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Summary 

Development of an assay for the evaluation of botulinum neurotoxin activity 

based on transgenic human stem cells differentiated to motor neurons 

Maren Schenke 

Botulinum neurotoxins (BoNTs) are potent bacterial neurotoxins, which can cause respiratory 

failure due to paralysis of signal transmission from motor neurons (MNs) to the muscles. The 

high toxicity of the multitude of serotypes is based on the inhibition of exocytosis and therefore 

of neurotransmitter release through cleavage of SNARE proteins. The serotypes BoNT/A1 and 

B1 are produced industrially for traditional and aesthetic medicine. The toxins are produced by 

bacteria and purified from the culture medium with varying activity, which necessitates the 

potency assessment of every produced batch, requiring a high number of test animals. The 

currently validated in vitro assays are largely proprietary and only applicable to single BoNT 

serotypes, as the cleavage of the specific substrate protein is quantified. One alternative method 

has been developed based on the neuroblastoma cell line SIMA by the research group of Prof. 

G. Püschel at the University of Potsdam (Pathe-Neuschäfer-Rube et al. 2015). This method uses 

cells that have been transfected with a sequence coding for a luciferase reporter, to which a 

sorting tag was added, redirecting the luciferase to secretory vesicles. Upon depolarization, the 

luciferase is released from the secretory vesicles and produces bioluminescence when the 

corresponding substrate is added. The release of luciferase is inhibited by different BoNTs in a 

dose-dependent manner, making the assay suitable for the detection of various serotypes. So 

far, SIMA cells showed to be sensitive enough for BoNT/A1, but not B1 (Pathe-Neuschäfer-

Rube et al. 2018). The cell type with the presumed highest sensitivity and physiological 

relevance, human MNs, were generated in this work from human induced pluripotent stem cells 

(iPSCs), with the aim to be used instead of SIMA cells for estimation of BoNT potency. For 

this purpose, three MN differentiation protocols were established and analyzed for the yield of 

MNs. In this work, the protocol based on Du et al. (2015) showed the highest yield with an 

average of 51% (34-84%) MNs, in a population of neurons, while an average yield of 16% (9-

21%) and 14% (9-17%) was achieved for the protocols based on Maury et al. (2015) and 

Kroehne et al. (2017) respectively. In the differentiated cell populations, the production of 

molecules relevant for BoNT toxicity was analyzed on the gene and protein level. The different 

BoNT serotypes bind to characteristic gangliosides and synaptic proteins on the neuronal cell 

surface, which are utilized by the toxin for endocytosis into neurons. Inside the neuron, the 

toxin recognizes different proteins that are fundamental for exocytosis and cleaves them. While 
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the differentiation protocols used in this work differed with regard to the yield of MNs, it could 

be shown that all protocols generate the molecular targets required for BoNT toxicity and 

should therefore be suitable for the estimation of BoNT potency. The gene expression levels of 

BoNT targets were found to be higher in MNs compared to SIMA cells, which might indicate 

higher sensitivity. In parallel to the establishment of the differentiation protocols, the luciferase 

reporter was integrated into human iPSCs by B. Schjeide in the research group of Prof. G. 

Püschel. The MN differentiation protocols were then applied to the transgenic iPSCs. In this 

work, it could be shown that the transgenic cells could be differentiated into MNs just as well 

as wild type cells and, in addition, that the luciferase was still expressed after the differentiation. 

The transgenic MNs were then tested with the assay protocol that was developed in the research 

group of Prof. G. Püschel, but no reliable reporter release could be detected upon addition of 

depolarizing buffer. None of the protocols used produced the same stimulation-dependent 

release as SIMA cells. However, a large amount of the reporter was found in the cell culture 

supernatant, which indicates that it is released prior to stimulation of the MNs. It appears that 

the assay principle cannot be transferred to MNs directly, which might have different reasons. 

On the one hand, the types of secretory vesicles primarily responsible for exocytosis differ 

between SIMA and MNs. This raises the question to which extent the luciferase can be correctly 

sorted in MNs. Another cause for the unspecific release of the luciferase found in this work 

might be the spontaneous exocytosis in neurons, which has been described in the absence of 

stimulation. This might result in continuous release, leading to depletion of the reporter to a 

level where no stimulation-dependent release is possible. The use of a different sorting tag, 

which targets the reporter to the neurotransmitter containing vesicles in MNs could improve 

stimulation-dependent luciferase release. Nevertheless, a substantially higher sensitivity of 

MNs compared to SIMA cells could be shown in this work by quantifying the cleavage of the 

corresponding substrate for BoNT/A1 in SIMA cells and MNs. The use of human MNs in a 

neurotransmitter release assay still needs to be achieved, but should therefore result in a viable 

alternative to the mouse lethality assay for the potency estimation of BoNTs. 
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Zusammenfassung  

Entwicklung eines Assays zur Bestimmung der Aktivität von Botulinumtoxin 

auf Basis transgener zu Motoneuronen differenzierter humaner Stammzellen 

Maren Schenke  

Botulinum Neurotoxine (BoNTs) sind potente Nervengifte und können die Reizweiterleitung 

von Motoneuronen (MNs) zum Muskel stören, was zu einer letalen Atemlähmung führen kann. 

Die hohe Toxizität der Vielzahl von Serotypen basiert auf der Spaltung von für die 

Neurotransmitter-Freisetzung essentiellen Proteinen. Die Serotypen BoNT/A1 und B1 werden 

industriell hergestellt und in der klassischen und in der ästhetischen Medizin verwendet. Durch 

die Produktion durch Bakterien und Aufreinigung aus dem Kultivierungsmedium bedingt 

variiert die Aktivität des Toxins, was die Aktivitätstestung jeder produzierten Charge 

notwendig macht, wofür eine große Anzahl Versuchstiere gebraucht wird. Die bisher 

validierten Alternativmethoden sind zum größten Teil patentrechtlich geschützt und nur für 

einzelne Serotypen anwendbar, da sie auf der Bestimmung der Spaltung des spezifischen 

Substrates des jeweiligen Serotypen basieren. Eine Alternativmethode, die in der Arbeitsgruppe 

von Prof. G. Püschel an der Universität Potsdam entwickelt wurde, verwendet die 

Neuroblastom-Zelllinie SIMA (Pathe-Neuschäfer-Rube et al. 2015). Sie basiert auf der 

Verwendung von Zellen, die mit dem Gen einer Luciferase transfiziert wurden. Die Luciferase 

enthält eine zusätzliche Signalsequenz und wird in sekretorische Vesikel verpackt. Werden 

diese Zellen depolarisiert, wird die Luciferase freigesetzt, welche durch Zugabe des 

entsprechenden Luciferase-Substrates Biolumineszenz produziert. Dieser Schritt wird 

konzentrationsabhängig von allen BoNTs inhibiert, was den Assay für die Detektion aller 

Serotypen geeignet macht. In dem bisherigen Assay haben sich die SIMA-Zellen als sensitiv 

gegenüber BoNT/A1, aber nicht BoNT/B1 gezeigt (Pathe-Neuschäfer-Rube et al. 2018). Der 

Zelltyp mit der höchsten Sensitivität und physiologischen Relevanz sind humane MNs, welche 

in dieser Arbeit aus humanen induzierten pluripotenten Stammzellen (iPSCs) differenziert 

wurden mit dem Ziel, sie an Stelle der SIMA-Zellen für die Aktivitätsbestimmung von BoNTs 

zu verwenden. Dazu wurden drei Protokolle für die Differenzierung von MNs etabliert und auf 

den jeweiligen Anteil an generierten MNs analysiert. Das auf der Publikation von Du et al. 

(2015) basierende Protokoll zeigte die höchste Ausbeute mit durchschnittlich 51% (34-84%) 

MNs in einer vorwiegend neuronalen Population, während für die Differenzierungen basierend 

auf Maury et al. (2015) und Kroehne et al. (2017) eine durchschnittliche Ausbeute von jeweils 

16% (9-21%) und 14% (9-17%) erreicht wurden. Die differenzierten Zellen wurden dann auf 
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Protein- und Gen-Ebene auf die Produktion von für die BoNT-Toxizität relevanten Molekülen 

untersucht. Die verschiedenen BoNT-Serotypen binden an charakteristische Ganglioside und 

synaptische Proteine auf der neuronalen Zelloberfläche und nutzen diese, um durch Endozytose 

aufgenommen zu werden. Im Lumen der Zelle werden dann für die Exozytose essentielle 

Proteine durch BoNTs erkannt und gespalten. Für die in dieser Arbeit verwendeten 

Differenzierungsprotokolle konnten alle untersuchten Zielstrukturen nachgewiesen werden, 

daher sollten die differenzierten Zellen für die Verwendung in Aktivitätstests mit BoNTs 

geeignet sein. Die Genexpressionslevel dieser Zielstrukturen waren höher in MNs im Vergleich 

zu SIMA-Zellen, was auf eine höhere Sensitivität von MNs hinweisen könnte. Parallel zur 

Etablierung der Differenzierungs-protokolle wurde durch B. Schjeide in der Arbeitsgruppe von 

Prof. G. Püschel der Luciferase-Reporter in die verwendeten iPSCs integriert. Die transgenen 

iPSCs wurden dann zu MNs differenziert und analysiert, wobei festgestellt wurde, dass die 

Differenzierbarkeit unverändert war, sowie dass das Reporter-Enzym auch nach der 

Differenzierung weiterhin exprimiert wird. Die so generierten MNs wurden nach dem von der 

Arbeitsgruppe um Prof. G. Püschel entwickelten Protokoll mit depolarisierendem Puffer 

behandelt, was jedoch keine verlässliche Luciferase-Freisetzung bewirkte. Bei keinem der 

etablierten Differenzierungsprotokolle konnte eine stimulationsabhängige Freisetzung 

vergleichbar mit der Freisetzung in SIMA-Zellen festgestellt werden. Allerding wurde eine 

große Menge Luciferase im Zellkulturüberstand detektiert, was eine Luciferase-Freisetzung vor 

der eigentlichen Durchführung des Versuches indiziert. Es lässt sich folgern, dass sich die 

Testmethode nicht direkt auf MNs übertragen lässt, wofür es verschiedene Gründe geben kann. 

Ein Unterschied zwischen MNs und SIMA-Zellen liegt in der Art der sekretorischen Vesikel, 

die vorrangig für Exozytose verwendet wird. Dadurch ist unklar, ob die Luciferase in MNs 

überhaupt so wie in den SIMA-Zellen verpackt werden kann. Eine andere Ursache für die 

unspezifische Freisetzung der Luciferase könnte die in Neuronen beschriebene spontane 

Exozytose in Abwesenheit von Stimulation sein. Dieses könnte zur Folge haben, dass die 

Luciferase-Mengen in den MNs zu gering sind, um eine stimulationsabhängige Freisetzung 

induzieren zu können. Die Verwendung einer anderen Signalsequenz, die dazu führt, dass die 

Luciferase in die neurotransmitterhaltigen Vesikel der MNs verpackt wird, könnte eine 

stimulationsabhängige Luciferase-Freisetzung ermöglichen. In dieser Arbeit konnte trotzdem 

gezeigt werden, dass MNs substanziell empfindlicher sind als SIMA-Zellen, indem die 

BoNT/A1-Aktivität in diesen Zellen durch Spaltung des entsprechenden Substrates 

quantifiziert wurde. Die Übertragung des Testprinzips auf humane MNs sollte demnach in einer 

guten Alternative zum Tierversuch für die Aktivitätsbestimmung von BoNTs resultieren. 
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1 Introduction 

1.1 Botulinum neurotoxins 

The most potent toxins known to exist are botulinum neurotoxins (BoNTs). It is estimated that 

intravenous doses as low as 1-2 ng/kg body weight could be lethal for humans and that a single 

gram of toxin is sufficient to kill one million people (Rossetto and Montecucco 2019; Berry 

and Stanek 2012). A multitude of BoNT serotypes are produced by several species of the genus 

Clostridium, more specifically Clostridium botulinum, which are anaerobic bacteria found in 

soil and aquatic sediments (Smith 2011; Espelund and Klaveness 2014). The serotypes A, B, E 

and F are toxic to humans and poisoning can occur either from the toxin itself or from uptake 

of spores or bacteria, which subsequently produce the toxin. Common forms of poisoning are 

food botulism, from the consumption of not properly sterilized foods, infant botulism, when 

spores were consumed and reproduce in the infant’s intestinal tract, or wound botulism (Sobel 

2005). BoNTs were found to affect the nervous system, causing symptoms such as bulbar and 

ocular weakness, generalized fatigue, gastrointestinal symptoms, muscle weakness and finally 

respiratory paralysis, which can result in a lethal respiratory failure (Johnson and Montecucco 

2008). Justinus Kerner found a link between these symptoms and the consumption of spoiled 

sausages in 1820 and John Muller named this pathology botulism, which is latin for sausage, in 

1870 (Erbguth and Naumann 1999). Proper sterilization has reduced the cases of botulism and 

lethality has been reduced by improvement of clinical recognition and clinical care such as 

mechanical ventilation (Johnson and Montecucco 2008; Pirazzini and Rossetto 2017). The high 

potency of BoNTs derives from a specificity for the neuromuscular endplate, where the 

neurotoxin accumulates and enzymatically cleaves proteins required for neurotransmitter 

release (Bercsenyi et al. 2013; Dolly 1984). This results in the inhibition of nerve signal 

transmission, which can be fatal as MNs are affected (Poulain and Popoff 2019). The affinity 

for cholinergic neurons as well as the localized mode of action has enabled the use of BoNTs, 

despite their toxicity, for the treatment of various medical as well as cosmetic indications 

(Fonfria et al. 2018). For example, they are being used for the treatment of conditions due to 

motor or glandular hyperactivity, to reduce the excessive release of neurotransmitters and 

neuropeptides (Kumar et al. 2016; Ovsepian et al. 2019). At least as common is the use for 

aesthetical procedures for removal of crow lines and wrinkles (Franca et al. 2017). BoNTs are 

produced industrially from bacterial cultures and batch-to-batch variations are common. It is 

therefore necessary, in view of their high toxic potency, to determine the activity of each 

individual batch, which is usually performed using an animal test (Adler et al. 2010). 
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1.1.1 Structure and mechanism of action of BoNTs 

With the use of antibody neutralization assays and specific antisera, seven serologically distinct 

BoNT serotypes were identified in the 19th century. However, with the onset of DNA 

sequencing methods, new serotypes and about 40 subtypes have been found up to now (Smith 

et al. 2015). BoNTs are synthesized as a single 150 kDa polypeptide chain and processed into 

a 50 kDa light and a 100 kDa heavy chain. The light chain is a single domain and has a 

sequence-specific endopeptidase activity. The heavy chain consists of two domains: a C-

terminal receptor-binding domain and an N-terminal translocation domain, which includes a 

loop that surrounds the light chain and the catalytic domain (Figure 1). This belt functions as 

an intramolecular chaperone and inhibits the proteolytic function of the light chain by restricting 

access to the substrate (Montal 2010; Lacy et al. 1998). 

 

Figure 1: Structure of BoNT/A.  The light chain (LC) is depicted in cyan, the translocation domain of the heavy 

chain (HN) in dark blue and the C-terminal receptor-binding domain (HC) of the heavy chain in a green-to-yellow 

gradient from N- to the C-terminal region. The HN belt, wrapped around the catalytic domain, is depicted in red. 

Adapted with permission from Montal (2010), copyright Annual Reviews, Inc. The BoNT/A structure (PDB 

3BTA) was originally published by Lacy et al. (1998). 

 

 

In their natural form, which is used in some pharmaceutical preparations, BoNTs form a 

heterodimer with nontoxic hemagglutinin, which is structurally similar to BoNT, but inactive 

(Gu et al. 2012). The nontoxic hemagglutinin in turn is associated to several hemagglutinin 

proteins, which form the progenitor toxin complex that is secreted by the bacteria. The natural 

portal of entry of BoNTs is the oral route, where they are exposed to high concentrations of 

proteases. The progenitor toxin complex shields the actual BoNT protein from degradation and 
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aids its intestinal absorption, until it is released in the neutral pH of the blood stream (Gu et al. 

2012). Nevertheless, the estimated lethal oral dose of e.g. BoNT/A for humans (~1 µg/kg body 

weight) is much higher than the inhaled (~10 ng/kg body weight) or injected lethal dose (1-

2 ng/kg body weight) (Smith 2011; Rossetto and Montecucco 2019). Receptors for the heavy 

chain of BoNTs can be found in low concentrations in the intestinal wall, leading to slow 

receptor-mediated transcytosis through the intestinal barrier and finally into the bloodstream 

(Connan and Popoff 2017). Once it is absorbed, the toxin accumulates at presynaptic 

cholinergic nerve terminals (Dolly 1984). The remarkable specificity for this target has not been 

fully elucidated on the molecular level yet, but the dual-receptor binding model proposed by 

Montecucco (1986) was able to attribute part of it to the independent binding of BoNTs to two 

types of receptors: gangliosides and protein receptors. Gangliosides, which are sialic acid-

containing glycolipids, can be found on the surface of all cell types, but occur in far more 

complex variants and in tenfold higher concentrations on neurons (Itokazu et al. 2018; 

Svennerholm et al. 1989; Plomp and Willison 2009). They are enriched on micro domains on 

the cell membrane, also called lipid rafts, which improves interactions with signaling proteins 

(Schnaar et al. 2014). The complex gangliosides GT1b, GD1a, GD1b and GM1 - the main 

gangliosides in the brain - can also be found on the vertebrate neuromuscular junction (NMJ) 

(Schnaar 2016; Plomp and Willison 2009). The large subunit of BoNTs bind to these abundant 

gangliosides for initial attachment to the nerve cell (Kitamura et al. 1999). The serotypes 

BoNT/A, B, E and F that are toxic for humans, show the highest affinity to GD1a and GT1b 

among these complex brain gangliosides (Rummel 2017). GD1a and GT1b differ with respect 

to the number of N-acetylneuraminic acid (NeuAc) residues, the most common sialic acid in 

humans. Two proteins can catalyze the synthesis of GD1a and GT1b: the ST3 beta-galactoside 

alpha-2,3-sialyltransferases 2 and 3 (ST3GAL2 and 3), as shown in Figure 2 (Sturgill et al. 

2012). 

 



Introduction 

8 

 

 

Figure 2: Synthesis of gangliosides.  Complex gangliosides are synthesized by stepwise addition of sugar moieties 

by respective biosynthetic genes. Gangliosides mainly found in the brain are shown. (Cer: Ceramide; Glc: glucose; 

Gal: galactose; GalNAc: N-acetylgalactosamine; NeuAc; N-acetylneuraminic acid). Used with permission of the 

Society for Neuroscience, from Prendergast et al. (2014); permission conveyed through Copyright Clearance 

Center, Inc. 

 

The importance of gangliosides for BoNT toxicity has been shown in several ways: Mice 

lacking the enzyme required for an early step of the synthesis of complex gangliosides, encoded 

by B4galnt1, are less sensitive to poisoning with BoNT/A and B, while exhibiting progressive 

motor deficits (Kitamura et al. 1999; Bullens et al. 2002). The lack of complex gangliosides 

might be the reason that BoNTs have no effect in insects, indicating that they are necessary for 

BoNT uptake (Espelund and Klaveness 2014; Moremen et al. 2012). On the other hand, 

supplementation of cell culture media with GT1b increased the sensitivity of neuronal cells in 

several in vitro assays (Pellett 2013). After initial attachment to the neuronal cell membrane via 

gangliosides, certain synaptic receptor proteins involved in synaptic endocytosis are essential 

for receptor-mediated endocytosis of BoNTs. The heavy chain binds to the glycosylated luminal 

domains of these receptor proteins, which are transiently exposed during exocytosis (Ahnert-

Hilger et al. 2013). Each BoNT serotype preferentially binds a certain protein isoform, which 

are listed in Table 1. 
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Table 1: Substrates, protein receptors and ganglioside receptors for botulinum neurotoxin (BoNT) serotypes A-G, 

FA (also called H) and X. If several receptors can be targeted, they are ordered by decreasing specificity. (SNAP: 

Synaptosomal Nerve-associated Protein; SV2: Synaptic Vesicle Protein; VAMP: Vesicle-associated Membrane 

Protein; SYT: Synaptotagmin; STX: Syntaxin; YKT6: V-SNARE Homolog 6) 

 

Serotype 
Ganglioside receptor 

(Rummel 2017) 

Protein receptor 

(Rummel 2017) 

Substrate 

(Tehran and Pirazzini 

2018) 

Cleavage site 

(Tehran and Pirazzini 

2018) 

A 
GT1b > GD1a = 

GD1b > GM1 
SV2C>SV2A>SV2B 

SNAP23 

SNAP25 

T202-R203 

Q197-198R 

B 
GT1b > GD1a > 

GD1b 
SYT1>SYT2* 

VAMP1 

VAMP2 

VAMP3 

Q78-79F 

Q76-77F 

Q63-64F 

C 
GD1b > GT1b > 

GD1a > GM1a 
Not determined 

SNAP25 

STX1A,2,3 

STX1B 

R198-199A 

K253-254A 

K252-253A 

DC 
GM1a > GD1a > 

GD1b = GT1b> 
SYT2 >SYT1 

VAMP1 

VAMP2 

VAMP3 

K61-62L 

K59-60L 

K46-47L 

D GD2 > GT1b = GD1b SV2B>SV2C>SV2A 

VAMP1 

VAMP2 

VAMP3 

K61-62L 

K59-60L 

K46-47L 

E 
GD1a/GQ1b/GT1b >> 

GM1 
SV2A>SV2B 

SNAP23 

SNAP25 

K185-186I 

R180-181I 

F 
GT1b = GD1a >> 

GM3 >> GD1b/GM1 
SV2A>SV2C>SV2B 

VAMP1 

VAMP2 

VAMP3 

Q60-61K 

Q58-59K 

Q45-46K 

G 
GT1b = GD1a > 

GD1b > GM3 > GM1 
SYT1, SYT2 

VAMP1 

VAMP2 

VAMP3 

A83-84A 

A81-82A 

A68-69A 

FA Not determined SV2 

VAMP1 

VAMP2 

VAMP3 

L56–57E 

L54–55E 

L41–42E 

X 

(Zhang et 

al. 2017) 

Not determined  Not determined 

VAMP1 

VAMP2 

VAMP3 

VAMP4 

VAMP5 

Ykt6 

R68–69A 

R66–67A 

R53–54A 

K86–87S 

R40–41S 

K173–174S 

*in primates and humans, due to a mutation in the SYT2 gene (Strotmeier et al. 2012) 

The receptors synaptic vesicle protein (SV2) and synaptotagmin (SYT) are each expressed in 

several isoforms, which have cell type-dependent expression levels. MNs commonly express 

isoforms with high affinity to BoNTs, which contributes to the sensitivity of this cell type 

(Verderio et al. 2006). The isoforms 1 and 2 of synaptotagmin (SYT1 and 2) are located on 

secretory vesicles, where they inhibit spontaneous synaptic vesicle fusion and are Ca2+ sensors 

that trigger exocytosis after Ca2+ influx (Pang et al. 2006; Sudhof 2002). In MNs, the isoform 

SYT2 is expressed at higher levels compared to SYT1 and is more essential for the vesicle 

fusion process than in other neuronal cells (Pang et al. 2006; Rossetto 2018). For SV2, three 
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isoforms have been described, namely SV2A, B and C, which are an integral part of secretory 

vesicles and are involved in several aspects of neurotransmission, although their exact functions 

remain elusive (Stout et al. 2019; Buckley and Kelly 1985). Both protein receptors are 

repeatedly recycled through endocytosis and bind to BoNTs with high affinity when these have 

been accumulated on the neuronal membrane through attachment to gangliosides (Davies et al. 

2018). After endocytosis, the complex consisting of the large and small BoNT subunit is located 

in an endosomal vesicle, which generally remains at the synapse to be subsequently recycled 

(Sudhof and Rizo 2011). As part of the recycling process, the vesicular pH is decreased by a 

proton pump, generating an electrochemical gradient, which in cholinergic neurons can be used 

by the vesicular acetylcholine transporter, an antiporter that transports acetylcholine (ACh) into 

the vesicles (Parsons 2000). The acidification changes the structure of the BoNT protein 

enabling the insertion of the heavy chain into the vesicle membrane leading to the translocation 

of the light chain into the cytosol (Pirazzini et al. 2016). Reductases located in the cytoplasm 

reduce the interchain disulfide bridge, releasing the light chain into the cytoplasm (Fischer and 

Montal 2007). The proteolytic light chain specifically cleaves proteins required for vesicle 

exocytosis, so called SNARE (soluble NSF [N-ethylmaleimide-sensitive fusion protein] 

attachment protein receptor) proteins, which form a large superfamily of proteins (Jahn and 

Scheller 2006). Depending on their subcellular localization, they are grouped into v‐SNAREs, 

located at the vesicle membrane and t-SNAREs, located at the targeted cell membrane (Sollner 

et al. 1993). Each BoNT serotype cleaves a single peptide bond in its targeted SNARE proteins 

(Table 1) with high specificity (Brunger and Rummel 2009). BoNT/A, C and E cleave the t-

SNAREs synaptosomal nerve-associated protein (SNAP), with BoNT/C additionally cleaving 

the t-SNARE syntaxin (STX). Members of the abundant v-SNARE vesicle-associated 

membrane protein family (VAMP), also called synaptobrevin, are cleaved by BoNT/B, D, DC, 

F, G, FA and X (Takamori et al. 2006; Tehran and Pirazzini 2018). However, some SNARE 

variants are not involved in neurotransmitter exocytosis: The v-SNARE homolog Ykt6, 

SNAP23, VAMP3, 4 and 5 can be cleaved by BoNTs, but are not relevant for neurotransmitter 

release (Tehran and Pirazzini 2018; Sikorra et al. 2016; Yamamoto et al. 2012). If VAMP1/2, 

SNAP25 or STX1 however, are cleaved, synaptic vesicle exocytosis and therefore signal 

transmission in neurons is inhibited (Montal 2010), as summarized in Figure 3. 
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Figure 3: Overview of the mechanism of BoNT uptake and action at the neuromuscular junction (NMJ). In the 

absence of BoNTs, the neurotransmitter acetylcholine (ACh) is released from synaptic vesicles after fusion with 

the cell membrane. SNARE (soluble NSF [N-ethylmaleimide-sensitive fusion protein] attachment protein 

receptor) proteins required for membrane fusion can be cleaved by BoNTs which are taken up by receptor-

mediated endocytosis. Reproduced with permission from Rowland (2002), Copyright Massachusetts Medical 

Society. 

 

To which extent the function of the resulting SNARE-fragment is impeded partially depends 

on the site of cleavage (Bajohrs et al. 2004). As the defective SNARE-proteins can remain, 

depending on their length, a part of inactive, nevertheless complete, SNARE complexes, they 

can exert a dominant negative effect on neurotransmitter release (Cai et al. 2017). The duration 

of symptoms induced by different BoNT serotypes also depends on the degradation rate of the 

light chain, the amount of accessible substrate and the formation of new synapses (Pirazzini et 

al. 2017). The severity and duration of action of major BoNT serotypes was determined in 

animal and cellular models, combined with human data and ranked in the following order: 

BoNT/A = BoNT/C1 > BoNT/B > BoNT/F > BoNT/E (Johnson and Montecucco 2008). 

1.2 Human motor neurons as BoNT target cells 

The release of neurotransmitters at nerve terminals is inhibited primarily in peripheral 

cholinergic neurons of the skeletal and autonomic nervous system. Differences between central 

and peripheral neurons and their respective subtypes, which determine the specificity of BoNTs, 

will be discussed in the following section. Peripheral neurons are primarily targeted because 

most neurons are protected by the blood-brain-barrier, which BoNTs are unable to penetrate 

due to their size (Verderio et al. 2006). A small degree of retrograde axonal transport into the 
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central nervous system (CNS) was reported, but appears to have no major effects (Dressler et 

al. 2005; Weise et al. 2019). Although peripheral nerves are partially protected by a blood-

nerve barrier, this protective barrier is less tight at the synapse (Plomp and Willison 2009; 

Langert and Brey 2018; Kanda 2013). In addition, gangliosides are enriched at the unprotected 

nerve ending and co-localize with synaptic proteins in lipid rafts on the synaptic membrane 

(Plomp and Willison 2009; Chamberlain et al. 2001). Therefore, the NMJ is accessible and 

especially rich in receptors for BoNTs, making it the preferred target for these toxins. 

Depending on the serotype, the increased expression of high-affinity receptor isoforms on MNs 

can explain the specificity for the NMJ (Verderio et al. 2006). Complex gangliosides like GT1b, 

GD1a and GD1b, can be found at the vertebrate NMJ in high concentrations, but expression 

levels vary for different muscle types and for species (Plomp and Willison 2009). Likewise has 

been shown for the protein receptors of BoNTs, some of which have higher concentrations on 

MNs, adding to the specificity of BoNTs for this cell type. The synaptic vesicle protein SYT is 

recognized by BoNT/B, DC and BoNT/G. The isoform SYT2, which is preferably bound by 

BoNT/B and DC, has been shown to be more frequently expressed in MNs, which do not always 

express SYT1 (Pang et al. 2006; Rummel et al. 2007). In the case of SV2 receptors, BoNT/A 

has a higher affinity to SV2C, while BoNT/D binds SV2B and BoNT/E and F preferentially 

binds to SV2A (Lam et al. 2015; Davies et al. 2018; Rummel et al. 2009). High expression of 

SV2C can be found in MNs compared to other cell types (Verderio et al. 2006). In addition to 

the influence of ganglioside distribution and protein receptor expression patterns, the sensitivity 

of different cell types might also depend on the expression and accessibility of BoNT substrates 

(Verderio et al. 2006). For SNAP25 and for different isoforms of VAMP, differential protein 

expression levels have been described for different cell types (Pellett et al. 2019a). One example 

is VAMP1, which is predominantly expressed in MNs, while VAMP2 is primarily expressed 

in central synapses of the brain (Liu et al. 2011). Differential expression patterns have also been 

described for STX1A and B, substrates of BoNT/C, of which only STX1B is expressed in MNs 

(Aguado et al. 1999). It is possible that higher concentration of BoNT substrates slow the 

inhibitory effect of BoNTs (Pathe-Neuschäfer-Rube et al. 2018). These cell type-specific and 

BoNT serotype-specific properties might indicate why MNs cultivated in vitro were more 

sensitive to the serotypes BoNT/A, B, C, E, F than GABAergic, glutamatergic and 

dopaminergic neurons as demonstrated by Pellett et al. (2019a). In conclusion, the many 

differences between neuronal subtypes imply that the BoNT sensitivity measured in other cell 

types than MNs cannot be extrapolated directly to this physiological target cell type (Peng Chen 

et al. 2012; Pellett et al. 2019a). However, depending on the application e.g. for treatment of 
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somatosensory disorders and pain, BoNTs are also used on CNS neurons, sensory neurons and 

pain fibers, not only for inhibition of MNs (Dressler 2012). Differences in sensitivity can not 

only be found between different cell types, but also between different species (Rossetto and 

Montecucco 2019). Large inter-species differences can be found for BoNT/B, where mice are 

significantly more sensitive than humans or primates: depending on the application, 30 to 100-

fold higher doses of BoNT/B compared to BoNT/A, which are determined as mouse LD50 doses, 

are needed for the same effect in humans (Bentivoglio et al. 2015; Pappert et al. 2008). This is 

due to a mutation in the SYT2 receptor in humans and non-human primates, leading to a lower 

affinity for BoNT/B, possibly resulting in BoNT/B endocytosis mediated by SYT1 instead 

(Strotmeier et al. 2012). In the case of VAMP1, mutations in the cleavage site can explain the 

low sensitivity for BoNT/D in human and primate MNs compared to other species (Peng et al. 

2014; Pellett et al. 2015). Apart from BoNT/B and D, the sensitivity of humans is comparable 

to mice for the other serotypes, though the duration of BoNT poisoning in general is up to three 

times longer in humans compared to mice (Pirazzini et al. 2017). Physiological differences that 

could affect the sensitivity can be found between species with regard to the intestinal absorption 

of the toxin or in the composition of the NMJ (Rossetto and Montecucco 2019). Compared to 

mice, human NMJs are significantly smaller, have a different distribution of the synaptic 

proteins SV2 and SNAP25 as well as significantly different proteomic profiles (Jones et al. 

2017). Therefore, just like extrapolation between cell types, the extrapolation between species 

should be performed cautiously (Strotmeier et al. 2012). Currently, potency estimation of 

BoNTs is conducted in mice or with neuronal cell lines. Both models show many differences 

to human MNs, for the inhibition of which BoNTs are primarily used. 

1.2.1 Pharmacological applications 

The targeted and highly specific inhibition of cholinergic synapses by BoNTs is used in a wide 

range of medical applications. After initial studies were performed treating strabismus in 

monkeys, the Food and Drug Administration in the US approved the first application of BoNTs 

in humans in 1989 (Franca et al. 2017). At first, the inhibitive effect on MNs was used to treat 

hypercontraction of small and large muscles in patients with strabismus, blepharospasm or 

dystonias, but the range of applications has been expanded greatly since then (Kumar et al. 

2016; Fonfria et al. 2018). Local injections of small doses of BoNT/A1 and to a limited extent, 

BoNT/B1 preparations, are now used for the treatment of a variety of diseases. These include 

autonomic disorders, certain neurological conditions, pain disorders or urologic conditions in 

humans and some animal pathologies like laminitis in horses and prostrate disorders in dogs 
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(Pirazzini et al. 2017; Kim et al. 2015). BoNTs have been shown to act not only on skeletal 

cholinergic nerve terminals, but also on sensory neurons and on cholinergic autonomous 

innervation, which can affect sweat, tear and salivary glands as well as smooth muscles 

(Rossetto 2018; Ramakrishnan et al. 2012). Depending on the manufacturer, either the full 

progenitor toxin complex or the 150 kDA form is used. The use of BoNTs was expanded vastly 

in 2002, when their use for aesthetical purposes was approved as well. When BoNTs are 

injected subcutaneously together with a filler, wrinkles and crow lines can be reduced (Franca 

et al. 2017). Today, approximately half of all produced BoNTs are injected for aesthetical 

purposes (ISAPS 2017). In some cases, patients became immune to BoNT/A1, requiring the 

use of BoNT/B1 or other serotypes (Atassi 2004). Almost exclusively BoNT/A1 and B1 are 

currently used, but the scope might be expanded with the application of other serotypes and 

subtypes or of recombinant BoNTs (Eleopra et al. 2006; Elliott et al. 2019; Ovsepian et al. 

2019). Other serotypes that are currently tested are e.g. BoNT/E and C (Fonfria et al. 2018). 

All BoNTs are currently produced from anaerobic cultures of Clostridium strains, which secrete 

their exotoxin into the culture medium (Bonventre and Kempe 1960a, 1960b; Fonfria et al. 

2018). The final preparation is then purified from the culture medium (Ferrari et al. 2018). The 

activity of the toxin can be affected by the purification process, necessitating reliable 

quantification of toxin activity for every produced batch in order to ensure patient safety 

(Dressler and Benecke 2007). 

1.3 Potency estimation of BoNTs 

In Europe, the potency assessment of BoNT products is required for bulk preparations as well 

as every batch of the final product, in addition to stability tests (Adler et al. 2010). The factors 

contributing to these strict requirements are the irreversibility of the paralysis, high potency of 

the toxins as well as the variability of the activity after purification (Poulain and Popoff 2019; 

Straughan 2006). The current standard method for consistency and potency assessment of 

BoNT products, a mouse lethality assay, was introduced in the 1920s and is criticized for the 

high number of animals used (Bengtson 1921; Bitz 2010; Pellett et al. 2019b). It requires 

intraperitoneal injection of a range of dilutions of the BoNT preparation into about 100 mice 

per mouse lethality assay. After 72 or 96 hours, the number of mice that have died or needed to 

be killed due to severe suffering are counted and the LD50 value, the dose at which 50% of 

animals die, is calculated (Taylor et al. 2019; Adler et al. 2010; Bengtson 1921). According to 

the so-called 3Rs principle described by Russell and Burch (1959), the suffering of animals 

should be minimized by Reduction, Refinement or Replacement of animal tests. For cosmetic 
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products, the use of animal tests has been completely banned in the EU as per Regulation (EC) 

No 1223/2009. BoNT preparations, however, are considered medicinal products, and according 

to the European Pharmacopeia, must be tested, which involves test animals, even if they are 

ultimately used only for aesthetic purposes (Taylor et al. 2019). Further issues with the mouse 

lethality assay are the cost and time required to perform the assay, as well as the variability of 

results and the questionable extrapolation of results to humans (Sesardic et al. 2003; Pellett 

2013). The intra-laboratory variability can be as high as 20% and the inter-laboratory variability 

over 50%, due to aspects of the test procedure, such as the mouse strain used, the weight of the 

animals or the toxin formulation (Pellett et al. 2019b; Lamanna 1959). Universal standards are 

not available for BoNTs, but would improve consistency of results and aid the replacement of 

the animal test (Sesardic et al. 2003). Despite its drawbacks, the mouse lethality assay is 

currently the only test which can detect and analyze all BoNT serotypes as well as subtypes and 

especially their pharmacodynamical properties (Pellett et al. 2019b). 

1.3.1 Alternatives to the mouse lethality assay 

Alternatives to the in vivo test for the batch-to-batch assessment of commercial BoNT 

production have been available for more than two decades, aimed at complementing the mouse 

lethality assay and to ultimately reduce the number of animals used (Adler et al. 2010; 

Straughan 2006). For the improvement of the mouse lethality assay, some optimized in vivo or 

ex vivo tests and many in vitro assays have been developed (Singh et al. 2013; Cai et al. 2007). 

The European Pharmacopeia permits the use of alternative methods for the potency assessment 

of BoNTs, but the mouse lethality assay is still required as a reference (Taylor et al. 2019). 

Nevertheless, the number of animals used annually is estimated still to be as high as 400,000 in 

Europe and 600,000 worldwide in spite of the successful validation of in vitro assays by several 

major BoNT manufacturers (Bitz 2010; Taylor et al. 2019). The Food and Drug Administration 

and the EU have approved cell-based assays from the three main manufacturers in Europe, 

Allergan, Ipsen and Merz (Fernandez-Salas, Wang, Garay, et al. 2012; Wilk et al. 2016; Piazza 

and Tucker 2016). Nonetheless, there is no full replacement for the animal test, as these assays 

are either used only to reduce the number of animals for the batch potency test or still require 

test animals for reference standards and stability assessment purposes. In addition, new products 

enter the European market, for which replacement methods need to be validated (Taylor et al. 

2019). Many in vitro assays were developed for the assessment of single BoNT serotypes or 

even subtypes manufactured for medicinal applications (Taylor et al. 2019; Sharma et al. 2008). 

For this, as well as for basic research and BoNT inhibitor screenings, the quantification of active 
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toxin is important (Hakami et al. 2010). Another application for in vitro methods is the analysis 

of contaminated food and other composite samples, which have a much more complex matrix, 

in which multiple serotypes might be present (Thirunavukkarasu et al. 2018). Here, the use of 

sensitive and fast methods with inexpensive instrumentation that can be used in the field are of 

advantage and the estimation of BoNT activity is less significant (Hobbs et al. 2019). Often 

used principles of in vitro assays are immunological detection of the BoNT protein by means 

of e.g. the enzyme-linked immunosorbent assay (ELISA) or detection of endopeptidase activity 

(Singh et al. 2013). However, only with the latter test system BoNT activity may be quantified. 

Recently, a combination of both principles, where the receptor-binding and proteolytic activity 

of either BoNT/A or B are considered, have been suggested (Wild et al. 2016; Behrensdorf-

Nicol et al. 2018). However, the ability to quantify biologically active toxin of any sub- or 

serotype and to detect all molecular steps underlying BoNT poisoning, including toxin binding, 

internalization, release from neuronal vesicles and target cleavage, is the prerequisite for full 

replacement of the mouse lethality assay. For this, neuronal cell-based assays are the best option 

(Adler et al. 2010; Capek and Dickerson 2010; Pellett et al. 2019b; Kiris et al. 2014). Models 

based on various cell lines, primary cells and stem cell-derived neurons have been developed 

(Pellett 2013). These models differ with regard to their ease of use and the degree of 

physiological relevance. Cell lines, being easy to maintain and standardize, however are less 

relevant, especially when they are derived from cancerous cells or have a low degree of 

neuronal differentiation (Kiris et al. 2014; Fernandez-Salas, Wang, Molina, et al. 2012). 

Primary neurons are a more relevant model, but still require the sacrifice of some animals and 

lack standardization (Pellett 2013). Different types of neurons can be derived from human stem 

cells, which are a representative and sensitive model, but also hardest to standardize 

(Whitemarsh et al. 2012; Pellett et al. 2019a). Depending on the model used, different endpoints 

of BoNT toxicity can be studied. A common method is the quantification of SNARE-cleavage 

by Western blot or ELISA (Fernandez-Salas, Wang, Molina, et al. 2012; Dorner et al. 2013). 

While both methods can be performed using standard laboratory equipment, the disadvantage 

of these detection methods is that they usually identify only one serotype at a time and can be 

labor intensive (Hobbs et al. 2019; Kiris et al. 2014). Another endpoint to study is the effect of 

BoNTs on neurotransmitter exocytosis or signal transmission, which can be measured using 

reporter genes or electrodes (Pathe-Neuschäfer-Rube et al. 2015; Jenkinson et al. 2017). Effects 

on the level of neurotransmitter release inhibition integrate the previous steps of BoNT action 

universally for all BoNT serotypes (Beske et al. 2016). In vitro assays with different detection 

methods based on the human neuroblastoma cell line SIMA for detection of BoNT/A, B, C and 



Introduction 

17 

 

E activity have been published (Rust et al. 2017; Rust et al. 2016; Fernandez-Salas, Wang, 

Molina, et al. 2012; Pathe-Neuschäfer-Rube et al. 2018; Marini et al. 1999; Bak et al. 2017). 

Pathe-Neuschäfer-Rube et al. (2015) published a SIMA-based assay, where the inhibition of 

neurotransmitter release was quantified using a reporter enzyme. SIMA cells were transfected 

with the gene coding for the luciferase from the copepod Gaussia princeps (Wu et al. 2015). 

The Gaussia luciferase (GLuc) was equipped with the sorting sequence of pro-

opiomelanocortin (POMC) on the N-terminal end, which is recognized by carboxypeptidase E 

for sorting into neuropeptide-containing large dense-core vesicles (LDCVs) (Cawley et al. 

2016; Lou et al. 2010). Upon depolarization, induced using a buffer with a high potassium-ion 

concentration, the GLuc is released by the secretory vesicles. This process is inhibited upon 

BoNT application in a concentration-dependent manner. While the assay was well suited for 

potency estimation of BoNT/A, SIMA cells showed only a limited sensitivity for BoNT/B 

(Pathe-Neuschäfer-Rube et al. 2018). The assay principle is depicted in Figure 4. 

 

Figure 4: Principle of the luciferase reporter assay by Pathe-Neuschäfer-Rube et al. (2015). The neuronal cell line 

SIMA was transfected with a plasmid coding for a luciferase, an enzyme that can oxidize its substrate, which then 

produces bioluminescence. The luciferase has an N-terminal pro-opiomelanocortin (POMC)-sorting tag and is 

sorted into secretory vesicles. When the cell is depolarized, the luciferase is released and can react with the 

substrate. BoNTs inhibit luciferase release and consequently bioluminescence in a dose-dependent manner. 

Reproduced with permission from Pathe-Neuschäfer-Rube et al. (2015), copyright Springer. 

 

The advantage of an assay detecting neurotransmitter release over methods analyzing substrate 

cleavage is that synaptic transmission is already inhibited when only a fraction of the SNARE 

proteins is cleaved (Keller and Neale 2001; Jurasinski et al. 2001). The development of a 
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combination of this assay principle with the more sensitive and relevant human MNs is the aim 

of this project, as it could result in a viable alternative for the mouse lethality assay. 

1.4 Generation of MNs in vitro for BoNT testing 

MNs are neurons with a single axon and are responsible for transmitting signals from the brain 

to the muscle. Two types can be distinguished, the upper, cortical spinal motor neurons and the 

lower spinal motor neurons, which extend from the CNS into the peripheral nervous system 

(Davis-Dusenbery et al. 2014). The somas of upper MNs can be found in the primary motor 

cortex in the left cerebral hemisphere and transmit motor information to lower MNs via 

glutamatergic synapses (Stifani 2014). Lower MNs are either located in the brainstem or the 

spinal cord, but have an axonal extension connecting to muscles of the head and neck, as part 

of the cranial nerves, or to peripheral muscles (Stifani 2014). They are cholinergic and, in 

addition to the signals they receive from upper MNs, can be connected to sensory neurons or 

interneurons (Stifani 2014). Lower MNs can be distinguished into subtypes, which connect to 

different muscles fiber types (Stifani 2014; Francius and Clotman 2014; Kanning et al. 2010). 

Due to their length, these neurons can be vulnerable and have special energy requirements 

(Stifani 2014). The transmissive unit between lower MNs and muscles is the NMJ, a specialized 

synapse (Jones et al. 2017). Due to its exclusive role in activating skeletal muscles and its 

involvement in pathologies such as spinal muscular atrophy and amyotrophic lateral sclerosis, 

considerable effort has been put into generating MNs from stem cells for disease modelling and 

research (Sances et al. 2016). With the use of advanced gene editing techniques like CRISPR-

Cas9 (clustered regularly interspaced short palindromic repeats - CRISPR associated protein 9) 

for the generation of transgenic cells, disease-relevant mutations can be introduced (Jinek et al. 

2012). In the last decades, embryological and genetic studies were conducted in mouse, 

amphibian or chicken embryos and unveiled signaling cues responsible for neurogenesis and 

cell type specification. The gained knowledge was transferred to human stem cells for the 

generation of different neuronal cell types (Compagnucci et al. 2014; Sances et al. 2016). 

Initially, embryonic stem cells were used, but with the reprogramming of differentiated somatic 

cells as described by Takahashi and Yamanaka (2006), first performed in murine and then in 

human fibroblasts, a less ethically problematic source of stem cells was established. By viral 

integration of the four transcription factors OCT4, SOX2, KLF4 and c-MYC into adult cells, 

these were “reprogrammed” to form pluripotent stem cells, so-called induced pluripotent stem 

cells (iPSCs) (Takahashi and Yamanaka 2006; Takahashi et al. 2007). It has since been shown 

that the sample cell type of a donor does not influence the resulting iPSCs, but genetic 
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background of the donor influences the cells on the transcriptional and epigenetic level and the 

propensity of iPSCs to be differentiated into different cell types (Kyttala et al. 2016; Boulting 

et al. 2011). The developmental stages of the generation of mature MNs from both the 

pluripotent stem cell containing blastocyst or a culture of stem cells are shown in Figure 5. 

 

Figure 5: Small molecules and recombinant signaling molecules can mimic in vivo signaling cues for generation 

of MNs from pluripotent stem cells in vitro. The developmental stages of motor neuron (MN) generation are 

depicted in the upper panel. Activation of the Wnt-signaling pathway in the blastocyst initially leads to the 

formation of the primitive streak. In vitro, Wnt signaling is stimulated e.g. by CHIR-99021 (CHIR). The 

neuroectoderm is developed in vivo and in vitro through secretion or by the addition of bone morphogenic protein 

(BMP) inhibitors and transforming growth factor-β (TGFβ) inhibitors (SB431542, Dorsomorphin). Motor neuron 

progenitors (pMNs) are the result of caudalization and ventralization with retinoic acid (RA) and sonic hedgehog 

(SHH) respectively, or equivalent small molecule agonists (Purmorphamine, smoothened agonist [SAG]). 

Neurotrophic factors allow maturation into mature MNs. Adapted by permission from Macmillan Publishers Ltd: 

Nature neuroscience Sances et al. (2016), copyright 2016. 

 

During mammalian embryogenesis, the fertilized egg undergoes a series of cell divisions until 

the blastocyst, a hollow sphere, is formed. This is followed by gastrulation, where a group of 

cells inside the blastocyst, the inner cell mass, forms the primitive streak upon signaling from 

Wnt family members among other factors in higher organisms (Beddington and Robertson 

1999). This can be induced in vitro using the glycogen synthase kinase 3 inhibitor CHIR-99021 

(CHIR) (Sances et al. 2016). So-called small molecules like CHIR have been developed for cell 

culture applications, which convey the same biological function as their protein counterparts, 

by acting on the same targets, but are much easier to synthesize, reducing the costs of in vitro 

differentiation (Li et al. 2008). In later stages of the gastrulation, the three germ layers of the 

gastrula are formed: the ectoderm, mesoderm and endoderm. In the absence of mesoderm and 

endoderm differentiation factors, i.e. bone morphogenic proteins (BMPs) and transforming 

growth factor-β (TGFβ), neuralization is the default path during embryonic differentiation 

leading to the generation of the neuroectoderm (Faravelli et al. 2014). In vitro, small molecules 

like dorsomorphin and SB431542 (SB) can be used to inhibit BMP and TGFβ signaling 
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pathways, which generates neuroectodermal cells (Nat 2016; Faravelli et al. 2014). Named after 

key components of BMP and TGFβ signaling pathways, so-called SMAD proteins, the 

application of inhibitors of SMAD activation in vitro was termed dual-SMAD inhibition and is 

commonly applied in differentiation protocols (Chambers et al. 2009). During neurulation in 

vivo, the neural plate is derived from ectodermal tissue, which thickens and forms a groove 

which closes to finally result in the neural tube. The neural tube is then patterned along the 

rostral-caudal axis and gives rise to the major components of the CNS, which includes the brain 

and the spinal cord (Jessell 2000). Neurulation in vitro may involve neural tube-like rosette-

shaped structures or the formation of neurospheres from so-called embryoid bodies, cell 

aggregates cultivated in suspension. (Hu and Zhang 2009; Compagnucci et al. 2014; Chambers 

et al. 2009). A crucial factor for inducing caudalization is retinoic acid (RA), which is released 

by the surrounding tissue, resulting in a gradient (Novitch et al. 2003). In addition, a ventral to 

dorsal gradient of sonic hedgehog (SHH), produced by the notochord and floor plate as well as 

a dorsal to ventral gradient of BMPs produced by the roof plate further divides the ventral spinal 

cord into progenitor domains, one of them contains motor neuron progenitors (pMNs). The 

latter finally give rise to MNs (Wilson and Maden 2005; Catela and Kratsios 2019). The same 

factors that induce caudalization and ventralization in vivo have also been utilized in vitro. RA, 

which is synthesized in situ for caudalization, can be added directly to cell cultures in vitro. 

SHH agonists like purmorphamine (PMA) and smoothened agonist (SAG) are small-molecule 

alternatives for recombinant SHH, which was initially used to induce ventralization in vitro (Li 

et al. 2008). SHH induces the expression of oligodendrocyte transcription factor 2 (OLIG2), 

subsequently resulting in specification of MNs (Patani 2016). Neurons generated in vitro 

mature within 2-4 weeks after neural induction, but require the addition of neurotrophic factors, 

(Tao and Zhang 2016; Davis-Dusenbery et al. 2014). Neurotrophic factors such as the brain-

derived neurotrophic factor (BDNF), the glial-derived neurotrophic factor (GDNF) or ciliary 

neurotrophic factor (CNTF) have been used for their survival-enhancing properties in neuronal 

cell culture (Schaller et al. 2017; Santos and Kiskinis 2017). 

1.4.1 Characterization of molecular differentiation markers of MNs  

Molecular differentiation factors were characterized in vivo and allow characterization of cell 

populations in vitro as they are only transiently expressed at specific differentiation stages 

(Davis-Dusenbery et al. 2014). In most cases, analysis by immunocytochemistry, gene 

expression level quantification or flow cytometry of these stage-specific markers is used for the 

characterization of the differentiation stages the cells are in at certain points in time (Jha et al. 
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2015). The molecular markers described below are relevant for the characterization of MN 

differentiation from pluripotent stem cells and were used in the present work (Figure 6). 

 

Figure 6: Molecular markers for the differentiation of pluripotent stem cells to MNs. Differentiation stage specific 

molecular markers for MN generation in vivo can be used for recapitulation of differentiation in vitro. Adapted 

with permission from the Journal of Experimental Biology, Davis-Dusenbery et al. (2014). 

 

Pluripotent stem cells cultivated in vitro can be identified by expression of the same factors that 

are relevant for self-renewal of embryonic stem cells. Among them are OCT4 and SOX2, which 

are transcription factors used for reprogramming into iPSCs, or stage-specific antigens 

(SSEAs), e.g. SSEA4 (Takahashi et al. 2007; Itokazu and Yu 2015; Hansis et al. 2000). 

Through neutralization of stem cells, neural progenitor cells (NPCs) are generated, that can 

further differentiate into many neuronal cell types. NPCs can be identified with the nuclear 

transcription factors paired box protein 6 (PAX6) and SOX1 as well as NESTIN, a neuronal 

cytoskeleton protein (Davis-Dusenbery et al. 2014; Hu et al. 2010; Neely et al. 2012; Callaerts 

et al. 1997). Rostral-caudal and ventral-dorsal patterning in the spinal cord, mainly through 

SHH and RA gradients results in generation of progenitor domains p0, p1, p2, pMN and p3, 

giving rise to MNs or interneurons subtypes V0-3 (Figure 7). Clear borders between the 

progenitor domains, which were generated with signaling gradients, are established through 

selective cross-repressive interactions of subsets of transcription factors that are specific for 

each domain (Briscoe and Novitch 2008). Characteristic for the pMN domain is the expression 

of OLIG2 in combination with homeobox proteins NKX6.1 and NKX6.2 as well as PAX6 

(Sagner et al. 2017). 
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Figure 7: Signaling factor gradients specify progenitor domains in the spinal cord.  Rostral-caudal patterning is 

induced by release of retinoic acid (RA, red) from the somites (S), while dorsal-ventral patterning is induced by 

sonic hedgehog (SHH, blue), released from the notochord (NC) and floor plate (FP) as well as BMP/TGFβ 

signaling (yellow) from the roof plate (RP). This patterning generates five progenitor domains (p0-p3 and pMN), 

which give rise to V0-V3 interneurons and MNs. Adapted with permission from the Journal of Experimental 

Biology, Davis-Dusenbery et al. (2014). 

 

It has been shown that OLIG2 is essential not only for the generation of pMNs, but also for 

differentiation to mature MNs by inducing expression of transcription factors responsible for 

cell cycle exit (Sagner et al. 2017). Nevertheless, OLIG2 is not exclusive to MNs, as it is also 

involved in the generation of oligodendrocytes (Douvaras et al. 2014). In pMNs, OLIG2 

expression indirectly induces MN marker expression and cell cycle exit by inhibition of 

NOTCH signaling (Briscoe and Novitch 2008; Sagner et al. 2017). Initially, the immature MNs 

can be identified by expression of motor neuron and pancreas homeobox protein 1 (MNX1), 

also called HB9 (Davis-Dusenbery et al. 2014). At later stages of maturation, the insulin gene 

enhancer proteins ISLET1 and ISLET2 are generated, which are, when expressed in neurons, 

characteristic for MNs (Qu et al. 2014). Adult cholinergic neurons can be identified by 

expression of choline O-acetyltransferase (CHAT), an enzyme that synthesizes ACh (Davis-

Dusenbery et al. 2014). As maturation of human MN cultures can take up to several weeks, 

NOTCH signaling inhibition through γ-secretase inhibitors such as DAPT or Compound E (CE) 

has been applied for accelerated cell-cycle exit and differentiation into post-mitotic neurons 

(Borghese et al. 2010). With these accelerated differentiation protocols, functional post-mitotic 

MNs can be generated in about 30 days from human embryonic stem cells or iPSCs (Du et al. 

2015; Maury et al. 2015; Amoroso et al. 2013). 
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1.4.2 Electrophysiology and neurotransmitter exocytosis in MNs 

In addition to the expression of relevant molecular markers, MNs that are generated from stem 

cells, as is done in this work, have been shown to be equivalent to MNs in vivo with regard to 

their morphology and electrophysiological properties. For example, they can form NMJs or be 

engrafted into an embryonic spinal cord in vivo (Davis-Dusenbery et al. 2014). An important 

aspect of MN populations generated in vitro is, however, that they form NMJs only when co-

cultivated with muscle cells, due to reciprocal signaling (Stockmann et al. 2013). The electrical 

activity of MNs generated in vitro can be accessed by the use of the patch clamp technique with 

specialized electrodes or with multielectrode arrays (Miles et al. 2004; Taga et al. 2019). For 

the latter, neurons are seeded on an electrode-containing chip which can record electrical 

activity of a neuronal population non-invasively. This technique has been used to assess the 

effect of BoNT-activity on synaptic transmission in mouse neurons (Jenkinson et al. 2017). It 

has also been demonstrated that application of a current or of excitatory neurotransmitters can 

initiate action potentials in MNs generated in vitro (Davis-Dusenbery et al. 2014; Boulting et 

al. 2011; Miles et al. 2004). Initially, voltage-dependent Na+ ion channels in the MN membrane 

are opened, resulting in Na+ influx, which depolarizes the cell and opens voltage-gated K+ ion 

channels. Efflux of K+ ions repolarizes the cell, which eventually returns to resting membrane 

potential (Miles et al. 2004). Immature MNs develop slow, single action potentials, while 

mature MNs are able to fire repeatedly with higher amplitudes (Karumbayaram et al. 2009; 

Sances et al. 2016). When an action potential reaches the NMJ, voltage-gated Ca2+ channels at 

the presynaptic nerve terminal are opened, resulting in Ca2+ influx (Katz and Miledi 1968). The 

Ca2+ sensor SYT regulates neurotransmitter exocytosis at the synapse through interaction with 

the SNARE complex, which is assembled prior to vesicle fusion at the presynaptic membrane 

and consists of t‐ and v-SNAREs and Sec1/Munc18-like proteins (Sudhof 2013). The activation 

of SYT results in a conformational change of the SNARE proteins in the SNARE complex that 

pulls the membranes together, which in turn form a fusion pore (Li and Kavalali 2017). The 

degree of fusion can vary from a ‘kiss and run’ fusion, where the vesicle does not completely 

fuse with the cell membrane, but rapidly retracts, and a ‘full collapse fusion’, where a vesicle 

fully fuses with the membrane and can be retrieved at a different site (He and Wu 2007). 

Depending on the frequency of the stimulation, different types of secretory vesicles can be 

activated by the Ca2+-influx (Pang and Sudhof 2010). In neurons, so-called small synaptic 

vesicles (SSVs) - about 40-50 nm in size - contain classical non-peptide neurotransmitters like 

ACh, which is the primary neurotransmitter in MNs (Merighi 2018). So-called large dense core 

vesicles (LDCVs) are about 75-100 nm in size and are loaded with neuropeptides that can 
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modulate neural functions (De Camilli and Jahn 1990; Merighi 2018). LDCVs are closely 

related to secretory granules, which are involved in the secretory pathway of endocrine cells. 

Neuronal LDCVs are smaller (75-100 instead of 300-1000 nm) than their non-neuronal 

counterparts (Bulgari et al. 2019). While SSVs are recycled locally and refilled with 

neurotransmitters at the synapse, LDCVs bud from the Golgi apparatus and are loaded with 

proteins synthesized at the rough endoplasmic reticulum (Merighi 2017). A major component 

of LDCVs is the carboxypeptidase E, which facilitates activation of proneuropeptides and 

prohormones like proopiomelanocortin (POMC) and has been used in the neurotransmitter 

release assay developed by Pathe-Neuschäfer-Rube et al. (2015) (Cawley et al. 2016; Lou et 

al. 2010). SSVs are the more abundant form of vesicles in neurons, but both types of vesicles 

have been shown to be sensitive to BoNTs (Colasante et al. 2013; Ding et al. 2019; Bulgari et 

al. 2019; Ovsepian et al. 2019; Merighi 2018). 
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2 Aim 

Currently available in vitro methods for the potency estimation of BoNTs are not universally 

applicable and a high number of test animals is still required. The aim of this project was to 

generate an in vitro assay based on neurotransmitter release quantification that can be used for 

the quantification of all BoNT serotypes. The groundwork for this assay has been laid by the 

research group of Prof. G. Püschel, who published the reporter based neurotransmitter release 

assay using the neuroblastoma cell line SIMA (Pathe-Neuschäfer-Rube et al. 2015; Pathe-

Neuschäfer-Rube et al. 2018). SIMA cells could be used to quantify the activity of the serotype 

BoNT/A1, but were not sensitive enough for BoNT/B1. The most sensitive target and 

physiologically relevant model for BoNT activity tests are human MNs, which can be 

differentiated from human iPSCs. This project aimed to develop an assay for the quantification 

of BoNT activity with human MNs differentiated from human iPSCs. To this end, several MN 

differentiation protocols were to be established and analyzed for their capacity to generate MNs 

that are sensitive to all BoNT serotypes. The yield of MNs and the expression of receptors and 

substrates of different BoNT serotypes was to be analyzed with immunocytochemistry and 

reverse transcription quantitative polymerase chain reaction (RT-qPCR) in the differentiated 

cells. The optimized differentiation protocols were to be applied to iPSCs, which were 

transfected in the research group of Prof. G. Püschel with the same luciferase reporter used for 

the SIMA cell assay. Differentiated to MNs, these cells were to be tested for the suitability for 

BoNT potency estimation combining the neurotransmitter release assay, universal for all BoNT 

serotypes, with a physiologically relevant and sensitive cell type. The aim of this work was to 

investigate whether MNs with a high sensitivity for different BoNT serotypes can be generated 

in vitro.  
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3 Materials and methods 

3.1 Cell culture 

3.1.1 General aspects 

Detailed information regarding the materials used in this work can be found in Section 3.6. All 

cell types used in this work (listed in Table 6) were cultivated at 37 °C, 5% CO2, 95% relative 

humidity in an incubator and checked for Mycoplasma contamination monthly. For adherent 

cell culture and if not stated otherwise, cell culture plates were coated with growth factor 

reduced Corning Matrigel basement membrane preparation. Initially, high-concentration 

Matrigel was used, which was diluted 1:5 in Knockout DMEM and stored at -20 °C as single-

use aliquots. For later experiments (Section 4.2-4.3), Matrigel with standard concentration was 

stored undiluted at -20 °C as single-use aliquots. After thawing the aliquot at 4 °C, Matrigel 

was diluted to a final concentration of approximately 1 mg for one TPP plate, using a volume 

of 1, 0.5 or 0.25 mL per well for the coating of 6-, 12- or 24-well plates respectively. Coated 

plates were sealed with parafilm and stored at 4 °C over night before usage and could be stored 

at 4 °C for several weeks. Prior to use, Matrigel-coated plates were incubated for at least one 

hour at room temperature, the solution was aspirated and the cell suspension added directly. 

After detachment of cells for subcultivation, if not stated otherwise, the cell suspension was 

diluted 1:10 with centrifugation medium to dilute the enzymes used. Dilution of the enzyme 

was required when no serum was added to the medium. Cell suspensions were then centrifuged 

for 5 min at 0.3 relative centrifugative force (rcf) at room temperature. If necessary, the number 

of viable cells was quantified in cell suspension stained with Trypan Blue in a Neubauer cell-

counting chamber. Cells were cultivated in 2, 1 or 0.5 mL medium per well in 6-, 12- or 24-

well plates respectively. For 60 mm dishes, 6 mL medium was used. The cell culture medium 

was changed every other day, if not stated otherwise. 

3.1.2 Cryoconservation and thawing of frozen cells 

For cryoconservation of cells, detachment was conducted with the respective enzyme used for 

passaging, followed by pelleting the cells in centrifugation medium. The cell pellet was 

suspended in the respective cryopreservation medium (Table 2) and aliquoted (1 mL per vial) 

into cryovials, which were placed inside a freezing container and transferred to -80 °C. For 

long-term storage, cryovials were stored in liquid nitrogen at -196 °C. 
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Table 2: Media used for cryoconservation of cultivated cells 

Cell type Cryoconservation medium 

iPSCs Ctrl-1 StemMACS with 1% P/S + 10% dimethyl sulfoxide 

(DMSO) + 10 µM Y-27632 

iPSCs IMR90 HEPES buffered DMEM/F12 with 10% DMSO, 10% 

FBS and 10 µM Y-27632 

MEFs 90% FBS, 10% DMSO 

NPCs, pMNs, immature MNs STEMdiff™ Neural Progenitor Freezing Medium  

SIMA RPMI with 20% FBS and 10% DMSO 

 

For thawing of cryoconserved cells, cryovials were removed from liquid nitrogen and quickly 

thawed in a 37 °C water bath. The cell suspension was diluted 1:10 in centrifugation medium, 

spun down, resuspended in the respective culture medium and transferred to cell culture plates. 

After 24-48 h, the culture medium was changed. For iPSCs, 10 µM Rho-Kinase inhibitor Y-

27632 was added for increased survival for 3-5 days after thawing (Claassen et al. 2009). 

3.1.3 iPSC culture 

3.1.3.1 iPSCs Ctrl-1 

The human iPSC line Ctrl-1 was provided by Marc Ehrlich and is described in Ehrlich et al. 

(2015). iPSCs Ctrl-1 were cultivated in StemMACS iPS-Brew XF medium (StemMACs 

medium) with 1% penicillin/streptomycin (P/S) on Matrigel. Medium was changed every other 

day and iPSCs Ctrl-1 were passaged with Accutase when confluency reached 70%. As stem 

cells require cell-cell contacts, low splitting rates were applied (1:2-1:4). For increased survival 

after subculturing, 10 µM Y-27632 was added until the next medium change (Beers et al. 2012). 

3.1.3.2 iPSCs IMR90 

The human iPSC line IMR90-04 (IMR90) was originally obtained from WiCell (Yu et al. 

2007). Routine cultivation of IMR90 was conducted in StemMACs medium with 1% P/S on 

Matrigel in 6-well plates. Medium was changed every other day and IMR90 were passaged at 

70% confluency with EDTA-solution in PBS at ratios of 1:8-1:30. EDTA is a chelator for 

divalent ions, e.g. Ca2+ and Mg2+-ions, which are required for cell-cell and cell-surface contacts 

respectively (Ohnuma et al. 2014). Cells are washed with 1 mL of EDTA solution and then 

incubated with 1 mL for 5-7 min. After incubation with EDTA, cell colonies start to detach 

from the surface, but still keep cell-cell-contacts in the form of small aggregates. The EDTA-

solution can then be removed carefully, while the cells remain on the well’s surface and can be 

rinsed off with the medium used for cultivation without the need for centrifugation. 
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IMR90 were passaged as small aggregates, which significantly increases survival of stem cells, 

but requires careful handling with limited pipetting (Beers et al. 2012). 10 µM Y-27632 was 

added for 1-2 days after subculturing. When IMR90 needed to be centrifuged, e.g. after 

thawing, DMEM-F12 buffered with HEPES was used. 

3.1.3.3 Transgenic IMR90 

IMR90-04-hPOMC-GLuc (IMR90-Gluc) were generated in the research group of Prof. G. 

Püschel (Institute of Nutritional Science, Department of Nutritional Biochemistry, University 

of Potsdam). The gene coding for GLuc with an N-terminal hPOMC-tag was integrated into the 

AVV site mediated by CRISPR-Cas9. Puromycin (250 ng/mL) was used for selection of 

transgenic cells. 10 µM Y-27632 was added for 1-2 days after subculturing. Puromycin was 

added only 1-2 days after subculturing and was omitted for differentiation to NPCs and MNs. 

3.1.4 Differentiation of iPSCs to MNs 

For differentiation to MNs, stem cell medium was switched to neuronal medium (Table 7) and 

stage-specific differentiation supplements were added (Table 8). Depending on the application, 

different plate formats were used: 6-well plates were used for reverse transcription quantitative 

polymerase chain reaction (RT-qPCR) analysis and Western blot, 24-well plates with one 

coverslip per well for immunocytochemistry and Cellstar 96-well microplates for cultivation of 

cells for GLuc release experiments. If not indicated otherwise, cells were seeded in the 

respective plate format when passaging was required by the protocol. An overview of the 

protocols used for differentiation of iPSCs to MNs is given in Figure 8. 

3.1.4.1 Differentiation protocol based on Kroehne et al. (2017) 

The generation of pure populations of proliferating neural progenitor cells (NPCs) from iPSCs 

with small molecules was originally described by Reinhardt et al. (2013). These NPCs were 

then differentiated to MNs with a protocols based on Kroehne et al. (2017). For the generation 

of NPCs, iPSC lines Ctrl-1 and IMR90 were detached from Matrigel-coated plates with 

Accutase or ETDA respectively and transferred to a feeder layer of mitotically inactivated 

mouse embryonic fibroblasts (MEFs, 3.75∙105 cells/well) on 6-well plates, which had been 

coated with 0.1% gelatin for 20-30 min at 37 °C. For inactivation, MEFs were treated with 

10 µg/mL Mitomycin C in MEF medium for 2 h, washed three times with PBS, detached with 

trypsin/EDTA and cryoconserved. Inactivated MEFs were seeded in MEF medium at least one 

day prior to transfer of iPSCs. For the co-culture of iPSCs on MEFs, hES medium was used, to 

which 10 µM Y-27632 was added for one day after subculturing. Medium was changed every 
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day during the co-culture stage. iPSCs formed colonies on the feeder layer and were passaged 

approximately 1-2 times a week, when 50-60% of the surface was covered with iPSCs. For 

passaging of small cell aggregates, the co-culture was incubated with 1 mg/mL Collagenase IV 

for 10-15 min and disaggregated mechanically. After passaging, 10 µM Y-27632 was added 

for one day. After one week of co-culture, embryoid bodies were generated by manually cutting 

the iPSC colonies and detaching the resulting colony pieces by incubation with 2 mg/mL 

Collagenase for 100 min. Each well was rinsed with 2 mL hES medium, which was transferred 

to a Falcon tube. Aggregates were allowed to settle by gravity for 5 min. The supernatant was 

removed, the aggregates to be cultivated in suspension were resuspended carefully in 6 mL hES 

and transferred to low-attachment plates. The medium was changed every other day. For the 

first 2 days, hES medium with 1 µM dorsomorphin, 3 µM CHIR, 0.5 µM PMA and 10 µM SB 

was used. Neuronal medium instead of hES medium, but containing the same supplements was 

added on day 2. From day 4 on, neuronal medium containing 3 µM CHIR, 0.5 µM PMA and 

150 µM ascorbic acid (AA) was used. On day 6, the aggregates had formed embryoid bodies, 

which were dissociated mechanically into single cells and smaller aggregates. For this, about 

50 embryoid bodies were transferred into each well of a 12-well plate coated with Matrigel and 

pipetted up and down for 30-50 times. The adherent cells, now called NPCs, were cultivated 

with the same medium for 3 passages and subcultured with Accutase about once every week. 

From passage 4 on, 0.5 µM SAG was used instead of PMA. Pure populations of NPCs were 

obtained after about 10 passages. For differentiation to MNs, 2∙105 NPCs/mL with at least 

13 passages were seeded on Matrigel-coated 12-well plates. Cultivation in neuronal medium 

with 200 µM AA, 0.5 µM SAG, 1 µM RA, 1 ng/mL GDNF and 2 ng/mL BDNF yielded 

OLIG2-positive pMNs after 6 days. pMN containing populations could be detached with a cell 

scraper, diluted 1:3 and replated on Matrigel coated 24-well plates, which contained one 

coverslip each, for immuno-cytochemical analysis at later time points. For maturation, neuronal 

medium containing 200 µM AA, 2 ng/mL GDNF and BDNF, 1 ng/mL TGFß3, 200 µM N6,2′-

O-dibutyryladenosine 3′,5′-cyclic monophosphate (dbcAMP) and 10 µM DAPT was used. 

ISLET1- and CHAT-positive MNs were analyzed on day 21. 

3.1.4.2 Differentiation protocol based on Du et al. (2015) 

The protocol published by Du et al. (2015) for the generation of MNs from iPSCs was applied 

with minor changes. The cell number per well of undifferentiated iPSCs was estimated by 

detaching one well with Accutase and counting the cell number of this single-cell solution. For 

the actual seeding, small aggregates were used for enhanced survival. iPSCs were detached 



Materials and methods 

31 

 

with EDTA solution and approximately 5∙104 cells/mL were seeded in StemMACs medium 

with 10 µM Y-27632 in 6-well plates coated with Matrigel. To begin the differentiation, the 

medium was exchanged with neuronal medium containing 3 µM CHIR, 2 µM DMH1 and 2 µM 

SB on the next day. 100 µM AA was added for the whole differentiation. 2 mL of this medium 

was added on day 2 and 4 mL were added on day 4 and 5. With this, NESTIN- and SOX1-

positive NPCs were achieved on day 6. NPCs were detached by incubation for 10 min with 

EDTA solution and passaged in a 1:6 ratio on Matrigel-coated 6-well plates. 0.1 µM RA, 

0.5 µM PMA, 1 µM CHIR, 2 µM DMH1 and 2 µM SB were used from day 6 until day 12, 

where OLIG2-positive pMNs could be detected. pMNs can either be expanded for a few 

passages or differentiated further into MNs. For expansion, pMNs were passaged regularly by 

incubation with EDTA solution for 10 min, reseeded 1:6 on Matrigel-coated plates and 

cultivated in neuronal medium containing 3 µM CHIR, 2 µM DMH1, 2 µM SB431542, 0.1 µM 

RA, 0.5 µM PMA and 0.5 mM valproic acid (VPA). For maturation into MNs, pMNs were 

transferred into low-attachment cell culture dishes and cultivated in the form of neurospheres. 

Each well of a 6-well plate with pMNs was detached with 1 mL of 2 mg/mL Collagenase IV 

for 15 min and allowed to settle by gravity in a centrifugation tube. The larger aggregates were 

transferred into one low-attachment dish and cultivated in suspension with 6 mL of neuronal 

medium containing 0.5 µM RA and 0.1 µM PMA. After 6 days, large neurospheres consisting 

of immature MNs were achieved and dissociated on day 18. Depending on the differentiation 

outcome, colonies of adherent cells have grown in addition to the neurospheres that can be 

attached to the adherent cell layer on the cell culture dish. To separate the neurospheres from 

adherent cells, all cells are incubated with Accutase for 5 min and the partially dissociated cell 

suspension is filtered through a 70 µm cell strainer. As the neurospheres required longer 

incubation times due to their size, they are still intact and remained on the filter. They could be 

collected and incubated with Accutase for another 10 min, which, with the aid of mechanical 

disaggregation by pipetting, generated a single-cell solution. If pure neurosphere cultures 

without adherent cells were obtained on day 18, the separation with the cell strainer could be 

omitted and the neurospheres directly dissociated by incubation with Accutase for 15 min and 

mechanical disaggregation. The single-cell suspension of immature MNs could be frozen or 

seeded at 2-4∙105 cells/mL on Matrigel-coated plates. Cells were maturated in neuronal medium 

containing 0.5 µM RA, 0.1 µM PMA, 0.1 µM compound E (CE), 2 ng/mL of GDNF, BDNF 

and CNTF for 10 days and ISLET1- and CHAT-positive MNs were analyzed on day 28. 
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3.1.4.3 Differentiation protocol based on Maury et al. (2015) 

The differentiation following the protocol by Maury et al. (2015) was conducted as follows: 

The cell number per well of undifferentiated iPSCs was estimated in a single-cell solution 

generated with Accutase, but for the differentiation, iPSCs were seeded as small aggregates in 

suspension culture. For this, iPSCs were detached with EDTA solution and transferred in a 

volume of 6 mL with 1∙105 cells/mL as small aggregates into low-attachment plates in neuronal 

medium containing 0.5 µM AA, 3 µM CHIR, 2 µM DMH1, 2 µM SB and 5 µM Y-27632. On 

day 2, 0.5 µM AA, 3 µM CHIR, 2 µM DMH1, 2 µM SB, 0.1 µM RA and 0.5 µM SAG were 

supplemented. On days 4, 6 and 8, neuronal medium was supplemented with 0.5 µM AA 

0.1 µM RA and 0.5 µM SAG. On day 9, aggregates had differentiated into neurospheres, which 

consisted of OLIG2-positive pMNs. Neurospheres were dissociated with mechanical 

dissociation by pipetting and Accutase incubation for 15 min and seeded at 2-3∙105 cells/mL in 

Matrigel-coated plates in neuronal medium. Neural medium with 10 µM DAPT was used from 

day 9 to day 14. For maturation, neurotrophic factors GDNF, BDNF and CNTF (5 ng/mL) and 

1 µg/mL dbcAMP were added from day 11 on. Mature MNs expressing ISLET1- and CHAT 

were analyzed on day 30-32. 

3.1.5 SIMA cell culture 

Transgenic SIMA-hPOMC1-26-Gluc (SIMA) cells, which are described in the publication by 

Pathe-Neuschäfer-Rube et al. (2015), were kindly provided by the research group of Prof. G. 

Püschel (Institute of Nutritional Science, Department of Nutritional Biochemistry, University 

of Potsdam). The wild type was originally obtained from the DSMZ (ACC 164). SIMA cells 

were cultivated under standard cell culture conditions (37 °C, 95% rel. humidity) in SIMA 

medium containing 500 U/ml G-418 for selection of transgenic cells and passaged once per 

week with trypsin/EDTA. A more neuronal phenotype could be achieved by seeding SIMA 

cells in serum-free differentiation medium on poly-L-lysine coated 6-well plates for Western 

blot and on Cellstar 96-well microplates for luciferase release. Prior to seeding, cell culture 

plates were incubated with 10 µg/mL poly-L-lysine for 20 min at 37 °C and washed with PBS. 

SIMAs were differentiated for two days in differentiation medium without, and for two days in 

differentiation medium containing BoNTs, before either a GLuc release assay was conducted 

or the cells were harvested for Western blot analysis (3.5 and 3.4). 
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3.2 Immunocytochemistry 

Antibodies raised against specific molecular markers as antigens, coupled with fluorophores, 

can be used to visualize these markers microscopically. At the specified time points, cells grown 

on coated glass coverslips were prefixed in 2% paraformaldehyde (PFA) solution by adding an 

equal volume of PFA solution (4% in PBS) to the cell culture supernatant. After 10 min, fresh 

PFA solution was added for another 10 min. Coverslips were washed twice with PBS and stored 

in PBS at 4 °C. For permeabilization of the membrane, cells were incubated with 

permeabilization solution for 10 min. To reduce nonspecific binding, blocking buffer was 

added for 1 h. Depending on the species that was used for secondary antibody generation, either 

goat serum or bovine serum was used. The cover slips were placed on a 20 µL droplet of 

primary antibodies (Table 11) diluted in 1% BSA in PBST and placed in a wet chamber, 

consisting of a petri dish, overnight at 4 °C. The cover slip was then washed three times with 

PBS. 500 µL of the secondary antibodies (Table 12) diluted in 1% BSA in PBST was added for 

1 h at room temperature. Coverslips were washed three times with PBS and mounted with DAPI 

containing ProLong™ Gold Antifade Mountant and imaged with an inverse fluorescence 

microscope. Controls for the antibodies with indistinct staning can be seen in Figure 28. 

Numbers of stained cells were quantified with the aid of the CellCounter plug-in for ImageJ by 

a person blind to the experiment. 

3.3 Molecular Biology  

3.3.1 Sample collection, RNA extraction and cDNA synthesis 

Cultured cells were harvested at specified time points with a cell scraper with the plates placed 

on ice. To ensure that all cells were collected, the scraping was repeated twice in ice cold PBS. 

The cell suspension was collected in a tube and centrifuged (16.000 rcf, 4 °C, 20 min). The cell 

pellet was stored at -80 °C. Total RNA was extracted with NucleoZOL and isolated on 

Nucleospin RNA columns according to the manufacturer’s recommendations. 2.5 µg of RNA 

were incubated with RNAse Inhibitor and DNase for 30 min at 37 °C to remove DNA. The 

DNase was stopped by addition of a stop solution provided by the manufacturer and incubation 

at 70 °C for 10 min. For reverse transcription of mRNA into complementary DNA (cDNA), 

reverse transcriptase, desoxyribose nucleoside triphosphates (dNTPs) and random hexamer 

primers were added and incubation continued in total reaction volume of 50 µL for 10 min at 

25 °C, 50 min at 42 °C and 15 min at 70 °C. cDNA samples were stored at -20 °C until used 

for RT-qPCR. 
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3.3.2 Reverse transcription quantitative polymerase chain reaction (RT-qPCR) 

Gene expression levels can be quantified with a variant of the polymerase chain reaction (PCR). 

PCR is used to amplify DNA in vitro through an enzymatic reaction by a heat-stable 

polymerase. This amplification requires a pair of primers, which are oligonucleotides, used by 

the polymerase for elongation, with a sequence complementary to the 3’ or 5’ end of the 

sequence to be amplified. Repeated cycles of temperature changes are then applied. For initial 

denaturation of DNA, the temperature is raised to 95 °C, where the hydrogen bonds between 

the strands of DNA break, yielding two single strands. This is followed by annealing at 60 °C, 

where primers bind to complementary sequences on the single strands. For the DreamTaq 

Polymerase, this temperature also allows elongation of the bound primers with dNTPs. As the 

primers are required for replication, only the sequences flanked by the respective primers are 

amplified. In the case of RT-qPCR, the amplification of DNA can be quantified by using 

reporters. One of them is SYBR green, which specifically binds to double stranded DNA, 

increasing the fluorescence intensity of the reporter. The fluorescence intensity correlates with 

the amount of double stranded DNA, which is doubled after each cycle. The number of cycles 

it takes for the fluorescence intensity to reach a threshold, the quantification cycle (Cq), is 

counted. Together with the use of reference genes (RGs), relative gene expression levels can be 

calculated from the Cq-values, as the number of cycles required correlates with the amount of 

mRNA in the original sample for the gene of interest. Selection criteria for primers include: 

cytosine and guanine content of 50-60%; maximum PCR product length of about 200 base 

pairs; primer pairs should span an exon-exon junction; low self-complementarity of primers; 

primer melting temperature of about 60 °C. Suitable primers were then validated in a positive 

control sample by analysis of the melting curve of the PCR product and its size with agarose 

gel electrophoresis. In addition, the amplification efficacy was detected from the slope of a 

standard curve. If the template is doubled in each cycle, the efficiency should be in the range 

of 80-120%. For RT-qPCR analysis, 20 ng cDNA was amplified in a reaction volume of 20 µL 

in 96-well PCR-plates with the corresponding primers for the genes of interest in this study 

(Table 5) with the reaction mix in Table 3 and cycling protocol in Table 4 in a thermal cycler. 

A no template control was used for each amplification. The quantification cycle (Cq) was 

determined and the 2-∆Cq method (Schmittgen and Livak 2008) was used to calculate relative 

gene expression levels. The geometric mean of the reference genes cyclophilin A (PPIA) and 

ribosomal protein S23 (RPS23) was used for normalization. Both reference genes have been 

shown to be stably expressed using the geNorm algorithm implemented in qBase+ software 

(Vandesompele et al. 2002). Other genes tested for stability of expression during differentiation 
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of iPSCs to MNs were: β-Actin, Glyceraldehyde 3-phosphate dehydrogenase, 14-3-3 protein 

zeta/delta, Ubiquitin C, Hypoxanthine Phosphoribosyl-transferase 1, ß-2-Microglobulin and 

60S acidic ribosomal protein P0. 

Table 3: Reaction mix for RT-qPCR 

Component Final concentration 

DreamTaq buffer 10x 1x 

10 mM dNTPs  0.2 mM 

5 µM Primer mix 0,25 µM 

1 µM ROX reference dye 0.03 µM 

SYBR green  0.0264x 

5 U/µL DreamTaq Polymerase 0.025 U/µL 

5 ng/µL Template DNA 1 ng/µL 

Water (Ampuwa)  

 

 

Table 4: Cycling protocol for RT-qPCR 

Step Temperature Duration  

Activation 95 °C  10 min  

Amplification 95 °C 15 sec  

   x 40 cycles 60 °C 1 min 

Melting Curve 95 °C 15 sec  

60 °C 1 min  

90 °C 30 sec  

60 °C 15 sec  

 

 

Table 5: Primers used in gene expression level analysis by RT-qPCR 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) Efficiency 

PPIA 

NM_001300981.2 

GCCAAGACTGAGTG

GTTGGAT 

GGCCTCCACAATATT

CATGCC 

103% 

RPS23 

NM_001025.5 

ACAGGATGGGCAAG

TGTCGT 

CACTTCTGGTCTCGT

CGGTG 

99% 

OCT4 

NM_002701 

CGAGAAGGATGTGG

TCCGAG 

GGGAAAGGGACCGA

GGAGTA 

94% 

SOX1 

NM_005986 

GCTGACACCAGACTT

GGGTT 

CCTCTCGCCTCGTTT

TGACT 

88% 

OLIG2 

NM_005806 

TATAGATCGACGCG

ACACCAG 

GGACCCGAAAATCT

GGATGC 

82% 

ISLET1 

NM_002202.3 

GGATTTGGAATGGC

ATGCGG 

CATTTGATCCCGTAC

AACCTGA 

97% 

HB9 

NM_001165255.1 

GAGACCCAGGTGAA

GATTTGGT 

GCTCTTTGGCCTTTT

TGCTGC 

116% 

CHAT 

NM_001142929.1 

AAGGAGTAGGAGCC

GAGCAT 

CACCCGAATTTCCAG

AGGTCG 

112% 

SNAP25 

NM_001322902.2 

AGCCTGGGGCAATA

ATCAGG 

GGCATCATTTGTTAC

CCTGCG 

94% 

STX1A 

NM_001165903.2 

CAACCCCGATGAGA

AGACGA 

GGCGTTGTACTCCGA

CATGA 

94% 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001300981.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_001025.5


Materials and methods 

36 

 

STX1B 

NM_052874.5 

GAAGGACCACCACC

AACGAA 

ATCTCTCCCTGGCTC

TCTACG 

105% 

VAMP1 

NM_001297438.2 

CAGTTCCGTCCACTT

CAGCC 

CTGGAGCAGACATTT

TTCTGACA 

81% 

VAMP2 

NM_001330125.1 

CCAAACCTCACCAGT

AACAGGA 

CTCATGATGTCCACC

ACCTCA 

91% 

SV2A 

NM_001278719.1 

CCTCAGACAAGAGG

ACCACAG 

GCCCTAGAGACCCCT

TCACT 

87% 

SV2B 

NM_001167580.3 

CCACCAACATGGGA

AACTTGTG 

GTGCTCGTAGAGGTC

TGTGTT 

101% 

SV2C 

NM_001297716.2 

TCGGGATTGGAGGA

GCCATA 

ATGCTGAAGCTCCAC

CCGTA 

86% 

SYT1 

NM_001135805.2 

GGATGTGGGTGGCTT

ATCCG 

CCACCTGCACTTTCT

GGATTTG 

94% 

SYT2 

NM_001136504.1 

CTTCAAGGTGCCATA

CCAGGA 

CTCCACTCCTCAATG

GGCTG 

89% 

ST3GAL2 

NM_006927.3 

TGAGAGTGCCAAGA

ACCTGC 

CTGGGGCGTAGGTG

AATCG 

83% 

ST3GAL3 

NM_001270459.1 

ATCTTCCCCCGGTTC

TCCAA 

CGAACTCCCGGATTC

TAGCC 

86% 

GLuc 

AY015993.1 

CAGCATCGAGATCC

GTGGTC 

CCACCGAGAACAAC

GAAGAC 

75% 

 

3.4 GLuc release assay 

The protocol used for the GLuc release assay was adapted from Pathe-Neuschäfer-Rube et al. 

(2015). MNs or differentiated SIMA cells were prepared and treated with BoNTs in Cellstar 

96-well microplates. The toxin was diluted in the respective culture medium, but supplements 

(Table 8) were omitted. After 48 h, the cells were washed with 100 µL of the medium they were 

cultivated in and incubated in 100 µL fresh medium for 10 min at 37 °C to reduce non-specific 

release during the assay. The medium was removed and the cells were treated with 100 µL of 

depolarizing or control buffer for 3 min at 37 °C. The buffer supernatant was transferred into a 

microcentrifuge tube and centrifuged (1000 rpm, 3 min) to remove debris and cells. During the 

centrifugation, the 96-well microplate containing the cell monolayer, without supernatant, was 

placed in a nanophotometer with an injector module. 100 µL of 10 µM coelenterazine substrate 

solution was added to each well with the injector. The cells in the plate were lysed by the hypo-

osmolar solution resulting in GLuc release and substrate catalysis. The bioluminescence was 

quantified for 10 sec and averaged. 20 µL of the centrifuged supernatant was transferred into 

each well of a Lumitrac 96 well microplate and GLuc activity was quantified in the same 

manner. For analysis of cell culture medium, 10 µL medium was diluted in 90 µL in PBS. 10 µL 

of the diluted solution was used for quantification of GLuc activity in the same manner as the 

other samples. 
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3.5 Analysis of SNAP25-cleavage by BoNT/A1 

3.5.1 Treatment of SIMA cells and MNs with BoNT/A1 

SIMA cells and MNs were differentiated as described in Sections 3.1.4 and 3.1.5 in 6-well 

plates. BoNT/A1 (Table 16) was added to the SIMA differentiation medium or neuronal 

medium without supplements at different concentrations. Cells were incubated with BoNT/A1 

for 48 h under standard cell culture conditions. 

3.5.2 Cell lysis 

Cells treated with BoNT/A1 (Section 3.5.1) were placed on ice and washed with 2 mL ice-cold 

PBS per well. Each well was incubated with 100 µL of ice-cold RIPA-buffer for 20 min on ice. 

The lysed cells were collected with the aid of a cell scraper and transferred to a microcentrifuge 

tube. Remaining toxin was inactivated by heating the lysate to 85 °C for 5 min (Woodburn et 

al. 1979), followed by cooling on ice. Cells were disrupted by sonication (2x 10 sec) and 

centrifuged (16,000 rcf, 20 min at 4 °C). The supernatant was transferred to a new tube and 

stored at -20 °C. 

3.5.3 Protein estimation 

The protein concentration of lysates (Section 3.5.2) was quantified with the Pierce Microplate 

BCA Protein Assay Kit. The quantification is based on the reduction of Cu+2 to Cu+ in an 

alkaline solution containing proteins. Cu+-ions are then chelated by the provided bicinchoninic 

acid (BCA), forming a complex that absorbs light at 562 nm, which can in turn be quantified 

with a spectrophotometer (Smith et al. 1985). For this, 13 µL of lysate were analyzed in 

duplicates according to the manufacturer’s recommendation. The absorption of sample lysates 

is compared to a standard curve, generated with albumin standards (0-2000 µg/mL). 

3.5.4 SDS-PAGE 

Complex protein samples can be separated by size with an SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE), where samples are loaded on a gel consisting of polymerized 

acrylamide and separated by applying an electric field. Sodium dodecyl sulfate (SDS) is a 

detergent, which binds to the surface of proteins and covers them with a constant negative 

charge. In addition, reducing substances like β-mercaptoethanol are added, denaturing and 

unfolding proteins, which leads to a constant size-to-charge ratio. The pore size of the gel 

depends on the concentration of acrylamide, affecting the separation performance. However, 

larger proteins take longer to move through the mesh, which leads to a separation of proteins 
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according to their size. Prestained mixtures of proteins with certain sizes are used as a reference 

for protein size. Pre-casted gradient gels, which are optimized for separation of proteins in the 

range of 10–100 kD, were used to analyze BoNT/A1-treated cell lysates in this work 

(Sections 3.5.1-3.5.3). Gels were transferred to an electrophoresis chamber and covered by 

electrophoresis buffer. 10 or 25 µg of lysate from MNs or SIMA cells respectively were boiled 

with loading buffer (95 °C and 5 min), loaded and separated by applying 200 V for 

approximately 30 min according to the manufacturer’s recommendation. 

3.5.5 Western blot 

A Western blot (WB) can be used to visualize proteins by utilizing the selective binding of 

antibodies to their respective epitope. These antibodies are coupled e.g. with horseradish 

peroxidase (HRP), which catalyzes oxidative reactions resulting in luminescence depending on 

the substrate. Proteins which have been separated by size in an SDS-PAGE as described in 

Section 3.5.4, were transferred to the surface of a nitrocellulose membrane by an electric 

current. For wet transfer WB, the gel, a membrane and filter paper were equilibrated for 15-

20 min in ice-cold transfer buffer, stacked and transferred to a transfer chamber, immersed in 

transfer buffer. The chamber itself was cooled with ice packs and placed on ice and 100 V were 

applied for 60 min. After the transfer, the membrane was rinsed with water and cut between the 

35 and 40 kDa band for separate visualization of β-actin and SNAP25 bands. The lower part of 

the membrane was placed in blocking buffer for 1 h to prevent non-specific binding and then 

incubated with anti-SNAP25 primary antibody diluted to 1 µg/mL in blocking buffer overnight 

at 4 °C. After rinsing the lower part of the membrane with TBST for 5 min three times, it was 

incubated with a secondary, HRP-coupled antibody diluted 1:20,000 in blocking buffer for 1 h 

at room temperature. The upper part of the membrane was stored in TBST at 4 °C overnight 

after the transfer, blocked for 1 h on the next day and incubated with an HRP-coupled anti-β-

actin antibody in blocking buffer for 1 h at room temperature. Both parts of the membrane were 

then washed three times for 5 min in TBST. The membrane was incubated for 5 min in substrate 

solution from the Immobilon Western HRP Substrate Kit, which was prepared by combining 

luminol and peroxide solutions in equal volumes. Luminescence was detected with an imaging 

system and β-actin and SNAP25 band intensity was quantified using Image J. After 

normalization to the β-actin band-intensity, the amount of SNAP25 was modelled with 

GraphPad Prism by nonlinear regression (four parameters, variable slope). 
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3.6 Materials  

Table 6: Cell lines used in this work 

Cell name Description Supplier 

Ctrl-1 Human iPSCs derived from 

fibroblasts of a healthy donor 

M. Ehrlich, formerly at Planck 

Institute for Molecular 

Biomedicine, Münster (Ehrlich et 

al. 2015) 

IMR90-04 IMR90 clone 4, human iPSCs 

derived from human fetal 

fibroblast line IMR90 (Yu et al. 

2007) 

WiCell, #iPS(IMR90)-4 

IMR90-04-hPOMC-GLuc IMR90-04, where the sequence 

coding for GLuc with an POMC-

tag was integrated into the AAVS1 

site 

Prof. G. Püschel (Institute of 

Nutritional Science, Department 

of Nutritional Biochemistry, 

University of Potsdam) 

MEFs Mouse embryonic fibroblasts Cell Biolabs Inc. #CBA-310 

NPC-Ctrl-1 NPCs generated from iPSCs- Ctrl-

1 (Reinhardt et al. 2013; Hargus et 

al. 2014)  

M. Ehrlich, formerly at Planck 

Institute for Molecular 

Biomedicine, Münster (Ehrlich et 

al. 2015) 

SIMA-hPOMC 1-26-Gluc SIMA transfected with GLuc, 

including an hPOMC 1-26 tag 

Prof. G. Püschel (Pathe-

Neuschäfer-Rube et al. 2015) 

 

Table 7: Composition of media used for cell culture 

Medium Composition 

Centrifugation medium DMEM Low Glucose + 1% BSA Fraction V 

Neuronal medium DMEM/F12 and MACS Neuro medium 1:1; 0.5x N2, 

1x B27 or N21, 1% P/S, 1% L-Glu 

MEF medium DMEM high Glucose, 15% FBS, 1% P/S, 1% L-Glu 

hES Medium DMEM/F12 with 20% Knock-out Serum 

Replacement, 1% P/S, 1% L-Glu, 1x non-essential 

amino acids, 100 µM ß-mercaptoethanol and 5 ng/mL 

bFGF 

SIMA medium RPMI1640 with 10% inactivated FCS, 1% P/S, 1% L-

Glu 

SIMA differentiation medium RPMI1640 with 2% N21, 1% N2, 1 mM non-essential 

amino acids, 1% P/S, 1% L-Glu 
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Table 8: Cell culture supplements 

Supplement Supplier Stock solution 

BDNF Peprotech, #450-02 10 µg/mL in 0.1% BSA 

bFGF Gibco #13256029 5 µg/mL in 10 mM Tris, pH 7.6 

with 0.1% BSA 

CHIR99021 (CHIR) Axon MedChem #1386 6 mM in DMSO 

CNTF Peprotech, #450-13 10 µg/mL in 0.1% BSA 

Compound E (CE) Bertin Pharma, #15579 2 mM in DMSO 

DAPT Cayman Chemicals #Cay13197-5 

or Hycultec #HY-1307 

10 mM in DMSO 

DMH1 Bertin Pharma, #16679 10 mM in DMF 

Dorsomorphin (DM) abcam #ab120843 10 mM in DMSO 

G-418 Invitrogen #11811-31 500 U/mL G418 in H2O  

GDNF  Peprotech, #450-10 10 µg/mL in 0.1% BSA  

L-ascorbic acid (AA) Sigma #A4544 150 mM in H2O 

N6,2′-O-dibutyryladenosine 3′,5′ 

cyclic monophosphate (AMP) 

Sigma #D0627 100 mM in H2O 

Purmorphamine (PMA) Stemcell #72202 10 mM in DMSO 

Retinoic acid (RA) Sigma #R2625 10 mM in DMSO, protect from 

light 

SAG TargetMol #T1779 

or Hycultec #HY-12848 

2.5 mM in DMSO 

SB431542 (SB) Stemcell #72232 40 mM in DMSO 

TGFß3 Sigma #SRP3171 10 µg/mL in 5 mM citric acid with 

0.1% BSA 

Valproic acid (VPA) Sigma #P6273 10 mM in DMEM/F12 

Y-27632 (Y) Target Mol #T1725 10 mM in H2O 

 

 

 

Table 9: Solutions used for cell culture and molecular biology 

 Substance Preparation 

1 or 2 mg/mL Collagenase IV 1 or 2 mg/mL in DMEM/F-12  

Blocking buffer for immunofluorescence 5% goat serum or FBS and 1% BSA in PBST 

Blocking buffer for Western blot 5% milk powder in TBST 

Coelenterazin Stock solution: 2 mM in EtOH 

Working solution: Dilute to 10 µM in H2O  

Control buffer 20 mM Hepes pH 7.4 

136 mM NaCl 

4.7 mM KCl 

1.25 mM CaCl2 

1.25 mM MgSO4 
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Depolarization buffer 20 mM Hepes pH 7.4  

40.7 mM NaCl 

100 mM KCl 

1.25 mM CaCl2  

1.25 mM MgSO4 

EDTA solution 0.02% in PBS 

Electrophoresis buffer 25 mM TRIS 

0.1% SDS 

192 mM glycin 

pH 8.3 

Gelatin solution 0.1% in H2O 

Laemmli buffer 12% SDS 

25% glycerol 

150 mM Tris  

0.03% Bromphenol blue 

20% β-Mercaptoethanol (fresh) 

Matrigel (growth factor reduced) Stored undiluted in single use aliquots at -20 °C 

Matrigel (High Concentration, growth factor 

reduced) 

Diluted 1:5 with knockout DMEM and stored at -

20 °C 

Paraformaldehyde (PFA) 4% in PBS, heated until dissolved, pH 6.9 

PBS 137 mM NaCl 

2.7 mM KCl 

1.8 mM KH2PO4 

8.1 mM Na2HPO4 ∙ 2H2O 

pH 7.4 

PBST PBS with 0.1% Tween-20 

Permeabilization solution 0.25% Triton X-100 in PBS 

RIPA buffer 50 mM Tris 

150 mM NaCl 

1 mM EDTA 

1% Triton X-100 

1% Sodiumdesoxycholat 

0.1% SDS 

Protease Inhibitor Cocktail Set III 1:100 

TBS 50 mM Tris-HCl 

150 mM NaCl  

pH 7.5 

TBST TBS with 0.2% Tween-20 

Transfer buffer Western blot 25 mM Tris 

192 mM glycin 

20% methanol (v/v) 
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Table 10: Chemicals and cell culture materials 

Material Supplier 

Accutase Sigma #A6964 

Albumin standard Thermo #23209 

Albumin, bovine Sigma #A7906 

B27 Thermo Fisher/Gibco #12587010 

Bromophenol blue Applichem #A1120 

BSA Fraction V Thermo Fisher Scientific/Gibco #15260037 

CaCl2 Merck #2066 

Chloroform Thermo Fisher Scientific #2444.1000 

Coelenterazin Roth #4094 

Collagenase IV Thermo Fisher Scientific/Gibco # 17104019 

Dimethyl sulfoxide (DMSO) Roth A994.1 

Dimethylformamid (DMF) Sigma #D4991 

DMEM high Glucose  Merck/Millipore #F0445 

DMEM low glucose Merck/Millipore #F0415 

DMEM/F12 Gibco #21331020 

DMEM/F12 with HEPES Gibco #31330038 

dNTPs Roti®-Mix PCR 3 Roth #L785 

DreamTaq™ Hot Start DNA Polymerase Thermo Fisher Scientific #EP1704 

EDTA Roth #8040 

FBS Biochrom #S0115 Lot #1110D 

Gelatin from porcine skin Sigma #G-2500 

Glycerin Fluka #49770 

Glycin Roth #3908 

Goat serum  Sigma # G9023 

Hepes Biochrom #L1613 

KCl Merck #104936 

KH2PO4 Merck #4873 

Knockout DMEM Thermo Fisher/Gibco #10829018 

Knock-out Serum Replacement  Thermo Fisher Scientific/Gibco #10828010 

L-Glutamine Merck/Biochrom #K0283 

MACS Neuro medium  Miltenyi #130-093-570 

MACS NeuroBrew-21 (N21) Miltenyi Biotec #130-093-566 

Matrigel (growth factor reduced) Corning #354230 

Matrigel (high-concentrated, growth factor reduced) Corning #354263 

Methanol Roth #8388 

MgSO4∙7 H2O Merck #5886 

Mitomycin C  Sigma #M4287 

N-2 Supplement (100X) (N2) Thermo Fisher/Gibco #17502048  
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Na2HPO4 ∙ 2H2O Merck #6580 

NaCl Roth #3957 

Non-essential amino acids Gibco #11140050 

Paraformaldehyde (PFA) Fluka #76240 

Penicillin/streptomycin (P/S) Merck/Biochrom #A2213 

peqGold Protein Marker VWR #27-2110 

Poly-L-Lysin Sigma # P4832 

ProLong™ Gold Antifade Mountant with DAPI Thermo Fisher Scientific # P36935 

Protease Inhibitor Cocktail Set III Calbiochem #539134 

Random Hexamer Primers (N6) Thermo Fisher Scientific #48190011 

RevertAid Premium Reverse Transcriptase  Thermo Fisher Scientific #EP0441 

RiboLock RNAse Inhibitor Thermo Fisher Scientific #EO0384 

ROX reference dye Thermo Fisher Scientific #12223012 

RPMI1640 Merck/Biochrom #F1215 

RQ1 RNase-Free DNase Promega #M6101 

SDS Roth #0183 

Sodiumdesoxycholat Merck #6504 

ß-Mercaptoethanol  Gibco # 31350010 

STEMdiff™ Neural Progenitor Freezing Medium StemCell Tech #5838 

StemMACS iPS-Brew XF Miltenyi #130-104-368 

SYBR™ Green I Nucleic Acid Gel Stain  Thermo Fisher Scientific #S7563 

Total human brain RNA Takara #636530 

TRIS (Tris(hydroxymethyl)-aminomethan) Roth #4855.2 

Triton X-100 Roth #3051.2 

NucleoZOL Macherey-Nagel #740404.200 

Trypan Blue Roth #CN76.1 

Trypsin/EDTA Merck/Biochrom #L2153 

Tween® 20 Roth #P-1379 

 

Table 11: Primary antibodies used for immunocytochemistry and Western blot 

Antibody Host and type Source Dilution 

OCT3/4 Mouse monoclonal Santa Cruz #sc-5279 1:50 

SOX2 Rabbit monoclonal Cell Signaling #3579 1:200 

NESTIN Mouse monoclonal R&D #MAB1259 1:100 

SOX1 Goat polyclonal R&D #AF3369 1:50 

OLIG2 Rabbit polyclonal Merck/Millipore 

#AB9610 

1:250 

NKX6.1 Mouse monoclonal DSHB #F55A10 5 µg/mL 

TUJ1 Rabbit polyclonal Sigma #T2200 1:100 
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TUJ1 Mouse monoclonal Covance #MMS-435P 1:750 

ISLET1 Rabbit polyclonal Abcam #ab20670 1:125 

HB9 Mouse monoclonal DSHB #81.5C10 10 µg/mL 

CHAT Goat polyclonal Millipore #AB144P 1:50 

SNAP25 Rabbit polyclonal Abcam #41455 1:100 

VAMP2 Rabbit monoclonal Cell Signaling #D601A  1:250 

SV2 (SV2A/B/C) Mouse monoclonal DSHB #SV2 10 µg/mL 

GT1b Mouse monoclonal DSHB #GT1b-1 10 µg/µL 

GD1a Mouse monoclonal DSHB #GD1a-1 10 µg/mL 

GLuc Rabbit polyclonal NEB #E8023 1:1000 

GM130 Mouse monoclonal BD #610823 1:250 

β-Actin Mouse monoclonal Santa Cruz #sc-47778 1:4000 

 

Table 12: Secondary antibodies used for immunocytochemistry and Western blot 

Antibody Host and type Source Dilution 

Anti-Goat  

(Alexa Fluor 488) 

Donkey polyclonal Invitrogen #A11055 1:1000 

Anti-Goat  

(Alexa Fluor 568) 

Rabbit polyclonal Invitrogen #A11079 1:1000 

Anti-Mouse  

(Alexa Fluor 488) 

Goat polyclonal Invitrogen #A11001 1:1500 

Anti-Rabbit  

(Alexa Fluor 568) 

Goat polyclonal Invitrogen #A11008 1:1000 

Anti-Rabbit  

(Horseradish peroxidase) 

Goat polyclonal Sigma #A0545 1:20,000 

 

Table 13: Kits used in this study 

Kit Supplier 

Immobilon Western HRP Substrate Kit Merck/Millipore #WBKLS0500 

Nucleospin RNA Purification Kit Macherey-Nagel #740955 

Pierce Microplate BCA Protein Assay Kit Thermo Fisher Scientific #23252 

 

Table 14: Consumables for cell culture and molecular biology 

Cell Culture Plastics Supplier 

24-,12- and 6-well cell culture plates  TPP  

96-well PCR-plates Starlab #E1403-8200 

Any kD™ Mini-PROTEAN® TGX™ Precast Gels BioRad #456-9034 

Cell strainer Greiner Easy strainer #542070 
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Cellstar 96-well microplates (white, clear bottom) Greiner #655098 

Centrifugation tubes Greiner Falcon tubes 

Filter paper Roth #CL67.1 

Glass cover slips Landgraf  

Low-attachment plates (Corning® 60 mm not TC-

Treated Culture Dish) 

Omnilab/Corning #430589 

Lumitrac 96-well microplate (white) Omnilab/Greiner #655075 

Microcentrifugation tubes Eppendorf 

Nitrocellulose membrane Amersham Protran 0.45 µm #10600002 

Pipette tips Starlab 

SHIELDskin ORANGE Nitril 300 Biozym #743002 

Sterile filter Roth 

Uvex overall  MLS Safety #98449 

Voyager Grip Tip  Integra #4435 

Xtra-Clear Advanced Polyolefin StarSeal Starlab #E2796-9795 

 

Table 15: Devices used in this study 

Application Brand name Supplier 

Bench Herasafe KS; Holten LaminAir Thermo Fisher Scientific 

Centrifuge for BoNT Assays Microfuge® 16 Beckmann 

Centrifuges 5702 RH, 5415 R  Eppendorf 

Confocal microscope TCS SP5 AOBS Leica 

Electric pipette  Voyager 8-Channel Integra 

Electrophoresis Chamber Mini-Protean Tetra Cell Chamber Bio-Rad 

Fluorescence microscope Axiovert 200M Zeiss  

Freezing Container Mr. Frosty™ Thermo Fisher Scientific  

Imaging system WB ChemiDoc MP Bio-Rad 

Incubator HeraCell 150/ HeraCell 150i Thermo Fisher Scientific  

Light microscope Eclipse Ti-S Nikon 

Micro volume Spectrophotometer NanoPhotometer® N60/N50 Implen 

Photometer with injector Infinite M200 Tecan 

Pipettes Eppendorf Reference Eppendorf 

Power Supplier Power Pac Basic Bio-Rad 

qPCR cycler Mx3000P Agilent Technologies 

Thermal Cycler T100TM Bio-Rad 

Transfer chamber Mini Trans-Blot cell Bio-Rad 
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Table 16: Detailed information about the BoNT serotypes used in this study 

Serotype Miprolab # Charge Activity 

BoNT/A1 #3101 3101-AHWD-06-17 2.8∙108 MLD/mg 

BoNT/B1 #3201 3201-AHWW-01-23 1.6∙108 MLD/mg 

BoNT/C1 #3301 3301-AHWN-09-09 8.0∙107 MLD/mg 

 

 

Table 17: Software used in this project 

Software Version Supplier 

AxioVision 4.8.2 (06-2010) Carl Zeiss Microscopy GmbH 

Graphpad Prism 8 8.3.0 GraphPad Prism Software Inc. 

Image J 1.51q National Institutes of Health 

MxPro-Mx3000P 4.10 Agilent Technologies 

NIS-Elements BR-4.13.04 Nikon Instruments 

Office Professional Plus 2016 2016 Microsoft Corporation 

qBASE+ 3.0 Biogazelle 

  



Results 

47 

 

4 Results 

4.1 Generation and analysis of motor neurons for BoNT testing 

The physiological target of the potent bacterial neurotoxin BoNT are cholinergic peripheral 

neurons, especially motor neurons (MNs). As BoNTs are used as treatment in conventional and 

aesthetic medicine, but are produced industrially with variable activity, the potency of each 

batch needs to be determined, for which an animal test is used. The aim of this study was the 

development of an in vitro assay for the potency estimation of BoNTs based on human MNs as 

a replacement for the animal test. MNs, which are the physiological target cell of all BoNT 

serotypes were generated from human iPSC and analyzed for their potential suitability as a 

replacement. 

4.1.1 Differentiation of motor neurons 

Three protocols based on the publications by Kroehne et al. (2017), Maury et al. (2015) and Du 

et al. (2015) were used for the in vitro generation of MNs. An overview of these protocols is 

given in Figure 8 and experimental details are described in section 3.1.4. All three protocols are 

based on dual-SMAD inhibition for formation of neuronal progenitor cells and on the use of 

SHH analogs and RA for generation of pMNs. Differences can be found with regard to type of 

other small molecules used, concentration of supplements and with respect to the use of 

adherent or suspension cell culture. With the protocol by Maury et al. (2015), mature MNs can 

be generated from iPSCs in 30 days. The protocol by Du et al. (2015) can be used to generate 

pMNs with limited expandability as an intermediate stop and allows differentiation of mature 

MNs from iPSCs in a total of 28 days. The protocol by Kroehne et al. (2017) consists of two 

steps: the generation of a population of NPCs, which was originally published by Reinhardt et 

al. (2013). These cells can be expanded robustly and used to generate mature MNs within 

21 days. Each differentiation protocol was conducted at least three times to reduce variation 

resulting from manual steps and to allow optimization of steps which were not described in 

detail in the original publications. The only major alteration from the original protocol was 

made in the protocol based on Kroehne et al. (2017). In the protocols based on Du et al. (2015) 

and Maury et al. (2015) the NOTCH inhibitors DAPT and CE were supplemented during 

neuronal maturation for acceleration of cell-cycle exit and differentiation of progenitors. This 

was not described in the publication by Kroehne et al. (2017), but implemented in this study by 

application of 10 µM DAPT during maturation. 



Results 

48 

 

 

Figure 8: Motor neuron (MN) differentiation protocols used in this study. The protocols by Du et al. (2015), Maury 

et al. (2015) and Kroehne et al. (2017) for the generation of MNs from human induced pluripotent stem cells 

(iPSCs) were adopted with small changes. The protocol by Du et al. (2015) includes an optional expansion of 

motor neuron progenitors (pMNs) for a few passages in a valproic acid (VPA) containing medium. The protocol 

based on Kroehne et al. (2017) is separated into two steps: A) Generation of a pure population of neural progenitor 

cells (NPCs), which can be expanded without limitation (Reinhardt et al. 2013) and B) the differentiation of NPCs 

to MNs. The supplements used and respective abbreviations are listed in Table 8. Figure published in Schenke et 

al. (2020), licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

 

Initially, for the generation of MNs with the protocol based on Kroehne et al. (2017), only the 

second half of the protocol was conducted, with NPCs provided and generated from the Ctrl-1 

cell line (NPC-Ctrl-1) by M. Ehrlich (Ehrlich et al. 2015). The protocols by Du et al. (2015) 

and Maury et al. (2015) were applied to the human iPSC cell line IMR90, which was also used 

in the original publications that are reproduced in this study. In order to verify the differentiation 

protocols, samples for immunocytochemistry and RT-qPCR were collected prior to, during and 

after the differentiation. The time points at which specific markers were expected to reach their 

maximum expression were adopted from the original publications, with the exception of the 

pMN stage during the protocol by Kroehne et al. (2017), which was not analyzed by the authors 

of the study. Therefore, NPCs were differentiated, and analyzed on days 4-8 and 10 for the 

number of OLIG2-positive cells as well as the respective gene expression levels, which were 

found to be the highest on day 6 of the differentiation (data not shown). Mature MNs generated 

from iPSCs IMR90 and the NPC-line Ctrl-1 with the three protocols are depicted in Figure 9. 
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Figure 9: Morphology of MN populations generated in vitro. MN differentiation protocols based on Du et al. 

(2015), Maury et al. (2015) and Kroehne et al. (2017) were used. Microscopic images were taken on day 28, 30 

and 21 of the differentiation respectively. Scale bar = 50 µm. 

 

With all differentiation protocols, cells with neuronal morphology and long processes were 

generated. Some non-neuronal cells can be seen in the cell population generated with the 

protocol based on Maury et al. (2015), which continued to proliferate after neurons became 

mitotically inactive. The iPSC, NPC, pMN and MN stages were then analyzed using 

immunocytochemistry (Figure 10). At the beginning of each differentiation into MNs, 

pluripotency of the undifferentiated IMR90 was verified by staining of OCT4 and SOX2, which 

are transcription factors found in the nuclei of pluripotent stem cells (Boyer et al. 2005). A 

consistent staining of all nuclei can be seen in (Figure 10, top panel). Furthermore, IMR90 have 

large nuclei and form round colonies with smooth edges in accord with typical iPSC 

morphology (Takahashi et al. 2007). Undifferentiated NPCs were analyzed in the same manner 

and were found to be SOX1- and NESTIN-positive, which are a transcription factor and a 

component of the cytoskeleton, respectively. The second analyzed differentiation stage was at 

the level of pMNs. A combination of several transcription factors, as shown in Figure 7 is 

expressed by these progenitors, of which OLIG2 is the most specific. The number of OLIG2-

positive pMNs provides an estimate of the later yield of mature MNs at the end of the 

differentation and was used for comparision of the three protocols at an intermediate stage. On 

day 12 of the differentiation based on Du et al. (2015) and on day 9 of the differentiation based 

on Maury et al. (2015), most cells are OLIG2- and NKX6.1-positive pMNs, but only partial 

staining can be seen on day 6 of the MN differentiation protocol based on Kroehne et al. (2017) 

(Figure 10). 
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Figure 10: Generation of MNs from iPSC line IMR90 with protocols based on Du et al. (2015), Maury et al. (2015) 

and Kroehne et al. (2017). Undifferentiated pluripotent stem cells (top row) can be identified by detection of SOX2 

and OCT4 in the nucleus. NPCs (2nd row) were NESTIN- and SOX1-positive when used for MN specification 

with the protocol based on Kroehne et al. (2017). In the lower section, the differentiation to pMNs and MNs is 

shown. pMNs are OLIG2- and NKX6.1-postitive and were found on day 12 for the protocol based on Du et al. 

(2015), day 9 for the protocol based on Maury et al. (2015) and day 6 of MN specification for the protocol based 

on Kroehne et al. (2017). Mature MNs express CHAT and ISLET1 and were analyzed on day 28 of the protocol 

based on Du et al. (2015), day 30 in the protocol based on Maury et al. (2015) and on day 21 in the protocol based 

on Kroehne et al. (2017). Controls for CHAT, which had indistinct staining, can be seen in Figure 28. Scale 

bar = 50 µm. A similar version of this figure was published in Schenke et al. (2020), licensed under CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 
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The pMNs differentiated with the protocols based on Maury et al. (2015), Kroehne et al. (2017), 

and Du et al. (2015) were not passaged for the last 21, 15 and 10 days of the differentiation 

respectively, and generated an extensive network in this time. After differentiation of a total of 

30 days with the protocol based on Maury et al. (2015), 28 days for the protocol based on Du 

et al. (2015) and 21 days with the protocol based on Kroehne et al. (2017), the pan-neuronal 

marker TUJ1 as well as the mature MN markers ISLET1 and CHAT were analyzed. While 

nearly all cells appear to be TUJ1-positive after differentiation with the protocols based on Du 

et al. (2015) and Kroehne et al. (2017), some TUJ1-negative cells were found when the protocol 

based on Maury et al. (2015) was used. Only a part of the mature cells seems to be positive for 

CHAT, regardless of the protocol used. Quantification of CHAT was unfeasible, as the 

differentiated neurons formed aggregates and individual cells are difficult to distinguish. 

ISLET1 however, a nuclear MN marker, could be quantified by manually counting cells from 

random fields for each replicate of all differentiation protocols. The average MN yield was the 

highest for the protocol based on Du et al. (2015) with 51% (34-84%), while the yield for the 

protocol based on Maury et al. (2015) was 16% (9-21%) and for the protocol based on Kroehne 

et al. (2017), the lowest yield of 8% (6-11%) was achieved (Figure 11). 

 

Figure 11: Quantification of the MN marker ISLET1. The percentage of ISLET1-positive cells in differentiated 

cell populations was quantified by a person blind to the experiment from an average of 200-400 cells in random 

fields from at least three independent differentiations for each protocol. IMR90 were used for the protocols based 

on Du et al. (2015) and Maury et al. (2015), while the NPC cell line Ctrl-1 was used for the protocol based on 

Kroehne et al. (2017). Depicted is the mean ± SD. Kruskal-Wallis test with Dunn’s multiple comparisons test was 

used (* p < 0.05). 

 

Differentiation progress to MNs was assessed with RT-qPCR by quantification of expression 

levels of differentiation-stage specific molecular markers. The gene expression levels of one 

iPSC-, NPC- and pMN marker and three MN markers were analyzed in IMR90, NPCs-Ctrl-1, 

pMNs and MNs (Figure 12). 
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Figure 12: Expression level analysis of genes relevant for differentiation into MNs.  The gene expression levels of 

OCT4, a transcription factor involved in the self-renewal of stem cells, of neuroectodermal marker SOX1, pMN 

transcription factor OLIG2 and of MN markers CHAT, ISLET1 and HB9 were quantified in cells differentiated 

with the protocols based on Du et al. (2015), Maury et al. (2015) and Kroehne et al. (2017). Reference genes (RG) 

RPS23 and PPIA were used for normalization and set to 1. The mean ± SD for three independent differentiations 

is shown. 

 

The pluripotent stem cell marker OCT4 has a higher expression in undifferentiated IMR90 

compared to later differentiation stages generated with the protocols based on Du et al. (2015) 
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and Maury et al. (2015), representing the progressing differentiation of pluripotent stem cells. 

SOX1, a marker characteristic for NPCs, was expressed at the highest level for NPCs generated 

with the protocol based on Kroehne et al. (2017). For all protocols, OLIG2 is found at the 

highest levels at the pMN stage. The MN markers CHAT, ISLET1 and HB9, markers for MNs, 

were found at higher expression levels at the MN stage for all protocols, with the highest 

expression for MNs generated with the protocol based on Du et al. (2015). Taken together, 

these results corroborate the data generated with immunocytochemistry and show the 

expression of characteristic genes at high levels for specific differentiation stages. The 

expression levels of MN markers show the same trend as the MN yield estimated from the 

percentage of ISLET1-positive cells. The highest expression levels of MN markers and highest 

yield of MNs were found when the differentiation protocol based on Du et al. (2015) is used. 

4.1.2 Analysis of BoNT targets 

In order to assess the potential susceptibility for all BoNT serotypes of MNs generated in vitro, 

the expression of BoNT receptors and of the BoNT targets, which are relevant for 

neurotransmitter release, was analyzed with immunocytochemistry and quantified with RT-

qPCR. The analysis of differentiated cell populations is depicted for each of the protocols 

applied in Figure 13. 
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Figure 13: Immunocytochemical detection of BoNT targets and receptors.  MNs were generated with the protocols 

based on Du et al. (2015), Maury et al. (2015) and Kroehne et al. (2017). The BoNT ganglioside receptors GT1b 

and GD1a, the protein receptor SV2, as well as the substrates SNAP25 and VAMP2 were analyzed in mature 

neuronal populations. Two different TUJ1 antibodies (derived from rat or goat serum) were used as pan-neuronal-

staining. Pseudo-colors were used for the staining of GD1a, GT1b and SV2 with TUJ1, for uniform staining of 

TUJ1 in green and the antigen of interest in red. Controls for the antibodies with indistinct staining can be seen in 

Figure 28. Scale bar = 20µm. A similar version of this figure was published in Schenke et al. (2020), licensed 

under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

 

 

GD1a, GT1b, SV2, SNAP25 and VAMP2 could be detected in the neurons somas as well as on 

the processes, which were co-stained with the pan-neuronal marker TUJ1. While the staining 



Results 

55 

 

intensity detected was not homogeneous and not all cells were stained, all differentiation 

protocols generated neurons expressing these gangliosides and proteins. Due to 

autofluorescence from the Matrigel used for coating, some background signal between the cells 

can be seen. The ganglioside and protein receptors as well as the receptors for BoNTs can be 

found in high concentrations at what likely are synapses, resulting in spots of intensive red 

staining close to the soma and on axons or dendrites. SNAP25 is less concentrated and spread 

more homogeneously along the neuronal processes. Some unspecific staining in the form of a 

homogeneous staining of the cell body can be seen in the case of GT1b and SV2 in the negative 

controls (Figure 28, appendix). The brighter spots found on MNs however, are likely to be 

genuine staining. As these proteins and gangliosides cannot be quantified as easily as nuclear 

antigens, due to their diffuse staining, RT-qPCR was applied for quantification. The gene 

expression levels of BoNT receptors and substrates in MNs generated with the three protocols 

were normalized to reference genes RPS23 and PPIA and compared in Figure 14. 

 

Figure 14: Gene expression levels of BoNT receptors and targets in MNs differentiated with the protocols based 

on Du et al. (2015), Maury et al. (2015) and Kroehne et al. (2017).  The gene expression levels of protein receptors 

SV2A/B/C and SYT1/2, the sialyltransferases ST3GAL2/3 and the substrates SNAP25, VAMP1/2 and STX1A/B were 

analyzed. Reference genes RPS23 and PPIA were used for normalization and set to 1. Depicted is the mean ± SD 

from at least three independent differentiations each. Significant differences were found with a Kruskal-Wallis test 

and Dunn’s multiple comparisons test (* p < 0.05). 

 

As ganglioside expression levels could not be quantified directly, because they are not directly 

encoded by a single gene, the enzymes required for the biosynthesis of GT1b and GD1a, 

ST3GAL2 and 3, were analyzed instead. All analyzed genes could be detected in all of the 

analyzed cell populations, but relatively low levels were found for SYT2 and VAMP1. Higher 
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expression levels could be detected in the MNs generated with the protocol based on Kroehne 

et al. (2017): significantly higher expression levels were found for ST3GAL3, SV2A, VAMP2 

and STX1A/B in comparison to cells differentiated with the protocol based on Maury et al. 

(2015) and for SYT2 in comparison to cells differentiated with the protocol based on Du et al. 

(2015). 

4.1.3 Comparison of MNs generated from the iPSC lines IMR90 and Ctrl-1 

As it has been shown that the genetic background of the donor used for cells reprogrammed 

into iPSCs influences the propensity of the stem cells for differentiation into other cell types 

(Kyttala et al. 2016; Boulting et al. 2011), the influence of the stem cells used in this study on 

the differentiation was analyzed. The iPSC lines IMR90 and Ctrl-1 were differentiated to pMNs 

with the protocols based Du et al. (2015) and Maury et al. (2015). As the expression of OLIG2 

is an indicator for the later number of MNs, no full differentiation to MNs was conducted. The 

gene expression levels of OLIG2 in pMNs generated with these protocols were normalized to 

reference genes RPS23 and PPIA and compared to the undifferentiated cells (Figure 15). 

 
Figure 15: Comparison of OLIG2 expression levels in pMNs. pMNs were differentiated from iPSC lines IMR90 

or Ctrl-1 by following the protocols based on Du et al. (2015) and Maury et al. (2015). Reference genes RPS23 

and PPIA were used for normalization and set to 1. The means ± SD from three independent differentiations are 

depicted. Significant differences were found with a Kruskal-Wallis test and Dunn’s multiple comparisons test 

(* p < 0.05). 

 

The expression levels of OLIG2 in pMNs generated with either protocol are higher when 

IMR90 were used, with a significant increase for the protocol based on Du et al. (2015). This 

indicates that the MN yield might be increased when IMR90 instead of Ctrl-1 cells are used. 

Therefore, NPCs were generated with the protocol based on Kroehne et al. (2017) from IMR90 

and compared to NPCs generated from Ctrl-1. These were then differentiated to MNs and the 

yields of ISLET1-positive cells were compared (Figure 16).  
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Figure 16: Quantification of MN marker ISLET1 in MNs generated from IMR90. The percentage of ISLET1-

positive cells in differentiated cell populations was quantified by a person blind to the experiment from an average 

of 200-400 cells in random fields from at least three independent differentiations for each protocol. Depicted is 

the mean ± SD from on average 200-400 cells for each replicate. Data was tested for significance with the Kruskal-

Wallis test and Dunn’s multiple comparisons test (** p ≤ 0.01). 

 

With the previously used NPCs-Ctrl-1, obtained from another lab, a MN yield of 8% was 

achieved. NPCs-IMR90 and -Ctrl-1 were generated from the respective iPSCs and then 

differentiated into MNs, where 3% (2-4%) MN yield was obtained for MNs from Ctrl-1 and 

14% (9-17%) from IMR90. 

4.1.4 Comparison of MNs with human brain RNA and SIMA cells 

The gene expression levels of BoNT targets in MNs generated with the three protocols from 

the same iPSC line, IMR90, were then compared with each other and with the gene expression 

in the neuroblastoma cell line SIMA and in total human brain RNA. SIMA cells have been used 

in several BoNT assays and in the GLuc release assay, which was to be transferred to MNs 

generated in vitro in this project. A sample of human MN RNA would have been the ideal 

control, but could not be obtained. Instead, total human brain RNA, which can be purchased, 

was analyzed and used as reference. The expression of substrates and receptors for all BoNT 

serotypes that are relevant to neurotransmitter release was quantified with RT-qPCR 

(Figure 17). 
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Figure 17: Gene expression level quantification of receptors and substrates for all BoNT serotypes.  The analysis 

was conducted with at least three independent differentiations of SIMA cells and MNs generated with the protocols 

based on Du et al. (2015), Maury et al. (2015) and Kroehne et al. (2017). Total human brain RNA was analyzed 

once. The gene expression levels of protein receptors SV2A/B/C and SYT1/2, the sialyltransferases ST3GAL2/3 and 

the substrates SNAP25 and VAMP1/2 were analyzed. Reference genes (RG) RPS23 and PPIA were used for 

normalization and set to 1. Depicted is the mean ± SD. Figure published in Schenke et al. (2020), licensed under 

CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

 

The gene expression levels of MNs generated with the protocols based on Du et al. (2015) and 

Maury et al. (2015) were shown previously in Figure 14. Receptors (SNAP25, VAMP1/2) and 

targets (SVA-C, SYT1/2) of all BoNT serotypes could be detected not only in MNs, but also in 

human brain RNA and in SIMA cells. Statistical tests were not conducted, as the human brain 

RNA could only be obtained from a single batch and therefore analyzed only once. The highest 

gene expression levels were often found in the total human brain RNA, while SIMA exhibit the 

lowest expression levels for most genes. In comparison to these two references, only minor 

differences were found between MNs generated with the three protocols. Interestingly, SV2C, 

which is a high-affinity receptor isoform for BoNT/A, was expressed at higher rates in MNs 

compared to human brain RNA, especially those generated with the protocol by Du et al. 
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(2015). Small differences among any of the analyzed cells were found for the sialyltransferases 

ST3GAL2 and 3. 

4.2 Luciferase reporter system 

4.2.1 Comparison of MNs from wild type and transfected IMR90 

Pathe-Neuschäfer-Rube et al. (2015) developed an assay for the potency estimation of BoNTs 

with the neuroblastoma cell line SIMA that has been transfected with the gene encoding a 

Gaussia luciferase (GLuc). Equipped with the sorting signal of proopiomelanocortin (hPOMC-

1-26), GLuc is then sorted to a type of vesicles, called large dense core vesicles (LDCVs) and 

is released after depolarization of the SIMA cells, allowing the quantification of the exocytosis 

by addition of the luciferase substrate. In order to transfer the assay principle to a more sensitive 

test system, the GLuc gene with an N-terminal hPOMC-1-26-tag was integrated into the IMR90 

genome, at a site where no interference is to be expected, via CRISPR-Cas9. This IMR90-04-

hPOMC-GLuc (IMR90-Gluc) cell line was generated by B. Schjeide in the research group of 

Prof. G. Püschel (personal communication) in parallel to the development of the MN 

differentiation protocols described here. To validate that the transfection of IMR90 did not 

affect the propensity to be differentiated into MNs as studied in Section 4.1, transfected cells 

were compared with untransfected IMR90. The IMR90-GLuc line was differentiated to MNs 

in parallel with WT-IMR90 according to the protocol based on Du et al. (2015) and analyzed 

for GLuc expression, MN yield and BoNT target expression. The protocol based on Du et al. 

(2015) was used for the comparison, as it generated the highest MN yields (4.1.1). The 

expression level of GLuc was not significantly reduced during the course of differentiation with 

this protocol (Figure 18). 

 

Figure 18: GLuc expression levels during the differentiation with the protocol based on Du et al. (2015). GLuc 

expression was normalized to the reference genes RPS23 and PPIA. Data were tested for significance with the 

Kruskal-Wallis test and Dunn’s multiple comparisons test. Depicted is the mean ± SD. 
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GLuc expression levels reached 15% of the average of reference gene expression levels in 

undifferentiated cells and was at 5% at MN stage. The antibiotic Puromycin was only added to 

the medium of IMR90-GLuc during routine cell culture for selection of transgenic cells, but not 

during the differentiation. 

The presence of GLuc in all cells during the differentiation was furthermore verified with 

immunocytochemistry. For this, GLuc was co-stained with molecular markers expressed during 

specific stages of differentiation (Figure 19).  

 

Figure 19: GLuc is consistently expressed by all cells during the differentiation to MNs.  The protocol based on 

Du et al. (2015) was used to differentiate IMR90-GLuc to MNs. Stage-specific differentiation markers were co-

stained with GLuc. OCT4 was used for staining of pluripotent iPSCs, NKX6.1 for pMNs and TUJ1 for neurons. 

(Scale bar = 50 µm). 

 

GLuc was co-stained with OCT4 in undifferentiated IMR90. NKX6.1 was co-stained in pMNs 

instead of the more relevant marker OLIG2, since these antibodies have the same host species 

and cannot be co-stained. The pan-neuronal marker TUJ1 was used at the MN stage. All cells 

at the analyzed differentiation stages appear to be positive for GLuc. For MNs, the staining 

appears to be limited to the cell body and does not show the distribution that was detected for 

synaptic proteins like SNAP25, VAMP2 and SV2 in Figure 13. MNs generated from IMR90-

GLuc with the protocol based on Du et al. (2015) were then compared with regard to MN yield 

and BoNT target expression with MNs generated from WT-IMR90 analyzed previously. A 

yield of 53% MNs (45–60%) was achieved, as analyzed by manual counting of the number of 

ISLET1-positive nuclei from random fields after staining, which is not different from WT-

IMR90, where 51% (34-84%) MNs were generated (Figure 20). 
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Figure 20: Comparison of MN yield resulting from the protocol based on Du et al. (2015) applied to WT and 

transfected IMR90. Percentage of ISLET1-positive cells in MNs differentiated from IMR90-GLuc was counted 

manually in random fields, depicted as the mean ± SD. On average, 200-400 cells from at least three independent 

differentiations were counted and compared to the MN yield shown in Figure 11 and Figure 16. No significant 

difference was found with a Mann-Whitney test. 

 

Mature MNs generated with the protocol based on Du et al. (2015) from transfected IMR90-

GLuc were furthermore analyzed with regard to gene expression levels of BoNT substrates and 

receptors and compared to data from previously differentiated WT-MNs (Figure 21). 

 

Figure 21: Gene expression levels of BoNT targets in MNs generated from WT- or transgenic IMR90.  Data from 

two to four independent differentiations are shown. The gene expression levels of protein receptors SV2A/B/C and 

SYT1/2, the sialyltransferases ST3GAL2/3 and the substrates SNAP25, VAMP1/2 and STX1A/B were analyzed. 

Reference genes (RGs) RPS23 and PPIA were used for normalization and set to 1. Depicted is the mean ± SD. No 

significant difference was found with a Mann-Whitney test.  

  

The gene expression levels of BoNT targets in MNs generated from IMR90-GLuc or IMR90-

WT were not significantly different. It appears that neither did the differentiation affect the 

GLuc expression significantly, nor did the transfection influence the differentiation 

significantly. 
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4.2.2 GLuc release assay 

In the neurotransmitter release assay that was described by Pathe-Neuschäfer-Rube et al. 

(2015), POMC1-26-GLuc transfected SIMA cells were used. These were seeded at 

1 ∙ 105 cells/mL in poly-L-lysine treated 96-well plates, differentiated to a more neuronal 

phenotype for two days and then incubated with different concentration of BoNTs in 

differentiation medium for two days. The SIMA cells were then washed with medium as well 

as incubated with fresh medium for 10 min. During this time, some non-specific GLuc release 

can take place. The medium was removed and the cells treated with K+-containing and 

depolarizing, or Na+-containing control buffer for 3 min at 37 °C. The buffer supernatant was 

removed from the cell layer and centrifuged. The cell layer was lysed and analyzed for GLuc 

activity by addition of a hypotonic solution of the substrate coelenterazin. This assay protocol 

was to be transferred to human MNs generated in vitro in this project. For this, MNs were 

differentiated as described previously and dissociated with Accutase four days prior to 

finalization of the differentiation protocol. Due to extensive network formation, MNs could not 

be dissociated efficiently. At most half as many MNs as were seeded initially as progenitors 

could be collected and were transferred to Matrigel-coated 96-well plates at 1 ∙ 105 cells/mL. 

MNs differentiated with the protocol based on Maury et al. (2015) were transferred on day 24 

to 26 of the differentiation. Until BoNT-treatment on day 28, most neurons had not attached to 

the cell culture plate (Figure 22). 

 

Figure 22: Morphology of transgenic MNs used for preliminary test of GLuc release. MNs of three independent 

differentiations with the protocol based on Maury et al. (2015) were transferred from 6-well plates to 96-well 

plates with Accutase on day 24 of the differentiation protocol. 1∙104 cells/well were transferred to a 96-well plate, 

of which only a fraction appear viable on day 28. Some non-neuronal cells can be seen (arrowheads). Scale 

bar = 50 µm. 

 

For all three replicates, only a few neuronal cells had attached to the plates. Non-neuronal cells 

however, which are indicated with arrowheads in Figure 22, have attached to the cells properly. 

Numbers were not quantified, but it appears that the proportion of viable non-neuronal cells 
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that had attached was higher than the number of neurons. Despite the low number of viable 

neurons, an initial release assay was conducted (as described in 3.4). For this, MNs were treated 

either with a depolarizing buffer or with a control buffer. The luminescence resulting from the 

reaction of the GLuc by adding coelenterazin solution was quantified in the buffer supernatant 

and in the cell lysate. As the GLuc activity was measured in only 20% of the supernatant, the 

luminescence was multiplied with five to account for the whole well. The proportion of GLuc 

released by the cells into the total supernatant was calculated as the quotient of released GLuc 

and total GLuc in supernatant and cell lysate: 

Equation 1 

𝐺𝐿𝑢𝑐 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =
𝐺𝐿𝑢𝑐𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 ∗ 5

(𝐺𝐿𝑢𝑐𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 ∗ 5 + 𝐺𝐿𝑢𝑐𝐿𝑦𝑠𝑎𝑡𝑒)
  

In a preliminary experiment with a limited number of cells, the GLuc release in BoNT/A1, B1 

and C1-treated transgenic MNs generated with the protocol based on Maury et al. (2015) were 

analyzed in three replicates. As only the replicate 1 showed similar results as previously shown 

by Pathe-Neuschäfer-Rube et al. (2015) for SIMA cells, it is additionally shown separately 

from the summarized results in Figure 23. As differentiated MNs were difficult to detach from 

the culture plates, only a limited number of cells was available for this preliminary assay. 

Therefore, not all concentrations of the available BoNT-serotypes A1, B1 and C1 were tested 

in three biological replicates, i.e. independent differentiations. Values depicted in Figure 23 are 

the technical replicates, each measured in a different well. In the assay replicate 1, MNs treated 

with the depolarizing K+-containing buffer released more GLuc compared to cells treated with 

a Na+-containing control buffer. When 1 and 100 pM BoNT/A1 or B1 were added for 48 h, 

bioluminescence after addition of stimulating buffer was reduced. In replicates 2 and 3 

however, the GLuc release was much lower in general. When replicates 1-3 are evaluated 

together as a full set, no significant effect of either stimulation of the cells nor effect of BoNT-

treatment can be seen. The difference between the technical replicates is smaller than the 

difference between the biological replicates, i.e. the differentiations, which were tested on 

different days. A small decrease of the mean GLuc release can be seen with toxin addition, but 

can mostly be attributed to replicate 1 (Figure 23). 
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Figure 23: GLuc release from transgenic MNs generated with the protocol based on Maury et al. (2015). Depicted 

is the percentage of activity from released GLuc in comparison to the total GLuc activity for each analyzed well 

(technical replicate), as calculated with Equation 1, with the mean ± SD of all values. On the left is the data from 

the first replicate (three wells) and on the right the data from all three independent differentiations.  

 

As the viability was low under these conditions, we changed the protocol with regard to the 

seeding at earlier time points. The experiment was repeated for each of the three differentiation 

protocols but no reliable GLuc release was detected. When the assay was conducted with SIMA 

cells, GLuc activity was stimulation-dependent, showing that the protocol was applied correctly 

(Figure 24). 
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Figure 24: Stimulation-dependent GLuc release in transgenic MNs and SIMA cells. The GLuc release as calculated 

with Equation 1 is depicted as mean ± SD from three independent differentiations of SIMA cells (three 

experiments) as well as MNs generated in vitro. The number of independent differentiations are: protocol based 

on Du et al. (2015), five differentiations and seven experiments; Maury et al. (2015), four differentiations and four 

experiments; Kroehne et al. (2017), three differentiations and four experiments. Significance was tested with a 

Mann-Whitney test. 

 

In Figure 24, the cumulative data from the following experiments is summarized: 

• three differentiations and three release experiments for SIMA cells 

• five differentiations and seven experiments for the protocol based on Du et al. (2015) 

• four differentiations and four experiments for the protocol based on Maury et al. (2015) 

• three differentiations and four experiments for the protocol based on Kroehne et al. 

(2017) 

SIMA cells reproducibly released higher amounts of GLuc upon addition of depolarizing 

buffer, while MNs generated with either of the three protocols did not release GLuc into the 

supernatant stimulation-dependently. The MNs were used for the assay after maturation was 

concluded or were kept in culture for up to five weeks longer. Even with the increased 

maturation time, no stimulation-dependent GLuc-release was detected. In exploratory studies, 

the composition of the cell culture medium used during BoNT-treatment and GLuc-release 

assay was changed (Neuromedium, DMEM/F12, SIMA differentiation medium, BrainPhys-

Medium) or supplemented with inhibitors (1, 5 or 10 mM Mg2+; 20, 40, 100 µM GABA, 200, 

400, 1000 µM glycine) of neuronal activity. Stimulation of GLuc-release was attempted with 

other K+-containing depolarizing buffers (Betz et al. 1992; Lazarenko et al. 2018), excitatory 

neurotransmitters (200 µM Glutamate; 5 µM ACh) or hyperosmolar sucrose solution (200 or 
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500 mM). In those initial experiments, none of the modifications resulted in the stimulation-

dependent release of a larger proportion of GLuc (data not shown). 

4.2.3 GLuc localization 

Opposed to SIMA cells, MNs generated in vitro did not show specific release of GLuc after 

addition of depolarizing buffers. Therefore, the localization of the GLuc was examined to verify 

the sorting into synaptic vesicles mediated by the hPOMC-tag. After synthesis of synaptic 

proteins in the rough endoplasmic reticulum, they are transferred to the Golgi apparatus and 

then sorted into secretory vesicles. In contrast to secretory proteins, synaptic proteins can be 

found in the Golgi apparatus intermittently. In order to verify the sorting of GLuc, we used 

confocal microscopy to analyze transgenic MNs stained with antibodies against GLuc and 

GM130, which is a Golgi marker (Figure 25). 

 

Figure 25: Co-staining of GLuc and Golgi marker GM130. Mature MNs differentiated with the protocol based on 

Du et al. (2015) from IMR90-GLuc were stained with GLuc and GM130 on day 30 and analyzed with a confocal 

microscope. 

 

GLuc appears to be stained with higher intensity in the same subcellular areas as the Golgi 

marker GM130, indicating some degree of co-localization of the proteins. This was verified by 

B. Schjeide (Personal communication). We furthermore analyzed the culture medium used to 

treat MNs generated with the protocol based on Du et al. (2015) for 48 h prior to the conduction 

of the GLuc release assay, applying different concentrations of BoNT/A1, B1 or C1. A fraction 

of the cell culture supernatant was removed from the 96-well plates, mixed with coelenterazin 

and the resulting luminescence was quantified. Fresh neuronal medium was measured as well 

for background subtraction. The remaining cell culture supernatant was then removed from the 

96-well plate, the cells washed and analyzed for stimulation dependent GLuc-release. The ratio 

of GLuc-content of the cells (i.e. the cell lysate and what was released into the buffer) and GLuc 

in the cell-culture supernatant can be seen in Figure 26. The average ratio from six wells, with 
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three wells each subsequently treated with either the depolarizing or control buffer, was 

calculated. 

 

Figure 26: GLuc is released into the cell culture medium regardless of BoNT activity. The mean activity ratio of 

GLuc, which was released by MNs generated with the protocol based on Du et al. (2015) during the incubation 

period of 48 h into the cell culture supernatant and the GLuc activity in the cells (i.e. the cell lysate and what was 

released into the buffer) from three independent experiments, is shown. The average from six wells, with three 

wells each subsequently treated with either the depolarizing or control buffers, was calculated and is depicted as 

mean ± SD. No significant difference was found with the Kruskal-Wallis test and Dunn’s multiple comparisons 

test. 

 

The GLuc activity found in the total cell culture supernatant was on average 100 times higher 

than the GLuc activity remaining in the cells of each well. No significant effect of the BoNT-

concentration on the GLuc activity in the medium was found. While a incubation time might 

be needed until full inhibition of exocytosis is achieved, it appears that a large fraction of GLuc 

is released by the MNs into the cell culture medium even during treatment with high BoNT-

concentrations. 

4.3 Quantification of SNAP25 cleavage via Western blot 

As no reliable GLuc release could be achieved with MNs, an alternative approach was required 

to show that MNs generated in vitro are sensitive to BoNTs. A commonly used detection 

method is the use of a Western blot to quantify the percentage of cleaved BoNT substrates. In 

this study, we treated partially differentiated SIMA cells and MNs generated from WT-IMR90 

with the protocol based on Du et al. (2015), which is the protocol that yielded the most MNs, 

with different concentration of BoNT/A1. In order to minimize the biological variation, the MN 

differentiation was conducted once, and immature MNs were frozen on day 18 of the 

differentiation. The immature MNs were thawed when needed and fully maturated for ten more 

days. Adult MNs were treated on day 28 with BoNT/A1. SIMA cells were differentiated for 

two days prior to the treatment. BoNT/A1 was added to MNs and SIMAs for 48 h, the cells 

were lysed and full-length SNAP25206 was quantified with an antibody that binds to the C-
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terminal of the uncleaved protein. One representative blot for SIMA and MNs each is depicted 

in Figure 27, the other replicates can be found in Figure 29. 

 

Figure 27: Western blot analysis of SNAP25-cleavage by BoNT/A1 in MNs generated with the protocol based on 

Du et al. (2015) and with SIMA cells.  (A) 10 µg of MN lysate and 25 µg of SIMA lysate were separated with 

SDS-PAGE, transferred onto a nitrocellulose membrane and probed with anti-SNAP25 antibody. β-actin was used 

as a loading control for normalization. (B) Percentage of SNAP25206 depending on BoNT/A1 concentration was 

modelled by nonlinear regression (four parameters, variable slope). Figure published in Schenke et al. (2020), 

licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

 

After correcting for β-actin band intensity as a loading control, the relative intensity of each 

band after background subtraction was quantified with ImageJ and compared to the intensity of 

the untreated control. The proportion of cleaved SNAP25 was plotted against the BoNT/A1 

concentration and modelled by nonlinear regression (four parameters, variable slope). With this, 

the IC50 in SIMA cells compared to MNs differentiated with the protocol by Du et al. (2015) 

was calculated, which was 0.046 pM (95% confidence interval: 0.0165 – 0.123 pM) for MNs 

and 13.31 pM for SIMA (95% confidence interval: 7.319 – 22.71 pM) respectively. This 

corresponds to IC50-values of 0.97 and 279 mouse lethality doses per mL (MLD/mL).  
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5 Discussion 

5.1 Generation and analysis of human MNs for BoNT potency estimation 

Cholinergic peripheral neurons are the physiological target cells of bacterial BoNTs, where the 

neurotransmitter release is inhibited, leading to a muscle paralysis. The specific mode of action 

can be utilized for treatment of diseases involving motor or glandular hyperactivity. A necessary 

step after the production of pharmaceutical BoNT preparations is the potency estimation of each 

produced batch, usually with a mouse lethality assay, conducted by determining the LD50 after 

injection in mice. About 400,000 mice are used annually for this purpose in Europe (Taylor et 

al. 2019). To reduce the suffering of test animals, alternative methods for the potency estimation 

of BoNTs have been developed. No full replacement has been achieved, but major companies 

have successfully validated cell-based assays and reduced their use of animals. These assays 

were developed and validated for specific BoNT products, limiting their use to products from 

single companies (Fernandez-Salas, Wang, Molina, et al. 2012; Taylor et al. 2019). Due to the 

introduction of new products and the increased use of BoNTs, also in aesthetic medicine, an 

equally high number of animals is still needed annually (Taylor et al. 2019). Other serotypes 

than BoNT/A1 and /B1 have been studied extensively and it is likely that new serotypes and 

subtypes of BoNTs will enter the market in the next years (Fonfria et al. 2018). Currently 

available alternative methods lack the capacity to quantify all steps of BoNT activity (toxin 

binding, internalization, release from neuronal vesicles and target cleavage) for all serotypes 

and subtypes, which is a prerequisite for full replacement of the mouse bioassay (Adler et al. 

2010; Capek and Dickerson 2010; Pellett et al. 2019b; Kiris et al. 2014). The aim of this study 

was to develop an in vitro assay based on human MNs that can be applied universally for the 

potency estimation of all BoNT serotypes. MNs have been shown to be the main target of 

BoNTs and to be the most sensitive cell type among other types of human neurons in vitro 

(Pellett et al. 2019a). The use of human MNs in cell-based assays for the potency estimation of 

BoNTs is more physiologically relevant compared to currently used cancerous cell lines like 

SIMA. With the use of iPSCs, it is possible to generate human MNs, which might make the 

large inter-species extrapolation currently required for BoNT/B1 due to different sensitivity of 

mice and humans superfluous. Pure populations of MNs in vitro lack the natural target structure 

for BoNTs, the NMJs. MNs generated in vitro are able to form functional NMJs, but only when 

co-cultivated with muscle cells (Stockmann et al. 2013). However, even pure MN populations 

in vitro form functional inter-neuronal synapses and show electrophysiological activity (Ullian 

et al. 2004; Davis-Dusenbery et al. 2014; Stockmann et al. 2013). It has been shown that MNs 
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in vitro and in the spinal cord form glutamatergic synapses with their own soma and with other 

neurons (Zhang et al. 2011). Glutamate is also released by MNs in vivo and modulates 

cholinergic signal transmission (Colombo and Francolini 2019). While the cultivation of purely 

neuronal populations with a high degree of MNs is different from the in vivo situation, where 

the inhibition of neurotransmitter release mainly takes place at the NMJ, MNs generated from 

iPSCs show many characteristics of MNs in vivo and represent a more natural model than cell 

lines. 

5.1.1 Protocol by Du et al. (2015) generates the highest MN yield 

For the development of an in vitro assay for BoNT potency estimation, MNs were generated 

from human iPSCs, with the differentiation protocols based on the publications by Kroehne et 

al. (2017), Du et al. (2015) and Maury et al. (2015). All protocols are based on the 

differentiation of iPSCs via the use of small molecules that mimic neurogenesis in vivo as 

described in Section 1.4. For the differentiation protocol based on Kroehne et al. (2017), the 

intermediate differentiation stage at the level of neural progenitor cells (NPCs) can be expanded 

without limitation and then differentiated to MNs. This would be of an advantage for the assay 

development, as it can decrease the variability between differentiations. In this study, initially 

the NPC-Ctrl-1 line provided and derived from the iPSCs line Ctrl-1 by M. Ehrlich was used 

for MN specification. For the protocols based on Du et al. (2015) and Maury et al. (2015), WT-

IMR90 were used. Samples taken during the differentiation were analyzed by 

immunocytochemistry for molecular markers and RT-qPCR was used to quantify the gene 

expression levels of the respective genes specific to distinct differentiation stages. For all 

protocols, the progression of the differentiation could be verified with both methods (Figure 10 

and Figure 12). For a directed differentiation, a pure population of pluri- or multipotent stem 

cells should be used (Pamies et al. 2017). In this work, pluripotency of IMR90 was verified by 

detection of molecular markers OCT4 and SOX2. The NPCs used for the differentiation based 

on Kroehne et al. (2017) consisted of a pure population of SOX1- and NESTIN-positive cells. 

At the pMN level however, immunofluorescence revealed only partial staining of OLIG2 and 

NKX6.1 for the protocol by Kroehne et al. (2017). As OLIG2-expression is a prerequisite for 

MN specification, this indicates the need for optimization of pMN generation from NPCs. 

However, temporal variation of OLIG2 expression levels and lack of synchronization can 

impede the quantification of cells that will undergo differentiation to MNs (Sagner et al. 2017). 

The number of OLIG2-positive cells at a single point in time can therefore only roughly indicate 

the number of MNs to be generated. At day 21, only 8% ISLET1-positive MNs were found for 
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the protocol based on Kroehne et al. (2017) when the Ctrl-1 line was used. Kroehne et al. (2017) 

did not describe the MN yield, but Reinhardt et al. (2013) generated 50% HB9 and TUJ1-

positive MNs with a similar protocol. In conclusion, the generation of pMNs needs to be 

optimized first to increase the yield of MNs with the protocol by Kroehne et al. (2017). It is 

possible that NPCs lose their capacity to differentiate into MNs progressively during the 

expansion. In comparison, for the protocol based on Maury et al. (2015), much higher numbers 

of OLIG2- and NKX6.1 positive pMNs could be found. However, the yield of mature MNs 

only reached 16%, due to the ongoing proliferation of non-neuronal (TUJ1-negative) cells or 

progenitor cells during MN maturation. This can likely be explained by the fact that the NOTCH 

inhibitor DAPT was only added on days 9 to 14 of 28 days, after which proliferation of other 

cell types continued. Inhibition of NOTCH signaling induces cell cycle exit and can be used to 

accelerate terminal and neuronal differentiation (Borghese et al. 2010). The addition of DAPT 

during the whole course of the differentiation for the protocol based on Maury et al. (2015) 

could therefore improve the MN yield. Unfortunately, only the yield of immature ISLET1 and 

HB9-positive MNs (74%), but not the yield of mature MNs is given by Maury et al. (2015), 

which makes comparison impossible. With the protocol based on Du et al. (2015), high 

numbers of pMNs on day 12 and 51% ISLET1-positive MNs on day 28 were generated in this 

work. Yet, in the original publication, a yield of 91% CHAT-positive MNs were reported. 

However, as different MN markers were used, the yields cannot be compared directly. The MN 

yields reported by the respective authors of the original publications could not be achieved with 

any of the three protocols used in this study. Reasons for the lack of reproducibility of the 

reported MN yields, in addition to the factors already discussed, could be many, e.g. the type, 

supplier and batch of supplements (Pamies et al. 2017; OECD 2018). In addition, not all details 

of the differentiation protocols developed by Kroehne et al. (2017), Du et al. (2015) and Maury 

et al. (2015) were shared by the authors and had to be improvised in this study. This might also 

explain the high variability of MN yields for the differentiation based on the protocol by Du et 

al. (2015) which required the most manual steps. 

5.1.2 MNs generated in vitro have all BoNT targets 

The potential of the MNs generated in vitro for potency prediction of all BoNT serotypes was 

assessed in advance by quantifying the expression of respective receptors and substrates. 

Differentiation protocols that do not generate cells with expression of every target can be 

excluded from further studies without the need to work with the highly potent toxin. 

Furthermore, the suitability of MNs for detection of less common and difficult to obtain BoNT 
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serotypes can be estimated by analyzing the respective targets. The propensity of each protocol 

was estimated prior to IMR90-GLuc generation by the lab of Prof. G. Püschel. For this, 

immunostaining and gene expression level analysis of receptors as well as substrates, which are 

involved in neurotransmitter release, of all BoNT serotypes was conducted. 

Immunocytochemistry revealed that all differentiation protocols generate cells that express the 

respective targets. Receptors and targets for BoNTs were found in the form of spots, which 

likely are synapses (Verstraelen et al. 2018). Synaptic vesicle proteins VAMP1/2, SV2A/B/C 

and the gangliosides GD1a and GT1b can be found in high concentrations at synapses (Pennuto 

et al. 2003; Pang et al. 2006; Jenkinson et al. 2017; Plomp and Willison 2009). The t-SNARE 

SNAP25 however, is more evenly distributed and can be found in cell bodies and neuronal 

processes (Lau et al. 2010; Takamori et al. 2006). The characteristic subcellular localizations 

are reflected in Figure 13. However, not all cells in each population expressed these BoNT 

receptors and targets. This might reflect diverse types of neurons, which potentially have higher 

or lower protein and ganglioside levels than MNs. To detect the expression of BoNT targets in 

combination with identification of neuron types at the same time, the analysis of more 

molecular markers in parallel would be necessary, as would be possible with multicolor flow 

cytometry. Moreover, it is possible that the expression of BoNT targets increases with 

prolonged differentiation time, as human MNs require several weeks for full maturation 

(Stockmann et al. 2013). The quantification of the respective gene expression levels with RT-

qPCR verified expression of all targets in cell populations generated with the three protocols. 

While the gene expression levels cannot be translated into protein amounts directly, the results 

from Figure 14 indicate a higher expression of protein receptors and substrates for BoNTs in 

MNs differentiated from NPCs-Ctrl-1 with the protocol based on Kroehne et al. (2017). As this 

protocol had generated the lowest proportion of MNs, other types of neurons have a much 

higher influence on the average gene expression levels than the MNs in the population. 

Nevertheless, it should be possible to detect all BoNT serotypes with the generated cell 

populations. 

5.1.3 The iPSC line used influences the differentiation to MNs 

Cells differentiated with the protocol based on Kroehne et al. (2017) showed the lowest levels 

of MN markers, but slightly higher gene expression levels of BoNT targets. Given that a 

different cell line than for the other two differentiation protocols was used, it was unclear how 

much the use of the NPC-Ctrl-1 line had influenced the differentiation outcome. It had been 

shown by several previous studies that the genetic background influences the propensity of 
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iPSCs for differentiation into different cell types (Kyttala et al. 2016; Boulting et al. 2011). 

Initially, iPSCs-Ctrl-1 were compared with IMR90 in a partial differentiation to OLIG2-

positive pMNs with the protocols based on Du et al. (2015) and Maury et al. (2015). The use 

of IMR90 compared to Ctrl-1 resulted in increased OLIG2-levels with the protocol based on 

Du et al. (2015). For the protocol based on Kroehne et al. (2017), NPCs were generated from 

iPSC lines IMR90 and Ctrl-1, and then differentiated further to MNs. NPCs-Ctrl-1 generated 

for this study exhibited a lower average yield of MNs (3%) than NPCs-Ctrl-1 provided by M. 

Ehrlich (8%). Interestingly, the MN yield reached on average 14% when IMR90 were used. In 

conclusion, IMR90 were more inclined to differentiate into MNs and were therefore used for 

further experiments. In addition, IMR90 are a preferable choice because they are commonly 

used in neuronal differentiation and commercially available (Du et al. 2015; Hu et al. 2010; 

Pistollato et al. 2014; Maury et al. 2015). 

5.1.4 Gene expression levels of BoNT targets are higher in MNs 

As the expression levels of BoNT receptors in MNs generated from human iPSCs were used as 

an indicator for sensitivity for the different BoNT serotypes, two reference samples were 

analyzed as well. Total human brain RNA is commercially available and serves as a control 

instead of human MNs, which we were unable to obtain. The other reference is the transgenic 

neuroblastoma cell line SIMA, generated by Pathe-Neuschäfer-Rube et al. (2015). SIMA cells 

have been used in several attempts to generate in vitro assays for BoNT potency estimation. 

The BoNT target expression levels of human MNs generated in this study with the protocols 

based on Kroehne et al. (2017), Du et al. (2015) and Maury et al. (2015) were found to be 

between the expression levels found in SIMA and in human brain RNA (Figure 17). As SIMA 

cells are no fully differentiated neurons, it was to be expected that the expression levels of the 

neuronal proteins that are utilized by BoNTs are expressed at lower levels (Marini et al. 1999). 

The suitability of the brain as a control for spinal MNs is limited, as only 50% of the human 

brain are neurons and only part of these are cholinergic (Azevedo et al. 2009; von Bartheld et 

al. 2016; Ahmed et al. 2019). While MNs in the brain exist, these upper MNs are not closely 

related to lower motor neurons in any way other than by name and functional connection 

(Stifani 2014). In addition, the number of synapses for brain neurons is about 10 times higher 

than in MNs, which might influence the gene expression levels of synaptic proteins (Drachman 

2005; Fogarty et al. 2013). This makes comparison to the absolute gene expression levels in 

human brain RNA difficult. Nevertheless, the receptor isoform SV2C is the only gene that was 

expressed in higher amounts in MNs, especially those generated by the protocol based on Du 
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et al. (2015), in comparison to human brain RNA. SV2C is the main receptor for BoNT/A and 

is found in high levels in MNs in vivo (Verderio et al. 2006). The protocol based on Du et al. 

(2015) might therefore be especially well suited for detection of BoNT/A. As this protocol 

produced the highest yield of MNs, the increased expression level might be attributed to this. 

Taken together, this analysis indicates that MNs generated in vitro not only express receptors 

and substrates of all BoNT serotypes but have higher receptor gene expression levels than 

SIMA cells in most cases, indicating a higher sensitivity of MNs compared to SIMA cells. In 

this analysis, MNs generated from IMR90 with the protocol based on Kroehne et al. (2017) 

were used. In comparison to the differentiation of Ctrl-1 cells, slightly reduced gene expression 

levels were found (Figure 14 and 17). This indicated that with the same differentiation protocol, 

higher levels of BoNT target expression or of MNs respectively are generated when the Ctrl-1 

line or IMR90 cells are used. 

5.2 Luciferase reporter system 

A method for the quantification of neurotransmitter release inhibition by BoNTs with the use 

of a GLuc reporter, a luciferase from Gaussia princeps, has been established by Pathe-

Neuschäfer-Rube et al. (2015) with transfected SIMA cells. The GLuc reporter has a sorting 

signal (hPOMC-1-26) which results in sorting of the GLuc into secretory vesicles. The SIMA 

cells were treated with different concentrations of BoNTs and depolarized. Depending on the 

BoNT activity, exocytosis was inhibited, resulting in an inversely dose dependent luminescence 

signal generated by GLuc. For BoNT/A1, good sensitivity could be achieved, but doses of 

BoNT/B1 outside the range of pharmaceutically used concentrations were necessary to only 

inhibit the cells partially, making the assay unfeasible for BoNT/B1 activity estimation. In this 

project, the luciferase reporter system was transferred to human MNs generated from transgenic 

IMR90-04-hPOMC-GLuc (IMR90-Gluc) generated by B. Schjeide. The sequence coding for 

the GLuc reporter with an N-terminal sorting signal hPOMC-1-26 was integrated via CRISPR-

Cas9 into a location in the IMR90 genome where no interference is to be expected. Furthermore, 

it was verified that the sequence was integrated only once and at the designated location only 

(B. Schjeide, personal communication). The IMR90-GLuc was then used in this work for 

differentiation to MNs. 

5.2.1 Differentiation of transfected IMR90-GLuc 

The analysis of MNs generated with the three differentiation protocols described in Section 4.1 

was conducted only with untransfected iPSCs. As soon as the transfected cells were available, 
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a representative MN differentiation was conducted with the protocol based on Du et al. (2015) 

with transgenic and WT IMR90. This protocol was selected as it had yielded the highest 

proportion of MNs. GLuc was detected on the gene expression and protein level in MNs 

generated from IMR90-GLuc and was found to be not significantly decreased compared to 

undifferentiated IMR90-GLuc (Figure 18 and Figure 19). As the antibiotic added for selection 

was not added during the differentiation, this indicates that GLuc was integrated stably in all 

cells. In addition, the differentiation outcome with regard to MN yield or expression of BoNT 

targets was not altered (Figure 20 and Figure 21), indicating that the integration of GLuc had 

not affected the ability of the cells for differentiation. 

5.2.2 SIMA cells, but not MNs could be stimulated to release GLuc 

The stimulation-dependent release of GLuc can be inhibited by BoNTs and therefore be used 

as a reporter for BoNT activity. The aim of this project was to transfer the assay principle, 

which had been used successful with SIMA cells by Pathe-Neuschäfer-Rube et al. (2015), to 

MNs. To this end, IMR90-GLuc were differentiated to MNs, replated and treated with different 

concentration of BoNTs. Only in one initial experiment, MNs generated with the protocol based 

on Maury et al. (2015) released increased amounts of GLuc upon stimulation, which was 

inhibited by BoNTs in a dose-dependent manner (Figure 23). The viability of the neurons used 

for this experiment was low and the presence of non-neuronal cells might account for the results 

(Figure 22). Nevertheless, this does not explain why only one replicate in this initial experiment 

showed a stimulation-dependent release, as the rate of non-neuronal cells appeared to be equally 

high in all replicates. In the subsequent experiments with MNs generated with different 

protocols, which were replated at earlier time points and subsequently tested at different time 

points after maturation, stimulation dependent GLuc release could not be observed. However, 

if the stimulation-dependent release and dose-dependent inhibition in the initial experiment 

could be reproduced, this would indicate a high sensitivity of MNs, as some inhibition could 

already be seen at 1 pM of BoNT/A1, B1 and C1 respectively (Figure 23). With the same assay 

protocol, Pathe-Neuschäfer-Rube et al. (2018) found that GLuc-release in SIMA could not be 

inhibited with 100 pM BoNT/B and that a significant inhibition was detected only at 2000 pM. 

SIMA cells were used as a control in the early and late stages in this work, indicating that the 

assay protocol was applied correctly, but cannot be transferred to human MNs directly. 

One difference between the neuroblastoma cell line SIMA and MNs might be the types of 

secretory vesicles characteristic for these cells. SIMA cells were shown to secrete biogenic 

amines at high rates and have neuropeptide-containing large dense-core vesicles (LDCVs), the 
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neurotransmitter-containing small synaptic vesicles (SSVs) are not mentioned (Merighi 2018; 

Marini et al. 1999). Due to the hPOMC-tag, GLuc is sorted into LDCVs (Loh et al. 2002; Zhang 

et al. 2010). The existence of LDCVs in a fraction of MNs has been shown in several species 

and in MNs generated in vitro, but the number of LDCVs and the capacity of the corresponding 

sorting machinery might be smaller than in SIMA cells (Matteoli et al. 1988; Bulgari et al. 

2019; Ding et al. 2019; Whim and Lloyd 1994; Cropper et al. 1990; Stockmann et al. 2013). 

No detailed information regarding human MNs was found in the literature, but in frog motor 

nerve endings, LDCVs only represent 1% of vesicles (Matteoli et al. 1988). However, despite 

the overexpression of GLuc, expression levels only reached 5-15% of reference gene expression 

levels (Figure 18), which should not exceed to capacity of MNs. MNs primarily secrete ACh, 

which is translocated into vesicles by the vesicular ACh transporter, which is predominantly 

found on the surface of SSVs (Prado et al. 2002; Nishimaru et al. 2005). This results in storage 

of ACh and GLuc in different vesicles. While SSVs often contain only one type of low 

molecular weight neurotransmitters, different neurotransmitters and neuropeptides might be 

stored in LDCVs (Merighi 2017). In LDCVs of SIMA cells, the GLuc reporter might be co-

stored with neurotransmitters, making GLuc a bona fide neurotransmitter reporter. In MNs, a 

co-storage of GLuc and ACh is unlikely, as SSVs do not contain neuropeptides (Merighi 2017). 

Nevertheless, the exocytosis of both types of vesicles can be stimulated by depolarization (Park 

and Kim 2009). Different modes of neurotransmitter release have been described. Classical 

simultaneous release evoked by action potentials can be followed up by continued, but 

asynchronous, exocytosis. Both modes depend on the amount of Ca2+. In the absence of 

neuronal activity, spontaneous release of SSVs and LDCVs can take place, not requiring Ca2+ 

ions (Kavalali 2015). In general, exocytosis of LDCVs requires prolonged stimulation, whereas 

release of SSVs can occur after a single action potential (Park and Kim 2009). Release of SSVs 

as well as LDCVs has been shown to be susceptible to BoNTs, therefore, the GLuc reporter can 

be used with both types of vesicles (Ovsepian et al. 2019; Bulgari et al. 2019). In this project 

however, it might not be ideal to use an LDCV-targeted luciferase if these vesicles are not the 

predominant type of secretory vesicle in MNs. Differences in the secretory vesicle exocytosis 

machinery and their activation could explain the unsuitability of MNs for the assay protocol 

developed for SIMA cells. 

In order for the GLuc reporter to be sorted into secretory vesicles, it needs to pass through the 

Golgi apparatus. Trafficking of GLuc via the secretory route was verified in this study by co-

staining GLuc with the Golgi-Marker GM130 (Figure 25). This was verified by B. Schjeide by 

comparing the staining of GM130 and GLuc of iPSC-hPOMC-GLuc with cells expressing a 
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GLuc variant lacking the hPOMC sorting tag (personal communication). It can be concluded 

that at least a fraction of the GLuc protein travels via the Golgi apparatus. When the medium in 

which the GLuc-expressing cells were cultivated was analyzed, high GLuc activity was found, 

which indicates that the GLuc is released prior to addition of depolarizing buffer, even in the 

presence of BoNTs, in high amounts (Figure 26). One possible explanation is the spontaneous 

exocytosis of SSVs and LDCVs, which has been described in MNs (Kavalali 2015). In 

Drosophila NMJs, the rate of spontaneous exocytosis was 1% of the rate that was measured in 

the first 10 s of electrical stimulation (Bulgari et al. 2019). After SNAP25-cleavage by tetanus 

toxin, the activity-dependent, but not the spontaneous exocytosis of LDCV is inhibited, which 

can be contributed to the involvement of different SNARE proteins (Bulgari et al. 2019). Taken 

together, this might explain a substantial release of GLuc by MNs into the cell culture medium 

over the course of 48 h. A high degree of spontaneous release has been shown in immature 

neurons, which switches to activity-evoked release after two weeks in vitro (Andreae et al. 

2012). Maury et al. (2015) and Du et al. (2015) have analyzed electrophysiological activity of 

the MNs generated in their studies with the patch clamp technique, at the termination of their 

respective differentiation protocols. While MNs used in this study were not analyzed with 

regard to their electrophysiological maturity, initial GLuc release experiments were also 

unsuccessful with MNs kept in culture for three to five additional weeks. This indicates that a 

potential lack of maturation cannot be the only issue. Nevertheless, the functional maturity of 

MNs generated in vitro should be analyzed. The ability to generate action potentials could be 

determined with multielectrode arrays. For analysis of exocytosis, so-called lipophilic dyes (FM 

dyes) can be used, which selectively stain cell membranes and allow visualization of endo- and 

exocytosis (Gaffield and Betz 2006). To determine whether MNs, or to be precise, populations 

of neurons and MNs are unsuited for this assay, it would be interesting to analyze either co-

cultures or mixed populations. The co-culture of MNs with glia cells has been shown to improve 

maturation of MNs generated in vitro and might improve their functionality (Ullian et al. 2004). 

Moreover, the only partially successful GLuc release assay was conducted with a population 

rich in non-neuronal cells. Thus, MNs might not have been responsible for the small degree of 

stimulation-dependent GLuc release. It might therefore be of interest to analyze mixed 

populations, the generation of which from NPCs has been described by Reinhardt et al. (2013). 

There, NPCs were cultivated in the absence of differentiation factors and generated a mixture 

of neurons, astrocytes and oligodendrocytes. While this might be less physiologically relevant 

than MN populations, it would be interesting to see if a stimulation-dependent GLuc release 

can be achieved this way. 
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In conclusion, lack of stimulation-dependent release due to spontaneous release of GLuc from 

MNs might explain the negative results of this study. Consequently, the GLuc concentration in 

the secretory vesicles might be too low in order to detect stimulation-dependent release. The 

GLuc activity shown in Figure 23 after addition of either depolarizing or control buffer is in the 

same order of magnitude as the spontaneous release into the culture medium, if the different 

time scales are considered. This might indicate that the GLuc activity in either depolarizing or 

control buffer mainly originates from spontaneous exocytosis. A combination of the biological 

differences of SIMA cells and MNs as well as technical factors regarding the assay protocol 

might explain why the GLuc release assay is successful for SIMA, but not for MNs. Technical 

factors to consider are the temperature, incubation times and composition of the cell culture 

medium (Zhang and Jackson 2008). Some variations of the protocol with regard to substances 

used for depolarization have been tried in this work, but did not result in increased stimulation-

dependent release of GLuc (Section 4.2.2). Sorting of GLuc into SSVs might increase the 

probability that GLuc is released primarily upon stimulation. Nevertheless, due to the 

complexity of the system, it might not be possible to achieve a reliable stimulation-dependent 

GLuc release from MNs. 

5.3 MNs are more sensitive than SIMA cells with regard to BoNT/A1 mediated 

SNAP25-cleavage 

As a substitute for the GLuc release assay, the sensitivity of MNs generated in vitro was 

estimated by analyzing the cleavage of SNAP25 by BoNT/A1 via Western blot. Immature MNs 

were differentiated with the protocol based on Du et al. (2015) and then treated with different 

concentrations of BoNT/A1. As a comparison, differentiated SIMA cells were used. The IC50 

of BoNT/A1 was 0.046 pM for MNs and 13.3 pM for SIMA. This corresponds to 0.97 and 279 

mouse lethality doses (MLDs) per mL respectively. Other studies utilizing SIMA cells for 

BoNT potency estimation found IC50 values in the same order of magnitude. In the assay utilized 

by Allergan, of which a description was published by Fernandez-Salas, Wang, Molina, et al. 

(2012), an IC50 of 6.5 pM BoNT/A1 for SNAP25-cleavage was found after 24 h toxin treatment 

followed by 48 h incubation in SIMA cells. Bak et al. (2017) reported an IC50 of 6 pM 

BoNT/A1 after 48 h, but used GT1b-supplemented medium. Despite the experimental 

differences, a similar IC50 of 13 pM was found for SIMA cells in this study. The IC50 for MNs 

however, was smaller by two orders of magnitude, indicating substantial differences in the 

sensitivity for BoNT/A1. To our knowledge, Pellett et al. (2019a) are the only other research 

group to have used human MNs for BoNT potency estimation. They found an IC50 of 0.12 
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MLD/mL for SNAP25-cleavage by BoNT/A1 after treatment for 48 h in a cell population 

consisting of 87% MNs, obtained from a commercial source. The lower sensitivity of MNs 

generated with the protocol based on Du et al. (2015) in this work can likely be attributed to 

the lower yield of MNs. In addition, MNs generated in vitro are more variable than a cell line 

like SIMA, which might explain the differences to IC50 values found for MNs in the literature. 

For validation of an alternative method for the mouse bioassay, the sensitivity of MNs 

differentiated with the protocol based on Du et al. (2015) of approximately 1 MLD/mL is ideal, 

as alternatives to animal tests are usually expected to have a sensitivity similar to the test animal. 

Nevertheless, the sensitivity of a GLuc release assay, which measures the inhibition of 

neurotransmitter release, can be expected to be significantly higher. This is reflected in the IC50 

of 3.4 pM determined for neurotransmitter release inhibition in SIMA cells by Pathe-

Neuschäfer-Rube et al. (2015). Jurasinski et al. (2001) found that a muscle paralysis after 

BoNT/A injection is probable when approximately 35% of SNAP25 is cleaved. If the 

concentration of released neurotransmitters is below a certain threshold, no post-synaptic 

response will occur (Poulain and Popoff 2019). This indicates that methods quantifying a later 

step of BoNT poisoning such as muscle paralysis as well as neurotransmitter release might be 

more sensitive (Jurasinski et al. 2001; Keller and Neale 2001). In conclusion, the use of human 

MNs in a neurotransmitter-release based assay might result in a highly sensitive method for the 

estimation of BoNT activity. 
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6 Appendix 

 

Figure 28: Negative controls for antibodies used in this study. Undifferentiated IMR90 were used as a control. As 

the respective antigens have low levels in IMR90, it was used as a control for primary antibodies. The negative 

control omitting the primary antibody can be seen in the lower panel. The goat anti rabbit antibody was used for 

CHAT-staining; goat anti mouse antibody was used to stain GD1, GT1b and SV2, while the rabbit anti goat 

antibody was used to stain SNAP25 and VAMP2. The same exposure times and image processing was applied to 

controls as was applied to the images in Figure 10 and Figure 13. Scale bar = 10 µm. 

 

 

Figure 29: Additional replicates of the western blot analysis of BoNT/A1 mediated cleavage of SNAP25 that were 

not shown in Figure 27. MNs (upper panel) were differentiated with the protocol based on Du et al. (2015) and 

differentiated SIMA cells (lower panel) were treated with different concentrations of BoNT/A1 for 48 h and 

analyzed via western blot. (A) and (B) each depict one replicate. 
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