100,000 vs. 

2.4/100,000) (Kiernan et al., 2011). Within 30 months of symptom onset 50% of patients die, 

mostly due to respiratory insufficiency and around 20% patients survive between 5 to 10 

years after symptom onset (Kiernan et al., 2011).  

3.2 Motor neurons 

MNs are neurons which control mostly muscles and are located in the motor cortex, brain 

stem and spinal cord (Tortora and Derrickson, 2013). They can be divided into upper and 

lower MNs which are both affected in ALS (Poeck and Hacke, 2006). Cell bodies of upper 

MNs are located in the motor cortex and they form synapses with lower MNs located in the 

spinal cord and brain stem (Kandel and Schwartz, 2014). The lower MNs form synapses onto 

muscles, the neuromuscular junction (Kandel and Schwartz, 2014). The axons MNs represent 

the corticospinal tract (Kandel and Schwartz, 2014). It is important to distinguish between 

upper and lower MNs as depending on which class is impaired in disease different symptoms 

are observed (Kandel and Schwartz, 2014).  

3.3 Genetic causes of ALS 

Over the last years, ALS causing mutations in different genes have been found. Over the 

years more than 30 mutated genes have been found in ALS patients (Renton et al., 2014). 

This paragraph concentrates on the four most important ones.  
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3.3.1 SOD1 

The first ALS causing mutations were identified in the superoxide dismutase 1 (SOD1) gene 

(Rosen, 1993) which are responsible for around 18.9% of fALS and 1.2% of sALS cases 

(reviewed in Zou et al., 2017). Until now 185 mutations in this gene sequence have been 

found in ALS patients (http://alsod.iop.kcl.ac.uk). Most of these mutations are missense 

mutations (Al-Chalabi et al., 2012). The primary function of SOD1 is to convert superoxide to 

molecular oxygen and hydrogen peroxide. SOD1 mutations in ALS, however, lead to a toxic 

gain of function resulting in the formation of mutated SOD1 aggregates in motor neurons 

(Shibata et al, 1996).  

3.3.2 C9orf72 

Pathogenic hexanucleotide repeat expansions in the C9orf72 gene were recently identified 

as the most common genetic cause for ALS (DeJesus-Hernandez et al., 2011; Renton et al., 

2011). They are responsible for around 22.5% of fALS cases and 3.1% of sALS cases (reviewed 

in Zou et al., 2017). Although the function of the C9ORF72 protein is unclear three main 

hypotheses have been developed to explain the pathogenic effects of the expansions 

(Herrmann and Parlato, 2018). Haploinsufficiency seems unlikely as no missense or deletion 

mutations have been found in patients and C9orf72 knock-out mice did not develop 

neurodegeneration (Herrmann et al. 2018). In the nucleus RNA foci are formed by expanded 

C9orf72 RNAs aggregates which alter RNA splicing (DeJesus-Hernandez et al., 2011; Gendron 

et al., 2013). And third, repeat-associated non-AUG (RAN) translation results in five different 

dipeptide repeat proteins accumulating in the nucleus and affecting different cellular 

mechanisms including nucleolar functions (Herrmann and Parlato, 2018).  

3.3.3 TDP-43 

Mutations in the transactive response DNA binding protein (TARDBP) gene are responsible 

for 3.3% of fALS cases and 0.5% of sALS cases (reviewed in Zou et al. 2017). The encoded 

protein is the TARDBP 43 (TDP-43)  which was first identified to suppress virus type 1 gene 

transcription (Ou et al., 1995). But later it was shown that it binds RNA and regulates 

splicing, translation, transportation and degradation of messenger RNA (Ayala et al., 2005;  

Buratti and Baralle, 2001;  Buratti et al., 2001; Buratti et al., 2005; Mercado et al., 2005). 

TDP-43 inclusions were first found in sALS patients (Neumann et al., 2006). Later, mutations 

in the TARDBP gene were discovered in fALS patients (Kabashi et al., 2008; Sreedharan et al., 

http://alsod.iop.kcl.ac.uk/
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2008). Although only a small percentage of ALS patients has a mutation in the TARDBP gene 

accumulation of TDP-43 can be observed in nearly all ALS patients (Arai et al., 2006; 

Neumann et al., 2006).   

3.3.4 FUS 

The fourth most mutated gene in ALS is the fused in sarcoma (FUS) gene (Kwiatkowski et al., 

2009; Vance et al., 2009).  Around 3% of fALS cases and 0.4% of sALS cases are caused by 

mutations in FUS gene (reviewed in Zou et al., 2017). The FUS protein regulates RNA 

processing, splicing and messenger RNA trafficking (reviewed in Deng et al., 2014). 

Additionally it can bind DNA (Wang et al., 2015) and possesses ligase activity (Oh et al., 

2010). FUS aggregates are found in neurons and glial cells of ALS patients with pathogenic 

mutations in the FUS gene (Vance et al., 2013).  

3.4 ALS models 

Over the last years different in vitro and in vivo models have been created to study the 

pathogenesis of ALS and potential therapies for ALS. 

3.4.1 In vitro models 

Different in vitro models of ALS exist such as primary cell cultures or neural cell lines (Veyrat-

Durebex et al., 2014). MNs can be cultured alone but as surrounding glial cells are also 

affected and differentially influence disease onset and progression. Co-culturing of different 

primary cell types better represents the complex interaction between different cell types in 

ALS (Veyrat-Durebex et al., 2014). The usage of cell lines instead of primary cells is easier but 

as they are immortalized they differ from original cells. Therefore results found in cell lines 

might differ from results found in original cells (Veyrat-Durebex et al., 2014). A breakthrough 

for the development of in vitro models was the technique of reprogramming mouse 

fibroblast into induced pluripotent stem cells (iPSCs) first described in 2006 (Takahashi and 

Yamanaka, 2006). In the year after the same group showed the generation of iPSCs from 

human dermal fibroblasts (Takahashi et al., 2007). IPSCs can be differentiated into MNs and 

when derived from ALS patients they show disease phenotypes which can also be found in 

post-mortem ALS tissue (Bilican et al., 2012; Egawa et al., 2012; Sareen et al., 2013). IPSC-

based models therefore enable analysis of ALS pathomechanisms allowing to examine 

pathogenesis of ALS in patients’ own cells. As iPSCs can also be differentiated into astrocytes 
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and microglia (Krencik et al., 2011; Pocock and Piers, 2018), generation of co-culture systems 

is possible.  

3.4.2 In vivo models 

The first ALS mouse model was developed in 1994 by overexpression the human mutated 

SOD1 gene (Gurney et al., 1994). In the following years different rodent models 

overexpressing human mutant SOD1 have been generated (reviewed in Joyce et al., 2011). 

They develop adult onset progressive MN disease varying concerning age of disease onset 

and disease progression (reviewed in Philips and Rothstein, 2015). The animal model used in 

this study is the B6SJLTg(SOD1-G93A)1Gur/J. In these mice, disease onset occurs at the age 

of 13 weeks and it takes around 3 weeks until animals reach end stage (Leitner et al., 2009). 

Muscle weakness starts in the hind limbs and histological staining of the spinal cord reveals 

loss of motor neurons (Gurney et al., 1994). Additionally, astrocytosis and microgliosis are 

observed (Leitner et al., 2009).  

None of the up to date developed TDP-43 animal models is able to mimic ALS disease as 

seen in humans or SOD1 animal models (Philips and Rothstein, 2015).  

To explore the function of the FUS gene several mouse models have been developed some 

of them showing neurodegeneration leading to muscle atrophy (Devoy et al. 2017; Nolan et 

al., 2016).  

Recently, different C9orf72 mouse models have been developed showing 

neurodegeneration and clinical phenotypes although the extent differs (Batra and Lee, 

2017). 

3.5 Pathomechanisms of ALS 

Several molecular mechanisms have been proposed to cause ALS: aberrant protein 

homeostasis (Kitamura et al., 2014), RNA toxicity (DeJesus-Hernandez et al., 2011), 

cytoplasmic protein mislocalization and aggregation (Lagier-Tourenne et al., 2012), 

dysregulation of RNA processing (Highley et al., 2014), endoplasmic reticulum (ER) stress 

response and microglial activation (Saxena et al., 2009), excitotoxicity (Alexander et al., 

2000), oxidative stress (Barber and Shaw, 2010), mitochondrial dysfunction (Shi et al., 2010) 

and abnormal rearrangement of the cytoskeleton with impaired axonal transport (Zhang et 
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al., 1997). This enumeration illustrates the difficulties to find an appropriate therapy which 

deals with such distinct pathomechanisms. 

3.5.1 Non-cell autonomous mechanisms in ALS 

Although ALS is primarily a MN disease, evidence was found over the last years that non-

neuronal cells surrounding MNs have a huge impact on disease onset and progression 

(Yamanaka and Komine, 2018). No neurodegeneration was observed in mice expressing 

mutant SOD1 only in neurons but not in non-neuronal cells (Lino et al., 2002; Pramatarova et 

al., 2001). Chimeric mice expressing a mixture of mutant SOD1 and wildtype cells showed 

that surrounding mutant non-neuronal cells could induce neurodegeneration in healthy MNs 

, and, vice versa, non-mutant glial cells were protective for mutant MNs (Clement et al., 

2003). In vitro, it was demonstrated that mutant SOD1 astrocytes are toxic for primary and 

embryonic mouse stem cell-derived MNs by release of soluble toxic factors (Nagai et al., 

2007). This was further underlined by an in vivo experiment where astrocytes precursor cells 

expressing mutant SOD1 were transplanted into the spinal cord of wildtype animals leading 

to moderate motor dysfunction and local MNs degeneration (Papadeas et al., 2011).  

3.5.2 Excitotoxicity hypothesis 

First evidence of altered glutamatergic transmission was found in 1990 as ALS patients had 

an increased amount of glutamate in the cerebrospinal fluid (CSF) compared to healthy 

controls (Rothstein et al., 1990). Moreover, it was shown that function and expression of 

astrocytic excitatory amino acid transporter 2 (EEAT2) is reduced in ALS, resulting in 

decreased glutamate reuptake (Rothstein et al., 1995). This led to the excitotocicity 

hypothesis stating that overstimulation of glutamate receptors leads to an influx of calcium 

ions (Ca2+) into MNs resulting in activation of apoptotic enzymes (Cheah et al., 2010). 

Indirect evidence of this hypothesis was generated by the therapeutic efficacy of the 

compound riluzole which inhibits glutamatergic transmission in clinical trials in ALS patients 

(Doble, 1996).  

In recent years this hypothesis has been challenged. Many studies using iPSC-derived MNs 

from ALS patients found MNs hyperexcitability (Wainger et al., 2014). Other studies 

including a recent study of our group and of others showed a hypoexcitability phenotype in 

iPSC-derived MNs (Naujock et al., 2016; Sareen et al., 2013; Z. Zhang et al., 2013).  This 

conflict was resolved by a study showing that iPSC-derived MNs had an early 
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hyperexcitability but switched to a late hypoexcitability (Devlin et al., 2015). Additionally 

neonate S-type (slow twitch) MNs are hyperexcitable and resistant to ALS (Leroy et al., 

2014). Our group showed that an increase of neuronal activity in ALS patient iPSC-derived 

MNs by the potassium channel blocker 4-aminopyridine  might have neuroprotective effects 

(Naujock et al., 2016). Another point is that an inhibition of hyperexcitability increased ALS-

associated pathomechanisms such as ER stress in SOD1 mouse models and an increase of 

hyperexcitability had protective effects as MN pathology and reversed SOD1 accumulation 

(Saxena et al., 2013).  

3.6 Treatment of ALS 

Until now only one drug, riluzole, has been approved in Europe for the treatment of ALS. It 

has only marginal effects with a median increase of survival for around 3 months (Bensimon 

et al., 1994; Lacomblez et al., 1996). Riluzole reduces glutamate release and increases 

glutamate uptake via activating glutamate transporters (Fumagalli et al., 2008; Wang et al., 

2004).  

Recently a new drug, edaravone, has been approved by the U.S. Food and Drug 

Administration. It slowed down loss of physical function in ALS patients and acts as an 

antioxidant therefore preventing MNs death via reducing oxidative stress (Bhandari et al., 

2018). It was, however, only effective in specific subgroups of patients so that further trials 

have been requested prior to approval in Europe. 

As both drugs only delay ALS progression, therapy currently is mostly focused on treating the 

symptoms of ALS such as muscle cramps, rapid weight loss, sialorrhea and respiratory 

insufficiency (Dorst et al., 2018).  

3.7 Cellular therapy in ALS 

Based on the evidence of non-cell autonomous MN death in ALS and the impact of the non-

neuronal cells surrounding the MNs, the aim of cellular therapy in ALS is to protect the MNs 

via establishing a neuroprotective environment. As currently no cure exists for ALS cellular 

therapy seems a novel promising therapeutic strategy. It needs to be further clarified which 

administration route is the best as well as which cells to use as different options exist. 
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3.7.1 Mesenchymal stromal cells (MSCs) 

MSCs have several properties which make them ideal candidates for cellular therapy. They 

can be isolated from different tissues such as bone marrow (BM), adipose tissue or umbilical 

cord blood (UCB). MSCs can be differentiated into cell types such as osteocytes, 

chondrocytes and adipocytes. Another point is that they are able to secret growth factors 

and cytokines which could protect the MNs via modulation of microglial and astrocytic 

function thus leading to a more protective environment (Giunti et al., 2012; Uccelli et al., 

2011). Different studies reported the ability of MSCs to protect neuronal cells as well as their 

ability to change astrocyte function in vitro (Gerdoni et al., 2007; Schafer et al., 2012; 

Scheibe et al., 2012). Beneficial effects in ALS mice have previously been reported but the 

best suitable route of administration needs further investigations (Uccelli et al., 2012; 

Vercelli et al., 2008; Zhao et al., 2007). Intravenous administration was able to improve 

survival and histological parameters (Uccelli et al., 2012; Zhao et al., 2007) but only 

intraspinal injection was able to rescue MNs (Vercelli et al., 2008). An impact on survival and 

microglial activation was reported after intrathecal injection (Ciervo et al., 2017; C. Zhang et 

al., 2009). Some studies reported tumorigenicity of MSCs (Rosland et al., 2009; Rubio et al., 

2005) but this was later revealed to be the result of cross-contamination (de la Fuente et al., 

2010; Wuchter et al., 2015).  

One of the advantages of MSCs is that  they can easily be isolated from adult donors and 

secrete growth factors and cytokines (Pittenger et al., 1999). At the moment 164 trials are 

listed at clinicaltrials.gov using MSCs in different diseases such as graft-versus-host disease, 

inflammatory bowel disease and traumatic brain injury.  

Two Italian phase I studies have already treated 19 ALS patients with autologous MSCs via 

injection into the thoracic spinal cord (Mazzini et al., 2010; Mazzini et al., 2012). Another 

study showed safety of MSC injection into the thoracic spinal cord over one year follow-up 

(Blanquer et al., 2012).  A combination of intrathecal and intravenous MSC injection was 

carried out in 19 ALS and 15 multiple sclerosis patients resulting in signs of stabilization in 

disease progression in different patients and no severe adverse effects over 25 months 

(Karussis et al., 2010). Additionally, monthly intrathecal MSC injections showed no long-term 

adverse events in 8 ALS patients (Oh et al., 2015). At the moment six clinical trials are 
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conducted using MSCs (clinicaltrials.gov) four of them are using MSCs induced to secrete 

neurotrophic factors. 

3.7.2 Usage of other cell types in cellular therapy 

In other studies on cellular therapy in ALS, different cell types were used such as human 

embryonic stem cells (hESCs), fetal neural progenitors (NSC) and iPSCs (reviewed in Ciervo et 

al., 2017). Despite the positive effect of hESCs in SOD1G93A mice (Wyatt et al., 2011) usage of 

hESCs in patients is controversial due to ethical reasons because of their origin and due to 

the risk of malignant transformation. Injection of NSCs also has widely been assessed in ALS 

rodent models and showed a positive impact on disease progression (Knippenberg et al., 

2017; Metaanylsis in Teng et al., 2012) and this approach has already been further pursued 

to phase I and phase II clinical trials (Glass et al., 2016). IPSCs are an interesting option as 

they originate from adult tissue thus avoiding ethical concerns. Different groups were able to 

differentiate iPSCs into MNs (Dimos et al., 2008; Karumbayaram et al., 2009). Repeated 

injection of iPSC-derived neural progenitor cells increased life span and disease phenotype 

and decreased microgliosis (Nizzardo et al., 2014) but topics such as reprogramming 

efficiency, and safety need to be discussed before usage in clinical trials. 

3.7.3 Aim of part I  

In part one of this study we compared different administration routes of hMSCs, intraspinal 

versus intrathecal, and single versus repeated injection of hMSCs in a SOD1G93A mouse 

model to assess the most appropriate route of administration. Additionally, histological 

changes and expression levels of neurotrophic factors were examined. 

3.8 Glutamatergic receptors 

One of the most important excitatory neurotransmitters of the central nervous system is 

glutamate which acts upon different glutamatergic receptors. They can be divided into two 

classes the ionotropic glutamate receptors and the metabotropic glutamate receptors 

(mGluR). The ionotropic glutamate receptors can be further divided into three classes: α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-Methyl-D-aspartic acid 

(NMDA) and kainate receptors. They consist of four subunits forming a central ion channel 

pore and it was shown that AMPA receptors react faster than NMDA and kainate receptors 

(reviewed in Traynelis et al., 2010).  
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3.8.1 AMPA receptors 

AMPA receptors can be specifically activated via AMPA and consist of four different subunits 

(GluR1-4) which form hetero-tetrameric complexes (Rosenmund et al., 1998).  All four 

subunits were found via immunohistochemical staining in the spinal cord of healthy humans 

(Williams et al., 1996). AMPA receptors without GluR2 are Ca2+ permeable but when at least 

one GluR2 subunit is present in the AMPA receptor the Ca2+ conductance is low (Burnashev 

et al., 1992; Hollmann et al., 1991; Koh et al., 1995; Verdoorn et al., 1991). GluR2 expression 

levels are significantly reduced in MNs both of ALS patients and healthy controls (Yukio et 

al., 2003) thus MNs in general might be more vulnerable to glutamate-induced toxicity. 

3.8.2 NMDA receptors 

NMDA receptors are specifically activated via NMDA. The subunits are encoded by seven 

genes (NR1, NR2A-D, and NR3A, B) (Kew and Kemp, 2005). The composition of a functional 

NMDA receptor requires two NR1 subunits together with either two NR2 subunits or a 

combination of NR2 and NR3 subunits (Monyer et al., 1992; Schorge and Colquhoun, 2003; 

Ulbrich and Isacoff, 2007).  NR1, NR2A, NR2C, and NR2D were found to be expressed in the 

spinal cord of healthy humans. It was shown that acute excitotoxicity in spinal cord neurons 

from rat embryos is mediated via NMDA receptors (Urushitani et al., 2001). Additionally 

activation of NMDA receptors induced generation of reactive oxygen species (Duan et al., 

2007) and exposure of mature chicken spinal cord-derived MNs to NMDA-induced MN death 

(Brunet et al., 2009). In the spinal cord of ALS patients a reduction of NMDA receptors was 

observed compared to healthy controls (Allaoua et al., 1992) 

3.8.3 Kainate receptors 

Kainate receptors can be stimulated via (RS)-2-amino-3-(3-hydroxy-5-tert-butylisoxazol-4-yl) 

propanoic acid (ATPA) (Curry and Pajouhesh, 1998). For the kainate receptors five different 

subunits are known (GluR5-7, KA1 and KA2) which assemble into a tetramer (Dingledine et 

al., 1999). Kainate receptors take part in pre- and postsynaptic actions (Contractor et al., 

2011). Ablation of all kainate receptor subunits in mice resulted in deficits in motor 

behaviour as assessed via rotarod (Xu et al., 2017).  Exposure of mature chicken spinal cord-

derived MNs to kainate resulted in MN death which was rescued when exposure was 

followed by riluzole application (Brunet et al., 2009). When kainate was applied to mature 

MNs derived from the spinal cord of rats, axonal disruption was observed (King et al., 2007). 
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Addition of ALS patient CSF to rat neurons in culture induced neurotoxicity which could be 

blocked by adding an antagonist of AMPA/kainate receptors (Couratier et al., 1993). 

3.8.4 Metabotropic glutamate receptors 

MGluRs can be further subdivided into group I, II and III receptors. Group I mGluR consist of 

mGlu1 and mGlu5 which were found to be highly expressed in  ventral horn neurons 

(mGlu1) and the dorsal horn neurons (mGlu5) (Aronica et al., 2001). Group I mGluR can be 

activated via (S)-3,5-Dihydroxyphenylglycine (DHPG) (Balazs et al., 1997; Ito et al., 1992). The 

group II receptors (mGlu2 and mGlu3) were found to be expressed in spinal cord neurons in 

lamina II of the dorsal horn in healthy humans and ALS patients (Aronica et al., 2001). Until 

now few studies have been done regarding group III receptors (mGlu4, mGlu6, mGlu7 and 

mGlu8) and their involvement in ALS (reviewed in Nicoletti et al., 2018). Further studies need 

to be done regarding their expression in the spinal cord of ALS patients. Additionally an 

upregulation of mGluR expression was found in glial cells in the spinal cord of ALS patients 

compared to controls (Aronica et al., 2001).  Increased glial proliferation rate was observed 

when adding CSF of ALS patients to chick spinal cord astroglial cultures compared to adding 

CSF of healthy controls (Anneser et al., 2004). This effect was inhibited by adding a mGluR 

group I antagonist (Anneser et al., 2004).  

3.9 Aim of part II 

ALS is a multi-facetted disease and the increasing knowledge on ALS-associated gene 

mutations has shed more light into the pathogenesis of both fALS and sALS. Changes in MN 

excitability have been reported in human ALS and in a large number of ALS models. 

Characterization of glutamatergic transmission in iPSC-derived MNs of ALS patients with 

different ALS causing mutations might therefore be helpful to understand potentially 

mutation specific alteration which could open distinct therapeutic avenues. IPSC-derived 

MNs of patients with mutations in the FUS, SOD1, TDP-43 and C9orf72 genes were examined 

and compared to healthy controls. Glutamate receptors were stimulated by different 

agonists and their response was monitored via Ca2+-imaging. ER Ca2+-storage was assessed 

by using thapsigargin, a non-competitive inhibitor of the sarco/endolasmic reticulum Ca2+ 

ATPase (SERCA). Additionally, expression levels of glutamate receptor subunits and calcium 

channels were assessed via quantitative real time PCR (qRT-PCR). To clarify whether the 

observed changes were mutation-specific, three isogenic control lines were examined. 
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4. Materials and Methods 

4.1 Animals 

All animal experiments were conducted in accordance with internationally accepted 

principles in the care and use of experimental animals and were approved by the 

Institutional Animal Care and Research Advisory Committee at Hannover Medical School and 

were permitted by the Lower Saxony State Office for Consumer Protection and Food Safety 

(Permit number: AZ 13/1068, AZ 13/1145).  

Transgenic SOD1 mice [B6SJLTg (SOD1-G93A) 1Gur/J] were obtained from the Jackson 

Laboratories (Bar Harbor, ME, USA). They overexpress the mutated human SOD1 gene.  To 

generate hemizygote offspring transgenic G93A males were mated with B6SJLF1/J females. 

The offspring were genotyped by isolating DNA from tail tissue and analyzing it via PCR. Mice 

were kept under a 12h/12h dark/light cycle with free access to water and food. Up to six 

animals of the same sex were kept together in Makrolon cages Typ II (UNO, Zevenaar, 

Netherlands).  

4.2 hMSCs 

hMSCs were isolated from the bone-marrow of healthy donors after informed consent and 

selected via Ficoll density separation. The generation and use of hMSCs was approved by the 

Ethics Committee of Hannover Medical School, Germany (approval no. 2858-2015). 

The cultivation medium was CellGro®MSC Medium (Cellgenix, Freiburg im Bresgau, 

Germany) with Heparin 2 IU/ml (Ratiopharm, Ulm, Germany), 1% Penicillin/Streptomycin 

(Invitrogen, Darmstadt, Germany) and 8% human plate lysate (Institute for clinical 

transfusion medicine Ulm, Germany). Cells were used for injections at a passage <5.  

Following ex-vivo hMSC expansion, the capacity to differentiate along mesodermal lineages 

into adipocytes, chondrocytes and osteoblasts was evaluated. For adipogenic differentiation, 

second passage hMSCs were incubated and induced with StemPro Adipocyte Differentiation 

Basal Medium (Thermo Fisher Scientific, Schwerte, Germany) for 14 days. The cell monolayer 

was fixed with 4% paraformaldehyde (PFA; Merck, Darmstad, Germany) before staining with 

Oil Red O (Sigma-Aldrich, Munich, Germany) for triglyceride orlipid vacuoles. For osteogenic 

differentiation hMSC medium was replaced with StemMACSOsteoDiff Medium (Miltenyi 

Biotec, Bergisch Gladbach, Germany) for 21 days. The cell monolayer was then either fixed 
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with 8% PFA or methanol prior staining with Alizarin Red Solution (Sigma-Aldrich, Munich, 

Germany) disclosing calcium-rich deposits or SIGMA FAST BCIP/NBT (Sigma-Aldrich, Munich, 

Germany) for detection of alkaline phosphatase activity. Chondrogenic differentiation was 

performed in tubes in StemMACSChondroDiff Media (Miltenyi Biotec, Bergisch Gladbach, 

Germany). Cell pellets were fixed in 4% PFA and embedded in Tissue-Tek with O.C.T 

compound (Sakura Finetek, Torrance, USA) and then frozen in liquid nitrogen and 

cryosectioned (12 μm thickness). For the cartilage-specific proteoglycan examination, these 

sections were stained with Alcian blue 8GX (Sigma-Aldrich, Munich, Germany) and 

counterstained with nuclear fast red (Sigma Aldrich, Munich, Germany). Overall, in multiple 

independent inductions, expanded hMSCs consistently showed adipogenic, osteogenic and 

chondrogenic differentiation capacity, thereby fulfilling the criteria defined by the 

International Society for Cellular Therapy (Dominici et al., 2006). 

Surface expression levels of hMSC markers were confirmed by a no-wash, single platform 

FACS analysis according to a required set of standard antibodies (Dominici et al., 2006). 

Therefore, adherent hMSCs were harvested and singularized for FACS-based staining with 

anti-CD3, anti-CD14, anti-CD34, anti-CD45, anti-HLA-DR (described as relevant exclusion 

markers) and anti-CD73, anti-CD166, anti-CD105, and anti-CD90 (required standard 

discriminators for MSCs) with IVD (in vitro diagnostics) certified fluorescent-conjugated 

monoclonal antibodies (Beckman Coulter, Krefeld Germany). 7AAD (7-aminoactinomycin D) 

as a fluorescent DNA-intercalated drug (Beckman Coulter, Krefeld Germany) was used to 

distinguish between viable and dead cells and IVD-certified Flow-Count™ Fluorospheres 

(Beads, Beckman Coulter, Krefeld Germany) were deployed for single platform-based FACS 

enumeration.  

4.3 Injections 

All mice were immunosuppressed with cyclosporine (25 mg/kg/day, Novartis Pharma, 

Nürnberg, Germany) and mycophenolate mofetil (1.65 mg/g/kg, Hoffmann-LaRoche, 

Grenzach-Wyhlen, Germany) via drinking water starting three days before injection until the 

end of studies. 

Before injection, mice were anaesthetized by intraperitoneal injection (0.1 ml/10g) of a 

combination of ketamine (0.1 ml/100 g, 100 mg/kg, Eurovet Animal Health, AE Bladel, 
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Netherlands), rompune (0.01 ml/100g, 2 mg/kg, Bayer, Leverkusen, Germany) and 

midazolame (0.05 ml/100 g, 0.5 mg/kg, Rotexmedica, Trittau, Germany) in saline (0.9%). 

4.3.1 Intrathecal injections 

The intrathecal injections were carried out as previously described (Knippenberg, Thau, 

Dengler, Brinker, & Petri, 2012). The head was shaved, disinfected and the animal fixated 

laterally using ear bars and a bite plate. Upon a length of 1.5 cm skin and fascia were cut and 

skin was weighted by two bulldog clamps to stay out of operation area. The bone sewed was 

bleached with 30% hydrogen peroxide (Sigma-Aldrich, Munich, Germany). Bregma and 

coordinates of bore site (Bregma + 0.5 mm anterior and + 1 mm right lateral) were 

determined. A multiTM drill (Dremel, Leinfelden-Echterdingen, Germany) with a 1.4 mm 

drilling head was used to make a hole in the skull. 10 µl of either saline or hMSCs in saline 

was injected with a Hamilton syringe and after 2 minutes the syringe was slowly removed. 

The skin was stitched with absorbable fiber. 

4.3.2 Intraspinal injections 

Intraspinal injections were carried out as previously described (Knippenberg, Thau, Schwabe, 

et al., 2012). Mice were anesthetized and after reflexes were gone the fur at the back was 

sprayed with 70% ethanol. Then the back was shaved, and the skin was opened at a length 

of 3 cm with scissors. Bilateral laminectomy was performed from thoracic vertebra Th12 to 

lumbar vertebra L1 and the backbone was fixed with a clip in a stereotactic frame. 1 µl of 

saline or hMSCs in saline was injected via a sterile micro pipette (50–100 µm diameter) 

connected to a Hamilton syringe into the right and left ventral horn. The cell solution was 

injected slowly within 3 minutes and after 2 additional minutes the syringe was slowly 

removed. Muscle and skin were stitched with absorbable fiber.  

4.3.3 Postoperative care 

Until waking up mice were kept at a 37°C heating plate to maintain body temperature. After 

all injections and directly after wound closure mice received carprofen (0.01ml/100g, 5 

mg/kg, Pfizer, Berlin, Germany) subcutaneously as well as 1 ml saline solution. At the first 

three days post-injection mice received novalgin (Ratiopharm, Ulm, Germany) via drinking 

water.  
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4.4 Treatment groups 

For intrathecal and intraspinal injection at one time point two treatment groups were used. 

For double intraspinal injection three treatment groups were used (Table 1). 

 

Table 1 Overview of treatment groups for hMSC injection 

 
Treatment group 

  Number of animals 

Survival Histological 
assessment 

Molecular biology 
assessment 

Intrathecal 
injection day 40 

NaCl 20 6 6 

hMSC 20 6 6 

Intraspinal 
injection day 40 

NaCl 23 6 6 

hMSC 20 6 6 

Intraspinal 
injection day 40 
and day 90 

NaCl/NaCl 20 6 6 

hMSC/NaCl 20 6 6 

hMSC/hMSC 20 6 6 

 

4.5 Behavioural testing 

All assessments were done as previously described (Knippenberg, Thau, Dengler, & Petri, 

2010). 

4.5.1 Scoring and Weighing 

Mice were scored daily starting at the age of 85 days according to a previously published 

scoring system (Knippenberg et al., 2010) shown in Table 2. They were weighed weekly 

starting in week 10. Mice were sacrificed when they reached a score of 1. 

Table 2 Scoring system for general condition 

Score Description 

5 Healthy 

4 First signs of paralysis and destabilized gait 

3 Paralysis is obvious 

2 Hind limbs are completely paralyzed  

1 Animals are not able to right themselves within five seconds when lying on one side or 
lost more than 20% of their starting weight in week 10 

4.5.2 Rotarod 

Mice were trained twice a day with 3 consecutive trials in week 10 for five days to run on the 

rotarod (IITC Live Science Model 755 Rotarod Treadmill, Woodland Hills, CA, USA). Mice 

were sitting on the rod with rotating speed increased from 0 rpm to 18 rpm within 3 min. 

Healthy animals could stay for the whole 3 min on the rods. The time they were able to stay 
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on the rods was measured. Each mouse had three consecutive trials once a week starting in 

week 11 and the best time of these three trials was used for data analysis.   

4.5.3 Footprint analysis 

Via footprint analysis step length of each mouse and run time each mouse needed for 50 cm 

was assessed. Hind paws were colored with finger paint and then animals had to run for 50 

cm with masking tape to the other side. Time was measured they needed for the run and 

afterwards footprints were scanned and step length was measured with the FOOTPRINT 

software (Klapdor et al., 1997). The footprint analysis started at week 11 and was repeated 

once a week. 

4.6 Immunohistochemistry 

Six animals per treatment group (3 male/3 female) were sacrificed at day 110. They received 

a lethal dose of anesthesia (the same mixture as described in 3.3) and after no reflexes were 

detectable the mouse was fixated to a cork board. The fur was sprayed with ethanol and 

then the skin was cut starting distal to the thoracic cavity. Near the sternum the abdominal 

and thoracic cavities were opened, and the diaphragm was cut through. The ribs were put 

aside and fixed with a cannula. Afterwards a butterfly needle connected to a 25-ml syringe 

filled with 4% PFA was inserted into the left ventricle. The right atrium was opened with a 

scissor and the PFA was slowly released into the cardiovascular system. After complete 

removal of blood organs were removed. 

The head was dissected from the body and skin above the skull was removed. Skull was 

opened, and the complete brain was removed and put into 4% PFA at 4°C overnight. 

For the removal of spinal cord mouse was turned around and fixed again so that the back 

was atop. The fur was sprayed with 70% ethanol and skin was opened starting at the neck. 

With small scissors the vertebral canal was opened via cutting through the pedicles of the 

vertebrae on each side. The lumbar part of the spinal cord was removed and put into 4% PFA 

at 4°C overnight. 

The next day brain and spinal cord were put into 30% sucrose at 4°C until tissue sank to the 

bottom of the tube. Tissue was embedded in TissueTek (Sakura Finetek, Zoeterwoude, the 

Netherlands) and immediately frozen in liquid nitrogen.  Tissue was stored at -80°C. 



Materials and Methods 

20 
 

Tissue was cut with a Leica CM 3050S cryostat (Leica Biosystems, Nußloch, Germany) with a 

thickness of 12 µm. Sections were transferred to superfrost plus object slides (25 x 75 x 1 

mm, Menzel-Gläser, Menzel GmbH & Co KG, Braunschweig, Germany). For the spinal cord 10 

object slides each with ten slices of spinal cord were prepared. Each slide contained slices 

from throughout the lumbar part as adjacent sections were put on slides 1-10. 

4.6.1 Motor neuron analysis 

One object slide per animal was thawed for 30 min at room temperature (RT) followed by 2 x 

5 min incubation in aqua destillata (aq. dest.). Slides were incubated for 5 min at RT in 0.5% 

thionine solution followed by washing twice in aq. dest., 70% ethanol, 96% ethanol and 

100% ethanol. Slides were incubated 2 x 2 min in xylene and covered with Eukitt and a 

coverslip. The pictures were taken at an Olympus BX61 microscope equipped with an 

Olympus DP72 digital camera (Olympus, Hamburg, Germany) at 20x in the ventral horn 

region. Counting of cells was done with ImageJ and were considered MNs when their size 

was >200 µm² (Chen et al., 1997).  

4.6.2 Assessment of astrocytosis and microgliosis and staining of hMSCs 

One slide per animal was thawed for 30 min at RT followed by washing 3 x 5 min in 

phosphate buffered saline (PBS) and incubation for 30 min at RT in blocking solution (10% 

goat serum, 0.3% TritionX-100 in PBS). The slides were incubated overnight at 4°C with 

primary antibody (anti-GFAP 1:500, polyclonal rabbit anti-glial fibrillary acidic protein, 

DakoCytomation; anti-Iba1 1:1000, polyclonal rabbit anti-ionized calcium binding adaptor 

molecule 1, WAKO Chemicals GmbH, Neuss, Germany or anti-CD44 1:100, Anti-human CD44 

phagocytic Glycoprotein, clone G44-26) in blocking solution. The next day started with 2 x 5 

min washing in PBS followed by incubation for 3 hours at RT with secondary antibody (Alexa 

Fluor 555 goat anti-rabbit IgG or Alexa Fluor 555 goat anti-mouse IgG both Thermo Fisher 

Scientific, Schwerte, Germany) 1:100 in blocking solution. Then slides were washed 2 x 5 min 

in PBS and once short in aq. dest. followed by covering with Mowiol plus DAPI and a 

coverslip. For all stainings pictures were taken at an Olympus BX61 microscope equipped 

with an Olympus DP72 digital camera (Olympus, Hamburg, Germany) at 20x in the ventral 

horn region and with ImageJ the percentage of GFAP and Iba1 staining was determined at 

the ventral horn region.  
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4.7 Ribonucleic acid (RNA) isolation and cDNA synthesis of animal tissue 

Animals were euthanized at day 110 via cervical dislocation and muscle and lumbar spinal 

cord were removed. After shock-freezing of tissue it was stored at -80°C. RNA isolation 

started with homogenization of tissue in Trizol (Invitrogen, Darmstadt, Germany) with a T10 

basic Ultra-Turrax homogenizer (IKA, Staffen im Breisgau, Germany). Probes were 

centrifuged for 10 min and 8,000 rpm at 4°C in an Eppendorf centrifuge 5417 R (Hamburg, 

Germany) and the clear supernatant was transferred into a 1.5 ml Eppendorf tube. After 

incubation for 5 min at RT 100 µl chloroform (Sigma-Aldrich, Munich, Germany) were added, 

mixed and centrifuged (15 min, 8,000 rpm, 4°C). Again, the clear supernatant was 

transferred to a new 1.5 ml Eppendorf tube and 250 µl isopropyl alcohol (J.T. Baker) were 

added. After incubation for 10 min at RT probes were incubated overnight at -20°C. Probes 

were centrifuged (30 min, 8,000 rpm, 4°C) and after removal of supernatant the pellet was 

washed with 70% ethanol. Probes were centrifuged (10 min, 5,000 rpm, 4°C) and 

supernatant was removed. The pellet was air dried for 5 min and taken up in 105 µl RNase 

free water. After adding of DNase digestion mixture (30 µl transcription buffer plus 15 µl 

RNase free DNase (Qiagen, Hilden, Germany)) probes were incubated for 30 min at 37°C. 

Precipitation mixture (6 µl 0.5 M Na-EDTA pH8.0, 18.8 µl 4 M LiCl (both Sigma-Aldrich, 

Munich, Germany), 565 µl ethanol absolute (J.T. Baker)) was added to each probe and 

probes were incubated overnight at -20°C. After centrifugation (30 min, 8,000 rpm, 4°C) at 

the next day the pellet was washed with 500 µl 70% ethanol. After a second centrifugation 

(10 min, 5,000 rpm, 4°C) the pellet was air-dried for 5 min at RT and 20 µl RNase free water 

was added. NanoDrop 2000c (Thermo Fisher Scientific, Schwerte, Germany) was used to 

measure RNA quantity. 

For cDNA synthesis the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) was 

used. The used amount of RNA was 2 µg (5 µg) of spinal cord (muscle) with a total reaction 

amount of 40 µl. 

 

4.8 qRT-PCR of animal tissue 

For analysing expression of different growth factors in animal tissue the TaqMan method 

was used. The following assays which were synthetized by Applied Biosystems (Carlsbad, 

USA) were used:  BDNF (brain-derived neurotrophic factor, mouse Mm04230607_s1, human 
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Hs02718934_s1), CNTF (ciliary neurotrophic factor, mouse Mm00446373_m1, human 

Hs00173456_m1), EGF (epidermal growth factor, mouse Mm00438696_m1,  human 

Hs01100002_m)1 GDNF (glial-derived neurotrophic factor, mouse mm 00599849_m1, 

human Hs00181185_m1), IGF-I (insulin-like growth factor one, mouse Mm00439560_m1, 

human Hs01547656_m1)  IGF-II (insulin-like growth factor  two, mouse Mm00439564_m1, 

human Hs03929076_m1), VEGF(vascular endothelial growth factor, mouse 

Mm00437304_m1, human Hs00900055_m1) and HPRT (hypoxanthine phosphoribosyl 

transferase 1, mouse Mm 00446968_m1) as a reference gene. 

2 µl of cDNA were used per well and two wells were used per gene on each plate. 

The Taqman® Fast Universal Master Mix (2x, Applied Biosystems, Carlsbad, USA) and the 

following conditions were used for PCR cycles: 20 s at 95°C, 40 cycles of 1 s at 95°C and 20 s 

at 60°C. The gene expression of the gene of interests was normalized to the expression of 

the reference gen and the relative amount was calculated via the 2-ΔΔCT method. 

 

4.9 Differentiation of iPSCs 

IPSCs induction and differentiation in MNs was done as described previously (Japtok et al., 

2015; Naujock et al., 2016). Fibroblasts were isolated from ALS patients and healthy controls 

and a retroviral transduction of OCT4, SOX2, KLF4 and MYC was performed. IPSCs were 

cultured on mouse embryonic feeder cells inactivated by mitomycin C (Tocris Biosciences, 

Bristol, UK) incubation. Via immunocytochemical stainings of pluripotency markers 

pluripotency was confirmed as well as three germ layer differentiation. The cells were 

passaged every 5-7 days with Collagenase IV (Invitrogen, Darmstadt, Germany). The stem 

cell culture media was supplemented with 5 ng/ml basic fibroblast growth factor (bFGF) 

(Peprotech, Hamburg, Germany). 

Small molecule neural precursor cells (smNPCs) colonies of each clone were colleceted and 

allowed to settle via gravity. They were resuspended in stem cell media reduced by bFGF but 

supplemented with 10 µM SB431542 (Ascent Scientific, Bristol, UK), 1 µM Dorsomorohin 

(Sigma-Aldrich, Munich, Germany), 3 µM CHIR 99021 (Axon Medchem, Groningen, The 

Netherlands) and 0.5 µM purmorphamine (PMA, Alexis, Farmingdale, NY). They were kept 

on non-adherent 6-well plates Falcon,Schwerte, Germany). Stem cell media was replaced 

after three days with N2B27 media (DMEM F12, Neurobasal media in a 1:1 ratio, 



Materials and Methods 

23 
 

supplemented with 1:100 B2 supplement lacking Vitamin A and 1:200 N2 supplement; both 

Invitrogen, Darmstadt, Germany). After two days dorsomorphin and SB-431542 were 

exchanged through 150 µM ascorbic acid (AA, Sigma-Aldrich, Munich, Germany). At day 7 

cell aggregates were mechanically separated and replated onto matrigel (MG, BD 

biosciences, San Jose, CA) coated dishes. Dilution of Matrigel was 1:50 in DMEM F12 

medium and matrigel coated dishes were stored at 4°C. SmNPCs were passaged at least 

once a week using accutase for 5 min at 37°C in a 1:5 ratio. The differentiation into MNs was 

started with removal of CHIR 99201 from the media for three days, then 0.1 µM retinoic acid 

was added for another week. Maturation of cells was then finished in N2B27 media with 

following supplements added: 150 µM AA, 20 ng/ml BDNF, 10 ng/ml GDNF and 50 µM 

N6,20-O-Dibutyryladenosine 30,50-cyclicmonophosphate sodium salt.  

Cells were used for experiments 40 – 44 days after start of differentiation. 

7 control lines, 9 lines with FUS mutations, 3 lines with SOD1 mutations, 3 lines with TDP-43 

mutations and 4 lines with C9orf72 mutations were used (Table 3). Additionally, 3 isogenic 

control cell lines were created and analysed. The cell lines used for generation of the 

isogenic controls are FUS R521.C, SOD1 D90.A and C9orf72 33.1.2. 

Table 3  iPSC cell lines 

Control lines FUS mutations SOD1 mutations TDP-43 

mutations 

C9orf72 

mutations 

C1 R521.C D90.A BRC2 KDC23 

C2 R521C.2 D90.A.2 BRC15 KDC28 

C3 R521L.1 R115G MCC25 MHC30 

C4 R521L.2   33.1.2 

C5 R459q    

C6 F10    

C7 F11    

 F12    

 F13    
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4.10 Ca2+-Imaging of iPSC-derived MNs 

Cells were stained with Fura 2-AM (1:100 in cultivation medium, Sigma-Aldrich, Munich, 

Germany) for 20 min at 37°C and then medium was replaced with standard bath solution 

(140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 10 mM glucose and 10 mM HEPES, adjusted to pH 7.4 

with NaOH). To visualize cyctosolic calcium changes the Till Vision Imaging System (T.I.L.L. 

Photonics, Gräfelfing, Germany) coupled to an upright microscope (Axioskop 2 FS plus, Zeiss, 

Oberkochen, Germany) was used. Emitted fluorescence was collected by a charge-coupled 

device (CCD) camera. Fura 2-AM was excited at 340 nm and 380 nm and emission was 

monitored in 300 ms at 510 nm. The background was subtracted, and 340/380 nm ratio was 

calculated which increases as a function of cytosolic free Ca2+ concentration ([Ca2+]). To 

calculate [Ca2+] calibration measurement was done in the presence of either 5 µM ionomycin 

or 10 mM EGTA solution free of Ca2+. [Ca2+] was calculated according to [Ca2+]i = β × KD(R ‒ 

Rmin)/(Rmax ‒ R) (Grynkiewicz, Poenie, & Tsien, 1985). Different glutamate receptor agonists 

were applied upon the cells as well as KCl to induce neuronal depolarization (Table 4). 

Thapsigargin, an inhibitor of SERCA, was applied for 2.5 minutes followed by 2.5 minutes 

washing with EB-buffer.   

Table 4 Applied substances on iPSC-derived MNs 

Substance Company Concentration upon cells 

AMPA Tocris 100 µM 

ATPA Sigma-Aldrich 100 µM 

DHPG Sigma-Aldrich 100 µM 

NMDA Sigma-Aldrich 100 µM 

KCl Merck 50 mM 

Thapsigargin Life technologies 2 µM 

 

4.11 RNA isolation and cDNA synthesis of iPSC-derived MNs 

Cells were harvested at the age of 40–44 days and RNA was isolated according to the 

instructions of RNeasy® Mini Handbook (Qiagen, Hilden, Germany). 250 ng of RNA were 

used for cDNA synthesis with the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, 

Germany).    
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4.12 qRT-PCR of iPSC-derived MNs 

The Power SYBR-Green Master Mix (Life Technologies) was used for qRT-PCR. In each well 

the following reaction mix was pipetted: 

1.4 µl Primer mix (1.75pmol/µl; forward + reverse) 

1.4 µl cDNA (1.75 ng/µl) 

7 µl SYBR Green Master Mix 

4.2 µl RNase free water 

MicroAmp Fast Optical 96-well Reaction plate (Applied Biosystems, Waltham, USA) were 

sealed with MicroAmp Adhesive Covers (Applied Biosystems, Waltham, USA) and either 

measured directly or stored at -20°C. Before measuring each plate was centrifuged for 2 min 

at 2000 rpm. The StepONEPlus cycler (Applied Biosystems, Waltham, USA) was used to 

measure plates. For cycling conditions see Table 5. Analysis of plates was done with the 

qbase+ program (Andersen et al., 2004) using HPRT, TATA-box binding protein (TBP) and β-

Actin as reference genes. Genes of interests and their primer sequence are listed in Table 6 

Table 5 Cycling conditions for qRT-PCR of iPSC-derived MNs 

Repetition Temperature Time 

1x 95°C 10 minutes 

40x 
95°C 15 seconds 

60°C 1 minute 

 

Table 6 Primer sequences for qRT-PCR of iPSC-derived MNs 

Gene Gene function Primersequence forward 5’-3’ Primersequence reverse 5’-3’ 

β-Actin 

Reference genes 

CATGTACGTTGCTATCCAGGC  CTCCTTAATGTCACGCACGAT  

HPRT AGACTT TGCTTTCCTTGGTCAGGC TGGCTTATATCCAACACTTCGTGG
G 

TBP TCGGAGAGTTCTGGGATTGTACCG  GGGATTATATTCGGCGTTTCGGGC  

NR1 

NMDA receptor 
subunits 

GACAAGACGTGGGTTCGGTA CCCAGCTACCAGCATGAAGA 

NR2A TGCATGTAAACCTGACACAGACA GGCTGTGATGGAAGGCATAA 

NR2B TTGCTTCAACCCCATGAGAC GCACCGTGGGACACTATCAT 

NR2C GATTGGGCTTTTCTGGCTTC CTGCGTGAGAAGAGGACAGC 
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NR2D ACCTAGGACACGTCCCCAAC AGGGTTGGATTTGGAGAGGA 

NR3A TGCCAAGCAGAACAGACCTT TACCCACACCAAGGAAGTGC 

NR3B CAGCCCTCAACCTGTGCTAC AAGATGGCCCAGAGGTTCAT 

mGlu1 

 
Metabotropic 

glutamate 
receptor subunits 

AGAGGGCCGAAACTCTTCAC AGGCAGTAACAAGCCGAAGG 

mGlu2 GCTGACACCCACAATGAGGT AGGCTGGTGTCCAGAGTCAA 

mGlu3 CATCCTGTTTCAACCCCAGA CACATACGTGCTTGCAGAGG 

mGlu4 AAACGTCAACTTCTCAGGCATCGC  CTTGTACTCGGCAGAATCGTTGCG  

mGlu5 CCAGCAGCCTAGTCAACCTG CGGCTGCTCTTCTCATTCTG 

mGlu6 GCCTCTCTGGCAGGAACTCT TGGTGCATGCTGTGGAGATA 

mGlu7 GTTTTGTTCATGCCCCCTTT TTGGCACATAAGCAGCAAGA 

mGlu8 CCACTGGACCAATCAGCTTC CCCTTTCACCGTTTTCTTCC 

GluR1 

AMPA receptor 
subunits 

CTGACCTTCCCCCAGCTAAG ACTCAGCCTGGGCTTCTCTCGCAC 

GluR2 TTGCATTGAACATGGA ACCTCCAGCATTCCTGATGA 

GluR3 CAACACCAACCAGAACACCACCG  GGGAGCAGAAAGCATTTGTCACG
G  

GluR4 ACTCAAACAGGTTCGAATTCAAGG
GC  

TCTCAATAGCAGCTGTGTCATTGC
C  

GluR5 

Kainate receptor 
subunits 

ATGGCATGATGACAACTGAAGCGG  GTTCATAAATCTGGGTCCGAGGCG  

GluR6 CATGGGTTCCTCCCTTCTTC CCTGGCAACAGTTGAGCTTC 

GluR7 TGCCCCTGTTACTGATCCTG GGCTGCTTCTTCATGTCTGG 

KA1 GGCTTAATCGTGGCCATTTT GTCACCATCTCCTGGCAGAC 

KA2 ATCTGTGGCCTCATCATTGC AGCTCCTGCAGCATCTCCT 

CaV1.2 

Voltage-gated 
calcium channels 

CATTTGACGCCTTGATTGTTGTGGG  GTATGTTCAGCTGGGTTTACCTCG
G  

CaV1.3 CGGACCCCGTCCTCGAAGGA  CCTACGCGGATCGGGTTGGT   

CaV2.1 CCAGAAACTTGCCCTACAGAAAGC
C  

CGGGTCCATTTCGTTATACAGGGC  

CaV2.2 TGCTGTTCAGGAGCGCCACG  CGGTGGCATTGGCCTGCTCA  

CaV2.3 GTGGCCCTGGGGTTCATCTTCCATA  CAGGATGCCACTGAGGACCACGA  

CaV3.1 TCAGCCTCCCCCTGAGCGTG  TTCTGCAGGACCGCATGCCG 

CaV3.2 GTCACTCTGCTGCTGGATACGC  TCAGGTTGTTGTTCCTGACAAAGG
C  

CaV3.3 AGGCGGAGGGTGACGCCAAT  CCGCTGCTGTCCAGGCCTTC  

ORAI Calcium release-
activated calcium 

modulator 

GCGCCAAGCTTAAAGCCTCCAG  CTGATCATGAGCGCAAACAGGTG
C  

STIM Stromal 
interaction 
molecule 

AGTGATGAGTTCCTGAGGGAAGAC
C  

ATCAGCCACTGTACCACCTCATCC  
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REST RE1-Silencing 
transcription 

factor 

AGCACCCAACTTTACCACCCTCC  CCATTCCAATGTTGCCACTGCTGG  

SERCA Sarco/endoplasmi
c reticulum Ca2+ 

ATPase 

CCATTGTAAGAAGCTTGCCCTCCG  CTTCAAGACCTCTCCCTCTGGAGC  

Chat Choline O-

Acetyltransferase 

CCCGGAAATTCAAGGCCACTTAGC AGTCTTCGATGGAGCCTGTAGAAG

G 

SMI32 
Neurofilament H 

GAGCTGAGGAACACCAAGTGGG CTTCTGGAAGCGAGAAAGGAATT

GGG 

Tuj1 Beta-tubulin AGTGATGAGCATGGCATCGACCC GGCACGTACTTGTGAGAAGAGGC 

MAP2 Microtubule 

associated 

protein 2 

CAGGCAAAGGACAAAGTCTCTGAC

G 

CGCCGAGGAGGGAGAATGGAGG 

 

4.13 Statistics 

Statistical analyses were performed using in GraphPad Prism 5. Data are presented as mean 

± SEM and significance level was set as p<0.05. Survival data were analyzed via Gehan–

Breslow–Wilcoxon test. Behavioural data were analyzed via two-way ANOVA followed by 

Bonferroni post hoc test.  Histological, qRT-PCR and Ca2+-Imaging data were analyzed using 

unpaired t-test or one-way ANOVA followed by Bonferroni post-test. 
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5. Results 

5.1 Injection of hMSCs into a SOD1G93A mouse model 

5.1.1 Survival and behavioural assessment 

Upon single intraspinal injection, no changes in survival, weight loss, general condition or 

motor performances were detected in comparison to vehicle-injected animals (Figure 1 A, D, 

G, Figure 2 A, D, G).  

Intrathecal injection of hMSCs significantly reduced lifespan compared to the vehicle-

injected control group (Figure 1 B, 126.5 vs 119 days, as assessed by Kaplan-Meier analysis 

followed by log-rank (Mantel-Cox) test; p<0.05). 

 But animals receiving hMSCs twice via intraspinal injection had a slight but not significant 

increase in lifespan compared to animals receiving saline twice and animals receiving hMSCs 

and saline (Figure 1C, 129 vs 125 vs 125 days, as assessed by Kaplan-Meier analysis followed 

by log-rank (Mantel-Cox) test).  

General condition was significantly decreased in week 16 for animals receiving hMSCs 

intrathecally compared to the control group (Figure 1E, 2.9 vs 1.75, two-way ANOVA, 

Bonferroni post hoc test; p<0.001) whereas for double intraspinally treated mice no 

differences were observed.  

Intrathecal hMSCs treated animals had significantly accelerated weight loss in week 15 

compared to control group (Figure 1H, 100.3% vs 95.4%, two-way ANOVA, Bonferroni post 

hoc test; p<0.05). In contrast animals having received double intraspinal hMSC injections 

showed had a significantly decreased weight loss in week 18 compared to animals receiving 

first hMSCs and then saline (Figure 1 I, 84.2% vs 91.0%, two-way ANOVA, Bonferroni post 

hoc test; p<0.01). 
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Figure 1 Effects of hMSC injection on survival, general condition and weight. Single intraspinal injection of 
hMSCs did not impact survival, general condition and weight of the animals compared to vehicle treatment (A, 
D, G). Intrathecal injection of hMSCs reduced survival of SOD1

G93A
 mice (p<0.05) (B). Repeated intraspinal 

injection of hMSCs did not show significant effects on survival and general condition (C, F). General condition in 
week 16 was significantly deteriorated in animals receiving intrathecal hMSC injection (p<0.005) (E). Weight of 
animals receiving intrathecal hMSCs was reduced in week 15 (p<0.05) compared to control group (H) Repeated 
intraspinal hMSC injection significantly slowed down weight loss in week 18 (p<0.01) compared to animals 
receiving hMSCs only once (I).  Data are presented as mean ± SEM Kaplan–Meyer curve, followed by Gehan–
Breslow–Wilcoxon test (A, B, C); two-way ANOVA, followed by Bonferroni post-test (D, E, F, G, H, I); *p≤0.05, 
**p≤0.01, ***p≤0.001 

Additionally, for animals treated intrathecally with hMSCs a deterioration was observed in 

week 15 concerning rotarod performance compared to control group (Figure 2 B, 79.82% vs 

58.47% two-way ANOVA, Bonferroni post hoc test; p<0.01). For treatment groups of double 

intraspinal injection no changes were observed (Figure 2 C).  

Run time was significantly longer in weeks 16 and 17 in animals receiving intrathecal hMSC 

injection compared to saline treated animals (Figure 2 E, 4.796s vs 19.31s and 16.76s vs 

33.44s, two-way ANOVA, Bonferroni post hoc test; p<0.001). Animals treated twice with 

hMSCs had an improved run time compared to animals receiving twice saline and animals 

receiving first hMSCs and then saline in week 19 (Figure 2 F, Figure 2D, 48.52 s vs 38.26 s and 

50 s vs 38.26 s, two-way ANOVA, Bonferroni post hoc test; p<0.05 and p<0.01). 
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Additionally in week 16 and 17 step length of animals receiving hMSCs intrathecal was 

decreased compared to saline treated animals (Figure 2 H, 4.559 cm vs 3.334 cm and 3.071 

cm vs 1.611 cm, two-way ANOVA, Bonferroni post hoc test; p<0.05 and p<0.001). The step 

length of the double intraspinal hMSC injection group was improved in week 18 compared to 

animals receiving  hMSCs once intraspinally (Figure 2 I, 1.222 cm vs 3.001 cm, two-way 

ANOVA, Bonferroni post hoc test; p<0.05).  

 

Figure 2 Effects of hMSC injection on motoric behaviour. One-time intraspinal injection of hMSCs did not alter 
motor performance compared to vehicle treatment (A, D, G). Intrathecal injection of hMSCs deteriorated 
rotarod performance, run time as well as step length compared to control animals (B, E, H). Repeated 
intraspinal hMSC injection did not change rotarod performance (C) but we found significant improvement in 
run time of animals receiving hMSCs twice compared to the control group receiving saline (* p<0.05) and 
compared to animals receiving hMSCs once (** p<0.01) (F). Decrease in step length of animals receiving hMSCs 
twice compared to animals receiving hMSCs once was significantly slowed down (p<0.05) (I). All data are 
presented as mean ± SEM of 20 animals (10 female/ 10 male; intrathecal and double intraspinal injection) or 
per treatment group. Data were analyzed by two-way ANOVA, followed by Bonferroni post-test. 
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5.1.2 Histological changes 

We were not able to detect differences between animals receiving hMSCs intrathecally and 

saline treated animals regarding motor neuron numbers and astrocytosis (as defined by 

GFAP-stained area per section) (Figure 3 A, B, Figure 5 A, B). Microgliosis, however, as 

quantified by the Iba-stained area was significantly increased in animals receiving hMSCs 

intrathecally (Figure 3 C, 3.923% vs 5.111%, unpaired t-test, p<0.05, Figure 5 C). 

 

Figure 3 Histological and immunohistochemical analysis of intrathecal injection treatment groups. No 
differences were observed in motor neuron number (A) and GFAP-stained area (B) in intrathecal injection 
treatment groups. The Iba-stained area was significantly increased in animals treated with hMSCs compared to 
control group (C, p<0.05). Data are presented as mean± SEM of 6 animals (3 female/3 male) per treatment 
group. They were analyzed by Mann Whitney test (* p<0.05). 

No differences were detected in double intraspinal injection treatment groups regarding 

motor neuron numbers, GFAP-stained area and Iba-stained area (Figure 4 A, B, C). 

 

Figure 4 Histological and imunohistochemical analysis of double intraspinal injection treatment groups. No 
differences were observed between the treatment groups receiving double intraspinal injection regarding 
motor neuron number (A), GFAP-stained area (B) and Iba-stained area (C). All data are presented as mean ± 
SEM of 6 animals (3 female/ 3 male) per treatment group. Data were analyzed by one-way ANOVA, followed by 
Bonferroni post-test. 
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Figure 5 Immunohistochemical staining of spinal cord tissue of intrathecal treatment groups. No changes 
were observed in motor neuron numbers between vehicle (A) and hMSCs (B) treated animals. Additionally, 
GFAP staining did not show any differences in astrogliosis between the two treatment groups (C, D). 
Microgliosis was increased in animals treated with hMSCs (F) compared to control group (E). 

After staining against CD44 hMSCs were detected in the spinal cord of animals treated twice 

with hMSCs at injection site but no in other treatment groups (Figure 6). 

 

 



Results 

34 
 

 

Figure 6 Immunohistochemical staining of spinal cord tissue of 
animals treated by double intraspinal injection. HMSCs were 
detected via CD44 staining at the injection site of animals treated 
twice with hMSCs 20 days after surgery.  

 

5.1.3 Examination of expression of growth factors 

In all treatment groups we were not able to detect mRNA expression of human BDNF, CNTF, 

EGF, GDNF, IGF-I, IGF-II and VEGF in the spinal cord. 

For intrathecally treated animals, no differences in mRNA expression of murine growth 

factors BDNF, CNTF, EGF, GDNF, IGF-I, IGF-II and VEGF were detected in the spinal cord as 

well as in the muscle (Figure 7 A, B).  

 

Figure 7 Analysis of mRNA levels in intrathecal treatment groups. No differences were observed for 
expression of BDNF, CNTF, EGF, GDNF, IGF-I, IGF-II, VEGF in the muscle (A) and spinal cord (B) in intrathecal 
treatment groups. Data are presented as mean ± SEM of n=4-6. Data were analyzed by unpaired t-test.  
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In the muscle of double intraspinal treatment groups no differences of expression levels of 

neurotrophic factors were seen (Figure 8 A). But for EGF we observed a significant decrease 

of expression in the spinal cord of animals receiving double hMSC injection compared to the 

control group (Figure 8 B, 1.0375 vs 0.56, one-way ANOVA followed by Bonferroni post-test, 

p<0.05). Other neurotrophic factors were unchanged in the spinal cord of double intraspinal 

treatment groups (Figure 8 B).  

 

Figure 8 Analysis of mRNA levels in double intraspinal treatment groups. No differences between double 
intraspinal treatment groups were observed in muscle tissue (A). The expression of EGF was significantly 
reduced in the spinal cord of animals receiving hMSCs twice compared to animals receiving saline twice (B, 
p<0.05). All data are presented as mean ± SEM of 4 to 6 animals per treatment group. Data of double 
intraspinal injection groups were analyzed by one-way ANOVA, followed by Bonferroni post-test (*p<0.05). 
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5.2 Examination of mutation dependent phenotypes in ALS patient iPSC-derived 

MNs 

5.2.1 Expression analysis of neural and MN markers 

 

Figure 9 Analysis of neuronal and MN markers (n=3-9). NPCs and MNs of each cell line were analysed via qRT-
PCR regarding their expression of MN marker Chat (A) and SMI32 (B). Additionally, expression of neuronal 
markers MAP2 (C) and TUJ1 (D) was examined. Each analysis showed a difference between NPCs and MNs. All 
values are presented as mean ± SEM. Statistical analysis was performed using the unpaired t-test, ⃰ p<0.05, 
**p<0.01, ***p<0.001  

To verify differentiation of neural precursor cells (NPCs) into MNs mRNA expression levels of 

neuronal (MAP2, TUJ1) and MN (Chat, SMI32) marker were examined via qRT-PCR. In 

differentiated MNs of all used cell lines expression of MN marker Chat and SMI32 as well as 

expression of neuronal marker MAP2 was increased compared to expression in NPCs. The 
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expression of TUJ1 was increased in all MNs compared to NPCs except for the isogenic 

controls where the expression was higher in NPCs (Figure 9 A-D). 

5.2.2 Differences in Ca2+ -Imaging 

The basal intracellular Ca2+ level was significantly increased in cells with TDP-43 mutations 

compared to control cells and when comparing TDP-43 cells with mutant FUS cells (Figure 10 

A, 80.4 nM vs 138.4 nM, p<0.001 and 481.96 nM vs 114.6 nM, p<0.01, both analysed by one-

way ANOVA followed by Bonferroni post-test). No differences were observed concerning the 

amplitude of spontaneous Ca2+ transients and percentage of cells with spontaneous Ca2+ 

transients (Figure 10 B, C). Cells with C9orf72 mutation had a higher frequency of 

spontaneous Ca2+ transients compared to all other cells (Figure 10 D, Control: 0.018 Hz vs 

0.041 Hz, FUS: 0.017 Hz vs 0.041 Hz, SOD1: 0.017 Hz vs 0.041 Hz, TDP-43: 0.023 Hz vs 0.041 

Hz all p<0.001, one-way ANOVA followed by Bonferroni post-test). 

 

Figure 10 Analysis of basal intracellular Ca
2+

 levels. (Control n=240, FUS n=210, SOD1 n=108, TDP-43 n=126, 
C9orf72 n=101) Intracellular calcium basal level was significantly increased in iPSC-derived MNs with TDP-43 
mutation compared to control cells (p<0.001) and compared to mutant FUS cells (p<0.01) (A) No differences 
were observed regarding amplitude of spontaneous transients (B) and percentage of cells with spontaneous 
transients (C). The frequency of spontaneous Ca

2+
 transients was significantly increased in cells with C9orf72 

mutation compared to all other cell lines (p<0.001) (D). All values are presented as mean ± SEM. Statistical 
analysis was performed using one-way ANOVA followed by Bonferroni post-test ⃰ p<0.05, ⃰ ⃰ p<0.01 
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Stimulation of cells with AMPA revealed significantly increased amplitude of response in 

TDP-43 cells when compared to control, mutant FUS and mutant SOD1 cells (Figure 11 B, C 

119.5 nM vs 339.39 nM, p<0.05, 90.94 nM vs 339.39 nM and 51.47 nM vs 90.94 nM, both 

p<0.01, analysed via one-way ANOVA followed by Bonferroni post-test). 

 

Figure 11 Application of glutamate receptor agonists AMPA and NMDA. Example of AMPA-induced response 
(A). Application of AMPA resulted in significantly increased amplitude of response in Mutant TDP-43 cells 
compared to control cells (p<0.05), mutant FUS and SOD1 cells (both p<0.01) (Control n=84, FUS n=116, SOD1 
n=78, TDP-43 n=41, C9orf72 n=73) (B). No differences were seen concerning the percentage of AMPA-
responsive MNs (Control n=13, FUS n=9, SOD1 n=7, TDP-43 n=7, C9orf72 n=10) (C). Example of NMDA-induced 
response (D). No differences were observed regarding amplitude of response (Control n=79, FUS n=72, SOD1 
n=37, TDP-43 n=41, C9orf72 n=57) and percentage of responsive cells (Control n=13, FUS n=9, SOD1 n=7, TDP-
43 n=7, C9orf72 n=10) after NMDA application (E, F). All values are presented as mean ± SEM. Statistical 
analysis was performed using one-way ANOVA followed by Bonferroni post-test. *p<0.05, **p<0.01 

NMDA application showed no differences between the different cell lines regarding 

amplitude of response and responsive cells (Figure 11 E, F). 

After application of ATPA, mutant  FUS cells had a decreased amplitude of response 

compared to mutant C9orf72 cells (Figure 12 B, 70 nM vs 335.61 nM, p<0.001, one-way 

ANOVA followed by Bonferroni post-test). No differences were observed regarding number 

of responsive cells. 

The application of DHPG revealed no differences concerning the amplitude of response but 

more mutant TDP-43 cells responded to DHPG than control and C9orf72 cells (Figure 12 F, 
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17.1% vs 52.2% and 52.2% vs 13.79% p<0.05, one-way ANOVA followed by Bonferroni post-

test). 

 

Figure 12 Application of glutamate receptor agonists ATPA and DHPG. Example of ATPA-induced response (A). 
In mutant FUS MNs the amplitude of ATPA-induced Ca

2+
 response was significantly decreased compared to 

mutant C9orf72 cells (p<0.05) (Control n=69, FUS n=100, SOD1 n=34, TDP-43 n=86, C9orf72 n=64) (B), whereas 
no differences were observed regarding the percentage of ATPA-responsive MNs (Control n=14, FUS n=16, 
SOD1 n=6, TDP-43 n=9, C9orf72 n=14) (C). Example of DHPG-induced response (D). By stimulation with DHPG 
no differences were found regarding the amplitude (Control n=30, FUS n=48, SOD1 n=31, TDP-43 n=37, C9orf72 
n=27) (E), but TDP-43 MNs were significantly more responsive to stimulation with DHPG (p<0.05) (Control 
n=13, FUS n=14, SOD1 n=8, TDP-43 n=7, C9orf72 n=10) (F). All values are presented as mean ± SEM. Statistical 
analysis was performed using one-way ANOVA followed by Bonferroni post-test. *p<0.05, **p<0.01 

Upon application of thapsigargin the amplitude of response in mutant SOD1 MNs was 

decreased compared to response in mutant C9orf72 cells (Figure 13 B, 92.4 nM vs 256.85 

nM, p<0.05, one-way ANOVA followed by Bonferroni post-test).  
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Figure 13 Application of thapsigargin. Example of thapsigargin-induced response (A). Application of 
thapsigargin showed a significantly reduced amplitude of response in mutant SOD1 cells compared to 
mutant C9orf72 cells (p<0.05) (Control n=61, FUS n=112, SOD1 n=113, TDP-43 n=34, C9orf72 n=91) (B). No 
differences regarding the percentage of responsive MNs were observed (Control n=8, FUS n=11, SOD1 n=7, 
TDP-43 n=5, C9orf72 n=8) (C). All values are presented as mean ± SEM. Statistical analysis was performed 
using one-way ANOVA followed by Bonferroni post-test. *p<0.05 
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Figure 14 Comparison between mutant MNs and their isogenic controls regarding Ca
2+

-Imaging. The 
intracellular basal Ca

2+
 level of the C9orf72 isogenic control line was decreased compared to mutant C9orf72 

MNs (p<0.01) (A). Upon application of thapsigargin the amplitude of response of isogenic SOD1 control line 
was increased compared to SOD1 cells (p<0.05) (B). The amplitude of AMPA-induced response was increased 
for isogenic FUS (p<0.001) and SOD1 (p<0.01) control lines compared to their corresponding mutant cells (C). 
The isogenic SOD1 control line showed an increased amplitude of NMDA-induced response compared to 
Mutant SOD1 cells (p<0.001) (D). No differences were observed upon stimulation with ATPA and DHPG (E, F). 
All values are presented as mean ± SEM. Statistical analysis was performed using unpaired t-test. *p<0.05, 
**p<0.01 ***p<0.001 

Comparison of intracellular basal Ca2+ level between isogenic control lines and their 

corresponding mutant lines revealed a decreased basal level in isogenic C9orf72 control line 

compared to Mutant C9orf72 cells (Figure 14 A, 114.64 nM vs 74.69 nM, p<0.01, unpaired t-
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test). After stimulation with thapsigargin the amplitude of response in isogenic SOD1 

isogenic control line was increased compared to Mutant SOD1 cells (Figure 14 B). The 

amplitude of AMPA-induced response is increased in isogenic FUS and SOD1 control lines 

compared to their corresponding mutant cells (Figure 14 B, 90.94 nM vs 416.25 nM, p<0.001 

and 51.47 nM vs 179.82 nM, p<0.01, both unpaired t-test).  Stimulation with NMDA revealed 

an increased amplitude of response in isogenic SOD1 control line compared to Mutant SOD1 

cells (Figure 14 D, 114.11 nM vs 366.98 nM, p<0.001, unpaired t-test). No differences were 

observed after stimulation with ATPA and DHPG (Figure 14 E, F). 

5.2.3 Expression analysis of glutamate receptors and calcium dependent voltage 

channels 

 

Figure 15 Analysis of expression of voltage-gated calcium channels (CaV). IPSC-derived MNs showed no 
differences in the expression of CaV) (A n=24-72, B, C both n=3-9). All values are presented as mean ± SEM. 
Statistical analysis was performed using one-way ANOVA followed by Bonferroni post-test. 

No differences in the expression of CaV were observed for iPSC-derived MNs (Figure 15 A-C). 
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Figure 16 Analysis of AMPA and NMDA receptors in iPSC-derived MNs of control lines and lines with 
mutations in FUS, SOD1, TDP-43 and C9orf72. No differences were observed concerning the expression of 
AMPA receptors (A n=12-36, B n=3-9). as well as the expression of NMDA receptors (D n=21-63, E n=3-9). All 
values are presented as mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by 
Bonferroni post-test. 

QRT-PCR analysis revealed no differences in AMPA receptor expression levels between the 

cells (Figure 16 A, B).  

NMDA receptor expression was unchanged in all cell lines (Figure 16 C, D). 
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Figure 17 Analysis of kainate (GluR5-7, KA1, 2) and metabotropic glutamate receptor (mGlu1-8) expression in 
iPSC-derived MNs of control lines and lines with mutations in FUS, SOD1, TDP-43 and C9orf72. Kainate 
receptor expression was increased in mutant FUS (p<0.05) and C9orf72 (p<0.05) cells compared to control cells 
(A n=27-45). Examination of kainate receptor subunits revealed no differences (B, C n=3-9). No differences 
were seen regarding the expression of metabotropic glutamate receptors (D n=24-72, E, F n=3-9). All values are 
presented as mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by Bonferroni 
post-test. *p<0.05. 

The expression of kainate glutamate receptors was significantly increased in mutant FUS and 

C9orf72 cells compared to control cells (Figure 17 A, 1.26 vs 1.78, p<0.05 and 1.26 vs 1.93, 

p<0.05, one-way ANOVA followed by Bonferroni post-test). Examination of kainate 

glutamate receptor subunits revealed no differences (Figure 17 B, C). 

No differences were observed for the expression of metabotropic glutamate receptors 

(Figure 17 D-F). 
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Figure 18 Analysis of isogenic control lines and their corresponding mutant lines regarding glutamate 
receptors and CaV mRNA expression. (n=3-72) No significant differences were observed concerning CaV 
expression (A) and NMDA glutamate receptor expression (C). The expression of AMPA receptors was decreased 
in isogenic FUS control line compared to mutant FUS cells (p<0.05) (B) as well as the expression of kainate 
receptors (p<0.01) (D). Additionally, the expression of kainate receptors was decreased in isogenic C9orf72 
control line compared to mutant C9orf72 cells (p<0.05) (D). In isogenic SOD1 control cell line the expression of 
metabotropic receptors was decreased compared to mutant SOD1 cells (p<0.01) (E). All values are presented as 
mean ± SEM. Statistical analysis was performed using unpaired t-test. *p<0.05, **p<0.01, ***p<0.001 

When comparing isogenic control lines to their corresponding mutant lines no differences 

were obvious in CaV and NMDA glutamate receptor mRNA expression (Figure 18 A, C). The 

expression of AMPA glutamate receptors as well as kainate glutamate receptors was 

decreased in isogenic FUS control line compared to Mutant FUS cells (Figure 18 B, D, 2.62 vs 

1.56, p<0.05 and 1.78 vs 1.21, p<0.01, both unpaired t-test). The isogenic C9orf72 control 

line had a decreased mRNA expression of kainate receptors (Figure 18 D, 1.93 vs 1.12, 

p<0.05, unpaired t-test). The mRNA expression of metabotropic glutamate receptors was 

decreased in isogenic SOD1 control line compared to mutant SOD1 cells (Figure 18 E, 2.47 vs 

1.1, p<0.05, unpaired t-test). 
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Figure 19 Analysis of glutamate receptor subunits in FUS, SOD1 and Mutant C9orf72 cells and their isogenic 
controls. (n=3-9) No differences were observed concerning the expression of AMPA receptor subunits in 
Mutant FUS cells compared to isogenic FUS control cells (A). The expression of GluR5 (p<0.05) and KA2 (p<0.01) 
was decreased in isogenic FUS control cells compared to mutant FUS cells (B). The expression of kainate 
receptor subunits did not differ between Mutant C9orf72 cells and isogenic C9orf72 control (C). Additionally, 
no significant differences were observed in the expression of metabotropic glutamate receptor subunits in 
SOD1 cells compared to isogenic SOD1 control cells (D). All values are presented as mean ± SEM. Statistical 
analysis was performed using unpaired t-test. *p<0.05, **p<0.01. 
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No differences were seen in the expression of AMPA glutamate receptor subunits between 

mutant FUS cells and isogenic FUS control cells (Figure 19 A). By analysing expression of 

kainate receptor subunits between mutant FUS and isogenic FUS control cells, decreased 

expression was seen for GluR5 and KA2 in isogenic FUS control cells (Figure 19 B, 1.43 vs 

0.93, p<0.05 and 1.4 vs 0.99, p<0.01, one-way ANOVA followed by Bonferroni post-test). The 

expression of kainate receptor subunits did not differ between mutant C9orf72 cells and 

isogenic C9orf72 control cells as well as the expression of metabotropic glutamate receptor 

subunits in mutant SOD1 and isogenic SOD1 control cells (Figure 19 D). 
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6. Discussion 

6.1 hMSC injection 

The main goal of cellular therapy is to achieve the generation of a neuroprotective 

environment for MNs.  

The deterioration of survival, general condition, weight loss, rotarod performance, run time 

and step length in animals receiving intrathecal injection of hMSCs was surprising but is 

consistent with the increase of microgliosis at day 110. No hMSCs were found in the right 

ventricle or spinal cord at day 110. Other parameters such as motor neuron numbers, 

astrogliosis and growth factor expression were unchanged.  

The starting hypothesis was that intrathecally injected hMSCs would positively influence 

disease progression through secretion of neuroprotective factors which would diffuse from 

the right ventricle to the spinal cord.  

The negative outcome of mice after intrathecal hMSC injection cannot be explained by the 

operation technique as directly after surgery no changes were apparent, and impairment 

was only observed in hMSCs treated animals but not in saline treated animals.  Moreover 

the same operation technique was already successfully been used in our group for injection 

of genetically modified MSCs with increased expression of the neuroprotective factor 

glucagon-like peptide 1 (GLP-1) resulting in a positive impact on disease progression 

(Knippenberg et al., 2012). Depending on their environment, hMSCs can either be activated 

to secrete proinflammatory or immunosuppressive mediators (Waterman et al., 2010). It 

was shown that proinflammatory interleukins (IL) such as IL-6 and IL-8 are secreted by 

proinflammatory hMSCs (Waterman et al., 2010). Therefore, hMSC injection into the right 

ventricle in our study may have resulted in proinflammatory activated hMSCs which induced 

the observed microglial activation.  

Another study in the ALS mouse model used the cisterna lumbaris as injection site and a 

decreased cell number (300,000 compared to 1,000,000) of hMSCs but observed better 

motor performance, an increased motor neuron number and reduced astrogliosis as well as 

microgliosis in a SOD1G93A animal model (Boido et al., 2014). The choice of injection site 

therefore seems to be critical as well as the cell number. In a different study using cisterna 

magna as injection site and different cell numbers for injection (1 x 1,000, 2 x 100,000, 1 x 



Discussion 

50 
 

1,000,000) the highest cell number had the greatest impact on delaying disease progression 

in a SOD1G93A mouse model (Kim et al., 2010). Different clinical phase I trials injecting hMSCs 

via lumbar puncture have already been conducted (NCT02881476, NCT02881489, 

NCT01609283, NCT01142856). The highest cell dose was 1 x 100,000,000 and no severe side 

effects were observed. It still remains to be clarified whether an increased cell number might 

positively alter disease progression in human ALS similar to like in the animal model (Kim et 

al., 2010). 

HMSCs can be isolated from different tissues and the best suitable source for hMSCs also 

requires further investigations. One study compared hMSCs from BM and from UCB showing 

a prolonged survival in a spinal cord injury rat model for hMSCs from UCB (Yousefifard et al., 

2016).  Another study compared BM-MSCs, UCB-MSCs and MSCs from adipose tissue 

showing that UCB-MSCs had the highest proliferation capacity and were expandable for the 

longest time period (Kern et al., 2006). In contrast BM-MSCs had the lowest proliferation 

capacity and shortest cultivation period but no differences were found concerning 

immunophenotype and morphology (Kern et al., 2006). Additionally a comparison between 

BM-MSCs and UCB-MSCs showed higher proliferation rates for UCB-MSCs accompanied by 

an increase in expression of CD146 and of genes of the Wnt signaling pathway (Baksh et al., 

2007). Significant differences were found in the transcriptomic signature of BM-MSCs, UCB-

MSCs, MSCs from the periosteum and MSCs from skeletal muscle (Sacchetti et al., 2016) 

thus further investigations need to be done to characterize hMSCs from different tissues and 

find the optimal source of hMSCs for the treatment of ALS.  

Single intraspinal injection of hMSCs in our study had no significant effects on survival, 

general condition, weight or motor performance. Repeated intraspinal injection of hMSCs 

slightly but not significantly increased survival and significantly improved motor 

performance. HMSCs were detected in the spinal cord via human CD44 staining near the 

injection site in animals receiving hMSCs twice intraspinally but not in animals receiving 

hMSCs only at day 40. This leads to the conclusion that hMSCs do not survive for 70 days but 

for at least 20 days. By comparing other histological parameters such as motor neuron 

number, astrogliosis and microgliosis no differences were found in the treatment groups 

receiving double intraspinal injection. But the observed improvements in motor 

performance were observed at a late stage of disease (week 19) whereas tissue was 
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removed at day 110 (week 16). In an earlier study of our group the best therapeutic effect of 

genetically modified hMSCs was seen in early disease stage (Knippenberg et al., 2012) 

therefore this time point was chosen to examine tissue in the present study as well. 

Investigation of histological changes of spinal cord tissue at a later time point may have 

shown differences in motor neuron number, astrogliosis and microgliosis confirming the 

beneficial effects on behavioral parameter. 

No human growth factors were detected via qRT-PCR in all study groups in the spinal cord. 

For animals receiving hMSCs twice the expressed amount of growth factors was probably 

too small to detect and for the other groups the hMSCs may not have survived long enough 

as tissue was removed at day 110 only.  

Another previous study of our group tested the effects of intraspinal injection of human 

spinal cord-derived neural progenitor cells in SOD1G93A mice and observed increased 

endogenous GDNF and IGF-1 production (Knippenberg et al., 2017). In contrast, in the 

present study no increase of growth factor mRNA expression was observed but a significant 

reduction of mouse EGF expression was seen in animals receiving hMSCs twice compared to 

animals receiving saline twice. Muscle atrophy was caused by an overstimulation of EGF 

receptor (EGFR) in mice overexpressing EGFR ligand has been reported (Dahlhoff et al., 

2013). Thus, the lower expression level of EGF probably induced by repeated intraspinal 

injection of hMSCs may play a role in the significant improvements in motor performance in 

these mice. Additionally, an increased generation of astrocytes from neural progenitors in 

the adult rat brain was observed after administration of EGF (Kuhn et al., 1997). While no 

changes in astrogliosis were observed in animals receiving hMSCs twice compared to 

animals treated twice with saline the lower expression level of EGF mRNA may have global 

beneficial effects on astrocyte activation. 

A number of preclinical and clinical trials in ALS models and patients have been conducted 

with the aim of neuroprotection via administration of growth factors. But no relevant 

positive outcomes were observed in ALS patients following treatment with growth factors 

such as BDNF, CNTF and IGF-I (Henriques et al., 2010). More relevant beneficial effects might 

be achieved by cocktail of neuroprotective factors instead of individual factors alone but the 

problem to ensure that factors reach the spinal cord and to preserve constant levels in order 

to maintain their activity despite their short half-life remains unsolved so far (Dittrich et al., 
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1994). Another new approach is the usage of MSC-derived exosomes which were shown to 

protect cells overexpressing mutant SOD1 in vitro from oxidative damage (Bonafede et al., 

2016). Additionally intravenous injection of MSC-derived vesicles in an animal model of 

chronic autoimmune encephalomyelitis before symptom onset decreased severity of disease 

and spinal cord inflammation (Farinazzo et al., 2018). Further investigations need to be done 

to examine the effects of MSC-derived exosomes in ALS animal models. 

Increased levels of growth factors could be achieved by combination of cellular therapy with 

genetic modification of cells before administration. In SOD1G93A mice the injection of hMSCs 

producing GLP-1 resulted in prolonged survival (Knippenberg et al., 2012). Genetically 

modified autologous hMSCs are used in a serie of clinical trials enlisted at ClinicalTrials.gov 

with a currently ongoing phase III trial (NCT03280056) injecting hMSCs via lumbar puncture. 

These hMSCs are isolated from patients, extended and prior injection induced to secrete 

neurotrophic factors (Petrou et al., 2016).  

BM-MSCs can either be used for autologous or allogeneic transplantation when appropriate 

immunosuppression is used. This might be important as it was shown that MSCs of ALS 

patients, especially in late disease stages, show decreased pluripotency and growth factor 

secretion (Cho et al., 2010; Koh et al., 2012). Moreover, with increasing age proliferation 

ability of hMSCs in general is declining (Li et al., 2014).  

But in other studies no differences were found between hMSCs of ALS patients and healthy 

controls regarding immunophenotype, growth kinetics, differentiation potential and 

metabolic properties (Ferrero et al., 2008; Matejckova et al., 2018). 

 At the moment, only autologous hMSCs are used in ALS clinical trials (NCT02917681, 

NCT03280056, NCT02290886, NCT03268603). A low immunogenicity of allogeneic MSCs was 

observed in a study of organ transplantation where their potential to improve tolerance and 

prevent rejection was examined (Ankrum et al., 2014). But immune rejection of and 

generation of antibodies against allogeneic MSCs has been described (Casiraghi et al., 2018) 

so that immunosuppression would need to be considered for allogeneic transplantation. 

To conclude, in the present study intrathecal, single and repeated intraspinal injections of 

hMSCs in the mutant SOD1G93A mouse model were directly compared. Based on our results, 

intraspinal injection of hMSCs appears to be the more promising option for the treatment of 

https://clinicaltrials.gov/show/NCT02917681
https://clinicaltrials.gov/show/NCT03280056


Discussion 

53 
 

ALS compared to intrathecal injection into the right ventricle which increased disease 

progression and decreased motor performance probably due to increased microgliosis. The 

advantage of intraspinal injection is that hMSCs can directly act upon dying MNs. Repeated 

intraspinal injections seem to be more beneficial than a single injection at a presymptomatic 

stage. This is in accordance with ongoing clinical trials using human neural progenitor cells 

which try to increase benefits via repeated intraspinal injections (Glass et al., 2016). More 

investigations including dose-escalating experiments need to be done to determine optimal 

cell number and administration routes for hMSCs in ALS to achieve maximum therapeutic 

effect. 

6.2 Mutation dependent differences in iPSC-derived MNs 

We observed different partially mutation specific phenotypes regarding Ca2+ dynamics and 

expression levels of glutamate receptors and CaV.  

For mutant FUS iPSC-derived MNs a reduced amplitude of ATPA response was measured 

compared to C9orf72 cells. Additionally, expression levels of kainate receptors were 

significantly increased compared to control cells. When comparing expression levels of 

kainate receptors in Mutant FUS cells with expression levels of kainate receptors in isogenic 

FUS control cells an increased expression was observed in mutant FUS cells. This indicates a 

mutation dependent change in the expression of kainate receptors. Expression levels of 

AMPA receptors were decreased in isogenic FUS control cells compared to Mutant FUS cells 

which might also indicate a mutation depend change as AMPA receptor expression levels are 

slightly but not significantly increased in Mutant FUS cells compared to control cells. 

The amplitudes of thapsigargin response were significantly reduced in mutant SOD1 iPSC-

derived MNs compared to mutant C9orf72 cells. The comparison between mutant SOD1 

cells and isogenic SOD1 control cells revealed a significant increase in the amplitudes of 

AMPA- and NMDA-induced amplitudes of response in isogenic SOD1 control cells. This might 

be a hint to a mutation specific alteration, but further investigations in additional isogenic 

control lines are necessary. No differences were seen regarding the amplitude of ATPA and 

DHPG response between mutant SOD1 cells and isogenic SOD1 control cells. Additionally, 

the expression levels of metabotropic glutamate receptors were slightly but not significantly 

increased in mutant SOD1 cells compared to control cells. Compared to isogenic SOD1 

control cells the expression was significantly increased. But as no differences were seen 
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regarding the amplitude of DHPG response the differences in expression might not have a 

functional impact.  

Mutant TDP-43 iPSC-derived MNs had a significant increase in Ca2+ basal level compared to 

control and mutant FUS cells and significantly more cells showed spontaneous Ca2+ 

transients compared to all other cells. The amplitude of AMPA response was significantly 

increased compared to control, FUS and SOD1 cells as well as the amplitude of ATPA 

response compared to FUS cells. Additionally, more cells responded to stimulation with 

DHPG compared to control and C9orf72 cells. We were not able to detect any differences 

concerning the expression levels of glutamate receptors and CaV. It would be interesting to 

compare these findings with an isogenic TDP-43 control line to see if this would underline 

the mutation-specific changes observed. 

For mutant C9orf72 iPSC-derived MNs we observed a higher frequency of spontaneous Ca2+ 

transients in mutant C9orf72 cells. QRT-PCR revealed an increased expression level of 

kainate receptors compared to control cells and it was also increased when compared with 

the isogenic C9orf72 control line indicating a mutation dependent change. 

Overall, mutant FUS iPSC-derived MNs showed most prominent phenotypic alterations 

concerning expression of the different glutamate receptors. It was shown before that MNs 

express both GluR2 which renders AMPA receptors Ca2+ impermeable but at the same time 

also Ca2+ permeable AMPA receptors (Van Den Bosch et al., 2000). Thus, the observed 

overexpression of AMPA receptors in mutant FUS cells compared to isogenic FUS control 

cells might indicate that they are more vulnerable to Ca2+ mediated cell death via AMPA 

receptor overstimulation. But we were not able to detect significant changes in the 

expression of AMPA receptor subunits. The amplitude of ATPA-induced response was 

significantly decreased in mutant FUS iPSC-derived MNs compared to C9orf72 cells and 

slightly but not significantly decreased compared to control cells. However, compared to 

isogenic FUS control cells no changes where obvious whereas the expression level of kainate 

glutamate receptors was increased compared to control cells and isogenic FUS control cells 

suggesting a dysfunction of these receptors.   

The decreased amplitude of thapsigargin response in mutant SOD1 iPSC-derived MNs 

indicates ER stress in these cells and is in accordance with a previous finding that mutant 

SOD1 accumulates in the ER in the spinal cord of mutant SOD1 mice (Kikuchi et al., 2006).  
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It was previously shown that Ca2+ levels in the ER were decreased in HEK293 cells expressing 

mutant TDP-43 and in spinal motor neurons of transgenic mice expressing mutated human 

TDP-43 (Mutihac et al., 2015). This is in line with our data as we observed a reduced Ca2+ 

increase after thapsigargin stimulation in cells with TDP-43 mutations compared to control 

cells although it was not significant. 

In contrast to a previously published study which found an increased expression of GluR1 in 

C9orf72 iPSC-derived MNs (Selvaraj et al., 2018) we  did not observe any changes in AMPA 

receptor expression. It was shown before that AMPA can also partially activate several 

kainate receptor subunit combinations (Herb et al., 1992; Schiffer et al., 1997; Swanson et 

al., 1996) and we observed a significant increase in kainate receptor expression in mutant 

C9orf72 MNs cells compared to control cells as well as to isogenic C9orf72 cells.  Thus, 

mutant C9orf72 MNs might contain kainate receptor subunit combinations which are 

activated by AMPA resulting in the observed but not significant increase of amplitude of 

AMPA response in these cells.  In contrast to our study a recently published study found an 

increase in ER Ca2+ in C9orf72 iPSC-derived MNs (Dafinca et al., 2016). We did not observe 

any similar changes by comparison of mutant C9orf72 cells and isogenic C9orf72 control 

cells. In the previous study, mutant C9orf72 cells were compared to iPSC-derived MNs from 

only one control (Dafinca et al., 2016) whereas we pooled our control lines (n=7) to handle 

possible inter-human differences in healthy controls.  

More precise knowledge of differences between the neurophysiological characteristics of 

motor neurons carrying different ALS causing mutations might help to find appropriate 

therapies for ALS patients. In one study the effects of a CaV blocker, lomerizine, were 

compared between neurons transfected with mutant SOD1, FUS and TDP-43 showing only 

benefits for mutant SOD1 neurons (Tran et al., 2014). Another study examined transcripts of 

iPSC-derived MNs with C9orf72 mutations regarding pathways and cellular functions which 

had previously been reported to be altered in iPSC-derived MNs with SOD1 mutations 

finding only partially overlapping changes (Kiskinis et al., 2014). These findings underline the 

need to be careful about findings in ALS mouse models as they might be mutation-

dependent.  Results from animal models with distinct mutations can therefore not always be 

easily translated to all ALS patients, and pathomechanisms as well as outcome in preclinical 
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studies might differ between mouse models depending on the respective ALS-causing 

mutation. 

To conclude, glutamatergic neurotransmission seems to be impaired in different directions 

depending on individual ALS causing mutations. As fALS is only responsible for a small 

number of cases further investigations are needed which should also include iPSC-derived 

MNs of patients with sALS to determine common changes in glutamatergic 

neurotransmission.  
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