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Abstract 
 

The incidence in children’s neurodevelopmental impairments is raising. While chemical 

exposure may be partially responsible for this, fast and reliable methods to evaluate 

developmental neurotoxicity (DNT) are lacking. New approach methods (NAMs) are high-

throughput screening methods, often based on human cells. They may be used to model 

critical steps of neurodevelopment. Eventually, the combination of several NAMs, within an in 

vitro test battery, will cover the immense complexity of human neurodevelopment. However, 

not all stages of neurodevelopment are covered by test systems, yet. An important step 

during fetal development is the proper migration and differentiation of neural crest cells 

(NCCs). During neurulation, NCCs migrate throughout the fetus and give rise to various cell 

types, including melanocytes, peripheral neurons or facial connective tissue. NCC migration 

to their target regions within the fetus is facilitated by several guidance cues. Impaired NCC 

migration, caused by genetic defects or chemical exposure, can lead to severe diseases and 

malformations. The aim of this work was on the one hand to establish NAMs, based on 

human NCCs for DNT compound screenings, and on the other hand to optimize the methods 

regarding throughput capacity and robustness. A focus was on the replacement of animal-

derived supplements, which are potential sources of variations in NAMs. 

In a first step, the NCC migration (cMINC) assay was challenged by screening a compound 

library consisting of known DNT compounds, negative controls, and compounds from several 

chemical classes. The cMINC assay identified 23 compounds that disturbed NCC migration 

at non-cytotoxic concentrations. All of these 23 compounds were confirmed in at least one 

follow-up assay, using a NCC chemotaxis (NC-MT) assay, and cell tracking analysis to 

assess cell speed. Thereby, the cMINC assay showed a high sensitivity for halogenated or 

phosphorous organic compounds and identified compounds not detected by other assays. 

This confirms its relevance of being part of a DNT test battery.  

In a next step, animal-derived supplements were tried to be replaced in the cMINC assay. It 

was examined, whether a recombinantly produced protein is able to substitute bovine serum-

derived fibronectin as coating for toxicity testing in the cMINC assay. Therefore, self-

assembling protein domains from human muscle sarcomeres (ZT) were used, and modified 

with the fibronectin 10 domain (ZTFn10). The study showed not only the excellent 

biocompatibility of the ZTFn10 material, but also the robust performance of the cMINC assay 

on this coating. As a result, the cMINC assay can be performed under completely animal-free 

conditions. 

Finally, the throughput of the original NC-MT assay was optimized and used to find non-

animal chemoattractants, which are desirable to incorporate the NC-MT assay in a test 

battery for reproductive and developmental toxicity. It was found, that HepG2 hepatoma cells 

as well as human serum, and platelet lysate produce chemotaxis-triggering activity for NCCs. 

Using chromatographic methods the responsible protein was enriched by up to 5000-fold, 

which is an intermediate step towards a more defined material. Fetal bovine serum (FBS) 

could be exchanged in the NC-MT assay by human material, and on this basis, a fully 

humanized NAM can be established in the future. The presented studies thus contributed to 

the optimization of in vitro assays, modeling the key developmental process of human NCC 

migration. They allow more efficient screening approaches of unknown compounds and are a 

step towards human cell-based animal-free toxicological test methods. 
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Zusammenfassung 
 

Die Anzahl der Fälle von Kindern mit neuronalen Entwicklungsstörungen nimmt stetig zu. 

Obwohl chemische Substanzen teilweise dafür verantwortlich sein könnten, gibt es derzeit 

keine Methoden, die schnell und zuverlässig genug sind, um Substanzen auf ihre 

Neuroentwicklungstoxizität (DNT) zu testen. Sogenannte „New approach methods“ (NAMs), 

sind high-throughput Methoden, die meistens auf humanen Zellen basieren. Diese Methoden 

können verwendet werden, um bestimmte Schritte in der Neuronalentwicklung zu 

modellieren. Die Kombination aus mehreren solcher NAMs zu einer In-vitro-Testbatterie 

könnte es schließlich ermöglichen, die sehr komplexen Vorgänge der neuronalen 

Entwicklung zu rekapitulieren. Es gibt derzeit allerdings nicht ausreichend NAMs, um alle 

Prozesse abzudecken. Ein wichtiger Prozess in der Embryonalentwicklung ist die korrekte 

Migration und Differenzierung von Neuralleistenzellen (NCC). NCC migrieren innerhalb des 

Fötus und differenzieren zu den unterschiedlichsten Zelltypen, wie z.B. zu Melanozyten, 

peripheren Neuronen oder zu Bindegewebszellen im Gesicht. Die NCC werden durch 

unterschiedliche Faktoren an die richtige Stelle im Fötus geleitet. Eine Beeinträchtigung der 

NCC-Migration, ausgelöst durch genetische Defekte oder chemische Substanzen, kann zu 

schweren Krankheiten oder Fehlbildungen führen. Ziel dieser Arbeit war es, einerseits NAMs 

zu etablieren, welche auf humanen NCC basieren und für DNT Screenings benutzt werden 

können, andererseits sollten diese Methoden in Bezug auf deren Durchsatz und Robustheit 

optimiert werden. Der Fokus war darauf gerichtet tierische Produkte in den Methoden zu 

ersetzen, da diese Produkte zu Schwankungen innerhalb der NAMs führen können. 

Zunächst wurde ein bestehender NCC Migrationsassay (cMINC) genutzt, um eine große 

Anzahl an Substanzen zu testen. Darunter befanden sich sowohl bekannte Substanzen, die 

entweder einen negativen Einfluss oder keinen Einfluss auf die neuronale Entwicklung 

haben, als auch unbekannte Substanzen, mit unterschiedlichen chemischen Eigenschaften. 

Mit Hilfe des Assays wurden 23 Substanzen identifiziert, welche die NCC Migration 

inhibieren und dabei nicht zytotoxisch sind. Alle 23 Substanzen wurden in mindestens einem 

weiteren Assay  auf diese Eigenschaft bestätigt. Dafür wurde einerseits ein NCC 

Chemotaxisassay (NC-MT) benutzt und andererseits Zell-Tracking angewendet, um die 

Geschwindigkeit der migrierenden Zellen zu bestimmen. Der cMINC Assay zeigte dabei eine 

hohe Sensitivität für halogenierte oder phosphorhaltige organische Substanzen und 

entdeckte Substanzen, welche von keinem anderen Assay erkannt wurden. Dies bestätigt 

wie wichtig dieser Assay als Teil einer DNT-Testbatterie ist. 

Im nächsten Schritt wurde versucht alle tierischen Produkte im cMINC Assay zu ersetzen. Es 

wurde untersucht, ob ein rekombinant produziertes Protein, das aus Rinderserum 

gewonnene Fibronektin als Coating für Toxizitätstests im cMINC Assay ersetzen kann. Dafür 

wurde eine Proteindomäne aus humanen Muskelsarkomeren (ZT), mit der Eigenschaft sich 

selbst zusammenzusetzen, verwendet und zusätzlich mit der Fibronektin 10 Domäne 

modifiziert (ZTFn10). Die Studie hat zum einen gezeigt, dass das ZT Material biokompatibel ist 

und zum andern, dass der cMINC Assay problemlos mit dem  ZTFn10-Coating durchgeführt 

werden kann und dabei robuste Daten liefert. Der cMINC Assay kann also unter komplett  

tier-freien Bedingungen durchgeführt werden. 

Zuletzt, wurde der NC-MT Assay optimiert  um den Durchsatz an zu testenden Substanzen 

zu erhöhen und tier-freie Chemoattractants zu finden. Dies ist notwendig, um den Assay 

zukünftig in eine Testbatterie für Reproduktions- und Entwicklungstoxizität zu integrieren. 

Dabei wurde herausgefunden, dass sowohl HepG2 Leberkrebszellen, als auch humanes 
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Serum und Plättchenlysat zu einer erhöhten chemotaktischen Aktivität in NCC führen. Mit 

Hilfe von chromatographischen Methoden wurde das verantwortliche Protein 5000-fach 

aufgereinigt, was bereits ein wichtiger Zwischenschritt hin zu einem deutlich definierteren 

Material ist. Fetales Kälberserum konnte im NC-MT Assay durch humanes Material ersetzt 

werden. Basierend darauf, kann in Zukunft ein komplett humaner NAM etabliert werden. 

Die hier aufgeführten Studien haben somit zur Optimierung von In-vitro-Assays beigetragen, 

welche NCC Migration, ein wichtiger Prozess in der Embryonalentwicklung, modellieren. 

Diese Assays ermöglichen ein effizienteres Testen von unbekannten Substanzen und sind 

ein Schritt in Richtung auf humanen Zellen basierender, tierfreier toxikologischer 

Testmethoden. 
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1 General introduction 
 

 Neural crest cells 
The first description of neural crest cells (NCCs) was performed by Wilhelm His, he 

discovered in chick embryos a band of cells between the superficial ectoderm and the neural 

plate (‘Zwischenstrang’) (Dupont, 2018). NCCs are able to differentiate into neurons and glia 

of the peripheral nervous system as well as into cell types to be considered of mesodermal 

origin like cartilage, bone, and adipose tissue in the cranial region (Prasad et al., 2019). The 

fact that these two structures arise from different germ layers (ectoderm and mesoderm) is 

the reason that NCCs are often referred to as the 4th germ layer (Hall, 2000). 

NCCs are only present in vertebrates and play an important role in their head formation 

during evolution, which allowed a shift from filter feeding to active predation (Glenn Northcutt, 

2005). The evolutionary advantage of predators was possible due to jaw, larger brain 

enclosure and paired sense organs (Northcutt and Gans, 1983; Glenn Northcutt, 2005). 

Many years of in vivo and in vitro studies enabled that today the neural crest is a well-studied 

embryonic structure in vertebrates (Etchevers et al., 2019). 

 

 NCC in embryonic development 

The neural crest is a multipotent cell population with the capacity of self-renewal and can 

therefore be considered as stem cells (Bronner and LeDouarin, 2012; Bronner-Fraser and 

Fraser, 1989). NCCs become progressively restricted when they reach their target regions 

and finally differentiate into several cell types (Simoes-Costa and Bronner, 2013).  

During neurulation in vertebrate embryos, the neural tube is formed, which will later develop 

into the central nervous system (Fig. 1.1). The ectoderm is divided during neurulation into the 

neural tube, the epidermis and NCCs (Mayanil, 2013). The edges of the neural plate, part of 

the ectoderm, start folding upwards, whereat simultaneously the area in between the edges 

remains grounded, forming the U-shaped neural groove. The upfolding edges meet and fuse 

at the midline to form the neural tube. The NCC population arises at the dorsal part of the 

neural tube, between neural tube and epidermis (Copp et al., 2003; Simoes-Costa and 

Bronner, 2013).  

During gastrulation FGF and Wnt signaling specify NCC progenitors at the neural plate 

border by activating specific transcription factors like Msx1/2, Pax3/7, Zic1, Dlx3/5, Hairy2, 

Id3 and Ap2. In a second wave, during neurulation, Wnt and BMP signaling maintain the 

NCC population and lead to the expression of NCC specifiers including Snai2, FoxD3, 

Sox9/10, Twist, cMyc and Ap2. These neural crest specifier genes control delamination, 

migration and differentiation of NCCs (Stuhlmiller and Garcia-Castro, 2012). 

The onset of NCC migration starts with a delamination process from the neuroectoderm 

which is called epithelial-to-mesenchymal transition (EMT). EMT goes along with a switch in 

gene expression, changing the NCC properties from adhesive to more motile (Thiery et al., 

2009; Nieto et al., 2016). Transcription factors knowing to regulate EMT are Snail/Slug, 

Foxd3 and Sox9/10 (Aybar et al., 2003). These transcription factors mediate EMT by 

weakening of cell-cell adhesion molecules, e.g. by switching cadherin expression from E-

cadherin to N-cadherin (Nakagawa and Takeichi, 1998; Cheung et al., 2005; Scarpa et al., 

2015; Szabo and Mayor, 2018). 

After delamination the cells migrate to various target sites within the fetus and differentiate 

into designated cell types (Dupin et al., 2006). 



General introduction 

  2 

 

 NCC lineages and fates 
NCCs can be grouped into four populations according to their position within the 

anteroposterior axis of the embryo: cephalic (cranial), vagal, trunk, and sacral (Fig. 1.2). 

Migration and development takes place in a rostro-caudal wave, whereas cephalic NCCs 

start to undergo simultaneously EMT, migrate as thick streams along a defined dorsolateral 

pathway, and populate regions where they finally give rise to the craniofacial skeleton by 

producing bones and cartilages of the face and neck (Prasad et al., 2019). They also form 

muscles and connective tissues of the teeth, ear, eye, and blood vessels as well as pigment 

cells and most of the cephalic peripheral nervous system (Santagati and Rijli, 2003; Mayor 

and Theveneau, 2013). 

Next, trunk NCCs start to migrate in a progressive way as thin streams and derive into 

peripheral nervous structures like dorsal root ganglia and sympathetic ganglia as well as 

adrenomedullary cells and pigment cells (Schlosser, 2008; Giovannone et al., 2015). 

One part of vagal NCCs are cardiac NCCs which give rise to melanocytes, connective tissue, 

neurons and cartilage, and contribute to the cardiac mesenchyme and smooth muscle of the 

great vessel (Kirby and Stewart, 1983; Nakamura et al., 2006; Bronner and Simoes-Costa, 

2016). 

Sacral and vagal NCCs colonise the gut and form the entire peripheral nervous system 

controlling digestive functions (Pomeranz et al., 1991). 

The axial level from which NCCs arise and the time of emigration determines their fate. 

Transplantation experiments of NCCs from one axial level to another showed that NCCs can 

adapt to the new environment, pointing out that NCC fate is mainly influenced by the 

environment (Bronner and LeDouarin, 2012; Baker et al., 1997). Grafting experiments with 

NCCs at later time points showed that the cells maintain their initial fate, indicating a 

restriction of their potential with time (McKeown et al., 2003; Kuo and Erickson, 2010). 

A

B

C

D

Fig. 1.1: Neurulation and NCC 

delamination.  

(A) The ectoderm is divided into 

neuroectoderm (purple), neural 

plate border (green) and non-

neural ectoderm (blue). (B-C) 

During neurulation, the neural 

plate borders (green) start folding 

upwards causing the neural 

groove (purple) and then forming 

the neural tube. (D) The non-

neural ectoderm forms the 

epidermis (blue) and NCCs 

(green) delaminate from the dorsal 

part of the neural tube. Figure 

adapted from (Gammill and 

Bronner-Fraser, 2003). 
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 Cell migration in general 

Cell migration plays an important role in several biological processes e.g. embryogenesis, 

tissue repair and cancer metastasis (Barriga and Theveneau, 2020). Cell migration is 

involved in several diseases such as vascular disease, cancer, and chronic inflammatory 

diseases and understanding the migration mechanism is fundamental for prospective 

therapeutic approaches (Ridley et al., 2003). Chemokinesis is defined as the random 

migration of cells and can be influenced by chemical stimuli to either enhance or retard cell 

motility (Anand-Apte and Zetter, 1997). In comparison, chemotaxis is the directed migration 

of cells within a chemical gradient (Swaney et al., 2010). Cells either move towards the 

higher concentration of the chemical (positive chemotaxis) or move to the opposite direction 

(negative chemotaxis) (Swaney et al., 2010). Chemotactic effects were first detected and 

described in bacteria, which can sense and swim towards nutrients but avoid areas 

containing toxins (Micali and Endres, 2016). Since then, several attractive and repulsive 

chemoattractants could be identified also for eukaryotic cells (Friedl and Gilmour, 2009).  

Cells that are able to perform chemotaxis display properties like motility, directional sensing 

and polarity (Kay et al., 2008). Polarisation means that the cell has a defined asymmetric 

shape containing anterior and posterior (Swaney et al., 2010). In polarised cells, the leading 

edge is stable and more sensitive to chemoattractants, which results in the maintenance of 

the existing protrusion. In contrast, unpolarised cells easily form new fronts and every region 

of the cell is equally sensitive to chemoattractants (Kay et al., 2008; Devreotes and 

Janetopoulos, 2003). Directional sensing is the property of cells to compare receptor 

occupancy over their surface and decide where the concentration is the highest (Kay et al., 

2008). In the presence of a chemoattractant gradient, the cells sense the gradient, align their 

polarity with it, and finally migrate in a direct way towards the gradient (Wu, 2005). 

Chemoattractants are secreted by the target tissue and the migrating cells express a suitable 

receptor for the chemoattractant on their surface (Shellard and Mayor, 2016).  

 

 NCC migration and chemotaxis 
NCCs migrate during early embryonic development to target sites in the periphery, where 

they differentiate into multiple cell types. The guidance of NCCs to their specific target sites 

is a complex and highly regulated process. On their way to the target region, NCCs interact 

Annual Reviews

sacral

trunk
vagal

cephalic

Fig. 1.2: NCC derivatives. 
NCC delamination and 
migration along the 
anterior-posterior axis in 
the embryo is shown. 
Cephalic NCCs (green) 
migrate in thick streams 
whereas trunk NCCs 
(brown) migrate in thin 
streams. NCC from 
different regions form 
various cell types and 
contribute do different 
organs according to their 
origin. Figure adapted from 
(Szabo and Mayor, 2018). 
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not only with other NCCs and the extracellular matrix (ECM) but also migrate through 

different tissues and cell types. NCCs are guided by these cell types, which express several 

positive and negative guidance cues (Theveneau and Mayor, 2012c). Migrating in large 

groups allows NCCs to chemotax up a gradient more efficiently than single cells, therefore 

NCCs form cell-cell interactions to stay in close contact (Merchant and Feng, 2020).  

 

 Interaction with the extracellular matrix 

For NCC migration protrusions at the leading edge of the cell need to be extended and the 

trailing edge needs to be disconnected from the ECM (Conway and Jacquemet, 2019; Ridley 

et al., 2003). Therefore, a constant switch between strong and weak attachment of the cell to 

the ECM is necessary for cell migration, as new adhesions are formed at the leading edge 

and old cell-ECM adhesions are disassembled (Shafqat-Abbasi et al., 2016). 

Thus, NCCs express several integrin receptors that are able to bind to ECM proteins like 

fibronectin, laminin, vitronectin, collagen and tenascin (Fig. 1.4) (Delannet et al., 1994; 

McKeown et al., 2013b). These integrins are linked to cytoskeletal proteins in the NCCs and 

regulate migration (Testaz et al., 1999). Integrins are heterodimers consisting of an α- and a 

β-subunit. Integrin expression differs between species and NCC subtypes which allows 

migration on different substrates (Kil et al., 1998; Kil et al., 1996; McKeown et al., 2013b; 

Pietri et al., 2003; Haack and Hynes, 2001). 

Fibronectin for example, binds to NCCs through αvβ1 and α8β1 integrins and allows cell 

migration based on α4β1, αvβ3, and α8β1 integrins (Perris et al., 1989; Testaz et al., 1999). 

 

 Molecular mechanisms of NCC chemotaxis 

Collective chemotaxis of NCCs is based on two mechanisms: contact inhibition of locomotion 

(CIL) and co-attraction (CoA) (Theveneau et al., 2010). During CIL, two migrating cells stop 

upon physical contact with each other and repolarise in the opposite direction, which 

prevents cells from overlapping and favours dispersion (Fig. 1.3a) (Mayor and Etienne-

Manneville, 2016).  

Studies in Xenopus demonstrated that N-Cadherin dependent cell-cell contacts control the 

activity levels of the GTPases RhoA and Rac1 (Theveneau and Mayor, 2013). Rac1 is 

responsible for protrusion formation and highly expressed at the leading edge of the cell, 

whereas RhoA is expressed at the contractile rears responsible for retraction of the cell 

(Fig. 1.3a) (Carmona-Fontaine et al., 2008). The cell-cell contact mediated via N-cadherin 

leads to the downregulation of Rac1 and upregulation of RhoA in the protrusion fronts, 

turning the protrusion fronts into contractile rears and the cells are moving away from each 

other (Merchant and Feng, 2020).  

The second mechanism is co-attraction by the C3a-C3aR binding (Fig. 1.3b). NCCs express 

the receptor C3aR and secrete at the same time the complement factor C3a, which acts as a 

chemoattractant (Carmona-Fontaine et al., 2011). Single NCCs leaving the migratory group 

are attracted back to it via the C3a gradient. The C3a/C3aR signaling activates the GTPase 

Rac1 and stabilizes therefore protrusions (Carmona-Fontaine et al., 2011). Cell-cell 

interactions under the simultaneous influence of CIL and CoA allows collective cell migration 

(Fig. 1.3c) (Carmona-Fontaine et al., 2011). Furthermore, cell clusters respond more 

efficiently to a chemoattractive gradient than single cells (Fig. 1.3d) (Theveneau and Mayor, 

2012b; Theveneau et al., 2010).  

Nowadays, several computational models for NCC migration are available, focusing mainly 

on the difference between single cell migration and collective migration (Merchant and Feng, 

2020; Kulawiak et al., 2016; Camley, 2018; Dyson et al., 2018). 

However, it has to be mentioned that chemotaxis is an important, though not the only 

mechanism for long range NCC migration. Recent studies suggest a combination of several 
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forms of “taxis” including next to soluble chemical gradients (chemotaxis), gradients of ligand 

density bound to a substrate (haptotaxis), gradients of the cell’s environmental stiffness 

(durotaxis), and electrical potential gradients (galvanotaxis) (Barriga and Theveneau, 2020; 

Camley, 2018; SenGupta et al., 2021). 

Recent work even doubts the importance of guidance cues for Xenopus cranial NCC, instead 

they suggest that “the initial collective neural crest invasion is based on short-range repulsion 

and asymmetric attraction between neighboring tissues” (Szabó et al., 2019). 

 

 

  

A) Contact-inhibition of locomotion (CIL) B) Co-attraction (CoA)

C) Collective migration

D) Collective chemotaxis 

Fig. 1.3: Molecular mechanisms of NCC migration and chemotaxis.  
(A) Interaction of two cells leads to contact-inhibition of locomotion (CIL). Colliding cells form contacts via N-
cadherins (red). The contact activates RhoA and inhibits Rac1. Both cells move away in opposite directions by 
repolarisation. Obtained from (Theveneau and Mayor, 2012a). (B) Co-attraction of NCCs. Migrating NCCs 
secrete the chemoattractant C3a (blue circles). NCCs that are leaving the migratory group are attracted back to 
it via the C3a gradient. Obtained from (Theveneau and Mayor, 2012b). (C) Collective migration of NCCs results 
from a constant cycle between CIL and CoA. CIL leads to cell dispersion, whereas CoA keeps the cells in close 
contact. Obtained from (Carmona-Fontaine et al., 2011). (D) Collective chemotaxis in NCCs. The outer cells of 
the left NCC cluster are polarised with protrusions pointing towards the free edge. These protrusions are further 
stabilised when the cell cluster is exposed to a SDF-1 gradient, leading to directional migration. Loss of cell-cell 
interactions mediated by N-cadherin in the right NCC cluster prevents polarisation of the cells, protrusion 
formation and directional migration. The colour gradient in the cells represents the levels of Rac1 (red) and 
RhoA (blue). N-cadherins are represented as green lines. The arrow direction indicates the orientation of 
protrusions and the arrow thickness indicates protrusion stability. The green shade represents the SDF-1 
gradient. Obtained from (Theveneau et al., 2010).  



General introduction 

  6 

 Repulsive and permissive signals for NCC guidance 

NCCs are not only guided by chemoattractans but also by repulsive signals (Fig. 1.4). An 

example for a negative guidance cue are class 3 semaphorins. NCCs express 

neuropilin/plexin receptors which bind secreted or membrane-bound class 3 semaphorins 

(Osborne et al., 2005). NCCs avoid zones with high concentrations of class 3 semaphorins 

and are forced to invade different areas (Schwarz et al., 2008). For instance, class 3 

semaphorins are expressed in the trunk region, NCCs avoid this area and are therefore 

restricted to the rostral half-somite (Kuriyama and Mayor, 2008). Another chemorepellent for 

trunk NCCs is Slit. There the receptor Robo and its corresponding ligand Slit is expressed by 

gut mesenchyme (Kuo and Erickson, 2010). The repulsive impact of Slit keeps trunk NCCs 

on a ventral pathway (Kirby and Hutson, 2010; Kuriyama and Mayor, 2008). 

Gradients of positive guidance cues lead to directional NCC migration towards the secreted 

factor (Theveneau et al., 2010). These positive guidance cues for NCCs are for instance 

vascular endothelium growth factor (VEGF), fibroblast growth factors (FGF), platelet derived 

growth factor (PDGF) and stromal cell derived factor 1 (SDF-1) (McLennan et al., 2010; 

Kubota and Ito, 2000; Smith and Tallquist, 2010; Belmadani et al., 2005). Chick cranial NCCs 

express the VEGF receptor 2 and tissue of the branchial arch 2 expresses VEGF. Time-

lapse studies showed that NCCs are attracted to the branchial arch 2 tissue and to VEGF 

sources in vitro (McLennan et al., 2010). 

Migration assays with mouse NCCs indicate that FGF-2 and FGF-8 function as 

chemoattractants for mesencephalic NCCs in vitro (Kubota and Ito, 2000). PDGF signaling is 

involved in NCC migration and development (Bahm et al., 2017). Mice with impaired PDGF 

signaling display NCC derived defects such as cleft palate or cardiac defects (Smith and 

Tallquist, 2010). NCCs express the chemokine receptor CXCR4 and one of its ligands is 

SDF-1. Several studies indicate a chemotactic effect of SDF-1 for NCCs, for instance in 

mouse embryos SDF-1/CXCR4 signaling is crucial for the NCC guidance to dorsal root 

ganglia (Belmadani et al., 2005). Furthermore, SDF-1 is a chemoattractant for chick 

mesencephalic NCCs (Rezzoug et al., 2011) and in vivo studies in Xenopus demonstrated 

that SDF-1/CXCR4 signaling is crucial for cephalic NCC migration (Theveneau et al., 2010). 

The mechanism of action of SDF-1/CXCR1 signaling is due to the activation of the GTPase 

Rac1 that stabilizes cell protrusions (Theveneau et al., 2010). Since each ephrin receptor 

(Eph) binds specific ephrins, the Eph/ephrin signaling in trunk and cranial NCCs, can be 

repulsive and permissive (Davy and Soriano, 2005). Hence, only NCCs expressing an ephrin 

receptor on their surface compatible to the ephrin ligand expressed from the surrounding 

tissue, are able to invade this tissue (Davy et al., 2004). E.g. dorsolateral somites in the trunk 

express ephrin ligands that repel early migrating NCCs and restrict them to the ventral path 

(Poliakov et al., 2004; Santiago and Erickson, 2002). The Eph/ephrin signaling is also 

involved in the NCC sorting process that splits specific NCC subpopulations into different 

migratory streams (Theveneau and Mayor, 2012c).  
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 Neurocristopathies  
NCCs are a migratory cell population which gives rise to several different cell types. 

Abnormal migration, proliferation, differentiation or cell death of NCCs can lead to severe 

malformations and diseases. Disorders caused by impaired NCC functions are called 

`neurocristopathies´ (Sato et al., 2019). Due to the broad range of cell types NCC can form in 

the body, the resulting syndromes are extremely heterogeneous. Small changes in the 

environment during migration and differentiation of NCCs can have a deep impact on their 

normal development (Pilon, 2021). Initially, neurocristopathies were divided into four 

catagories: tumors, tumor syndromes, malformations, and all other neurocristopathies 

(Bolande, 1997). New classification strategies use as main criteria the axial origin of the 

NCCs that contribute to the affected tissue in a specific neurocristopathy (Vega-Lopez et al., 

2018). In the following, three examples are given for tumor formation and disorders based on 

disturbed NCC migration. 

Neurocristopathies can appear in isolation or in syndromic combination with other NCC 

derivatives (Etchevers et al., 2006).  

 

 Neuroblastoma 

The neuroendocrine tumor, neuroblastoma (NB), occurs from the sympathoadrenal lineage 

of NCCs and is the most common cancer in children. This tumor leads to an excessive 

production of catecholamines by the adrenal medulla (Vega-Lopez et al., 2018). Several 

different gene mutations are responsible for NB formation. Among others, the most 

prominent ones are: ALK, MYCN, PHOX2B and LIN28B. The anaplastic lymphoma kinase 

(ALK) is important for sympathetic neuron development and survival of migratory NCCs 

(Reiff et al., 2011) and is linked as an oncogenic driver of NB (Ardini et al., 2010).  

30% of NB arise within the adrenal medulla, 60% from abdominal paraspinal ganglia, 10% 

from sympathetic ganglia in the chest, head/neck, and pelvis. The degree of differentiation is 

important, as more primitive crest-like tumors are more aggressive and metastatic and have 

a bad outcome for the patients, whereas more differentiated tumors show a better survival 

NCC NCC other cell type

ECM

integrin

CXCR4

SDF-1

PDGFR VEGFR

VEGFPDGF

Eph

ephrin Eph

ephrin

Neuropilin/plexin semaphorin

cadherins

Robo Slit

receptors

membrane bound 
ligand

secreted ligand

Repulsive cue

Permissive cue

Legend

Fig. 4 Graphical depiction of exemplary repulsive and permissive signals involved in NCC migration
Several receptor-ligand systems are involved in NCC guidance throughout the embryo. The ligands can
be membrane-bound or secreted by the surrounding tissue. Ligands are divided into permissive
(attractive) and repulsive guidance cues. NCCs can interact with each other via cadherin receptors
whereas interaction with different proteins of the extracellular matrix (ECM) is mediated via integrins.

Fig. 1.4:  Graphical depiction of exemplary repulsive and permissive signals involved in NCC migration. 
Several receptor-ligand systems are involved in NCC guidance throughout the embryo. The ligands can be 
membrane-bound or secreted by the surrounding tissue. Ligands are divided into permissive (attractive) and 
repulsive guidance cues. NCCs can interact with each other via cadherin receptors whereas interaction with 
different proteins of the extracellular matrix (ECM) is mediated via integrins. SDF-1: stromal cell derived factor 1, 
PDGF: platelet derived growth factor, VEGF: vascular endothelium growth factor. 
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rate of the patients (Louis and Shohet, 2015). Neuroblastoma occurs often in conjunction 

with Hirschsprung disease (Etchevers et al., 2006).  

 

 Hirschsprung disease  

The incidence of Hirschsprung disease (HSCR) occurs in about 1 in 5000 live births and is 

characterized by the absence of enteric neurons along a variable length of the intestine 

(Amiel et al., 2008). Due to the lack of enteric neurons and the therefore missing propulsive 

intestinal motility/peristaltic movement, patients with HSCR suffer from constipation and have 

a distended abdomen. The affected part of the bowel has to be removed surgically 

(McKeown et al., 2013a). Most enteric neurons arise from vagal NCCs and the failure of 

vagal NCCs to colonize the distal intestine is due to mutations in different genes: RET, 

EDNRB, EDN3, PHOX2B and SOX10 (Heanue and Pachnis, 2007). RET is the major 

susceptibility gene and the receptor of GDNF in NCCs, moreover GDNF drives the 

differentiation of NCCs into neurons (Farlie et al., 2004). The GDNF-Ret signaling pathway is 

important for survival, proliferation, migration and differentiation of NCC-derived enteric 

neuron progenitors (McKeown et al., 2013a). It is not clear if the enteric NCCs which invade 

the gastrointestinal tract are migrating slower or if they stop migration too early (Farlie et al., 

2004). 

 Treacher collins syndrome 

Treacher collins syndrome (TCS) is a congenital craniofacial disorder. The phenotype of TCS 

includes cleft palate, hypoplasia of the facial bones, and ear defects that lead to conductive 

deafness (Dixon et al., 2006). 

Responsible for TCS are autosomal dominant mutations in the TCOF1 gene. TCOF1 

encodes Treacle, a nucleolar phosphoprotein which stimulates amongst others the 

transcription of ribosomal DNA (Valdez et al., 2004). The craniofacial abnormalities is a result 

of a decreased number of cranial NCCs due to defects in NCC formation and proliferation 

(Dixon et al., 2006; Trainor, 2010). 

 

 Toxicants disturbing NCC function 

Apart from genetic mutations also compound induced neurocristopathies are common. In the 

following, some examples are mentioned and show the wide range of chemicals interfering 

with NCC function and resulting in long-lasting defects. 

Animal experiments in mice, chick and Xenopus indicated that ethanol interferes with 

patterning and migration of cranial NCCs leading to facial malformations in fetal alcohol 

syndrome (Usami et al., 2016; Shi et al., 2014; Van Maele-Fabry et al., 1995; Smith et al., 

2014; Zhang et al., 2017). 

Retinoic acid (RA) administered to pregnant women leads to cleft palate and malformation of 

craniofacial structures in new-borns (Bolande, 1997; Williams and Bohnsack, 2019). 

The well-known DNT compound valproic acid (VPA) inhibits attachment of neural tube 

explants and reduce NCC migration in chicken (Fuller et al., 2002). 

Triazole-derived fungicides such as fluconazole induce craniofacial alterations in new-borns 

if the mother was exposed to high concentrations of these toxicants (Menegola et al., 2005b). 

Cyclopamine leads to craniofacial defects in Xenopus by specifically inducing cell death in 

cranial NCCs (Dunn et al., 1995). 

Cigarette smoke extracts and its major component nicotine, decreased the migration 

capacity of mouse NCCs and might be partially an explanation for the adverse neonatal 

outcomes of cigarette smoking during pregnancy (Kim et al., 2020). 

  



General introduction 

  9 

 NCC function assays 

 

 In vivo experiments and neural tube explants 

Findings in NCC development, migration or the impact of toxicants on NCCs are historically 

based on animal studies. Pregnant animals are treated at the time of neural tube closure and 

the impact on the embryo or the new-born are studied at later time points (Di Renzo et al., 

2007). Another possibility is to explant the embryos at the time of neurulation and perform 

the treatment with compounds/toxicants in vitro (Menegola et al., 2004, 2005b). In vivo 

experiments have the advantage that effects on the whole organism can be examined. 

Nevertheless, single NCC migration cannot be observed with in vivo studies. 

To circumvent this problem neural tube explants from mouse, rat, chick and Xenopus can be 

used to study NCC migration (Barriga et al., 2015). Therefore, the embryo is explanted from 

the mother and the neural tube is further cultured in petri dishes. The NCCs migrate out of 

the explant after 1-2 days and can easily be observed (Fuller et al., 2002; Usami et al., 2014; 

Usami et al., 2016). Both methods are costly, time-consuming, and not suitable for high 

throughput set-ups. 

Another disadvantage are the interspecies differences between the animal models e.g. in 

timing of delamination, migration or cadherin type expression (Barriga et al., 2015; 

Theveneau and Mayor, 2012b; Taneyhill, 2008; Gammill and Bronner-Fraser, 2003). This 

makes it very complicated to understand the molecular mechanisms of NCC development 

and migration. Thus, makes it almost impossible to draw conclusions about human NCC 

development and migration from these model organisms.  

 

 NCC differentiation in vitro 

The need for human specific NCC models was urgently required. In 1998, the first human 

embryonic stem cells (hESCs) were isolated from blastocyst stage embryos and cultured in 

vitro (Thomson et al., 1998). Due to their pluripotency and self-renewal capabilities, hESCs 

can be continuously expanded in culture and differentiated to all cell types of the human 

body (Pamies et al., 2017). Since then, several in vitro protocols to differentiate NCCs from 

human pluripotent stem cells (hPSCs) were established and resulted in a better 

understanding of the molecular mechanisms involved in human NCC development 

(Srinivasan and Toh, 2019). Further differentiation of the NCCs to neural and other lineages 

and the use of induced pluripotent stem cells (iPSCs) from patients facilitated the study of 

syndromes and diseases resulting from NCCs (Pamies et al., 2018). 

Nowadays, the differentiation from hESCs to NCCs is a well-established procedure and was 

further improved since the direct differentiation specifically to one of the four NCC 

subpopulations is possible (Chambers et al., 2009; Lee et al., 2010; Denham et al., 2015; 

Hackland et al., 2017; Hackland et al., 2019b; Tchieu et al., 2017; Gomez et al., 2019). The 

derivation and use of hESCs is legally not permitted in many countries (Pamies et al., 2018). 

Obtaining pluripotent stem cells from adult tissue would circumvent the ethical debate about 

using human embryos for research interests (Robertson, 2001). In 2007, the group of 

Yamanaka successfully derived the first human induced pluripotent stem cells (hiPSCs) from 

human fibroblasts (Takahashi et al., 2007). The combination of four transcription factors 

(Oct4, Sox2, Klf4, c-Myc) converts the human fibroblasts into an artificial state strictly related 

to embryonic stem cells (Takahashi et al., 2007). Since then several iPSC lines were 

generated and the reprogramming techniques have been improved (Pamies et al., 2017). 

Several studies have shown significant similarities between hESCs and iPSCs relating to 

transcriptional profile, proliferative activity, cell surface markers and the differentiation 

potential to become cell types of all three germ layers (Pamies et al., 2018). Albeit, there are 

reports of variations in epigenetic profiles and differentiation potential among hiPSC lines as 

well as between hiPSC and hESC lines (Kim et al., 2010; Plath and Lowry, 2011). 
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These hiPSCs were used in several studies to replace hESC and differentiate them into 

NCCs (Menendez et al., 2011; Liu et al., 2012; Tchieu et al., 2017). Mica and colleagues 

established a differentiation protocol to obtain melanocytes from hiPSCs via a NCC state and 

compared melanocytes from normal population and patients with pigment cell disorders 

(Mica et al., 2013). Based on this, it is possible to model melanocyte-related diseases and 

use the unlimited cell source for drug screening in melanocyte-related diseases (Zhu et al., 

2016).  

 

 Migration and chemotaxis assays based on human NCCs 

NCCs differentiated from hPSCs have not only the advantage to study human NCCs in vitro, 

but also the possibility to perform high-throughput assays. 

Based on human NCCs differentiated from hESCs in vitro assays to investigate NCC 

migration were established within the last years. In the original wound healing assay human 

NCCs are seeded into 48-well plates and two days later a scratch is introduced to create a 

cell-free area. To test effects on NCC movement, toxicants are applied and the impact on 

migration into the cell free area within 48 h are investigated (Zimmer et al., 2012). This assay 

was further improved by a circular migration inhibition of neural crest cell (cMINC) assay. 

Instead of the manually introduced scratch, silicon stoppers are placed into 96-well plates 

and human NCCs are seeded around the stoppers. Removing the stoppers after 24 h results 

in a cell free area in the middle of the well which can be, similar to the initial assay, 

repopulated by the cells. During the migration time, the cells are treated with toxicants and 

the number of migrated cells within the cell free area are measured with a high content 

imaging microscope 24 h after toxicant treatment (Nyffeler et al., 2017b). The advantages of 

the cMINC assay compared to the wound healing assay are a higher robustness and 

throughput. 

Several compounds were already tested by making use of these assays and known NCC 

toxicants as well as DNT compounds could be confirmed (Dreser et al., 2015; Zimmer et al., 

2012; Zimmer et al., 2014; Nyffeler et al., 2017b). 

The above mentioned assays model random NCC migration and are not able to measure 

chemotaxis. There are several different methods available to measure chemotaxis of cells in 

vitro. The agarose spot assay (Wiggins and Rappoport, 2010), the Zigmond or Dunn 

chamber (Zigmond, 1977; Zicha et al., 1991) or the bead assay (Theveneau and Mayor, 

2011) are just a few chemotaxis assays to be mentioned here. All of these methods create a 

chemoattractant gradient and directed cell migration can be obtained via time-lapse imaging. 

All the described methods are time-consuming and have a very low throughput.  

A common and popular method for chemotaxis measurement is the Boyden chamber 

(Boyden, 1962b). Nowadays commercially available plastic inserts for multi-well plates, so 

called Transwell® Permeable Supports, based on the original Boyden assay system, are 

used for chemotaxis measurement. These transwell inserts contain a cell-permeable 

membrane with pores of a specific size and create a two-chamber system, when they are 

placed into the well of a multi-well plate. Cells are seeded into the upper chamber, while the 

lower chamber is filled with liquid containing a chemoattractive stimulus. The cells are 

allowed to migrate through the pores to the other side of the membrane, where they are 

stained and counted (Marshall, 2011). The Transwell® Permeable Supports are available in 

different formats and alternative read-out methods for increased throughput. So far, the 

transwell assay was used in several in vitro studies for NCC chemotaxis measurement and 

chemoattractants such as SDF-1 and FGF-2/FGF-8 could be identified (Kubota and Ito, 

2000; Rezzoug et al., 2011). It has to be mentioned here that the assays were performed 

with chick and mouse NCCs. 
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 Developmental neurotoxicity 
The development of the nervous system is based on several complex and highly regulated 

biological processes. These complex processes are vulnerable for disturbances e.g. during 

proliferation, migration, differentiation, myelination, synaptogenesis or network formation 

(Fig. 1.5) (Bal-Price et al., 2018b). It is known that the developing nervous system is more 

vulnerable to disturbances compared to the adult nervous system (Rodier, 1995), as at this 

stage, the blood brain barrier is not completely formed (Leist et al., 2008) and the embryo 

has lower capabilities for metabolic detoxification (Chazaud et al., 2006). 

Developmental neurotoxicity (DNT) is defined as the adverse change in the structure or 

function of the nervous system after exposure to a chemical during the prenatal or 

gestational period (Mundy et al., 2015). DNT mainly focuses on the central nervous system, 

but the peripheral nervous system, the gastrointestinal nervous system and other neural 

crest-derived tissues are also important and should be considered in DNT studies (Aschner 

et al., 2017). The effects of DNT are linked to several disorders e.g. lowered IQ, learning 

disabilities, and autism (Coccini et al., 2006; Grandjean and Landrigan, 2006; Landrigan, 

2010). 

The increase in children’s neurodevelopmental impairments linked to chemical exposure is 

raising but at the same time DNT evaluation is still not a mandatory requirement in the US or 

the European Union for chemical registration (Grandjean et al., 2017; Fritsche et al., 2017; 

Bennett et al., 2016). The current regulatory guidelines set by the Organization for Economic 

Co-operation and Development (OECD) for DNT testing are set on OECD TG 426 and 

OECD TG 443. These are based on animal studies, as well as very time, cost, and labour 

intensive (Rovida and Hartung, 2009; Tsuji and Crofton, 2012). Therefore, DNT studies are 

only available for about 120 substances (Crofton et al., 2012; Kadereit et al., 2012). 

 

 

 

Fig. 1.5: Neurodevelopmental key events at the cellular level. 
For the development of the nervous system several processes at the cellular level are important. DNT is defined 
by the disturbance of at least one of the above mentioned processes. Figure obtained from (Aschner et al., 2017). 
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 DNT testing 
Regulatory testing for potential DNT compounds is based on animal studies. According to 

OECD TG guidelines, animals are treated with at least three dose levels of the test 

compound during gestation and lactation. Afterwards, the offspring is evaluated at different 

developmental stages where morphological, functional, and behavioural changes are 

examined e.g. motor and sensory function, learning and behavioural test, brain weight, and 

neuropathology (Bal-Price et al., 2015b; Makris et al., 2009; OECD, 2007). In the following 

several reasons why a change from animal experiments to new approaches is necessary are 

discussed. 

One reason is the bad correlation between animal and human toxicity. Studies found that the 

prediction of toxicity between rodents and humans is only 50% (Olson et al., 2000). 

Especially in the field of neurotoxicology the species-specific differences in the brain are 

pivotal. The human neocortex for example has more inhibitory neurons and more 

asymmetrical synapses per neuron than in rodents (DeFelipe et al., 2002). Important for DNT 

assessment is the fact that the timing of neurogenesis is different in human and mouse 

brains (Florio and Huttner, 2014).  

Furthermore, in order to reduce the number of animals per animal study, test compounds are 

usually tested at very high and often unrealistic concentrations (Schmidt et al., 2017). In the 

case of VPA, the dose at which neural tube defects are induced is 10 times higher in mouse 

and hamster compared to humans, while in rat, rabbit and monkeys no defects at all are 

observed (Nau, 1986). 

Another reason is that animal studies are time consuming and very expensive. To test one 

compound takes about three months, costs about $ 1.4 million, and 1000 rat pups are used 

(Smirnova et al., 2014). 

Finally, the ethical and societal aspect of animal testing is doubtful. Russel and Burch 

introduced in 1959 their famous 3R principle: replacement, reduction, refinement (Russel and 

Burch, 1959). Meaning, that animal experiments should be replaced by alternative methods 

wherever it is possible. If animal studies are the only option the number of animals should be 

reduced to a minimum amount. The performed animal studies have to be refined in a way 

causing minimal stress, pain and suffering for the animals. 

All this clarifies the urgent need for alternative in vitro methods and testing strategies to 

identify DNT compounds. 

 

 DNT testing in vitro 
 

 New approach methods and testing batteries 

There are thousands of untested chemicals used in commerce at the moment. Animal tests 

are time consuming, very expensive, ethical controversial and the concordance between 

animal and humans is low, therefore the development of high-throughput screening (HTS) 

methods is required (Hartung, 2009; Hartung and Leist, 2008). These new approach 

methods (NAMs) rely on in vitro, cell-free, and cell-based models and allow cheap and fast 

testing of many chemicals (Crofton et al., 2012).  

There is a broad selection of cellular systems for DNT testing available ranging from non-

human primary cells, over immortalized cell lines, to hiPSCs (Schmidt et al., 2017). The 

available in vitro methods range from very simple to very complex systems. Simple 2D cell 

culture systems can combine high throughput and fast readouts but are not able to represent 

the complex interactions in the human body and it is therefore difficult to interpret the 

significance of the data with regards to human pathology. Tests with high biological 

complexity e.g. brain organoids, are more relevant to in vivo predictions but are limited in 

throughput (Brull et al., 2020).  
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Single test methods are not able to provide sufficient information to assess a compound as 

developmentally neurotoxic, therefore many of these in vitro test methods need to be 

combined into large test batteries (Schmidt et al., 2017). The assembled test methods should 

ideally cover different neurodevelopmental processes e.g. neural precursor differentiation 

(Balmer et al., 2012; Dreser et al., 2020), proliferation (Baumann et al., 2014), migration 

(Nyffeler et al., 2017b), neurite outgrowth (Stiegler et al., 2011; Delp et al., 2018; Hoelting et 

al., 2016), synaptogenesis (Hogberg et al., 2011) or neural network formation and function 

(Strickland et al., 2018; Tukker et al., 2018). 

Data from these batteries can be used for quantitative structure activity relationship (QSAR) 

models and read-across (Crofton et al., 2012). 

In vitro test methods can additionally be combined with model organisms (e.g. C.elegans, 

drosophila or zebrafish) that allow observation of neurodevelopmental processes, their 

change by chemicals, and the consequences of toxicity for the organism function (Schmidt et 

al., 2017). These non-mammalian species have been used already for toxicant screenings 

(Padilla et al., 2012) and are very helpful to evaluate behavioural changes (Bal-Price et al., 

2018b). 

The aim is to use in vitro DNT batteries on the one hand for prioritization of chemicals and on 

the other hand for regulatory decision making. Therefore, the assays need to undergo 

scientific validation and their readiness needs to be defined. Different stakeholders 

assembled readiness criteria (e.g. test system documentation, test method controls, data 

evaluation, testing strategy, robustness) and 17 NAMs were validated according to these 

criteria, demonstrating that many of these assays are currently at a high readiness level (Bal-

Price et al., 2018a). Additionally, the assay performance needs to be characterized by testing 

a large number of compounds (Fritsche et al., 2017). Several publications tried to assemble 

lists with potential DNT compounds that can be used as reference compounds for assay 

development and characterization (Aschner et al., 2017; Crofton et al., 2011). In a recently 

published report, 119 compounds were tested in a human cell based DNT in vitro testing 

battery, combining five test methods and measuring 10 DNT-specific endpoints. Evaluation 

of the DNT testing battery data showed that the testing strategy is a very promising first 

approach for DNT hazard identification and characterization (Masjosthusmann et al., 2020). 

A test method template (ToxTemp) was recently established, which describes in detail the in 

vitro test method and allows interpretation and use of the data (Krebs et al., 2019). A detailed 

and consistent description of in vitro test methods will lead to a better understanding of the 

methods themself and comparison between different testing methods. This will hopefully 

smoothen the way to include data from in vitro test methods for regulatory decision making. 

Nevertheless, the faith in data generated by in vitro methods alone is still low. The 

combination of data from in vitro cell-based methods combined with absorption, distribution, 

metabolism and excretion (ADME) data and exposure information from in vitro to in vivo 

extrapolation (IVIVE) would increase the reliability of the data immense (Bal-Price et al., 

2018a).  

 

 Adverse outcome pathways and integrated approaches to testing and 

assessment 

DNT risk assessment is difficult due to missing toxicological hazard information for most 

compounds (Bal-Price et al., 2015a). The implementation of NAMs for risk assessment was 

proposed by regulatory agencies (ECHA, 2016; USEPA, 2018). Some concepts for the 

integration of NAMs in regulatory decision making are discussed in the following. 

Adverse outcome pathways (AOP) represent disease pathways in a simplified manner and 

are considered as a promising tool for test system promotion according to regulatory needs 

(Bal-Price and Meek, 2017). AOPs link a molecular initiating event (MIE) to the adverse 
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outcome (AO) via key events (KE), in a way specified by key event relationships (KER) (Leist 

et al., 2017).  

AOPs are linear and non-branching pathways, a key event is defined as a change in the 

state of a biological process that can be measured and is essential for the adverse outcome 

to occur (Villeneuve et al., 2014). Two or more AOPs can be assembled to AOP networks. 

AOP networks represent the complexity of disease pathophysiology in a more realistic way 

and reveal that a single MIE can trigger several AOs as well as that multiple MIEs can result 

in the same AO (Bal-Price and Meek, 2017). The AO should be of regulatory significance 

and therefore AOPs should be integrated in testing strategies (Bal-Price and Meek, 2017).   

KEs identified in AOPs relevant for DNT should be covered by in vitro assays and these 

assays should be combined in integrated approaches to testing and assessment (IATAs) 

(Bal-Price et al., 2018a). IATAs are adaptable approaches for chemical safety assessment. 

Already existing data from multiple sources e.g. human data, in vitro data, in vivo animal 

data, read-across, in chemico, and QSAR can be combined in IATAs (Tollefsen et al., 2014). 

Ideally, the in vitro assays within an IATA are linked to MIE (Bal-Price et al., 2015b). The 

information provided by IATAs should be adequate for regulatory conclusions and 

toxicological decision making (Bal-Price et al., 2018a). 

IATAs provide a platform to integrate NAMs and batteries of NAMs into toxicological decision 

making and increase the throughput of chemical testing. 

 

 Xeno-free and chemically defined DNT testing 

While cell culture experiments have successfully replaced several animal studies, many in 

vitro methods still use animal-derived materials. The search for chemically-defined and non-

animal sourced cell culture material has gained attention in the field. The goal is to make in 

vitro systems more reproducible and to avoid ethically problematic procedures currently used 

to provide cell culture medium supplements. 

For clinical applications the use of animal-free cell culture material is absolutely necessary to 

guarantee the safety of patients. 

 

 Fetal bovine serum and replacement strategies 

Fetal bovine serum (FBS) is an example for an animal derived and commonly used cell 

culture supplement (Oredsson et al., 2019). FBS is a mixture of proteins, hormones, 

enzymes, growth factors and nutrients which are important for cell growth in vitro. Thereby, 

FBS promotes cell proliferation, growth and maintenance of most cell types and additionally 

facilitates attachment of cells to culture dishes. Per year approximately 500,000 liter FBS is 

harvested from about one million fetuses (Jochems et al., 2002). Ethical concerns are raising 

due to the inhumane collection of FBS. For FBS production blood from living calf fetuses are 

collected mostly through a heart puncture. This procedure can cause suffering for the unborn 

calf if no precautions are taken (van der Valk et al., 2004). 

The exact composition of FBS is unknown and varies between different batches. These 

batch-to-batch variation makes it difficult to reproduce in vitro experiments between different 

laboratories and introduces an unknown variable into the culture system (Price and Gregory, 

1982; van der Valk et al., 2004). FBS can interfere with test substances and therefore leads 

to unexpected outcomes in in vitro toxicity tests (Groothuis et al., 2015; van der Valk et al., 

2018). 

Furthermore, FBS can be contaminated with mycoplasms, viruses and prions which may 

interfere with the reproducibility of the experiments as well (Eloit, 1999; van der Valk et al., 

2004). 

It is prohibited to use animal sera and other animal components in the manufacturing of 

biological products for human use, due to safety risks regarding contaminations (Asher, 

1999). 
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Chemically defined media with recombinant produced supplements are the ultimate goal, 

leading to controlled culture conditions, reduce variability, eliminate potential sources of 

contamination, and reflects the in situ human microenvironment better (van der Valk et al., 

2004). So far, there is no universal chemically-defined serum-free culture medium available 

and the available media are usually cell-specific (van der Valk et al., 2018).  

In cases were chemically defined media are not available yet, it should be of importance to 

replace FBS by alternatives e.g. human serum or human platelet lysate (huPL) (Rauch et al., 

2011). 

The use of non-animal-derived supplements for in vitro studies was advocated by the 

ECVAM Scientific Advisory Committee (ESAC) (van der Valk et al., 2018) and EURL ECVAM 

advised the replacement of serum with chemically-defined media (Coecke et al., 2005). 

 

 Simulation of the extracellular matrix in vitro 

For in vitro assays modeling cell functions of complex cell types e.g. migration or neurite 

outgrowth the culture dishes need a coating, imitating the ECM.  

Matrigel™ is a sterile extract of basement membrane proteins derived from Engelbreth-

Holm-Swarm mouse sarcoma and is widely used as coating for in vitro assays. Matrigel™ 

forms a 3D gel at 37 °C and contains basement proteins like collagen and laminin as well as 

growth factors such as FGF, EGF and PDGF (Kleinman and Martin, 2005).  Matrigel™ 

promotes differentiation and growth of different cell types (Marques et al., 2006; Kibbey et al., 

1992; Schuetz et al., 1988) and e.g. the outgrowth of neural crest cells from explants (Bilozur 

and Hay, 1988). Furthermore, Matrigel™ is widely used as coating or 3D matrix in in vitro 

assays to study for example angiogenesis or cancer cell invasion (Kleinman and Martin, 

2005). Nevertheless, Matrigel™ is an animal derived product and due to its batch to batch 

variation, regarding the amount of basement proteins and growth factors, it is an 

uncontrollable variable in differentiation protocols, making reproduction of the protocols 

almost impossible. Therefore, chemically defined media and differentiation protocols for 

hiPSCs are of high interest. In 2011 the essential 8 (E8) medium was developed, containing 

eight defined compounds and lacking any animal proteins (Chen et al., 2011). The E8 

medium enables hPSC maintenance in a chemically defined and animal-free manner. 

Protocols for the differentiation of NCCs from hiPSCs in chemically defined media are 

available, but still animal products like Matrigel™ and bovine serum albumin (BSA) are used 

in this protocols (Menendez et al., 2013). In 2017, Tchieu and colleagues published a 

differentiation protocol for all ectodermal lineages from hPSCs using chemically defined 

medium (Tchieu et al., 2017). In this protocol Matrigel™ was replaced by vitronectin, but 

animal products like BSA are still used within the protocol. 

More defined coatings can be obtained with specific proteins like laminin, fibronectin, 

collagen or combinations of them. These ECM proteins are usually purified from animal 

plasma. Proteins purified from human plasma are available and also recombinant produced 

coating proteins, but these are generally more expensive and difficult to obtain.  

To replace animal-derived cell culture supplements defined bioengineered recombinant 

material is needed. This material has to be cell compatible, fit the requirements of the assay 

and should be producible in a fast and robust way without batch to batch variations.  
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 Aims of the thesis 
 

Chemical exposure may be partially responsible for the increased prevalence of 

neurodevelopmental disorders. However, fast and reliable methods to evaluate 

developmental neurotoxicity (DNT) are lacking. Therefore, the testing strategy is changing 

from expensive and time-consuming animal testing, towards high-throughput human cell-

based in vitro methods. One group of developmental disorders is caused by impaired NCC 

migration. Defects in NCC migration and function can be caused by genetic defects or 

chemical exposure, but so far only one high-throughput assay based on human NCCs is 

available. 

The aim of this work was on the one hand to establish further test methods, based on human 

NCCs for DNT compound screenings and on the other hand to optimize the methods 

regarding throughput capacity and robustness. A focus was on the replacement of hESCs for 

NCC differentiation and animal-derived supplements. 

 

The objectives of this study are detailed as follows: 

 

1. Test the suitability of the cMINC assay for screening purposes by challenging it with a 

proof-of-concept chemical library. In addition, the NC-MT assay was investigated as 

suitable follow-up assay. 

 

2. Optimization of the differentiation protocol for human NCCs by using iPSCs and 

replacement of animal-derived supplements in the cMINC assay. 

 

3. Increase the throughput of the NC-MT assay and find non-animal chemoattractants 

for human NCCs. 
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 Abstract 

Many in vitro tests have been developed to screen for potential neurotoxicity. However, only 

few cell function-based tests have been used for comparative screening, and thus 

experience is scarce on how to confirm and evaluate screening hits. We addressed these 

questions for the neural crest cell migration test (cMINC). After an initial screen, a hit follow-

up strategy was devised. A library of 75 compounds plus internal controls (‘NTP80-list’), 

assembled by the National Toxicology Program of the USA (NTP) was used. It contained 

some known classes of (developmental) neurotoxic compounds. The primary screen yielded 

23 confirmed hits, which comprised 10 flame retardants, 7 pesticides and 6 drug-like 

compounds. Comparison of concentration-response curves for migration and viability 

showed that all hits were specific. The extent to which migration was inhibited was 25-90%, 

and two organochlorine pesticides (DDT, heptachlor) were most efficient. In the second part 

of this study, (1) the cMINC assay was repeated under conditions that prevent proliferation; 

(2) a transwell migration assay was used as a different type of migration assay; (3) cells were 

traced to assess cell speed. Some toxicants had largely varying effects between assays, but 

each hit was confirmed in at least one additional test. This comparative study allows an 

estimate on how confidently the primary hits from a cell function-based screen can be 

considered as toxicants disturbing a key neurodevelopmental process. Testing of the NTP80-
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list in more assays will be highly interesting to assemble a test battery and to build prediction 

models for developmental toxicity. 

 

 Introduction 

During the past 10 years, many new assays have been developed to identify developmental 

toxicants and developmental neurotoxicants (Bal-Price et al., 2012; Robinson and Piersma, 

2013; Schmidt et al., 2017; Smirnova et al., 2014; van der Laan et al., 2012). For such non-

animal test methods, there are two fundamentally different applications: the first is for hazard 

identification of defined compounds, and potential further use of the data in risk assessment; 

the second is for screening of larger sets of compounds to identify those that require further 

testing. The latter approach requires a relatively high throughput, but has little stringent 

requirements for specificity and formal test validation. Examples for large screening 

programs are ToxCast and Tox21 (Judson et al., 2014; Tice et al., 2013).  

There has always been a strong focus of safety sciences on in depth characterization of 

individual compounds, either to elucidate mechanisms of toxicity or to provide sufficient data 

for regulatory purposes. In contrast to this, the idea of screening large numbers of 

compounds is a relatively new development (Collins et al., 2008; Leist et al., 2008; Shukla et 

al., 2010). It has become possible through adoption of high-throughput technology originally 

developed for drug discovery in pharmaceutical industry. Such screen data are frequently 

linked to large uncertainties. Moreover, the assays are generally established in a way that 

allows for many false-positives. Therefore, different strategies have been developed in the 

pharmaceutical industry to further filter, confirm and characterize the hits. A present 

challenge in toxicology is to establish corresponding quality evaluation and follow-up 

strategies for toxicity screens (Judson et al., 2013; Leist et al., 2014; van der Burg et al., 

2015). 

For drug discovery screens, the first step is invariably a confirmation testing based on the 

same assay as used for initial screening. In general, this is followed by secondary, tertiary 

and higher level tests to reduce the level of technical and biological uncertainty. Such assays 

use different technologies, different analytical readouts or other biological test systems. 

Moreover, the follow-up tests often increase in complexity to get closer to providing human 

relevant information. In parallel, investigations are initiated to provide answers for the 

question on how broadly applicable a screen finding is, with respect to cell types, tissues, 

developmental stages and other important biological determinants. Although a lot can be 

learned from drug discovery, the development of own strategies for toxicology is important, 

because the objectives of safety sciences and drug discovery are different. 

One approach of in vitro toxicology is to use several parallel tests (test batteries) instead of a 

single test. This provides information on broader sets of biological functions or pathways that 

may be disturbed. This principle has been used successfully for the definition of non-

genotoxicants. If a compound is found negative in three non-animal tests that cover different 

types of biological processes relevant to DNA damage, then the chemical is judged to be 

non-mutagenic (Adler et al., 2011; Combes et al., 2008). Recently, also a test battery for 

dermal sensitization has been approved. In this case, the three tests currently forming the 

battery cover key events of an adverse outcome pathway (Basketter et al., 2015; Ezendam 

et al., 2016; Reisinger et al., 2015). A third successful example of in vitro test battery use, in 

another domain of toxicology, is the potential substitution of the in vivo uterotrophic assay of 

the endocrine disruptor screening program by a set of ToxCast assays directed to various 

steps relevant for estrogen signalling (Browne et al., 2015). 

In the fields of neurotoxicity and developmental neurotoxicity (DNT) first suggestions for test 

batteries have been emerging (Schmidt et al., 2017; Schultz et al., 2015; Shinde et al., 2017; 
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van Thriel et al., 2012; Zimmer et al., 2014), but further information on the contribution of 

individual assays is required, and this is also true for reproductive toxicity. In the latter field, 

reporter assays for nuclear receptors and a Wnt-signalling assay have been combined with a 

zebrafish embryotoxicity test and the murine embryonic stem cell test within the ReProTect 

and ChemScreen projects (Kroese et al., 2015; Piersma et al., 2013; Schenk et al., 2010; 

Sonneveld et al., 2005; van der Burg et al., 2015). 

An important step in the further development of test batteries for DNT testing is an evaluation 

of the technical performance and throughput feasibility of individual assays. A standard 

approach for this has been the selection of a small set of compounds, mostly less than ten, 

that are considered positive and negative controls for the test endpoint chosen. While this is 

an important first step (Crofton et al., 2011; Leist et al., 2010), relying on this strategy only 

has made a comparison of the results of cell-based tests difficult. Therefore, further progress 

depends on the assembly of larger sets of compounds (called a compound library) to be 

tested in all tests of a battery. Large libraries of several thousand compounds have been 

established in the Tox21 program (Huang et al., 2016b; Richard et al., 2016). Examples for 

smaller libraries are the 150 compounds of the TG-GATEs project for hepatotoxicity 

(Grinberg et al., 2014; Igarashi et al., 2015), the 30 compounds of the ESNATS battery 

(Colaianna et al., 2017; Zimmer et al., 2014) or the set of about 75 compounds assembled by 

the National Toxicology Program (NTP) of the USA (Pei et al., 2015; Ryan et al., 2016).  

Concerning the test endpoints, biochemical measures or reporter gene expression are 

particularly easy to upscale to high throughput, but the data generated by such tests are 

difficult to link to classical endpoints of toxicity. The reverse is true for tests of complex and 

superordinate cell functions such as differentiation, proliferation or migration. Such assays 

are typically based on laborious cell systems (i.e. long differentiation protocol from pluripotent 

stem cells) or they require complicated measurement techniques (e.g. electrical activity of 

neuronal cells) that limit throughput. Nevertheless, it has been repeatedly suggested that 

such cell function assays will be the first to be used in DNT in vitro batteries (Aschner et al., 

2016; Bal-Price et al., 2015a; Crofton et al., 2011; Hirsch et al., 2016). However, until now 

the use and inter-laboratory comparison of such assays for screening is still rare. Neurite 

outgrowth is one of the few examples of a neuronal cell function assay that has been 

successfully run at high throughput in different tests (Crofton et al., 2012; Hoelting et al., 

2016; Krug et al., 2013; Ryan et al., 2016; Stiegler et al., 2011).  

Another important function for the development and maintenance of the nervous system is 

cell migration. For instance, in the developing vertebrae central nervous system, neural 

precursor cells migrate along radial glial cells from the ventricular zone to outer cortical 

layers (Luhmann et al., 2015). Moreover, throughout life, neural precursors are formed in the 

subventricular zone, and these then migrate as doublecortin positive neural precursors to 

their final tissue location (Kaneko et al., 2017). Toxic influences on human central nervous 

system precursor migration have been studied in the neurosphere migration assay (Fritsche 

et al., 2005; Moors et al., 2009). 

Neural crest cells (NCC) are another migratory cell population arising during early 

neurodevelopment. We previously established a (low-throughput) assay that measures 

migration inhibition of neural crest cells (MINC assay) (Zimmer et al., 2012). Initial results of 

the MINC assay showed that some exemplary compounds specifically affect NCC function 

(Dreser et al., 2015; Zimmer et al., 2014). Subsequently, a modified version of the assay 

(cMINC) was adapted for higher throughput by making it experimenter-independent and 

enabling automated image acquisition (Nyffeler et al., 2016). In the present study, we 

explored the suitability of the cMINC assay for screening purposes. Moreover, we devised a 

hit follow-up strategy. In this context, we established and used a panel of secondary assays 
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to obtain further information on the robustness of primary hits and to get an estimate on how 

confidently the primary hits from a cell function-based screen can be considered as toxicants 

disturbing a key neurodevelopmental process. 
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 Material and methods 

 

 NCC differentiation 

NCCs were differentiated from H9 (WA09; WiCell, Wisconsin) human embryonic stem cells 

(hESC). The modified line expressed GFP under the control of the Dll1 promotor (H9-Dll1; 

provided by M. Tomishima, Memorial Sloan Kettering Cancer Centre, New York, NY, USA) 

as described earlier (Zimmer et al., 2012). Import of the hESC and all experiments utilizing 

them were carried out according to German legislation and under the license of the Robert-

Koch Institute (license number 1710-79-1-4-27). Differentiation to NCCs was performed 

exactly as described earlier (Nyffeler et al., 2016; Zimmer et al., 2012). Briefly, the protocol 

involves differentiation of hESC to rosettes, manual picking of rosettes and FACS-sorting for 

positive expression of the NCC marker HNK-1 and negative expression of Dll1. The sorted 

cells were expanded in N2-S medium, consisting of DMEM/F12 (Gibco) and supplemented 

with 100 µg/ml apotransferrin, 25 µg/ml insulin, 8.6 mM glucose, 100 μM putrescine, 30 nM 

selenite, 20 nM progesterone (all purchased from Sigma-Aldrich), 1x GlutaMax and 1% 

penicillin/streptomycin (both from Gibco), 20 ng/ml epidermal growth factor (EGF) and 20 

ng/ml fibroblast growth factor (FGF) 2 (both from R&D). After 27-30 days, cells were 

cryopreserved until further use. For all experiments, freshly thawed NCCs were used and 

cultured on poly-L-ornithine/fibronectin/laminin coated plates in N2-S medium supplemented 

with 20 ng/ml EGF and 20 ng/ml FGF2. 

 

 NCC migration setup (‘cMINC’) 

The NCC migration assay was performed exactly as described in Nyffeler et al. (2016). 

Briefly, cells were seeded (95,000 cells/cm2) in poly-L-ornithine/fibronectin/laminin coated 96-

well plates containing silicon stoppers (Platypus Technologies, Madison, WI, US) to create a 

circular cell-free area. One day after seeding, stoppers were removed to initiate migration 

and medium was refreshed. After 24 h, test compounds were added as 5x concentrate 

(relative to the final test concentration), and after additional 24 h of incubation, migration and 

viability was measured. A positive control, cytochalasin D (CytoD, 200 nM) was run on every 

plate for quality control. For standard testing, toxicants were diluted in medium plus dimethyl 

sulfoxide (DMSO), so that the final DMSO concentration was 0.1% in all wells.  

Screen compounds were obtained diluted in DMSO from the NTP as described in Ryan et al. 

(2016). For the hit-confirmation, all compounds were ordered independently and diluted in 

DMSO. A list of the test chemicals is given in the Supporting Information. For both the 

screening and hit-confirmation part, aliquots were stored at -80°C and for each biological 

replicate, a fresh aliquot was used. The screening was performed with 4-5 technical 

replicates, whereas in the hit-confirmation 3-4 technical replicates were done.  

 

 Image-based measurement of cell migration and viability 

Image acquisition was performed exactly as described in Nyffeler et al. (2016). Briefly, cells 

were stained with H-33342 and calcein-AM and imaged on a high content imaging 

microscope (Cellomics ArrayScanVTI, Thermo Fischer). To obtain data on NCC viability, four 

fields (647 x 647 µm2) outside the migration area were imaged with a 10x lens 

(approximately 500 cells/field). Viability was defined as the number of H-33342 and calcein 

double-positive cells as determined by an automated algorithm described earlier (Krug et al., 

2013; Stiegler et al., 2011). 

To obtain data on cell migration, the center of the well was imaged in four tiles with the 5x 

lens. The four images were joined to obtain one micrograph covering an area of 2590 x 
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2590 µm2. For quantification of migration, a software tool (freely accessible at 

http://invitrotox.uni-konstanz.de/) was used to estimate the most likely position of the 

previously cell-free area, to set thresholds for color intensity for both dyes, and to count the 

number of H-33342 and calcein double-positive cells in the region of interest (ROI). The 

radius of the ROI was reduced to 0.7-0.9 mm to account for the fact that cells could migrate 

into the cell-free area for 24 h before the treatment was started. The radius of the reduced 

ROI was chosen in a way that at least 150 but not more than 300 cells were in the ROI in the 

untreated condition.  

 

 Analysis of migration and viability data 

If not mentioned otherwise, viability and migration were normalized to solvent control 

(0.1% DMSO). Concentration-response curves from averaged data (n = 3 experiments) were 

fitted using R (R Core Team, 2015) and the package ‘drc’ (Ritz and Streibig, 2005) to a log-

logistic function with four parameters, where the upper asymptote was set to 100%, and 

appropriate constraints were used for the other parameters (see Fig. S4 and S5). The data 

points within a curve were weighted with 1/SD; effective concentration (EC) values of the 

fitted curves were estimated. Efficacy was defined as the amount of migration-inhibition at 

the EC90 of viability (EC90V). If the EC90V was above the highest tested concentration, the 

extent of migration at the highest tested concentration was used instead and the greater-than 

sign was introduced. Specificity was defined as the ratio of EC90V and EC75 of migration 

(EC75M). 

 

 Immunocytochemical characterization 

For immunocytochemical staining, cells were seeded on glass as drops (10,000 cells per 

10 µl drop) to observe migrating cells at the border. After two days in culture, cells were fixed 

with 4% formaldehyde and 2% sucrose in phosphate buffered saline (PBS). For intracellular 

epitopes, cells were permeabilized for 15 min with 0.1% Triton, followed by blocking with 

10% fetal bovine serum (FBS) in PBS for 1 h before primary antibodies were applied in 10% 

FBS in PBS overnight. The next day, cells were washed with 0.05% Tween in PBS and 

secondary antibodies were applied (1:1000) for 1 h. Cell nuclei were counterstained with 

1 µg/ml H-33342 for 10 min. Images were acquired using a point laser scanning confocal 

microscope Zeiss LSM 700 (Zeiss, Oberkochen, Germany). The list of antibodies used is 

given in the Supporting Information. 

 

 Time-lapse experiment and cell tracking 

Cells were seeded under standard cMINC conditions and treated with the test compounds as 

described in Nyffeler et al. (2016). In general, the EC90V concentration was used except for 

epigallocatechin gallate (EGCG, 20 µM), berberine chloride (20 µM) and valinomycin 

(1.25 µM). The DMSO concentration in the medium did not exceed 1%. During the 24 h 

treatment period, cells were imaged using an Axio Observer.Z1 microscope (Zeiss, 

Oberkochen, Germany), equipped with an Axiocam MRm camera and an incubation system 

for constant temperature and CO2. Phase contrast images of the migration zone were 

acquired every 10 min using a 5x objective. After the time-lapse, migration and viability were 

determined as described in the ‘NCC migration setup’ section to ensure that the toxicants 

worked as under standard cMINC conditions with exposure in a standard incubator.  

Cells were manually tracked using the ImageJ plugin ‚Manual Tracking’ in reverse time. Cells 

were selected for tracking if they were (1) viable (i.e. not rounded up) at the end of the time-
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lapse, (2) located in the circular migration zone at the end of the time-lapse and (3) trackable 

for the entire time-lapse (i.e. did not leave the imaging frame).  

For each biological replicate, ten individual cells were tracked per condition (and 20 – 30 

cells for the untreated control). The cumulated distance of each cell was normalized to the 

median of the untreated control population. Notably, cells were only tracked if they were 

viable at the end of the assay. By this way, we purposely selected for ‘healthy’ cells to 

exclude cell death as a confounding factor. This likely leads to an overestimation of the 

speed of the cell population. Additionally, only cells were tracked that were in the migration 

zone at the end of the assay. This might result in preferential counting of faster-than-

average, mobile cells, which again would overestimate the overall speed. Statistical 

significance of differences between treated and non-treated conditions was calculated on the 

combined data of two biological replicates using a Wilcoxon rank sum test. In general, 

tracking was performed at the EC90V (to ensure that a non-cytotoxic, but rather high 

concentration was used) except for: LiCl, CdCl2, BPDP were tested at the highest 

concentration that was used in the cMINC (which was non-cytotoxic); EGCG and berberine 

were measured at 20 µM; valinomycin at 1.25 µM. 

 

 Transwell experiments 

The transwell inserts (pore size 8 µm, polycarbonate membrane, Corning, catalog no. 3422) 

were pre-coated with poly-L-ornithine/fibronectin/laminin. Cells were seeded at a density of 

50,000 cells per insert (150,000 cells/cm2) into the upper chamber. The cells were stimulated 

to migrate through the membrane by addition of medium with 5% FBS to the lower chamber 

(reservoir). Notably, migration did not occur, when FBS was added to the upper reservoir or 

to both reservoirs. Test compounds were applied to both the lower and upper chamber. In 

general, the EC90V concentration was used except for CytoD (200 nM), taxol (10 nM), 

EGCG (20 µM), berberine chloride (20 µM), PBDE-99 (20 µM) and valinomycin (1.25 µM). 

The cells were incubated for 6 h at 37°C and 5% CO2 and allowed to migrate. 

After incubation, the medium was aspirated from inserts and reservoirs and then the upper 

side of each insert was gently swabbed, using cotton swabs, to remove cells that had not 

migrated through the membrane. Reservoirs and inserts were washed once with PBS and 

then the migrated cells were fixed with 3.7% formaldehyde and stained with crystal violet for 

10 min. Then, the inserts were thoroughly rinsed with water and dried for at least 24 h. 

To evaluate the number of migrated cells through the membrane, five pictures per condition 

were taken under the light microscope. In a typical experiment, stimulation with FBS lead to 

ca. 100 migrated cells per picture. The number of migrated cells is normalized to that of cells 

stimulated only with FBS in absence of toxicants. 

 

 Analysis of the chemical space 

The structures of the compounds were obtained from the SMILES provided in the original 

table, converted to SDFile format using RDKit version 0.9.2 (www.rdkit.org) and protonated 

to pH 7.4 using Moka version 1.1 (Milletti et al., 2007). The values of the molecular weight 

(MW) and octanol-water distribution coefficient (logP) were obtained using RDKit. 

The structures were nomalized using standardizer (https://github.com/flatkinson/standardiser, 

accessed: 21st November 2016) and converted to 3D using Corina version 3.494 (Sadowski 

et al., 1994). These were then used to generate GRIND2 descriptors (Pastor et al., 2000; 

Duran et al., 2009) making use of Pentacle software version 1.0.6 

(www.moldiscovery.com/software/pentacle), with default settings. The resulting molecular 

descriptors were then projected into the principal component analysis (PCA) scores obtained 
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for a collection of 8298 ToxCast and Tox21 compounds (USEPA, 2016) characterized using 

a similar procedure (see Supporting Information Excel File).  

From the original 75 library compounds, the following compounds had to be removed 

because they are salts or contain metallic elements not supported by our methods: 

methylmercury (II) chloride (MeHgCl), acetic acid manganese (2+) salt, bis(tributylin)oxide, 

methylcyclopentadienyl manganese tricarbonyl. For the remaining 71 compounds, values of 

logP and MW were obtained. In the process of computing the GRIND2 molecular descriptors, 

two more compounds had to be removed: saccharin sodium salt hydrate and 

benzo(b)fluoranthene. Thus, the final series projected in the ToxCast and Tox21 space 

contains 69 compounds. 

 

 Data handling and statistics 

If not mentioned otherwise, values are expressed as means ± SD. If not indicated otherwise, 

experiments were performed at least three times (i.e. using three different cell preparations), 

with at least three technical replicates per condition.  
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 Results and discussion 

 

 Introduction to the biological system 

NCCs were differentiated from pluripotent stem cells via a rosette stage, sorted for positive 

expression of the NCC marker HNK-1, expanded and cryopreserved as described previously 

(Zimmer et al., 2012). The resulting cells have been extensively characterized for NCC 

marker expression elsewhere (Nyffeler et al., 2016). We continued this characterization here 

by staining for some cell organelles that are relevant for migration or that provide targets for 

toxicants. This high-resolution imaging showed that NCCs have varying shapes, with the 

polygonal type being most frequent. As in fibroblasts, a pronounced cortical actin skeleton 

that extended into cellular processes was conspicuous. The microtubules stabilized the 

interior part of the cells, but did not extend into the projections, while nestin, as the typical 

intermediary filament expressed in these cells, extended throughout the cytoplasm and right 

into the cell extensions. The few, and quite distinct, mitochondria formed a network around 

the nucleus, but sometimes extended into protrusions of the leading edge. The Golgi 

apparatus was always sharply delineated and clearly situated to one side of the nucleus. Its 

position was often, but not always, in the direction of the leading edge, as observed in some 

other migratory cells (Fig. 2.1.1a). 

After this confocal imaging of the cells, conventional, but highly automated fluorescence 

microscopy was used to obtain high-throughput screening data. Cells were seeded in 96-well 

plates containing round silicon stoppers, and after one day in culture, the stoppers were 

removed to allow migration into the circular area (Fig. 2.1.1b). After 48 h, the cultures were 

stained with the viability dye calcein-AM (cytoplasmic localization in live cells) and with 

Hoechst 33342 to visualize the nuclei of all cells. The number of viable cells (defined as the 

number of calcein-positive nuclei), and the number of migrated cells was determined using 

previously published algorithms (Krug et al., 2013; Nyffeler et al., 2016; Stiegler et al., 2011).  

Using this procedure, several published endpoint-specific controls (Zimmer et al., 2012; 

Aschner et al., 2016; Barenys et al., 2016) were tested for their effect on cell migration. The 

JNK inhibitor SP600125 and the Src-kinase inhibitor PP2 inhibited migration in a 

concentration-dependent manner at non-cytotoxic concentrations in the micro-molar range. 

As expected, also, the Gi signalling inhibitor pertussis toxin, as well as the polyphenol 

EGCG (preventing laminin from binding to the integrin 1 receptor) inhibited NCC migration 

(Fig. 2.1.1c). All these largely different positive controls yielded highly reproducible 

concentration-dependent inhibition data in three separate experiments, and allowed to 

exemplify effect quantification according to our earlier developed preliminary prediction 

model for the cMINC test. We therefore decided that the assay was ready for a screen of 

multiple unknown compounds, and we adopted our earlier definition of compound efficacy as 

‘the extent of migration inhibition at the highest non-cytotoxic test concentration (EC90V)’ 

and of compound specificity as ‘the ratio of the EC90V and the concentration inhibiting 

migration by 25% (EC75M)’. 
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Fig. 2.1.1: Introduction to the biological system. 

(A) Cryopreserved NCCs were thawed and plated on coverslips. After 2 days, they were fixed, and various 

cellular structures and markers were stained; H-33342 (depicted in blue) was used to visualize the nuclei. NCCs 

migrating into cell-free zones were imaged using a confocal microscope. The scale bar corresponds to 25 µm. 

p75: NCC marker; Nestin: stem cell marker; TOM20: mitochondrial marker; Giantin: golgi marker. (B) Graphical 

representation of the assay scheme: cells were seeded in 96-well plates containing silicone stoppers to create a 

cell-free circular area. After 1 day, the stoppers were removed, and cells were allowed to migrate for 24 h before 

the test compounds were added for additional 24 h. For imaging with an automated screening microscope, cells 

were visualized using H-33342 (intercalates into DNA) and calcein-AM (fluorescent in viable cells only). Imaging 

of the central zone allowed the quantification of cell migration; the cell viability was determined from images of the 

well periphery. (C) Examples for endpoint-specific controls. The known biological activities of the test compounds 

are indicated on top of the diagrams in blue. The light gray dotted line indicates the 100% value. The other two 

gray lines are drawn at 90% and 75% to indicate thresholds for reduced viability and migration, respectively. All 

values are normalized to untreated controls. Data are mean ± SD from three experiments. In the microscopy 

images, the viable cells are displayed in green and nuclei of viable cells in red.  
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 Overview of the testing strategy 

The library to be tested has been assembled at the NTP of the USA to probe the feasibility 

and performance of screening approaches in the fields of neurotoxicity and developmental 

neurotoxicity (Pei et al., 2015; Ryan et al., 2016). It contains 75 unique compounds, five of 

which (saccharin, deltamethrin, triphenyl phosphate, MeHgCl and phenobarbital) were 

included as duplicates for internal consistency control; it is thus short-named as ‘NTP80-list’ 

here. The library contained some known (developmental) neurotoxic compounds of the group 

of pesticides, drug-like compounds and industrial chemicals, in addition to large sets of 

polycyclic aromatic hydrocarbons (PAH) and flame retardants (FR) (Fig. 2.1.S1). Moreover, 

five negative controls were included (acetylsalicylic acid, acetaminophen, D-glucitol, L-

ascorbic acid and saccharin sodium salt). The library was delivered in the form of 20 mM 

stocks in DMSO, except for few compounds of lower solubility. 

As the production of NCC is cost- and time-demanding, a tiered screening strategy was 

chosen (Fig. 2.1.2). In a first step, all compounds were tested at the technically highest 

concentration (1:1000 of the stock). If cytotoxicity was observed (viability < 85%), the 

compound was retested at progressively 2-fold dilutions, until a non-cytotoxic concentration 

(NOAELV) was determined. Note that in this pre-screen, we deliberately chose a non-

stringent viability threshold (normally, a cutoff of 90% is used) to include a high percentage of 

potentially specific toxicants. At the NOAELV, migration was measured in three independent 

experiments. Compounds were classified as ‘negative’ if average migration was  80% 

(again, the threshold for migration-inhibition was chosen less stringent than in the standard 

procedure). All other compounds were considered as ‘potential positive hits’ and underwent 

hit confirmation testing in the second tier. For this purpose, all relevant compounds were 

purchased from a different source (confirmation of compound identity and integrity), and re-

tested in the migration assay. At this stage, six dilutions were tested simultaneously. A 

compound was classified as ‘positive hit’ if migration was < 75% at EC90V. In the third tier of 

this study, these ‘positive hits’ were further studied: (1) the cMINC assay was repeated under 

conditions that prevent proliferation; (2) a transwell migration assay was used to test whether 

a different migration assay would confirm the result; (3) cells were traced to assess cell 

speed as a different endpoint. This final tier was included to obtain information in how far 

technically-defined ‘screen hits’ can indeed be considered as compounds associated with the 

toxicological hazard of ‘interfering with the fundamental neurodevelopmental process’ of 

NCC migration (Fig. 2.1.2). 
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 Results of the screening 

During the screening of the NTP80-list, only 12 compounds proved to be cytotoxic at the 

highest tested concentration. For these substances, a NOAELV was determined, before 

migration data were obtained. For all other compounds, migration was measured at the 

highest possible concentration (usually 20 µM). On each plate, CytoD was run as a positive 

control and reduced migration to 30-70% compared to solvent control (Fig. 2.1.S2). There 

was only limited variation among assays and cell lots, indicating that the assay worked 

reproducibly.  
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Fig. 2.1.2: Overview of the testing 

scheme leading from initial 

screen to hazard statement. 

In a first phase, the highest non-

cytotoxic concentration was 

assessed in an iterating procedure. 

Then, the migration assay was 

performed (three independent runs) 

and compounds were classified 

either as potential hits or as 

‘inactives‘. Subsequently, 

concentration-response curves were 

obtained for the potential hit 

compounds. The confirmed hits 

were then further characterized 

using three follow-up assays. The 

decision points required that at least 

one concentration had to fit the 

indicated decision criterion. The 

‘hazard statement’ is meant to imply 

a concentration range at which 

effects on NCC are to be expected 

and a measure of confidence in the 

screen assay results. PBDE: 

polybrominated diphenyl ether. 
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In tier 1, out of the 80 compounds, 27 ‘potential positive hits’ were identified (Fig. 2.1.3), and 

none of the compounds triggered an increase in migration. For one compound 

(benzo[b]fluoranthene), the standard quantification procedure was not possible, as the 

fluorescent compound interfered with image acquisition of the H-33342 channel. However, 

manual inspection of the calcein-stained cells did not indicate any inhibition of migration, and 

hence no further experiments were conducted.  

Among the ‘potential positive hits’, there were ten of 12 tested FR, seven of 17 pesticides, six 

of the 15 drug-like compounds as well as two PAHs and one industrial chemical. None of the 

five negative controls inhibited migration.  

Fig. 3

Nyffeler et al., 2017

Fig. 2.1.3: Results of the screening. 

Compounds were screened according to 

the procedure indicated in Fig. 2 at a 

1:1000 dilution (mostly 20 µM), if they 

were not cytotoxic at this concentration. 

Otherwise, they were tested at the 

highest non-cytotoxic concentration. 

Compounds are ordered according to the 

screen results from most migration-

inhibiting (top) to least migration-

inhibiting. For each compound, viability 

(grey diamonds) and migration (blue 

circles) at the highest tested non-

cytotoxic concentration is displayed. The 

vertical lines are at 80, 85, 100, 120% of 

control and indicate the thresholds for 

viability (grey) and migration (blue). 

Compounds reducing migration by ≥ 20% 

underwent subsequent hit confirmation 

testing. For one compound 

(benzo[b]fluoranthene), migration could 

not be evaluated due to interference of 

the chemical with the fluorophores of the 

test. The chemical classes of the 

compounds were FR: flame retardant; 

PAH: polycyclic aromatic hydrocarbon; 

ind:  industrial chemical; pest: pesticide; 

drug: drug-like compound; neg: negative 

control. On the left side of the overview, 

the NOAEL of viability is displayed in a 

white box for compounds not cytotoxic at 

the highest tested concentration (i.e. the 

NOAEL is greater than the given value) 

and in a grey box for all other 

compounds. 
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 Hit confirmation with primary assay 

In tier 2, new stocks were prepared for all ‘potential positive hit’ compounds, and full 

concentration-response curves were obtained. Both, the viability and migration data, were 

fitted to a log-logistic function (Fig. 2.1.S4, Fig. 2.1.S5) and specificity and efficacy were 

calculated as described in Nyffeler et al. (2016).  

Of the 26 ‘potential positive hits’ (MeHgCl was twice in the library), 23 were confirmed 

(Fig. 2.1.4, Fig. 2.1.5, Fig. 2.1.S3a). The three non-confirmed compounds were the two 

PAHs acenaphthylene and dibenz[a,c]anthracene as well as bisphenol A (Fig. 2.1.S3b). At 

this stage, all 23 confirmed hits fell into the chemical classes of FR (10 hits), pesticides (7 

hits) and drug-like compounds (6 hits).  

The hits belonging to the FR group showed a rather large specificity (Fig. 2.1.4), and a 

potency in the low (single-digit) micromolar range. Tetrabromobisphenol A (TB-BPA) was the 

most potent FR, followed by the organophosphorus compounds and polybrominated diphenyl 

ethers (PBDEs). The six hits amongst the eight organophosphorus FR have in common that 

they contain at least one aromatic side chain, whereas the two non-hits did not show this 

feature. For PBDEs, it seems that an increasing number of bromine atoms reduces the 

effect, as PBDE-47 (4 bromines) was more effective than PBDE-99 and PBDE-153 (5 and 6 

bromines, respectively).  

Of 15 tested drug-like compounds, six were found to be migration-inhibiting after the hit 

confirmation phase (Fig. 2.1.5a, Fig. 2.1.S3a). Colchicine, previously known as a NCC 

migration-inhibitor (Nyffeler et al., 2016), was the most potent hit (low nanomolar range). 

Hexachlorophene, a chlorinated compound used as a disinfectant, and diethylstilbestrol 

(previously used as a contraceptive) were amongst the hits. For valinomycin, the hit 

confirmation showed a non-orthodox and biphasic concentration-response behaviour 

(confirmed in altogether six experiments). In the low nanomolar range, the cell viability 

dropped reproducibly by about 10%, but was not affected by increasing concentrations up to 

the micromolar range. At concentrations of about 2-4 µM, a pronounced effect on migration 

was measured. To display the effect of the compound in the micromolar range in a way 

comparable to other substances, the data were normalized to the data obtained in the lower 

nM range instead of the usual comparison to solvent controls Amongst the drug-like 

compounds, also berberine chloride and 6-hydroxydopamine were confirmed as migration-

inhibitors, but they had a rather low specificity and efficacy (Fig. 2.1.S3a).  

Seven out of 17 tested pesticides inhibited NCC migration (Fig. 2.1.5b, Fig. 2.1.S3a). 

MeHgCl and rotenone were confirmed as known migration-inhibitors (Zimmer et al., 2012; 

Dreser et al., 2015; Moors et al., 2009), while pyrethroids had no effect at all. Concerning a 

role of choline esterase inhibition, carbaryl (Fig. 2.1.S3a) was the only positive hit of the 

carbamate group (n = 3) and it had a low efficacy (29%). Chlorpyriphos showed specific 

effects at relatively high concentrations of 10-20 µM. The three organochlorine pesticides 

DDT, dieldrin and heptachlor were among the most efficient compounds in the library, 

although concentrations of several micromolar were required to trigger specific effects. In the 

case of DDT, we followed up on the screen finding by examining effects of the two 

congeners 2,4’-DDT (op-DDT; 1,1,1-Trichloro-2-(2-chlorophenyl)-2-(4-chlorophenyl)ethane) 

and 4,4’-DDT (pp-DDT; 1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane). The initial finding of a 

highly efficient inhibition of migration was confirmed with both compounds (Fig. 2.1.5c). 

In summary, most of the screen hits were confirmed, and additional information on potency 

and efficacy could be obtained (Fig. 2.1.S7, Table 2.1.S1). The cMINC screen detected 

compounds with a potency range over three orders of magnitude (Fig. 2.1.6a), and a higher 

dynamic range may still be obtained using higher start concentrations for the hit finding. The 
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yet little-characterised group of FR had the most consistent effect on NCC migration, 

whereas all PAHs and industrial chemicals tested were found to be negative. 

 

 

 

 

 

 

 

Fig. 4

Nyffeler et al., 2017

Fig. 2.1.4: Hit confirmation with 

the primary assay: flame 

retardants. 

Compounds identified as potential 

hits in the screen were re-ordered 

and concentration-response 

curves were obtained for viability 

(grey triangles) and migration 

(blue circles). All values are 

normalized to the solvent control 

(0.1% DMSO). The horizontal 

light grey dotted line indicates the 

100% value for easier reading of 

the diagrams. The other two grey 

lines are drawn at 90% and 75% 

to indicate the threshold for 

reduced viability and migration, 

respectively. A log-logistic 

function with constraints was fitted 

to the concentration-response 

curve and the EC90 of viability 

and the EC75 of migration were 

intrapolated. The ratio between 

these two values was termed 

‘specificity‘, whereas ‘efficacy‘ 

was defined as the amount of 

migration-inhibition at the EC90 of 

viability. Data are mean ± SD 

from three experiments.  
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Fig. 2.1.5: Hit confirmation with 

the primary assay: drug-like 

compounds and pesticides. 

(A, B) Compounds identified as 

potential hits in the screen were re-

ordered and concentration-

response curves were obtained for 

viability (grey triangles) and 

migration (blue circles). All values 

are normalized to the solvent 

control (0.1% DMSO). The 

horizontal light grey dotted line 

indicates the 100% value for easier 

reading of the diagrams. The other 

two grey lines are drawn at 90% 

and 75% to indicate the threshold 

for reduced viability and migration, 

respectively. A log-logistic function 

with constraints was fitted to the 

concentration-response curve and 

the EC90 of viability and the EC75 

of migration were intrapolated. The 

ratio between these two values 

was termed ‘specificity‘, whereas 

‘efficacy‘ was defined as the 

amount of migration-inhibition at 

the EC90 of viability. To compare 

the results with other compounds, 

the data of valinomycin were 

normalized to 100% (i.e. multiplied 

with 100/89). Data are mean ± SD 

from three experiments. (C) Two 

isomers of 

dichlorodiphenyltrichloroethane 

(DDT) and the commercial DDT 

mixture were retested in the 

cMINC assay (5 µM). Data are 

mean ± SD from three 

experiments. Abbreviations: op-

DDT: 2,4‘-DDT; pp-DDT: 4,4‘-DDT. 
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 Representation of chemical space by the library, and comparison of hits to 

published data. 

As the screen hits were unevenly distributed amongst the groups of compounds assembled 

in the NTP80-list, it was interesting to see whether some physicochemical properties of 

chemicals were particularly overrepresented amongst the hits. On the first view, it appeared 

as if lipophilic compounds (e.g. organochlorines or FR with aromatic substituents) may be 

particularly prone to be hits in the cMINC. To test this hypothesis, a systematic 

cheminformatics approach was used. First, we investigated whether the hits and non-hits 

significantly differ in their MW, logP, number of rotatable bonds (NRB), number of hydrogen 

bond acceptors (NHBA) and polar surface (TPSA) using a Wilcoxon rank sum test. The 

group of hits had significantly higher MW (p < 10-6), logP and NRB (p < 0.01) (data not 

displayed). Also, some parameter combinations (e.g. logP AND MW) differed significantly 

between hits and non-hits, but none of these combinations was able to specifically predict a 

hit compound.  

Representation of all library compounds in the MW - logP space (Fig. 2.1.6b) illustrated that 

both properties were weakly correlated (r = 0.51), while MW and logP were largely 

independent (r = 0.2) for the screen hits. To obtain a less biased overview of compound 

properties, grid-independent descriptors (Duran et al., 2009; Pastor et al., 2000) (GRIND2) 

were computed as described in the ‘Methods’ section. In order to anchor the display of the 

NTP80-list according to these descriptors, the same parameters were also obtained for a set 

of ToxCast and Tox21 compounds (n=8298). Then, two principal components (PC1, PC2) 

were obtained for this large chemical group using PCA, and the NTP80-list was projected in 

this principal component space (Fig. 2.1.6c). The hits obtained in our screen occupied a 

large area of this chemical space, i.e. they were unlikely to reflect only a very narrow 

chemical subgroup. In a next step, a large number of classification models was built from the 

screen hits, and they were validated by leave-one-out procedures. However, a convincing 

separation of hits and non-hits could not be obtained, based on the use of these chemical 

descriptors (not shown), i.e. cMINC toxicity was not predictable based on the structural 

information available. 

For further information on the cMINC hits, they were compared to available data from a 

similar screen for neurite outgrowth of induced pluripotent stem cell-derived neurons and to 

screen data obtained within the Tox21 program (Ryan et al., 2016). In general, the potency 

ranking of compounds correlated well between cMINC and the ‘Ryan assay’, but the 

apparent toxicant potencies were mostly 3-10 fold higher for the migration assay (Fig. 

2.1.6d). The cMINC also appeared to be more sensitive than the majority of Tox21 assays, at 

least for the hit compounds identified in the migration assay. In fact, for most compounds that 

specifically blocked NCC migration, the cMINC was the most sensitive of all the tests that 

were compared. Amongst these particularly potent migration inhibitors were rotenone, 

hexachlorophene, DDT, PBDE-47, BPDP, heptachlor, EHDP, and dieldrin. In contrast to this, 

hits like PBDE-99, PBDE-153 and berberine had EC75M values in the cMINC that fully 

overlapped with the range of concentrations that affected most Tox21 assays.  

Altogether, the hits identified here were generally bioactive in other tests. Concerning the 

prioritisation and follow-up of such compounds, the cMINC appeared to be particularly 

sensitive for certain toxicants, and such toxicants came from a broad range of structural 

templates, not easily covered by a quantitative structure-activity relationship (QSAR) 

approach. 
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Fig. 2.1.6: Representation of the library in the chemical space and comparison to published data. 

(A) Schematic indicating the potencies of the confirmed hits displayed as EC75 of migration, i.e. the concentration 

at which migration was reduced by 25%. (B) Library compounds are represented according to their molecular 

weight (MW) and the partition coefficient (logP). (C) Grid-independent descriptors were calculated for 8298 

compounds of the Tox21 library and for the screen library used here. A principal component analysis was 

performed for the Tox21 compounds and the library compounds tested in our study were displayed in the 

background of the Tox21 principal component space along the first two dimensions. Abbreviations: 6-OHDA: 6-

hydroxydopamine hydrochloride; 6PH: hexachlorophene; 7C: heptachlor; CP: chlorpyriphos; D: dieldrin; DES: 

diethylstilbestrol; R: rotenone, TB-BPA: 3,3’,5,5’-tetrabromobisphenol A. (D) Comparison of the hit-confirmation 

data (violet circles) with results from a neurite outgrowth assay (turquoise diamonds) and with a broad set of 

Tox21 assays (grey boxes and points), with individual endpoint data of active assays compiled in the form of 

boxplots (Ryan et al., 2016). For neurite outgrowth data, the most sensitive endpoint from various neurite 

outgrowth endpoints and viability measurement is displayed. 
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 Cell tracking as follow-up assay 

After the comparison of the cMINC hits to data in the literature, we tested in a second step 

the biological consistency of screen hits. For this purpose, we examined in how far the 

inhibition of migration of NCC was confirmed, when other (secondary) tests for the same 

endpoint were used. 

The first secondary assay assessed the migration speed of single cells. The test conditions 

were identical to the cMINC, but the analytical endpoint was time-lapse imaging of the cells. 

The average cell speed (expressed as cumulated travelled distance within 24 h) was 

determined from the tracks of the cells on the dish (Nyffeler et al., 2016). Untreated cells 

typically covered a distance of about 1000 µm in 24 h. Cells treated with the exemplary 

migration toxicant LiCl covered only about half the distance (Fig. 2.1.7a). All six positive 

controls of this test, including the recently characterized migration-inhibitor EGCG (Barenys 

et al., 2016) were used at non-cytotoxic concentrations, and they reduced the speed by 20-

45% (Fig. 2.1.7b).  

The ‘cMINC hits’ were also tested at their EC90V (or at the highest non-cytotoxic 

concentration reached). To reduce the workload, only two exemplary FR were tested: BPDP 

was chosen as representative for the group of organophosphorus FR and PBDE-47 for the 

group of PBDEs. The test revealed that only four of the cMINC hits reduced cell speed to a 

similar extent as the positive controls (by ≥ 20%): DDT, heptachlor, carbaryl and 

hexachlorophene (Fig. 2.1.7c). For these toxicants, a reduction of cell speed appears to be a 

major mechanism responsible for reduced migration. Compounds like TB-BPA, rotenone or 

valinomycin did not affect cell speed at all. For such toxicants, the effect measured on a 

population level in the cMINC is likely caused by a change of the percentage of migratory 

cells, by altered directionality behaviour or by indirect effects that would need further 

investigation. For a large group of compounds, the reduction of speed was small, but 

statistically significant. It is not clear at present, whether such relatively minor effects are of 

biological significance. More elaboration on the underlying mechanisms, extensive testing of 

additional positive and negative controls to establish a robust prediction model and more 

refined statistics would be required to come to a clearer conclusion on the impact that 

toxicants have on NCC migration speed. 

However, also the presently available data set clearly indicated, that the choice of the 

analytical endpoints can lead to different conclusions (hit subsets) in chemical screens. 

Moreover, it became clear that one key neurodevelopmental process, such as NCC 

migration, has a complex underlying biology that may be only partially captured by any given 

single test. In the case examined here, there were for instance compounds that reduced 

single cell migration speed, while others did not. Compounds from both groups reduced the 

number of cells found in the circular area of the cMINC and had thus been classified as 

migration-inhibitors. 
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 Re-testing of confirmed hits under conditions that prevent proliferation  

Differences between the cMINC and the cell tracking assay may be re-conciled, if 

compounds not affecting the migration speed could be shown to inhibit cell proliferation, and 

thus to be false positives in the cMINC. Therefore, the cMINC assay was repeated for all 

confirmed hits under conditions that do not allow any NCC proliferation (1 µM cytosine 

arabinoside, AraC, (Nyffeler et al., 2016). All toxicants were tested at the EC90V (same 

concentration as for cell tracking), and a similar threshold for impairment of function (i.e. 20% 

reduction) was set. A full prediction model has not been developed for the cMINC in the 

presence of AraC, but for the purpose of this comparison, we considered it plausible that a 

reduction of cells in the migration area to 80% or below can be considered (1) biologically 

relevant, and (2) comparable to the tracking assay. Most of the compounds were confirmed 

to be migration-inhibitors under these conditions (Fig. 2.1.S6). Thus, the number of artefacts 

BA

untreated LiCl

Tracking for 24 h:

n = 10

Fig. 7

Nyffeler et al., 2017

C

Fig. 2.1.7: Cell tracking as follow-up assay. 

Cells (plated at standard cMINC conditions) were imaged during the 24-h treatment period to assess the 

cumulated travelled distance of individual cells by manual tracking. (A) Visualisation of cell tracks for untreated 

cells and cells treated with 20 mM LiCl. (B) Establishment of the cell tracking assay using endpoint-specific 

controls and compounds known to inhibit NCC migration in the cMINC assay. For each treatment condition, 20 

individual cells were tracked and the cumulated travelled distance was normalized to the untreated control. The 

box represents the first and third quartiles, the black line the median (number given in the rectangle) and the 

whiskers are at an interquartile range of 1.5. (C) Performance of the screen hits in the cell tracking assay: green: 

flame retardants; blue: pesticides; pink: drug-like compounds. Data are from two independent biological 

experiments, i.e. the box represents data from 20 tracked cells. Statistical significance of differences between 

treated and non-treated conditions was calculated using a Wilcoxon rank sum test. Statistical indicators are given 

below the boxes: * p < 0.05, ** p < 0.01, *** p < 0.001. Names of screen compounds that reduced the speed of 

migration are bold. Abbreviations: EGCG: epigallocatechin gallate; RA: retinoic acid; TB-BPA: 3,3’,5,5’-

tetrabromobisphenol A; 6-OHDA: 6-hydroxydopamine hydrochloride; DES: diethylstilbestrol; 6PH: 

hexachlorophene. 
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induced by effects on proliferation in the standard cMINC was low, and the data in the 

absence and presence of AraC were well-correlated (Fig. 2.1.S6b). Only TPP, PBDE-153, 

MeHgCl, berberine chloride and carbaryl were not confirmed as hits. This puts a direct effect 

of these compounds on NCC migration at question. In order to measure the impact of 

chemicals on migration, independent of proliferation, and in the absence of an additional 

toxicant (AraC), a short-term migration test was established. 

 

 Re-testing in a short-term transwell migration assay 

Migration through a membrane, along a chemotactic gradient can be tested within few hours, 

and is thus little influenced by proliferation in a cell population. Therefore, a transwell 

migration assay was established. For this purpose, cells were seeded in inserts (upper 

compartment of a two-compartment dish). FBS was added to the lower compartment to 

stimulate the cells to migrate into the direction of this chemoattractant. Under these 

conditions, control NCC translocated through the porous membrane into the lower 

compartment (Fig. 2.1.8a). After 6 h, migrated cells were fixed, stained, imaged and 

manually counted. In a typical experiment, stimulation with 5% FBS lead to the migration of 

100 cells/image field, while < 3 cells migrated in the absence of FBS (Fig. 2.1.8b). The 

endpoint-specific controls CytoD, taxol and EGCG reduced transwell migration by > 50%, 

while several known unspecific toxicants (Nyffeler et al., 2016) reduced transwell migration 

by ≤ 25% (Fig. 2.1.8c). Based on these data, the threshold for migration-inhibition was set at 

25% inhibition of migration. As next step, five well-established cMINC toxicants (Nyffeler et 

al., 2016) were tested at their EC90V or a corresponding reasonable test concentration. LiCl 

strongly (> 50%) inhibited transwell migration, As2O3, CdCl2 and acrylamide had a moderate 

effect (25-50% range). Only retinoic acid (albeit a strong migration-inhibitor in the cMINC 

assay) did not specifically affect transwell migration (< 25%). Thus, this small evaluation of 

the assay showed that the hits largely overlapped with the cMINC, but that some toxicants 

showed clear differences. One potential reason may be that the assays measure short-term 

vs long-term consequences of chemical exposure, which may be particularly important for 

slow-acting nuclear receptor ligands, such as retinoic acid. Another conceptual difference of 

the assays is the distance of migration required to lead to a positive effect. In the transwell 

assay, mainly the ‘mobility’ of a cell is assessed. Cells either translocate across the very thin 

membrane (at any time point of the 6 h assay window), or they remain in the upper 

compartment. Thus, we hypothesize that compounds that slow down cells rather than 

immobilize them would not reduce transwell migration. 

Eventually, all cMINC hits were tested at their EC90V (or highest available concentration), 

and all compounds reduced transwell-migration by 30-45% (Fig. 2.1.8d). Notably, also 

compounds with small effects in the cMINC assay like berberine chlorine, PBDE-99 and 

MeHgCl had a robust effect in the transwell assay.  

In summary, all hits from the cMINC were confirmed in this third follow-up migration assay, 

and in general, it is likely that most cMINC hits from this screen do indeed specifically affect 

NCC migration. 
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Fig. 2.1.8: Transwell migration assay as follow-up assay. 

(A) Schematic indicating the assay principle: cells were plated into transwell inserts and stimulated to migrate with 

5% fetal bovine serum (FBS) in the lower compartment. Test items were added to both compartments. After 6 h, 

cells were fixed, stained and the number of cells that migrated through the transwell membrane were manually 

counted. (B) Exemplary microscopy image of migrated cells (purple blotches) on the lower surface of the 

membrane. The scale bar corresponds to 150 µm. (C) Benchmarking of the transwell assay with endpoint-specific 

controls (dark grey), unspecific compounds (white) and compounds well established to inhibit NCC migration in 

the cMINC assay (light grey). Transwell migration is measured as the number of migrated cells relative to cells 

stimulated with 5% FBS alone. The dotted grey line at 75% separates unspecific compounds from endpoint-

specific controls. Data are expressed as mean ± SD from at least two independent biological experiments. (D) 

Performance of the screen hits in the transwell migration assay: green: flame retardants; blue: pesticides; pink: 

drug-like compounds. Data are expressed as mean ± SD from three independent biological experiments. 

Abbreviations: FBS: fetal bovine serum; CytoD: cytochalasin D; EGCG: epigallocatechin gallate; HCTL: L-

homocysteine thiolactone; RA: retinoic acid; TB-BPA: 3,3’,5,5’-tetrabromobisphenol A; 6-OHDA: 6-

hydroxydopamine hydrochloride; DES: diethylstilbestrol. 
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 Conclusion and outlook 

The screen of the NTP80-list of 75 compounds for inhibition of migration of NCCs yielded 26 

initial screen hits, 23 of which were confirmed and quantified as to their efficacy, potency and 

specificity. All hits fell into the classes of FR, pesticides or drug-like compounds, whereas all 

PAHs and industrial chemicals were negative. All of the confirmed hits in our screen (with the 

exception of TB-BPA) were among the active compounds identified in a neurite-outgrowth 

screen (Ryan et al., 2016), and five of the six compounds affecting neurites selectively were 

also among the hits that specifically affected NCC migration.  

The potential developmental neurotoxicants were then investigated in three follow-up tests, 

and all compounds were positive in at least one additional assay (Fig. 2.1.9a). A comparison 

of the hits showed that the two organochlorines, DDT and heptachlor, had the strongest 

effects on NCC migration, albeit low micromolar concentrations were required for this 

manifestation of toxicity. Comparison of hits across multiple other published assays indicated 

that NCCs seem to be particularily sensitive to hexachlorophene and diethylstilbestrol as 

compared to other cell types or biological processes (Fig. 2.1.6d). The chemical groups with 

the highest hit rate were the organophosphorus FR. Our data suggest that such compounds, 

if fetal concentrations > 1 µM are reached, might disturb development similar to the PBDE 

FR that are being phased out from the markets because of their hazard (Linares et al., 2015). 

In this context, it is noteworthy that novel templates for FR have been recently characterized, 

B
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Fig. 2.1.9: Summary of assay data and biological features captured. 

(A) The results of the cMINC assay, the re-testing in absence of proliferation, the transwell assay and the cell 

tracking were summarized in tabular form. The color code is explained in the legend to the right. Briefly: white 

indicates a lack of effect. The intensity of blue indicates the efficacy. Abbreviations: n.d.: not determined; TB-BPA: 

3,3’,5,5’-tetrabromobisphenol A; 6-OHDA: 6-hydroxydopamine hydrochloride; DES: diethylstilbestrol; 6PH: 

hexachlorophene. (B) The diagram indicates biological processes captured by the different assays. The top band 

indicates various NCC functions. The blue boxes indicate which NCC functions are captured by the different 

assays. The bottom band is an expansion from the upper band, with a focus on signalling and different migration 

subfunctions. The blue boxes indicate which functions are measured by the cell tracking and transwell assays.  
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and that these were considerably less toxic to NCCs (Hirsch et al., 2016).  

An important question raised by our study is, ‘why do different migration assays yield 

different hits?’. We favour the explanation that (1) each ‘fundamental neurodevelopmental 

process’ is a complex assembly of cellular functions; (2) it combines multiple adverse 

outcome pathways (AOPs) and can, therefore, be affected by many chemicals in different 

ways; and (3) each test method focusses on different aspects within a fundamental 

neurodevelopmental process and, therefore, reflects key events of different AOPs. Some 

empirical evidence suggests that this hypothesis holds true in many cases: for instance, 

‘neurite outgrowth’ could actually mean in a given test: dendrite growth, axon growth, axon 

branching, growth cone extension, etc. It could also be the extension of already well-

established neurites, or rather be the initiation of neurite formation; or it could refer to 

peripheral neurons or central neurons. There is clear evidence that such processes may be 

affected differentially (Kim et al., 2002; Hoelting et al., 2016). A similar heterogeneity holds 

true for neuronal network activity (e.g. type of neurons used; presence or absence of glia), 

and also for migration (Fig. 2.1.9b).  

Different migration assays are complementary or partially overlapping, but never identical. 

Apart from the above arguments, identity is also not possible, because each experimental 

system and test protocol is prone to different sets of artifacts, false positives and false 

negatives. For instance, the cMINC not only measures migration, but the test endpoint may 

also be affected by proliferation, cell death, and signalling disturbances (Fig. 2.1.9b, top row - 

blue box). The contributions of various biological processes are different for each migration 

assay. Moreover, migration itself is a highly complex process, involving several cell biological 

functions (Fig. 2.1.9b, bottom row). In the cMINC assay, migration is measured as the 

number of cells in the migration zone at the end of the assay. A reduction can be caused by 

several mechanisms and the assay does not provide information about which subfunction 

was affected. Successful migration requires that cells adhere to the substrate, but that they 

can also sever bonds to the extracellular matrix (adhesion). A cell also needs to be able to 

remodel the cytoskeleton and cytoplasmic structure in the right way (motility). Moreover, cell 

migration normally is a cyclic sequence of moving phases and rest phases, and the ratio of 

these phases is described by ‘continuity’. Finally, cells can change direction randomly, or 

rather keep an overall direction (directionality) and this has in the end a large effect on the 

overall net distance covered. 

The four assays used here measure different sets of the above migration features. The cell 

tracking assay captures ‘distance’ and ‘continuity’ but excludes cell proliferation and cell 

death. The transwell assay captures ‘motility’ and ‘adhesion’. As the cells need to react to the 

chemoattractant stimulus, also some aspects of cell signalling, (‘polarity’ and ‘sensing’) are 

important, whereas the sub-functions that dominate the cell tracking assay are negligible. As 

a confounding factor, cell death might also be involved in the transwell assay, whereas 

proliferation effects are negligible due to the short assay time. The assays presented in this 

study therefore cover different aspects of NCC migration and NCC function. They provide 

thus complementary information. A single compound may have several simultaneous effects 

on cells, e.g. change adhesion, change cell stiffness, change cell speed and hence have an 

effect in several assays, but not necessarily in all. This explains the differential activity 

pattern observed here (Fig. 2.1.9a). With respect to a test strategy, we conclude from this 

that it is dangerous to rely on a single test if a big and complex biological process like cell 

migration is investigated. For practical purposes, we suggest to use the cMINC as primary 

screening assay, and to characterize the hits with at least one further (better more) 

secondary assay. 
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In order to assemble more and more information on screen hits, three forms of follow-up 

need to be considered, and some examples for them have been provided in our study: (1) 

technical follow-up (confirmation of findings in the same assay): in the present study, 23 of 

26 screen hits were confirmed in the hit-confirmation phase. This high level of confirmation 

(88%) indicates that the assay is technically robust, but not perfect; (2) biological consistency 

(confirmation of findings in another assay for the same endpoint): the primary hits were 

tested in three follow-up assays, and the transwell assay confirmed findings from the cMINC. 

The other assays showed a more heterogeneous picture. As a general strategy, a given test 

could be combined with other cell function assays (Hirsch et al., 2016), with biochemical 

assays (Ryan et al., 2016), with tests on simple model organisms (Behl et al., 2016) or with 

transcriptome analysis (Pallocca et al., 2016) to provide more biological information; (3) 

mechanistic consistency amongst related compounds: for drug discovery screens it is 

common to look for structurally related compounds that give consistent hit patterns. For hit 

singletons, the likelihood of artefacts and wrong conclusions is known to be high. For 

toxicological screens, there are usually not enough compounds for direct QSAR or read-

across approaches, but corresponding compounds may be selected for a follow-up. In the 

present study, all PBDEs were among the hits and all organophosphorus FR with aromatic 

side chains, whereas aliphatic ones were negative. Thus, for such compounds, there is 

higher confidence that this type of basic structure is linked to a hazard. For the 

organochlorines, there were clearly positive and negative compounds (for example, lindane 

was negative). Clear consistency has been shown here for DDT congeners that showed 

comparable efficacy. 

Another form of mechanistic consistency testing involves exploration of a suggested mode of 

action. For instance, identification of chlorpyriphos as a hit would suggest that acetylcholine 

esterase may be a target. This could be tested by examination of other (structurally 

unrelated) choline esterase inhibitors. Alternatively, chlorpyriphos oxone may be tested and 

should be more potent if the common target was choline esterase. Similar considerations 

would apply to the follow-up of parathione as a hit by testing of paraoxon, or to the 

consideration whether the estrogen receptor plays a role in the toxicity of diethylstilbestrol. 

One may follow up with several estrogenic compounds, but the high concentration of 

diethylstilbestrol required to inhibit NCC migration already suggests now that this effect is 

independent of estrogen receptor activation. 

In summary, our study has provided rich information on issues and potential solutions 

associated with the use of cell function assays for screening. For the future, we would like to 

pinpoint some important areas of work. For instance, a hit confirmation rate of 80% may 

sound good. However, if five such assays with 20% false positives are combined, the overall 

false positive rate (probability of a compound being a hit in at least one of the five assays) 

would be 67%. How will the field deal with this? One approach could be to combine tests in 

biological networks guided by molecular mechanisms/AOPs (Juberg et al., 2016; Jaworska 

et al., 2015), or to use biological information across assays in form of a biological read 

across (Strickland et al., 2016a; Strickland et al., 2016b; Patlewicz and Fitzpatrick, 2016; 

Hartung, 2016). Another old, but continuously present and topical issue (Judson et al., 2016; 

Leist et al., 2010) is the problem of cytotoxicity. The definition of hit specificity is often 

arbitrary, and more experience needs to be collected for each test to differentiate real hits 

from those that only reflect cytotoxicity. To advance on all these questions, it will be most 

important to run the same set of compounds described here in as many tests as possible, or 

to take similar approaches with other compound sets. 
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 Supplementary information 
 

1. List of antibodies used in this study 

Target 

name 

Antibody name Host Dilution Catalog # Provider 

p75 

Monoclonal Mouse anti-

NGFR antibody (ME20.4, 

p75)   

mouse 

IgG1 1:200 #AB-N07 

Advanced 

targeting systems 

Nestin 

Nestin Monoclonal Antibody 

(clone #196908) 

mouse 

IgG1 1:500 MAB1259 R&D Systems 

-Tubulin 

Mouse monoclonal Anti-α-

Tubulin antibody (clone 

DM1A) 

mouse 

IgG1 1:1000 T6199 Sigma 

TOM20 

Tom20 Antibody (clone FL-

145) Rabbit 1:500 sc-11415 SantaCruz 

Giantin 

Giantin monoclonal antibody 

(G1/133) 

mouse 

IgG1 1:400  

Gift of H. Farhan 

(University of 

Oslo) 

F-actin Alexa Fluor® 555 Phalloidin - 1:100 A12380 Invitrogen 

 

 

 

2. List of toxicants used in this study 

Purpose Compound CAS Catalog # Provider 

endpoint-specific controls Cytochalasin D 22144-77-0 C8273 Sigma 

 EGCG  989-51-5  E4143 Sigma 

 PP2 172889-27-9 P0042 Sigma 

 Pertussis toxin 70323-44-3 P2980 Sigma 

 SP600125 129-56-6 S5567 Sigma 

 Taxol 33069-62-4 1097 Tocris 

positive compounds Acrylamid 79-06-1 A3553 Sigma 

 As2O3 1327-53-3 11099 Sigma 

 CdCl2 10108-64-2 655198 Sigma 

 LiCl 7447-41-8 L9650 Sigma 
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 Retinoic acid 302-79-4 R2625 Sigma 

unspecific compounds L-Homocysteine 

thiolactone 31828-68-9 H6503  Sigma 

 

MG-132 133407-82-6 S2619 

Selleckche

m 

 Triton X-100 9002-93-1 93443 Sigma 

 

 

 

3. List of compounds used in hit-confirmation 

Compound CAS Stock conc. Catalog # Provider 

confirmed compounds     

6-Hydroxydopamine 28094-15-7 100 mM H4381-100MG Sigma 

Berberine chloride 633-65-8 20 mM B3251 Sigma 

BPDP 56803-37-3 100 mM TRC-B693910 Biozol (TRC) 

Carbaryl 63-25-2 80 mM 32055 Sigma 

Chlorpyriphos 2921-88-2 100 mM 94114 Fluka Sigma / TraceCERT 

Colchicine 64-86-8 10 mM in H2O C9754 Sigma 

DDT 50-29-3 100 mM N11567 Supelco Sigma / Supelco 

Dieldrin 60-57-1 100 mM 33491 Sigma 

Diethylstilbestrol 56-53-1 100 mM D4628 Sigma 

EHDP 1241-94-7 100 mM 34064-100MG-R Sigma / Pestanal 

Heptachlor 76-44-8 100 mM P-053N-250 amchro 

Hexachlorophene 70-30-4 100 mM 45526-250MG Sigma / Pestanal 

IDDP 29761-21-5 50 mM PLAS-PL-022N amchro (AccuStandard) 

IPP (Kronitex 100) 68937-41-7 40 mM NG-13725-1G Chem Service 

MeHgCl 115-09-3 4 mM in H2O VHG-MMC-25 LGC Standards 

PBDE-47 5436-43-1 100 mM TRC-T291145 Biozol (TRC) 

PBDE-99 60348-60-9 40 mM  Clickchem 

PBDE-153 68631-49-2 10 mM  obtained from NTP 
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Rotenone 83-79-4 100 mM R8875 Sigma 

TB-BPA 79-94-7 100 mM 11223-100MG Sigma 

Tricresyl phosphate 1330-78-5 100 mM P-209N-250 amchro 

Triphenyl phosphate 115-86-6 100 mM 241288 Sigma 

Valinomycin 2001-95-8 20 mM 94675 Sigma 

op’-DDT 789-02-6 100 mM IPO 125 LGC Standards 

pp’-DDT 50-29-3 100 mM DRE-C12082000 LGC Standards 

not confirmed compounds    

Acenaphthylene 208-96-8  100 mM 92549 Fluka Sigma / TraceCERT 

Bisphenol A 80-05-7 100 mM BPA-A-N amchro (Accustandard) 

Dibenz[a,c]anthrace

ne 215-58-7  40 mM DRE-C20695000 LGC 
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Fig. 2.1.S1: Overview of the screen library. 

All library compounds were grouped into one of six chemical classes. The compounds marked with color were 

identified as positive hits in the hit confirmation testing. They comprise 10 of 12 flame retardants, 7 of 17 

pesticides and 6 of 15 drug-like compounds whereas all polycyclic aromatic hydrocarbons, industrial chemicals 

and negative controls were identified as ‘negatives‘. 



Results 

  47 

 

Fig. 2.1.S2: Performance of the assay. 

Cytochalasin D was run as a positive control on every assay plate. Displayed are the measured migration for 

cytochalasin D (in red) and the variance of the solvent control (in blue) over 35 different assay plates run in 

different weeks and using various cell lots.  

 

 

Fig. 2.1.S3: Hit confirmation with primary assay. 

Compounds identified as potential hits in the screen were re-ordered and concentration-response curves were 

obtained for viability (gray triangles) and migration (blue circles). All values are normalized to the solvent control 

(0.1% DMSO). The horizontal light gray dotted line indicates the 100% value for easier reading of the diagrams. 

The other two gray lines are drawn at 90% and 75% to indicate the threshold for reduced viability and migration, 

respectively. A log-logistic function with constraints was fitted to the concentration-response curve and the EC90 

of viability and the EC75 of migration were intrapolated. The ratio between these two values was termed 

‘specificity’, whereas ‘efficiency’ was defined as the amount of migration-inhibition at the EC90 of viability.  

(A) Concentration-response curves from additional confirmed hits from the group of pesticides and drug-like 

compounds. Data are means±SD from three experiments. 

 (B) Non-confirmed hits, i.e. compounds where at the highest tested concentration (displayed in brackets) no 

migration-inhibition occurred. Data are means±SD from two experiments. 

Abbreviations: BPA: bisphenol A; Ac: acenaphthylene; Dac: dibenz[a,c]anthracene. 
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Fig. 2.1.S4: Overview of the procedure to fit concentration-response curves for viability data. 

The data of three independent experiments were averaged and fitted with log-logistic functions with different 

constraints and fixed values. Using a likelihood-ratio test, it was tested whether it was justifiable to use a function 

with three degrees of freedom (curves 2 and 3) over the one with two degrees of freedom (curve 1, fixed values at 

0 and 100%). 
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Fig. 2.1.S5: Overview of the procedure to fit concentration-response curves for migration data. 

The data of three independent experiments were averaged and fitted with log-logistic functions with different 

constraints and fixed values. In a first step, it was tested whether the data indicate an increase in migration (curve 

4). If this was not the case, a likelihood-ratio test was performed to test whether it was justifiable to use a function 

with three degrees of freedom (curves 2 and 3) over the one with two degrees of freedom (curve 1, fixed values at 

0 and 100%). 
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Fig. 2.1.S6: Retesting of confirmed hits under conditions that prevent proliferation. 

(A) All confirmed hits were retested in the cMINC assay under conditions that prevent proliferation (addition of 

1 µM cytosine arabinoside (AraC) during the toxicant exposure). Compounds were tested at a single 

concentration (the EC90V or the highest non-cytotoxic concentration if the EC90V was not reached).  All results 

were normalized to the control (1 µM AraC, 0.1% DMSO). Data are means±SD from at least two experiments. (B) 

Representation of the results in absence of proliferation (+ AraC) compared to the efficacy from the hit-

confirmation testing (- AraC).  

Abbreviations: CytoD: cytochalasin D; TB-BPA: 3,3’,5,5’-tetrabromobisphenol A; 6-OHDA: 6-hydroxydopamine 

hydrochloride; DES: diethylstilbestrol. 
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Fig. 2.1.S7: Summary of the cMINC assay results. 
(A) Schematic indicating the potencies of the confirmed hits displayed as EC90 of viability and EC75 of migration. 
Compounds with high specificity have a steep connection line. *: compounds for which the highest tested 
concentration was not cytotoxic; **: EC values for rotenone and colchicine were multiplied with 10 and 100, 
respectively, to fit on the scale. (B) List of all confirmed hit compounds ordered from high specificity (top) to low 
specificity (bottom). (C) List of all confirmed hit compounds ordered from high efficacy (top) to low efficacy 
(bottom). 
The color code represents the chemical classes: green: flame retardants; blue: pesticides; pink: drug-like 
compounds. 
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Table 2.1.S1: Summary of the results from all assays. 
Quantitative results from all four migration assays used in this study. For the standard assay (cMINC), the EC90V 
(EC90 of viability) and EC75M (EC75 of migration) were obtained by curve fitting of the concentration-response 
data. If the fitted value was above the highest tested concentration, the ‘>’ sign was introduced. ‘Specificity’ was 
defined as the ratio of EC90V and EC75M, whereas ‘efficacy’ was defined as the migration-inhibition at the fitted 
EC90V. For all other assays, compounds were tested at the EC90V of the cMINC assay or at the indicated 
concentration. The efficacy refers to the migration-inhibition of this test concentration.
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 Abstract 

Many extracellular matrices (ECM) used for modern cell culture are derived from animals. An 

alternative approach is the recombinant production of individual matrix protein components. 

A further development of this strategy uses a constant core protein polymer that is modifiable 

with functional domains of various ECM proteins. This way, a single, highly defined ECM 

system could be used for a large variety of cell types. Self-assembling protein domains from 

human muscle sarcomeres, termed here ZT material (ZT), have been shown to be suitable 

for this modular approach of generating ECMs. We explored in a proof-of-concept study, 

whether ZT, modified with the fibronectin 10 domain (ZTFn10) is able to substitute bovine 

serum-derived fibronectin as coating for neural crest cell (NCC)-based toxicity testing. 

Human NCC were generated from pluripotent stem cells and used in the automated version 

of a NCC migration assay (cMINC). ZTFn10, but not the unmodified core material (ZT), 

allowed for a high migration activity. The classical cMINC setup, with bovine fibronectin 

coating, was used as positive control, and detailed analysis of NCC migration by time-lapse 

recording indicated that the novel ECM fully matched the bioactivity of the traditional ECM. A 

final set of experiments showed that various positive controls of the cMINC assay (PCB180, 

LiCl, cytochalasin D) showed nearly identical inhibition curves on the traditional and the novel 

ECM. Thus, the cMINC, and possibly other bioassays, can be performed with a ZT-based 

ECM instead of traditional animal-derived protein coatings. 
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 Introduction 

While cell culture experiments have successfully replaced several animal studies, many in 

vitro methods still use animal-derived materials. The search for chemically-defined and non-

animal sourced cell culture material has become a research priority on its own. The goal is to 

make in vitro systems more reproducible (independent of lot effects), and to avoid ethically 

problematic procedures currently used to provide cell culture medium supplements, 

extracellular matrix, and analytical tools, such as animal-derived antibodies. 

Fetal bovine serum (FBS) is an example of an animal-derived product used commonly as cell 

culture supplement. The unknown composition of FBS and its high batch-to-batch variation 

makes it difficult to reproduce in vitro experiments between different laboratories (van der 

Valk et al., 2018). So far, serum-free media are in routine use only for few cell types, such as 

LUHMES cells (Scholz et al., 2011) or induced pluripotent stem cells (iPSCs) (Hackland et 

al., 2017; Reichman et al., 2017; Sung et al., 2019), but there is no universal chemically-

defined serum-free culture medium available (van der Valk et al., 2018). To increase the use 

of serum-free media, the FCS-free database (http://fcs-free.org/) was launched. This 

database provides information on commercially available serum-free media for several cell 

types. 

Another group of animal-derived cell culture reagents is extracellular matrix (ECM) 

components, such as the widely used MatrigelTM and plasma fibronectin. Matrigel™ is a 

heterogeneous glycoprotein mixture extracted from tumors grown in mice. Its complex 

composition suffers from high intrinsic variability, limiting experimental control, and leads to 

data inconsistencies (Hughes et al., 2010).  

Another frequently used ECM is plasma fibronectin (Fn). This is a 250 kDa glycoprotein that 

assembles into dimers and consists of repetitive domains: 12 type I units, two type II units, 

and 15-17 type III units. (Pankov and Yamada, 2002). The 10th Fn type III repeat domain 

(Fn10) is responsible for the integrin receptor binding of fibronectin and, thereby, its cell 

attachment (Chi-Rosso et al., 1997). Specifically, cell attachment to Fn10 is mediated by the 

short peptide motif Arg-Gly-Asp (RGD). Due to its low recombinant yield and the complexity 

of its composition and assembly, most of the commercially available Fn for in vitro use is 

extracted from animal plasma (Oredsson et al., 2019). Consequently, Fn preparations are 

likely to contain other undefined plasma proteins as well. 

Migration of neural crest cells (NCC) is an important process in fetal development. During 

neurulation, NCC delaminate from the dorsal part of the neural tube and migrate to target 

sites in the periphery where they differentiate into different cell types (LaBonne and Bronner-

Fraser, 1999). Disturbed NCC migration can lead to severe malformations and disorders 

such as Hirschsprung’s disease (Farlie et al., 2004). The migration of NCC is so far well 

studied in animals (Fuller et al., 2002; Bergeron et al., 2013; Usami et al., 2016), but human 

in vitro data are barely available.  

Therefore, the migration inhibition of neural crest (MINC) assay has been developed (Zimmer 

et al., 2012). A high-throughput version of this assay (Nyffeler et al., 2017b) is based on 

circular stoppers, which create a cell-free area when cells are seeded around them. After 

removing the stoppers, migration is initiated. This well-established in vitro test method is 

called circular migration inhibition of neural crest cell (cMINC) assay. It uses human neural 

crest cells (NCCs) generated from pluripotent stem cells and assesses disturbances of their 

migration during fetal development (Nyffeler et al., 2017a). This migration requires extension 

of protrusions at the leading edge of the cell and disconnection from the ECM at the trailing 

edge (Conway and Jacquemet, 2019; Ridley et al., 2003). Thus, cell migration requires a 

constant switch between strong and weak attachment of the cell to the ECM, as new 

adhesions are formed at the leading edge and old cell-ECM adhesions are disassembled 

(Shafqat-Abbasi et al., 2016). 
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NCC migration requires, therefore, dynamic interactions of surface integrin receptors with 

ECM proteins, and Fn is one of the key ECM proteins facilitating NCC migration (Testaz et 

al., 1999; Henderson and Copp, 1997). Fn binds NCCs through αvβ1 and α8β1 integrins and 

allows cell migration based on α4β1, αvβ3, and α8β1 integrins (Perris et al., 1989; Testaz et 

al., 1999). Therefore, cell culture dishes for cMINC assays need to be coated with Fn or 

related ECM proteins.  

Interestingly, a variety of engineered biomaterials of defined composition have now become 

available that have proven to be viable substrate alternatives for in vitro cell culture (Cai and 

Heilshorn, 2014; Loo et al., 2015; Hellmund and Koksch, 2019). Such biomaterials could 

permit developing a strategy for the replacement of animal-derived Fn in high-throughput 

assays like the cMINC assay. 

The homogenous composition of biomaterials and their high purity optimally meets 

requirements for experimental standardization. In addition, biomaterials made of recombinant 

proteins offer a significant cost reduction for high-throughput studies, thanks to the economy 

of production and scalable yields of bacterial overexpression. In this respect, we developed a 

functionalized biopolymer, termed ZT, formed by the self-assembly of two human proteins: 

telethonin (Tel) and the two N-terminal immunoglobulin domains from titin (Z1Z2) (Bruning et 

al., 2010; Nesterenko et al., 2019). The complexation of Tel and Z1Z2 occurs naturally in the 

Z-disc of human muscle sarcomeres. In this complex, Tel acts as a molecular glue, 

becoming ‘sandwiched’ between two antiparallel Z1Z2 and forming a robust intermolecular β-

sheet that spans the three components (Zou et al., 2006; Marino et al., 2006). The ZT 

polymer uses a Z1Z2-Z1Z2 fusion tandem (Z1212) that leads to the spontaneous, propagative 

self-assembly of Z1Z2:Tel complexes into a polymer (Bruning et al., 2010). The ZT polymer 

can be readily functionalized by genetically encoding functional moieties into its protein 

building-blocks prior to assembly. To date, various functional versions of the ZT polymer 

have been produced that display bioactive peptidic motifs (Bruning et al., 2010; Hill et al., 

2019) as well as functional full-length proteins introduced by gene fusion (Hill et al., 2019; 

Nesterenko et al., 2019). A ZT variant comprising the integrin-binding Fn10 domain from 

human Fn (ZTFn10) has been shown to successfully sustain the culturing of human embryonic 

stem cells (hESCs), murine mesenchymal stromal cells (mMSCs) (Hill et al., 2019), and 

human induced pluripotent stem cells (hiPSCs) (Nesterenko et al., 2019) over extended 

periods of time. Its robustness, the ease of its handling as a biocoating, and the economy of 

its production, make the fibronectin-mimetic ZTFn10 a promising system to replace native Fn 

in high-throughput cell applications. However, previous applications of the ZT material had 

focused on its cell adhesion and culturing properties, while its capability to support 

naturalistic cell migration in functional assays has not been tested so far. In this study, we 

investigate the suitability of the ZT system to support NCC culturing and migration in the 

cMINC assay. In particular, we study whether cell migration on this recombinant substrate 

displays traits comparable to those of the native ECM-component Fn and whether the 

migration provides sufficient sensitivity as to support its application to the screening of 

toxicants in the cMINC assay. 
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 Material and methods 

 

 Protein production 

Expression clones of telethonin (Tel), Z1212, and Z1212
Fn10 have been previously reported (Hill 

et al., 2019; Bruning et al., 2010). In brief, all coding sequences were inserted into the pETM-

11 vector (EMBL), which adds a His6-tag and a tobacco etch virus (TEV) protease cleavage 

site N-terminally to the inserted gene.  

Proteins were expressed in BL21 E.coli cells (Invitrogen) grown at 37°C in Luria Bertani (LB) 

media supplemented with 25 μg/ml kanamycin. At a culture OD600 = 0.6, protein expression 

was induced with 1 mM IPTG, the incubation temperature reduced to 18°C and expression 

carried out for further 16-18 h overnight. Cells were harvested by centrifugation. Cell pellets 

with overexpressed Z1212, Z1212
Fn10 and Tel proteins were resuspended in 50 mM Tris-HCl pH 

7.4, 500 mM NaCl supplemented with an ethylenediaminetetraacetic acid (EDTA)-free 

protease inhibitor cocktail (Roche). Cells were lysed by sonication. Lysates were clarified by 

centrifugal ultrafiltration and filtered (0.2 μm pore filter; Sarstedt) prior to sample purification. 

Z1212 and Z1212
Fn10 were isolated from the soluble lysate fraction via Ni2+-IMAC (5 ml His-Trap 

HiPrep column; GE healthcare) in the buffer described above. The His6-tag was cleaved by 

incubation with TEV protease in dialysis overnight in 50 mM Tris-HCl pH 7.4, 100 mM NaCl. 

The sample was then further purified by subtractive Ni2+-IMAC and gel filtration on a HiLoad 

26/600 Superdex 200 column (GE Healthcare) equilibrated with the same buffer. Z1212 and 

Z1212
Fn10 samples were concentrated to 10 mg/ml and stored at 6°C until further use.  

Tel was purified from the insoluble lysis fraction as described previously (Hill et al., 2019). 

Briefly, the insoluble fraction was resuspended in 25 mM Tris-HCl, 6 M urea pH 7.4, lysed 

and centrifuged. The pellet was discarded and the resultant supernatant was filtered and 

subsequently subjected to purification using Ni2+-IMAC. The Tel isolate was concentrated to 

10 mg/ml in the buffer described above and stored at 6°C.  

 

 Production of the ZTFn10 polymer by assembly of Z1212
Fn10 and Tel 

Z1212, Z1212
Fn10 and Tel samples were sterile filtered using 0.22 μm Ultrafree-MC filters 

(Merck) and all subsequent handling was carried out in a clean bench under laminar flow. 

For polymerization of the proteins to form the ZT and ZTFn10 substrates, a protocol adapted 

from (Bruning et al., 2010) was used. Z1212 or Z1212
Fn10 samples were mixed with Tel at a 1:3 

molar ratio, respectively, in overnight dialysis in 50 mM Tris-HCl, 500 mM NaCl pH 7.4 at 

room temperature and using a Slide-A-LyzerTM MINI dialysis device 3.5 K MWCO (Thermo 

Fisher Scientific) under sterile conditions. Samples were incubated for 24 h, until self-

assembly had led to a turbid sample pellet. The sample was then retrieved from the dialysis 

setting and stored at 6°C until further use. Self-assembly was confirmed by native PAGE. 

 

 Coating of polystyrene plates with substrata 

Bovine plasma fibronectin (Sigma), ZT and ZTFn10 assemblies were diluted in endotoxin-low 

Dulbecco phosphate buffered saline (DPBS) without Ca2+ and Mg2+ (Merck Millipore) to 1 

µg/ml for bovine plasma fibronectin (Sigma) and to 1, 5, 10, 20 µg/ml for ZT and ZTFn10. 

Coating of 96-well polystyrene plates (Corning) was performed by deposition, which ensued 

by adding 100 μl of substrate solution to each well and incubating overnight at 37 °C. After 

24 h, solutions were removed by aspiration and wells dried by exposure to air for 15 min 

under a laminar flow. 
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 Neural crest cell differentiation 

NCCs were differentiated from the induced pluripotent stem cell (iPSC) line IMR90_clone_#4 

(WiCell, Wisconsin) following the modified protocol of Mica et al. (2013). IMR90 cells were 

maintained on human Laminin-521 (BioLamina) coating in essential 8 (E8) medium 

(DMEM/F12 supplemented with 15 mM Hepes (Gibco), 16 mg/ml, L-ascorbic-acid (Sigma-

Aldrich), 0.7 mg/ml sodium selenite (Sigma-Aldrich), 20 µg/ml insulin (Sigma-Aldrich), 10 

µg/ml holo-transferrin (Sigma-Aldrich), 100 ng/ml bFGF (Invitrogen), 1.74 ng/ml TGFb (R&D 

Systems). For differentiation into NCCs, IMR90 iPSCs were plated on MatrigelTM (Corning) 

coated plates at a density of 40,000-50,000 cells/cm2 in E8 medium containing 10 μM 

ROCK-inhibitor (Y-27632 (Tocris)). After two days cells reached a confluency of 70-80% and 

differentiation was initiated (day 0) by a medium change to KSR medium (Knock out DMEM, 

15% knock out serum replacement, 1% GlutaMax, 1% MEM NEAA solution, 50 µM 2-

mercaptoethanol; all from Gibco)) supplemented with 20 ng/ml Noggin (R&D Systems) and 

10 µM SB431542 (Tocris). From day 2 on cells were treated with 3 µM CHIR 99021 (Axon 

Medchem). Noggin and SB431542 were withdrawn at day 3 and 4, respectively. Beginning at 

day 4, the KSR medium was gradually replaced with N2-S medium in 25% increments 

(DMEM/F12 (Gibco), 1.55 mg/ml glucose (Sigma-Aldrich), 1% GlutaMax (Gibco), 0.1 mg/ml 

apotransferin (Sigma-Aldrich), 25 µg/ml insulin (Sigma-Aldrich), 20 nM progesterone (Sigma-

Aldrich), 100 μM putrescine (Sigma-Aldrich), 30 nM selenium (Sigma-Aldrich)). Cells were 

collected at day 11, resuspended in N2-S medium supplemented with 20 ng/ml EGF (R&D 

Systems) and 20 ng/ml FGF2 (R&D Systems) and seeded as droplets (10 µl) on poly-L-

ornithine (PLO)/Laminin/Fibronectin (all from Sigma-Aldrich) coated 10 cm dishes. Cells were 

expanded by weekly splitting. From now on seeding as droplets was not necessary and 

medium was changed every second day. After 35-39 days, cells were cryopreserved at a 

concentration of 4*106 cells/ml in 90% fetal bovine serum (FBS) (PAA Laboratories GmbH) 

and 10% dimethyl sulfoxide (DMSO) (Merck Millipore) until further use. We found that 

cryopreservation of cells in serum-free medium (DMEM/F12, 1.55 mg/ml glucose, 

1% GlutaMax, 0.1 mg/ml apotransferin, 25 µg/ml insulin, 20 nM progesterone, 

100 μM putrescine, 30 nM selenium, 10% DMSO) worked and it will be used for future 

studies (data not shown). 

 

 Migration assay (cMINC) 

The circular migration inhibition of neural crest cell (MINC) assay was performed as 

described earlier (Nyffeler et al., 2017b). Briefly, silicone stoppers (Platypus Technologies, 

Madison, WI, US) were placed centrally into each experimental well of a 96-well polystyrene 

plate (Corning) coated with plasma fibronectin, ZT or ZTFn10, as indicated. Cells were seeded 

into the stopper-containing wells at a density of 95,000 cells/cm2. The following day, stoppers 

were removed to allow cells to migrate into the cell-free central area and medium was 

refreshed. To test the effect of toxicants on NCC motility, 5x concentrated toxicant solution, 

was added to the medium 24 h after stopper removal. After another 24 h, cell viability and 

migration endpoints were monitored. For this, cells were stained with HOECHST-33342 and 

calcein-AM (both from Sigma-Aldrich) and image acquisition was performed using a 

Cellomics ArrayScan VTI imaging microscope (Thermo Fisher). HOECHST-33342 and 

calcein double positive cells were defined as viable cells and determined by an automated 

algorithm described earlier (Stiegler et al., 2011; Krug et al., 2013). For migration 

quantification, a free software tool (http://invitrotox.uni-konstanz.de/) was used as described 

in Nyffeler et al. (2017b) to calculate the original stopper position and determine the number 

of HOECHST-33342 and calcein double positive cells within the migration area. Viability and 

migration were normalized to untreated or solvent control (0.1% DMSO). Concentration-
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response curves were generated with GraphPad Prism, each data point represents mean ± 

SEM from three biological replicates. For curve fitting, a four parameter log-logistic curve fit 

with an upper asymptote forced to 100% was used.  

 

 Time-lapse experiment and cell tracking 

The cMINC assay was performed using an Axio Observer Z1 microscope (Zeiss, Germany) 

equipped with an Axiocam MRM camera to track cell movement into the central “migration 

zone” for 24 h after stopper removal. Phase contrast images were acquired every 10 min 

with a 5x objective. To provide constant temperature and CO2 supply during the recording 

time, a microscope was used that was equipped with an incubation system. Cell tracking was 

performed manually using the “Manual Tracking” plugin in ImageJ (Schneider et al., 2012) by 

selecting, in reverse time, viable cells that migrated into the central area and were visible 

throughout the full time-lapse recording. A total of 60 individual cells were tracked for each 

condition (namely, per media condition and concentration, three technical replicates were 

performed in two biological replicates, with 10 cells tracked per technical replicate). To 

determine cell distance and velocity, cell location coordinates on the viewed plate were 

obtained with ImageJ (Schneider et al., 2012) and transferred to the “Chemotaxis and 

Migration Tool V2.0” (ibidi, Germany). Cell translocation, accumulated distance, directness 

and cell speed parameters were calculated from the coordinates of the migrating cells, 

defined as: i) cell translocation refers to the straight line formed by connecting the start and 

end points of the migration path of the cell; ii) accumulated distance is the sum of 

incremental movements made by the cell during migration from the start to the end point; iii) 

directness is the ratio between cell translocation and accumulated distance, where the closer 

the value is to 1 the more directional the migration is; iv) cell speed is the ratio between the 

accumulated distance and the time length of the images acquired during cell migration. 

 

 Data handling and statistics 

If not stated otherwise, values are expressed as mean ± SEM. If not indicated otherwise, 

experiments were performed at least three times (i.e. using three different cell preparations), 

with at least three technical replicates per condition. 
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 Results and discussion 

 

 Migration of neural crest cells on the ZTFn10 polymer  

In order to investigate whether the ZTFn10 biomaterial may substitute the established bovine 

serum Fn coating in the cMINC assay setup, we compared the migration of NCC on the 

novel ZT matrix to that on the classical coating. Two variants of the ZT polymer were 

compared in these experiments: the integrin-interacting ZTFn10 form and the non-

functionalized ZT scaffold, known to be bioinert (Hill et al., 2019). The latter served as control 

to reveal any possible non-specific interactions between NCC and the ZT core structure.  

First, the viability and retention of NCCs on the ZT substrates were evaluated. For this, the 

polymers were passively adsorbed onto polystyrene 96-well cell culture plates and NCC 

plated on the coated surfaces. The number of viable NCCs remaining on the plates was 

assessed 72 h after seeding. As positive control, the cell count on the classical Fn-coating 

(1 µg/ml) was evaluated. Non-coated dishes were also assessed. The results revealed that 

NCCs adhered about equally well to plates under all test conditions, including non-coated 

plates (Fig. 2.2.1a). This revealed that cell attachment was not dependent on a specific ECM 

component. This situation allowed us to start migration with similar numbers of cells on the 

different matrices. 

In a second step, NCC migration capacity was monitored, using the well-established circular 

migration inhibition of neural crest (cMINC) assay (Nyffeler et al., 2017b). Here, a clear 

dependence of migration on the type of coating was observed (Fig. 2.2.1b, c, Fig. 2.2.S1, 

Supp Movies MS1-MS4). Cells cultured on the classical bovine Fn migrated towards the 

center of the well, while cells cultured on non-coated polystyrene migrated only to a small 

extent. The number of cells migrating on the ZT control material was similarly low as on non-

coated polystyrene, confirming its bioinert character. In contrast to this, cells seeded on 

ZTFn10 migrated fast and with good directionality. 

During the development of the cMINC assay, the Fn-coating had been tested. Maximal 

migration was observed at a concentration of approx. 5 µg/ml (Fig. 2.2.S2a). However, 

1 µg/ml was found as optimal balance of assay performance and costs (Nyffeler et al., 

2017b), and this condition was then standardized through deposition of the assay protocol in 

public repositories (Krebs et al., 2019) and inclusion of the test in international screening 

programs (Bal-Price et al., 2018a). Here we retested a large concentration range for 

comparison to the new substrate. Our data confirmed 1 µg/ml Fn as suitable and robust 

standard condition (little variability, good assay window) (Fig. 2.2.S2c). At low concentrations 

of Fn, migration was continuously improved by increasing the concentration of the coating 

material until a maximum was reached. At very high concentrations, migration was 

attenuated as cells tend to attach too strongly to move.  

The current work shows that the optimal ZTFn10 substrate concentration for NCC migration is 

also 5 µg/ml. This is in good agreement with data from a previous study that found that 

saturation of stem cell attachment was attained at a substrate concentration of around 5-

10 µg/ml (Hill et al., 2019). Importantly, cost and availability are not concerning for ZTFn10, so 

that its implementation in high-throughput assays at this optimal concentration is realistic. At 

even higher concentrations we observed a trend to reduced migration, in good accordance 

with bell-shaped migration behavior on ECM (Underwood et al., 1993). 

In summary, ZTFn10 allowed optimal migration, fully comparable to Fn. The optimum 

concentration was at 5 µg/ml, and at this concentration, the performance was even better 

than at standard assay conditions (1 µg/ml Fn). 
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 Examination of migration speed and directionality at the single cell level 

To characterize the migration behaviour of NCCs on ZTFn10 in greater detail, the cMINC 

assay setup was used for single cell tracking. For this, cells were seeded onto coated plates 

as described above and migration was monitored by time-lapse video microscopy for 24 h at 

10 min intervals. Different features of the recorded movement trajectories were quantified. 

These data fully confirmed the observations with the classical cMINC read-out: cells seeded 

on optimal concentrations of ZTFn10 migrated at higher speed, covered longer distances, and 

moved in a more directed fashion than those in the classical cMINC setup (Fig. 2.2.2). 

However, as ZTFn10 is a fibronectin mimetic, the expectation was that when using both 

substrates at their optimal concentrations (5 µg/ml in both cases), the migration would be 

similar on both substrates. Effectively, this was confirmed experimentally (Fig. 2.2.S2b), 

proving that NCC migration was equivalent on both substrates.  
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Fig. 2.2.1: Neural crest cell viability and migration. 

(A) Neural crest cell viability at 72 h after seeding on the non-functionalized (inert) ZT polymer (n=30; data 

points obtained from three cell preparations, each with 10 technical replicates) and on ZTFn10 (n=15; three cell 

preparations with five technical replicates each). (B) Neural crest cell migration at 72 h after seeding on ZTFn10 

and on ZT. In both cases, data are shown as means from three cell preparations. ***, p < 0.001 two way 

ANOVA (considering type of coating as factor) followed by Bonferroni’s post-hoc test. (C) Exemplary 

fluorescence images of NCCs stained with H-33342 (nuclei, cyan) and calcein (cytosol, magenta) at the end of 

migration experiments on diverse coatings (as indicated). The diameter of each of the circular areas displayed 

was 2 mm. 

 

 



Results 

  61 

  

Fig. 2

B

No coating

Start position
End position
Migration zone 

A

ZTFn10 (5 µg/ml) ZTFn10 (10 µg/ml) 

no coating 5 10
0

50

100

150

200

N
C

C
 r

e
s
p

o
n

s
e

 (
%

 r
e
l.
 t

o
 f

ib
ro

n
e
c
ti

n


 S
E

M
) Speed

Translocation

Directness

ZTFN10 (g/ml)

***

***

***
***

***
***

Fig. 2.2.2: Analysis of migration trajectories of neural crest cells. 

NCC were plated around silicon stoppers and allowed to attach for 24 h. Then, the stoppers were removed, and 

NCC migration was observed for 24 h, using time-lapse imaging. The tracks were marked in the ImageJ program 

and evaluated manually. (A) Representative trajectories of neural crest cells upon migration into an initially empty 

circular area (delineated by green circles). (B) Speed (distance along the track per time), cell translocation 

(euclidean distance from start to endpoint of track) and directness (cell translocation/track length; i.e. “low degree 

of zig-zagging”), each calculated from the trajectory of 20 cells from two cell preparations. ***, p < 0.001 ANOVA 

(considering type of coating as factor; performed separately for each endpoint) followed by Dunnett’s post-hoc 

test. 
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 Comparative testing of test method positive controls on classical and novel 

coatings 

As the ZTFn10 substrate was shown to support NCC migration, we tested its suitability as a 

substitute of plasma Fn in the cMINC toxicity test. For this, we ran parallel tests on ZTFn10 

and Fn. As model toxicants, we used the well-established NCC migration inhibitors 

cytochalasin D (CytoD), lithium chloride (LiCl), and polychlorinated biphenyl 180 (PCB180) 

(Fig. 2.2.3). The selected toxicants have largely different chemical structures and modes of 

action. They also act over a wide range of concentrations (100 nM–10 mM). Most 

importantly, they are all known to affect migration at lower concentrations than cell viability. 

This was fully confirmed here (see SI Fig. 2.2.S3 for viability data). The results showed that 

concentration-response curves for impaired migration were similar for the novel ZT Fn10 

coating material and for native Fn. We, therefore, conclude that the ZTFn10 substrate can be 

used instead of Fn for further toxicological application of the cMINC assay. 
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Fig. 2.2.3: Migration inhibition of 
NCCs by model toxicants. 
NCC cells were plated under 
otherwise similar conditions on 
dishes coated with fibronectin or 
ZTFn10. They were exposed to 
cytochalasin D (CytoD), lithium 
chloride (LiCl) and polychlorinated 
biphenyl 180 (PCB180) for 24 h. 
Initial values (100%) correspond to 
untreated cells (control cell medium 
containing 0.1% DMSO as `negative 
control´). Cell migration data are all 
given relative to negative control 
values. Each data point shown is the 
mean ± SEM of three biological 
replicates (= different cell 
preparations). Dashed lines at 75% 
visualize the threshold value for 
impaired cell migration. 
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 Conclusion and outlook 

This study was undertaken to examine the feasibility of exchanging animal-derived cell 

culture supplements for defined bioengineered recombinant material. The work exemplifies 

the type of bridging studies required to change established assay protocols. In some cases, 

assay conditions may need adaptations to new materials and assay performance might 

require re-examination. Here, the requirement for adaptations was minimal, with the new 

material being readily applicable to the toxicology application under consideration. Notably, 

the ECM-native Fn and the ZTFn10 material proved to be applicable in similar concentration 

ranges. Noteworthy is that concentration affected only a basic test system parameter 

(number of migrating cells under control conditions), but not the assay performance under 

toxicant challenge. These results suggest that ECM-substitute materials hold high promise in 

high throughput toxicology applications and now encourage the exploration of these 

materials in other tests, e.g. chemotaxis assays for T-cells and neutrophiles (Lin and 

Butcher, 2006; Cano et al., 2016). In this regard, it is worth noticing that the ZTFn10 material 

has demonstrated excellent cell compatibility and that its sole protein composition, self-

assembly and molecular domain granularity is reminiscent of that of typical biological 

matrices. Moreover, its modular construction readily allows the incorporation of alternative 

cell attachment and functional domains by genetic modification, as exemplified by other 

available ZT variants that carry fluorescent proteins and functional peptides (Nesterenko et 

al., 2019). In summary, our findings suggest that the replacement of animal-sourced cell 

substrates in in vitro toxicology screenings appears now feasible thanks to recent biomaterial 

advances. 
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 Supplementary information 
  

Fig. S1

No coating ZTFn10 (5 µg/ml) 

Fibronectin ZTFn10 (10 µg/ml)

A

B

time = 0 h time = 48 h

control conditions

Fig. 2.2.S1: Time-lapse imaging of neural crest cell migration in the cMINC assay setup after 24 hours. 
(A) Overview digram to visualize processes and procedures of the MINC assay. To the left, the situation is shown 
for the bottom of a cell culture well directly after removal of the silicone stoppers. To the right, an example is given 
that illustrates to which extent cells populate the initially empty migration area within 48 h. The cylinders represent 
an entire cell culture well, with cells (dark magenta) forming initially a ring around the migration area. Light pink 
shading is meant to show the medium above the cells. (B) Exemplary single field images of NCC during time-
lapse recording. The approximate location of the removed stopper is indicated by a green circle. The images are 
inserted as placeholders for video recordings of the last 24 h of migration. These time-lapse movies carry the real 
information, and are provided as supplementary Movies (MS1-MS4) (Scale bars: 100 µm). 
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No coating Fibronectin (10 µg/ml)Fibronectin (1 µg/ml)
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Fig. 2.2.S2: Dependence of NCC migration on fibronectin concentrations in the standard cMINC. 
(A) Neural crest cell migration at 72 h after seeding on dishes coated with different fibronectin concentrations. 
Data are shown as means from three cell preparations. (B) Speed (distance along the track per time), cell 
translocation (euclidean distance from start to endpoint of track) and directness (cell translocation/track length; i.e. 
‘low degree of zig-zagging’), calculated from the trajectory of 20 cells from two cell preparations for ZTFn and for 
fibronectin from 20 cells of one cell preparation. (C) Exemplary fluorescence images of NCCs stained with H-
33342 (nuclei, cyan) and calcein (cytosol, magenta) at the end of migration experiments on diverse fibronectin 
concentrations or no coating (as indicated). The diameter of each of the circular areas displayed was 2 mm.  
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Fig. S3
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Fig. 2.2.S3: NCC viability under toxicant exposure. 

NCC cells were plated under otherwise similar conditions on dishes coated with fibronectin or ZT
Fn10

. They were 
exposed to cytochalasin D (CytoD), lithium chloride (LiCl) and polychlorinated biphenyl 180 (PCB180) for 24 h. 
Initial values (100%) correspond to untreated cells (control cell medium containing 0.1% DMSO as ‘negative 
control’). Cell viability data are all given relative to negative control values. Each data point shown is the mean ± 
SEM of three biological replicates (= different cell preparations). Dashed lines at 90% visualize the threshold value 
for impaired cell viability. 
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 Abstract 

Fetal bovine serum (FBS) is the only known stimulus for migration of human neural crest 

cells (NCCs). Non-animal chemoattractants are desirable for the optimization of chemotaxis 

assays to be incorporated in a test battery for reproductive and developmental toxicity. We 

confirmed here in an optimized transwell assay that FBS triggers directed migration along a 

concentration gradient. The responsible factor was found to be a protein in the 30-100 kDa 

size range. In a targeted approach, we tested a large panel of serum constituents known to 

be chemotactic for NCCs in animal models (e.g. VEGF, PDGF, FGF, SDF-1/CXCL12, 

ephrins, endothelin, Wnt, BMPs). None of the corresponding human proteins showed any 

effect in our chemotaxis assays based on human NCCs. We then examined, whether human 

cells would produce any factor able to trigger NCC migration in a broad screening approach. 

We found that HepG2 hepatoma cells produced chemotaxis-triggering activity (CTA). Using 

chromatographic methods and by employing the NCC chemotaxis test as bioassay, the 

responsible protein was enriched by up to 5000-fold. We also explored human serum and 

platelets as direct source, independent of any cell culture manipulations. A CTA was 

enriched from platelet lysates several thousand-fold. Its temperature and protease-sensitivity 

suggested also a protein component. The capacity of this factor to trigger chemotaxis was 

confirmed by single-cell video-tracking analysis of migrating NCCs. The human CTA 

characterized here may be employed in the future for the setup of assays testing for the 

disturbance of directed NCC migration by toxicants. 
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 Introduction 

The directed migration of neural crest cells (NCCs) over large distances is essential for 

normal vertebrate development. Genetic defects interfering with this process can lead to a 

broad panel of malformations and disease syndromes, such as Hirschsprung’s disease, 

Treacher Collins syndrome or Waardenburg syndrome (Vega-Lopez et al., 2018; Serrano et 

al., 2019). Chemicals that interfere with NCC migration often lead to craniofacial defects in 

the developing fetus (Zhang et al., 2017). This is well documented for ethanol or pesticides 

like triadimefon (Menegola et al., 2005a). Disturbed retinoic acid (RA) levels are an important 

cause of impaired NCC migration and differentiation. Under such conditions, craniofacial 

defects are observed in both, animals and humans (Williams and Bohnsack, 2019). 

NCCs are multipotent cells generated at the lateral edges of the neural plate. During early 

fetal development, NCCs migrate long distances to their target sites such as the skin, the 

skull and the intestine. They differentiate into a large variety of cell types, including neurons, 

melanocytes and chondrocytes (Le Douarin, 2004). NCCs are grouped into subpopulations 

according to their position within the anteroposterior axis of the embryo. Cranial NCCs build 

mainly structures of the head (Prasad et al., 2019), cardiac NCCs contribute to the smooth 

muscle of the great vessel/aorta (Sieber-Blum, 2004), and trunk NCCs give rise to sensory 

neurons, the sympathoadrenal system and pigment cells (Giovannone et al., 2015; Huang et 

al., 2016a). 

Cell migration is a complex process, involving several biological functions, e.g. adhesion of 

cells to the extracellular matrix (ECM), detachment from the substrate, and remodeling of the 

cytoskeleton. During the migration process protrusions are extended at the leading edge, 

whereas the trailing edge is contracted and cell material is moved to the front pole of the cell 

(Conway and Jacquemet, 2019; Ridley et al., 2003). The process by which factors promote 

increased cell motility is called chemokinesis, whereas chemotaxis is defined as the guided 

movement of cells along a gradient of bound molecules, soluble factors or mechanical stimuli 

(Shellard and Mayor, 2016). To perform chemotaxis, cells need to have increased motility, 

but also display properties such as directional sensing and maintenance of polarity (Kay et 

al., 2008). Polarized cells are defined by a front that has localized actin polymerization and a 

rear that is able to contract (Kay et al., 2008). Directional sensing is the property of cells to 

compare receptor occupancy over their surface, and to determine where the concentration is 

the highest (Kay et al., 2008). In the presence of a chemoattractant gradient, the cells sense 

the gradient, align their polarity with it and finally migrate along the gradient (Wu, 2005). 

Migration of NCCs is initiated by a process called epithelial-to-mesenchymal transition 

(EMT), which goes along with several motility increasing changes that affect cell polarity and 

adhesive properties (Nieto et al., 2016). Chemotaxis has been observed for individual NCCs, 

but also for groups of cells moving in a co-ordinated manner like e.g. wild geese (Capuana et 

al., 2020). Collective migration allows a cluster of NCCs to migrate faster and to follow a 

weak chemoattractant gradient, to which a single cell would be insensitive (Merchant and 

Feng, 2020; Mayor and Etienne-Manneville, 2016). A cluster of migrating cells is defined by 

leader and follower cells, which differ in their gene expression (Capuana et al., 2020). The 

transcriptome patterns controlling such behaviour are dependent on local environment, and 

experimental systems (McLennan et al., 2015), and it is likely that chemotactically active 

NCCs differ from cells not following a gradient. 

Various factors have been proposed so far as NCC chemoattractants e.g. vascular 

endothelium growth factor (VEGF) for chicken cranial NCCs (McLennan et al., 2010) and 

platelet derived growth factor (PDGF) in cranial NCCs of the zebrafish (Eberhart et al., 2008), 

fibroblast growth factors (FGF) in the cranial, cardiac and trunk regions of mice (Kubota and 

Ito, 2000), and stromal cell derived factor 1 (SDF-1/CXCL12) in the cranial and trunk regions 
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of chicken (Kasemeier-Kulesa et al., 2010). Current knowledge on NCC development has 

mainly been obtained from animal models. The most common in vivo or in vitro experiments 

to investigate NCC migration and chemotaxis were performed using Xenopus laevis, mouse, 

rat and chick NCCs (Bahm et al., 2017; Theveneau et al., 2010; McLennan et al., 2010; 

Kubota and Ito, 2000). Thus, most of the above mentioned chemoattractants have not been 

confirmed for human NCCs. Using human NCCs differentiated from human pluripotent stem 

cells (hPSCs) is slowly becoming attractive in the field and several differentiation protocols 

are available (Hackland et al., 2017; Hackland et al., 2019a; Tchieu et al., 2017; Zimmer et 

al., 2012; Chambers et al., 2016). These in vitro differentiation protocols gave new insights 

into the molecular mechanisms of human NCC development. The use of induced pluripotent 

stem cells (iPSCs) from patients, has enabled disease modeling of neurocristopathies 

(Srinivasan and Toh, 2019; Workman et al., 2017; Lee et al., 2009; Zeltner et al., 2016). 

Moreover, experimental models based on human NCCs have helped to identify chemicals 

that inhibit migration (Zimmer et al., 2012; Nyffeler et al., 2017a). Unfortunately, data on 

consistent, concentration-dependent chemotaxis stimuli are still lacking. Such a stimulus 

would be required to test whether chemicals can specifically impair directed migration.  

At the moment, there are thousands of untested chemicals used in commerce and an 

assessment of all their potentially-harmful properties in complex animal models is not 

feasible. Due to potential species differences, human cell-based high-throughput screening 

(HTS) methods are required (Hartung, 2009; Hartung and Leist, 2008; Collins et al., 2008). 

Such new approach methods (NAMs) should allow for the cheap and fast testing of many 

chemicals (Crofton et al., 2012; Aschner et al., 2017; Bal-Price et al., 2018a; Krebs et al., 

2020; Smirnova et al., 2014). A NCC chemotaxis assay could be incorporated in a NAM test 

battery (Zimmer et al., 2014) and used in the context of next generation risk assessment 

(NGRA) (Baltazar et al., 2020; Vinken et al., 2021). Based on this, animal-free risk 

assessment for the safety of compounds may be performed (Moné et al., 2020). 

Indeed, several in vitro assays to investigate NCC migration have been established during 

the past ten years based on human NCCs differentiated from hPSCs (Lee et al., 2010; 

Zimmer et al., 2012). In the original wound healing assay, a scratch was introduced in an 

NCC monolayer to create a cell-free area. Many toxicants interfering with the movement of 

cells into the gap have been identified, and the circular migration inhibition of neural crest cell 

(cMINC) assay is an improved version (robustness and throughput) of the original scratch 

assay. As in the original wound healing assay, the NCCs migrate in a random manner into 

the cell-free zone (Nyffeler et al., 2017b; Nyffeler et al., 2017a). Known NCC toxicants were 

confirmed (including valproic acid (VPA), methylmercury chloride, As2O3, CdCl2 and 

polychlorinated biphenyls (PCBs)) and several unknown hazardous chemicals have been 

identified (Dreser et al., 2015; Zimmer et al., 2012; Zimmer et al., 2014; Nyffeler et al., 

2017b; Nyffeler et al., 2018).  

The above mentioned assays model NCC migration, but they are not able to assess directed 

cell migration. Chemotaxis assays require a stable gradient of a chemoattractant, which can 

be sensed by the cells (Shellard and Mayor, 2016). To construct such a gradient there is an 

urgent need for a human NCC chemoattractant. To our knowledge, bovine serum is the only 

known stimulus of motility, described in the literature. Based on its animal origin and its 

poorly standardized composition, it is not the ideal basis for an assay set-up. 

The aim of this study was therefore to identify better defined chemoattractants to study 

directed NCC migration. The study set out to verify that FBS indeed triggers chemotaxis, and 

not just chemokinesis. Further approaches were used to demonstrate that a protein factor is 

responsible for the chemotactic activity of FBS. Based on this knowledge, human cell lines 

were screened for their capacity to secrete such a factor and HepG2 cells were found as 
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suitable source. As alternative, pure human starting material, platelet lysates were 

considered. They were found to contain a potent NCC chemoattractant, which was highly 

enriched in the course of the study.  
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 Material and methods 
 

 Neural crest cell differentiation 

NCCs were differentiated from the induced pluripotent stem cell (iPSC) line IMR90_clone_#4 

(WiCell, Madison, Wisconsin, USA) following the modified protocol of Mica et al. (2013). 

IPSCs were maintained on human Laminin-521 (BioLamina, Sundbyger, Sweden) coating in 

essential 8 (E8) medium (DMEM/F12 supplemented with 15 mM Hepes (Gibco/Fisher 

Scientific, Hampton, New Hampshire, USA), 16 mg/ml, L-ascorbic-acid, 0.7 mg/ml sodium 

selenite, 20 µg/ml insulin, 10 µg/ml holo-transferrin (all from Sigma, Steinheim, Germany), 

100 ng/ml bFGF (Thermo Fisher Scientific, Waltham, Massachusetts, US), 1.74 ng/ml TGFb 

(R&D Systems, Minneapolis, Minnesota, USA). For differentiation into NCCs, iPSCs were 

plated on MatrigelTM (Corning, Glendale, Arizona, USA) coated 6-well plates at a density of 

100,000 cells/cm2 in E8 medium containing 10 μM ROCK-inhibitor (Y-27632 (Tocris, Bristol, 

UK)). After one day cells reached a confluency of 70-80% and differentiation was initiated 

(day 0) by a medium change to KSR medium (Knock out DMEM, 15% knock out serum 

replacement, 1% GlutaMax, 1% MEM NEAA solution, 50 µM 2-mercaptoethanol; (all from 

Gibco/Fisher Scientific, Hampton, New Hampshire, USA)) supplemented with 20 ng/ml 

Noggin (R&D Systems, Minneapolis, Minnesota USA) and 10 µM SB431542 (Tocris, Bristol, 

UK). From day 2 on cells were treated with 3 µM CHIR 99021 (Axon Medchem, Reston, 

Virginia, USA). Noggin and SB431542 were withdrawn at day 3 and 4, respectively. 

Beginning at day 4, the KSR medium was gradually replaced by 25% increments of N2-S 

medium (DMEM/F12, 1% GlutaMax (both from Gibco/Fisher Scientific, Hampton, New 

Hampshire, USA), 1.55 mg/ml glucose, 0.1 mg/ml apotransferin, 25 µg/ml insulin, 20 nM 

progesterone, 100 μM putrescine, 30 nM selenium (all from Sigma, Steinheim, Germany)). 

Cells were collected at day 11, resuspended in N2-S medium supplemented with 20 ng/ml 

EGF and 20 ng/ml FGF2 (both from R&D Systems, Minneapolis, M USA) and seeded as 

droplets (10 µl) on poly-L-ornithine (PLO)/Laminin/Fibronectin (all from Sigma, Steinheim, 

Germany) coated 10 cm dishes. Cells were expanded by weekly splitting. From now on 

seeding as droplets was not necessary and medium was changed every second day. After 

35-39 days, cells were cryopreserved at a concentration of 4*106 cells/ml in 90% N2-S 

medium and 10% dimethyl sulfoxide (DMSO) (Merck Millipore, Burlington, Massachusetts, 

USA) until further use.  

 

 Migration assay (cMINC) 

The circular migration inhibition of neural crest cell (MINC) assay was performed as 

described earlier (Nyffeler et al., 2017b). Briefly, silicone stoppers (Platypus Technologies, 

Madison, WI, USA) were placed centrally into each experimental well of a 96-well 

polystyrene plate (Corning, Glendale, Arizona, USA) coated with 1 µg/ml fibronectin and 

1 µg/ml laminin (both from Sigma, Steinheim, Germany). Cells were seeded around the 

stoppers at a density of 95,000 cells/cm2. The following day, stoppers were removed to allow 

cells to migrate into the cell-free central area and medium was refreshed. To test the effect of 

toxicants on NCC motility, 5x concentrated toxicant solution was added to the medium 24 h 

after stopper removal. After another 24 h, cell viability and migration endpoints were 

monitored. For this, cells were stained with HOECHST-33342 and calcein-AM (both from 

Sigma, Steinheim, Germany) and image acquisition was performed using a Cellomics 

ArrayScan VTI imaging microscope (Thermo Fisher, Pittsburgh, Pennsylvania, USA). 

HOECHST-33342 and calcein double positive cells were defined as viable cells and 

determined by an automated algorithm described earlier (Stiegler et al., 2011; Krug et al., 

2013). For quantification of migration, a free software tool (http://invitrotox.uni-

konstanz.de/RA/) was used as described in Nyffeler et al. (2017b) to calculate the original 

stopper position and determine the number of HOECHST-33342 and calcein double positive 
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cells within the migration area. Viability and migration were normalized to untreated or 

solvent control (0.1% DMSO).  

 

 Neural crest membrane translocation (NC-MT) assay 

For the NC-MT assay, Transwell® 24 well permeable supports (pore size 8 µm, 

polycarbonate membrane, Corning, Glendale, Arizona, USA, catalog no. 3422) were used. 

NCCs were seeded at a density of 50,000 cells per insert (150,000 cells/cm2, 100 µl) in N2-S 

medium supplemented with 20 ng/ml EGF and 20 ng/ml FGF2 (both from R&D Systems, 

Minneapolis, Minnesota, USA) into the upper chamber. Test compounds were added in the 

stated concentration to the lower chamber (650 µl). The cells were allowed to migrate for 6 h 

at 37 °C and 5% CO2. After incubation, medium was aspirated from inserts and reservoirs 

and the upper side of each insert was gently swabbed, using cotton-swabs, to remove cells 

that had not migrated through the membrane. Reservoirs and inserts were washed once with 

phosphate buffered saline (PBS) and afterwards the migrated cells on the membrane were 

fixed with 3.7% formaldehyde (v/v in H2O) and stained with crystal violet for 15 min. Then, 

the inserts were thoroughly rinsed with water and dried for at least 24 h. Five pictures per 

condition were taken with an Axio Observer Z1 microscope (Zeiss, Oberkochen, Germany) to 

evaluate the number of migrated cells. The number of migrated cells was normalized to that 

of cells stimulated with FBS. 

For the NC-MT-HTS assay, the Transwell® high troughput screening system (pore size 8 

µm, polyester membrane, Corning, Glendale, Arizona, USA, catalog no. 3384) was used. It 

consists of 96 wells of permeable inserts connected by a rigid tray and a 96 well receiver 

plate. Cells were seeded at a density of 25,000 cells per insert (175,000 cells/cm2, 50 µl) into 

the upper chamber. Test compounds were added in the stated concentration to the lower 

chamber (150 µl). The cells were allowed to migrate for 6 h at 37 °C and 5% CO2. After 

incubation, medium was aspirated from inserts and reservoirs and both were washed once 

with PBS.  Reservoirs were filled with 150 µl EDTA solution containing calcein-AM (Sigma, 

Steinheim, Germany) and incubated for 30 min at 37 °C and 5% CO2. Plates were then 

centrifuged for 4 min at 350 x g to remove migrated cells from the membrane. The tray with 

96 wells of permeable inserts was removed and the receiver plate containing the migrated 

cells was placed into a spectrophotometer (TECAN, Männedorf, Switzerland). Calcein-AM 

staining was detected at an emission length of 520 nm. After subtraction of the blank values, 

the number of migrated cells was normalized to that of cells stimulated with FBS. 

 

 Determination of chemotactic behaviour by cell tracking 

The µ-slide chemotaxis assay (Ibidi, Martinsried, Germany) allows the establishment of a 

stable gradient and the observation of cells within this gradient via time-lapse imaging. The 

two reservoirs, filled either with a chemoattractant or with medium, are connected by a gap. 

The gap was coated with 1 µg/ml fibronectin (Sigma, Steinheim, Germany) one day before 

seeding of the cells. The gap was filled with 6 µl of cell suspension with a concentration of 

3x106 cells/ml (= 18,000 cells). The cells were allowed to attach for 3 h at 37 °C and 5% CO2. 

Afterwards, the reservoirs were filled with pure medium on the one side and medium 

containing chemoattractant on the other side. Right afterwards, the µ-slide chemotaxis slide 

was mounted on the stage of an Axio Observer Z1 microscope (Zeiss, Oberkochen, 

Germany) equipped with an Axiocam MRm camera and an incubation chamber (37 °C, 5% 

CO2). Phase contrast images were taken for 24 h every 10 min using a 5x objective. Images 

were exported as JPEG files and cell tracking was performed using the ‘Manual Tracking’ 

plugin from ImageJ (Schneider et al., 2012). For each biological replicate, 20 cells were 

tracked per condition. The resulting cell coordinates were transferred to the ‘Chemotaxis and 

Migration Tool V2.0’ (Ibidi, Martinsried, Germany) to determine cell translocation, 

accumulated distance and cell speed and to generate ‘rose plots’ of the tracked cells. 
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 Co-culture and conditioned medium preparation 

HepG2 hepatoma cells (ATCC, HB-8065), MDA-MB-231 breast carcinoma cells (ATCC, 

HTB-26), HeLa cervical cancer cells (ATCC, CCL-2), HEK-239 human embryonic kidney 

cells (ATCC, CRL-1573) and SH-SY5Y neuroblastoma cells (ATCC, CRL-2266) were 

cultured in DMEM + GlutMaxTM (Gibco/Fisher Scientific, Hampton, New Hampshire, USA) 

supplemented with 10% foetal bovine serum (FBS) (PAA Laboratories, Pasching, Austria) 

and 1% pen/strep (Gibco/Fisher Scientific, Hampton, New Hampshire, USA) at 37 °C and 5% 

CO2. Cells were passaged every other day. 

For conditioned medium (CM) preparation, the cells were seeded in DMEM + GlutMaxTM 

(Gibco/Fisher Scientific, Hampton, New Hampshire, USA) supplemented with 10% FBS 

(PAA Laboratories, Pasching, Austria) and 1% pen/strep (Gibco/Fisher Scientific, Hampton, 

New Hampshire, USA) and grown until they reached confluency. Then, medium was 

aspirated, the cells were washed once with phosphate buffered saline (PBS) and then fresh 

DMEM + GlutMaxTM (Gibco/Fisher Scientific, Hampton, New Hampshire, USA) without FBS 

and pen/strep was added. Cells were incubated for 24 h. To remove any residues of FBS, 

medium was again aspirated, the cells were washed once with PBS, and then fresh DMEM + 

GlutMaxTM (Gibco/Fisher Scientific, Hampton, New Hampshire, USA) was added. After 

incubation for another 24 h, the medium supernatant was harvested and centrifuged at 314 x 

g for 4 min, to remove cell debris. This conditioned medium (CM) was either used in the 

transwell assay or further processed by acetone precipitation (pellet stored at -20 °C).  

For co-culture experiments, cells were seeded at a concentration of 150,000 cells/cm2 in 24-

well plates in DMEM + GlutMaxTM (Gibco/Fisher Scientific, Hampton, New Hampshire, USA) 

supplemented with 10% foetal bovine serum (FBS) (PAA Laboratories, Pasching, Austria) 

and 1% pen/strep (Gibco/Fisher Scientific, Hampton, New Hampshire, USA). Cells were 

incubated for 24 h. Afterwards, cells were washed once with phosphate buffered saline 

(PBS) and then fresh DMEM + GlutMaxTM (Gibco/Fisher Scientific, Hampton, New 

Hampshire, USA) was added. The steps were analogue to the conditioned medium 

preparation. After 48 h of starvation, the transwell inserts with seeded NCCs were placed into 

the wells of the 24-well plate containing starved cells. 

 

 Human serum and platelet lysate preparation 

Approach 1 (human serum): Whole Blood was obtained from healthy adult volunteers and 

collected into Monovettes (7.5 ml, K3 EDTA, Sarstedt, Nümbrecht, Germany). Procedures 

were approved by the institutional review board (IRB) of the University of Konstanz. Before 

blood collection, the monovettes were washed twice with MilliQ water to remove EDTA and 

enable clotting. For serum preparation, whole blood was allowed to clot by leaving it 

undisturbed at RT for 30 min. The clot was removed by centrifugation at 1500 x g for 10 min 

at 4 °C. Supernatants were transferred immediately into fresh tubes, aliquoted and stored at -

80 °C.  

Approach 2 (huPL preparation): For platelet lysate preparation, whole blood was centrifuged 

at 150 g for 20 min at RT to collect platelet rich plasma. Only the upper half of the platelet 

rich plasma was transferred into a new plastic tube and buffer A (10 mM sodium citrate, 

150 mM NaCl, 1 mM EDTA, 1% dextrose, pH 7.4) containing 1 µM prostaglandin (PGI2, 

Iloprost, Sigma, Steinheim, Germany) was added at 1:1 ratio. The mixture was centrifuged at 

350 x g for 15 min at RT. The platelet pellet was washed once in buffer B (140 mM NaCl, 

6 mM KCl, 2 mM Mg2SO4, 2 mM NaHPO4, 6 mM HEPES, pH 7.4) to remove plasma 

residues. The pellet was resuspended in an appropriate volume of buffer B and the platelets 

were lysed by three freeze-thaw cycles at -20 °C and 37 °C. Finally, the platelet lysate was 

centrifuged at 2000 x g for 15 min at RT to remove platelet debris. Supernatant was 

aliquoted and stored at -20 °C. 
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Approach 3: Commercial huPLs (CRUX RUFA research (Trinova Biochem, Gießen, 

Germany), ELAREM™ PRIME (PL BioScience, Aachen, Germany), Stemulate™ (COOK 

Regentec, Indianapolis, Indiana, USA)) were obtained, aliquoted and stored at -20 °C. To 

prevent coagulation of the cell culture medium, heparin (PL-HEP-0005) was added at a final 

concentration of 2 U/ml. No heparin was required when using Stemulate™ (COOK 

Regentec, Indianapolis, Indiana, USA). 

 

 Acetone precipitation 

FBS, huPL or HepG2 CM were mixed with 30% precooled acetone (VWR Chemicals, 

Darmstadt, Germany) and incubated overnight at -20 °C. Samples were then centrifuged at 

7000 x g for 30 min. Afterwards, the supernatant was transferred into a new 250 ml 

centrifuge tube (Corning, Glendale, Arizona, USA) and the pellet was discarded. Then 10% 

precooled acetone (VWR Chemicals, Darmstadt, Germany) was added and again incubated 

overnight at -20 °C. The sample was centrifuged at 7000 x g for 30 min. This time the 

supernatant was discarded and the remaining pellet dried at room temperature until acetone 

remains were evaporated. The pellet was stored at -20 °C for further usage. 

 

 Protein purification 

Fast protein liquid chromatography (FPLC) was used to purify complex protein mixtures. The 

procedure is taking advantage of the fact, that different proteins have different affinities to the 

resin of the purification columns. FPLC was performed using an ÄKTAprime plus 

(GE Healthcare, München, Germany) system equipped with a UV detection system. Protein 

separation was carried out with different ion exchange columns: A cation exchange column 

(HiScreen Capto SP ImpRes, GE Healthcare, München, Germany), an anion exchange 

column (HiTrap Q HP 1 ml, GE Healthcare) and another anion exchange column (HiTrap Q 

FF 5 ml, GE Healthcare, München, Germany). The start buffer contained 10 mM Tris-HCl 

(pH 7.4) and the elution buffers contained additionally 2 M MgCl2 for the cation exchange 

column or 2 M NaCl for the anion exchange columns. All buffers were sterile-filtered before 

usage. The chromatographic separation was performed using a linear gradient of the elution 

buffer, starting from 0 up to 50%, followed by a step up to 100% (Fig. 2.3.S5b).  The protein 

sample was sterile-filtered before loading it to the column. FPLC separation was performed 

at room temperature (RT) and fractions of 1 ml were separated with a fraction collector. 

Within the stepwise purification process, the collected fractions were tested for bioactivity in 

the NC-MT assay. For this, fractions were diluted 1 + 4 with medium and the migration 

increasing activity was tested. For further purification steps, the active fractions were 

combined and desalted with a desalting column (HiPrep 26/10 Desalting, GE Healthcare, 

München, Germany), using MilliQ water as elution buffer. Afterwards, the desalted sample 

was loaded on the second ion exchange column for further protein separation. The individual 

fractions were tested in the NC-MT assay for their migration increasing activity.  

 

 Protein separation and detection 

For polyacrylamide gel electrophoresis (PAGE), samples were lysed in 1x Laemmli buffer 

and boiled for 5 min at 95 °C. Thirty-five micrograms of total protein were loaded on 10% 

PAA gels. The gel was then stained with coomassie blue dye (InstantBlue, VWR Chemicals, 

Darmstadt, Germany) for 20 min or overnight and afterwards washed twice with desalted 

water. Silver stainings were performed according to the instruction manual of the Pierce™ 

Silver Stain for Mass Spectrometry kit (Pierce/Thermo Fisher Scientific, Rockford, Illinois, 

USA, catalog no. 24600). 

For western blotting, samples were lysed in 1x Laemmli buffer and boiled for 5 min at 95 °C. 

Thirty-five micrograms of total protein were loaded on 10% PAA gels. Afterwards, proteins 

were transferred onto nitrocellulose membranes (Amersham, Buckinghamshire, UK) using 
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the Invitrogen iBlot 2 system. Membranes were blocked with 5% milk powder (w/v) in 0.1% 

TBS-Tween (v/v) for at least 1 h. Fibronectin antibody ab45688 (Abcam, Cambridge, UK), 

alpha 1 fetoprotein (AFP) antibody ab133617 (Abcam, Cambridge, UK) and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) antibody ZG003 (Thermo Fisher Scientific, Waltham, 

Massachusetts, US) were incubated at 4 °C overnight. After washing steps with 0.1% TBS-

Tween (v/v), secondary antibody (peroxidase-conjugated AffiniPure goat anti-mouse IgG 

(Jackson Immunoresearch, Cambridge, UK) or horseradish peroxidase-conjugated donkey 

anti-rabbit IgG (GE Healthcare, München, Germany)) was incubated for 1 h at RT. For 

visualisation, ECL western blotting substrate (Pierce/Thermo Fisher Scientific, Rockford, IL, 

USA) was used.  

For protein quantification, the Quick StartTM Bradford protein assay Kit (Bio Rad, München, 

Germany) was used and the assay was performed according to the instruction manual of the 

manufacturer. BSA was used as protein standard with concentrations from 2 mg/ml down to 

1.25 µg/ml. The assay was performed in a 96-well plate and BSA standard dilutions and 

sample dilutions were added in triplicates to the wells, respectively. After incubation for 5 min 

at room temperature, the absorbance was measured at 595 nm with a spectrophotometer 

(TECAN, Männedorf, Switzerland). 

 

 Mass spectrometry (MS) for protein identification 

The active fractions from the NC-MT assay were separated in a 10% SDS gel and stained 

with coomassie blue (InstantBlue, VWR Chemicals, Darmstadt, Germany) or silver stain kit 

for mass spectrometry (Pierce/Thermo Fisher Scientific, Rockford, Illinois, USA, catalog no. 

24600). The protein bands of interest were cut out and all further steps were performed at 

the Proteomics Centre of the University of Konstanz.  

For sample preparation, all samples were reduced with DTT (30 min, 56 °C) and alkylated 

with chloroacetamide (60 min, RT). Digestions were performed using Trypsin (16 h, 30 °C).  

All digests were analysed on a QExactive HF mass spectrometer (Thermo Fisher Scientific, 

Bremen, Germany) interfaced with an Easy-nLC 1200 nanoflow liquid chromatography 

system (Thermo Fisher Scientific, Bremen, Germany). The peptide digests were 

reconstituted in 0.1% formic acid and loaded onto the analytical column (75 μm × 15 cm). 

Peptides were resolved at a flow rate of 300 nl/min using a linear gradient of 6−45% solvent 

B (0.1% formic acid in 80% acetonitrile) over 45 min. Data-dependent acquisition with full 

scans in a 350− 1500 m/z range was carried out at a mass resolution of 120,000. The 15 

most intense precursor ions were selected for fragmentation. Peptides with charge states 

2−7 were selected, and dynamic exclusion was set to 30 sec. Precursor ions were 

fragmented using higher-energy collision dissociation (HCD) set to 28%.  

For data evaluation, the raw data were searched against a suitable database using Proteome 

Discoverer 1.4 (Thermo Scientific). 

 

 Heat inactivation and pepsin digestion 

FBS, huPL and HepG2 CM samples were heat treated under different conditions. Therefore, 

the samples were incubated in heat blocks with temperatures of 60 °C and 70 °C for 30 min 

and in heat blocks with temperatures of 80 °C and 90 °C for 15 min.  

For pepsin digestion FBS, huPL and HepG2 CM samples were mixed with pepsin solution, 

resulting in a final concentration of 0.5% pepsin (w/v). The pH was adjusted to pH=2 with a 

1 M HCl solution and controlled with pH strips. The samples were incubated at 37 °C in a 

waterbath. After 1 h of incubation, the pH of the sample was adjusted to pH=7 by adding 

1 M NaOH solution to stop the pepsin reaction. The control sample was run through the 

same acidification-incubation procedure, but without pepsin. Control samples were prepared 

for each condition to exclude the influence of pH change on the sample activity.  
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 Stability control tests 

Collected fractions after ion exchange chromatography were tested directly in the NC-MT 

assay for their migration increasing activity. Afterwards, the remaining fractions were stored 

for 24 h under different conditions: samples were left at 4 °C or frozen at -80 °C, samples 

were mixed with 1 mM protease inhibitor (cOmplete tablets, Roche, Basel, Switzerland) and 

stored at 4 °C, samples were shock frozen in liquid nitrogen and stored at -80 °C, samples 

were mixed with 0.5 % BSA and stored at 4 °C and -80 °C, and samples were mixed with 

20% glycerol and stored at -80 °C. After 24 h of incubation, the samples were retested in the 

NC-MT assay for their migration increasing activity. 

 

 Fractionation of protein according to their molecular weight 

Centrifugal filter devices (Amicon®- Ultra-0.5, Merck Millipore, Burlington, Massachusetts, 

USA) in five different ‘cut-off’ sizes (3 K, 10 K, 30 K, 50 K, 100 K; K=1000 Da) were filled with 

500 µl sample and centrifuged for 15 min at 14,000 x g at RT. The collection tube (filtrate) 

contained proteins smaller than the molecular cut-off. Proteins larger than the cut-off 

remained after centrifugation in the filter device (supernatant). To recover the sample in the 

filter device, the device was placed upside down in an empty tube and centrifuged for two 

minutes at 1,000 x g at RT. 

 

 Data handling and statistics 

If not stated otherwise, values are expressed as means of at least three different 

experiments (i.e. using three different cell preparations), with at least three technical 

replicates per cell preparation. Statistical differences were tested by ANOVA with post hoc 

tests as appropriate, using GraphPad Prism 7.0 (Graphpad Software, La Jolla, USA, 

www.graphpad.com). 
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 Results and discussion 

 

 Establishment of a chemotaxis assay based on human NCCs 

FBS has been shown earlier to accelerate the mobility of NCCs (Nyffeler et al., 2017b), and it 

was therefore used here as a promising first candidate to establish a chemoattractant 

gradient for a chemotaxis assay. As assay principle, we used a modified Boyden chamber 

approach (Boyden, 1962a; Mastyugin et al., 2004). Moreover, this setup has earlier been 

proven useful for studying inhibition of the movement of NCCs by test chemicals (Nyffeler et 

al., 2017a; Nyffeler et al., 2018). As cell source, we used NCCs differentiated from 

pluripotent stem cells. Such cells have been characterized by comprehensive transcriptome 

analysis, and they have been used successfully as test system for in vitro assays (Nyffeler et 

al., 2017a; Pallocca et al., 2017; Zimmer et al., 2014; Klose et al., 2021; Lee et al., 2010).  

The main advantage of our assay is that cells (NCCs) are cultured on top of a porous 

membrane in the upper compartment of a two chamber system, and that migration of the 

cells through the membrane into the lower chamber can be easily quantified. For this reason, 

we termed our test: “neural crest-membrane translocation” (NC-MT) assay. In this system, a 

chemoattractant gradient can be established across the membrane by adding different 

concentrations of chemoattractant into the upper and lower chamber (Fig. 2.3.1a). It was 

shown that the cells stay on the (lower surface of the) membrane, once they have migrated. 

Therefore, quantification of migration was very straightforward: cells were stained and 

counted at the end of the migration period (6 h) (Fig. 2.3.1b).  

In order to verify that FBS triggers true chemotaxis, various experimental conditions were 

compared. Cells migrated only when a gradient across the membrane was established and 

they sensed a higher FBS concentration in the lower compartment. Direct contact of cells to 

high concentrations of FBS in the upper compartment did not trigger migration across the 

membrane towards the lower compartment. We therefore conclude that the assay assesses 

genuine chemotaxis (Fig. 2.3.1c). In this setup, many NCC chemoattractants known from 

animal cell studies were tested. None of them showed a chemotactic effect on human NCCs 

in the NC-MT assay (Fig. 2.3.1d). Using the same assay, we found a chemotaxis-triggering 

activity (CTA) in human serum (huSerum), which was similar to the one in FBS. Thus, also 

human serum contains a NCC chemoattractant and can be used for assay setup 

(Fig. 2.3.1d).  

The main component of FBS and huSerum, the protein albumin, had no chemotactic activity. 

However, FBS contains many other proteins and also many small molecules. To get an idea 

whether a protein is responsible for CTA, we treated FBS in different ways before it was 

tested for chemoattractant activity. Digestion of proteins by pepsin and protein-denaturation 

by heating to 70 °C both inactivated the putative chemotaxis-promoting factor (Fig. 2.3.1e, f). 

From this, we conclude that with a high probability the CTA is at least in part a protein.  
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Fig. 2.3.1: Characterization of the chemotaxis-promoting factor of bovine serum. 

(A) Graphical representation of the neural crest-membrane translocation (NC-MT) assay principle. Cells were 

plated into cell culture inserts equipped with a porous membrane at the bottom. This allows the addition of 

different amounts of potential chemoattractants to the reservoir and insert compartments. A chemoattractant 

gradient is thereby formed in the pores of the membrane. (B) FBS is shown as an example of a compound that 

triggers NCCs to migrate through the pores and to settle on the lower surface of the membrane. Example images 

show stained cells that have translocated, and also visualizes the pores, which have a nominal diameter of 8 µm. 

Cells are shown by arrow heads, pores are indicated by arrows. Scale bar: 25 µm. (C) The NC-MT assay was 

performed with 5% FBS added either to the reservoir, to the insert or into both compartments. After 6 h, cells on 

the lower membrane surface were fixed, stained and the number of migrated cells was counted. Data were 

normalized to the maximal migration condition and are shown as means ± SD from three independent 

experiments. ***: p < 0.001, ns: not significant as determined by one-way ANOVA followed by Dunnett’s post-hoc 

test (compared to untreated control). (D) Several potential chemoattractants were tested in the NC-MT assay. The 

concentrations were 5% for fetal bovine serum (FBS), human serum (huSerum), and bovine serum albumin 

(BSA), 20 ng/ml for fibroblast growth factor 2 and 8 (FGF2/FGF8), glial cell line-derived neurotrophic factor 

(GDNF), stromal cell-derived factor 1 (SDF-1), and ephrin A1, B1 and B2, 50 µg/ml for basic fibroblast growth 

factor (bFGF), 10 ng/ml for Wnt3a, 50 ng/ml for platelet-derived growth factor (PDGF), 100 ng/ml for brain-derived 

neurotrophic factor (BDNF), 1 ng/ml for transforming growth factor β 1 and 3 (TGF-β 1/TGF-β 3), 1 µM retinoic 

acid (RA), 3 ng/ml for bone morphogenetic protein 4 and 7 (BMP-4/BMP-7), 10 nM for endothelin 1, 100 ng/ml for 

interleukin-8 (IL-8). UT: untreated. Data are normalized to FBS data and are shown as means ± SD from at least 

two independent experiments. ***: p < 0.001 as determined by one-way ANOVA followed by Dunnett’s post-hoc 

test (compared to untreated control). (E) Before use as chemoattractant in the lower (reservoir) chamber (at 5%), 

FBS was digested with 0.5% pepsin at pH=2.0. The control sample (-pepsin) was run through the same 

procedure (acidification, 1 h incubation, buffering to pH=7.0), but without pepsin. Activity was determined in the 

NC-MT assay. Data are normalized to untreated FBS and are shown as means ± SD from three independent 

experiments. ***: p < 0.001, ns: not significant as determined by one-way ANOVA followed by Dunnett’s post-hoc 
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test (compared to untreated control). (F) FBS samples were heat treated under different conditions, and tested 

afterwards at 5% concentration in the NC-MT assay for chemotactic activity. Data are normalized to FBS and 

shown as means ± SD from three independent experiments. ***: p < 0.001, ns: not significant as determined by 

one-way ANOVA followed by Dunnett’s post-hoc test (compared to untreated control).  

 

 

 Characterization of the chemotaxis-triggering factor in FBS 

As the chemotaxis-triggering factor in FBS is most likely a protein, we wondered whether it 

could be enriched or even purified. For this purpose, several traditional protein separation 

strategies were combined in a general strategy. As albumin accounts for >60% of FBS 

protein, it was important to find a step capable of removing it early on. Different fractional 

precipitation approaches were tested, and an optimized sequential acetone precipitation was 

found to be optimal for albumin removal. The second enrichment step was a fast protein 

liquid chromatography (FPLC) purification with an anion exchange column (HiTrap Q FF). 

The individual fractions were tested in the NC-MT assay, and those that triggered increased 

NCC migration were combined, desalted and further purified with another anion exchange 

column (HiTrap Q HP) (Fig. 2.3.2a). The fractions were tested directly in the NC-MT assay 

for their migration increasing activity (Fig. 2.3.S1b) and we tried to store these for further use. 

We found that all highly purified fractions lost their CTA bioactivity within 24 h. Multiple 

approaches of protein stabilization and improved storage were tried. However, we did not 

identify a procedure that allowed the chemotaxis-promoting factor to be stored overnight 

once it was highly purified. One potential explanation for this loss of activity is that the ‘CTA 

protein’ is stabilized by another protein, which is lost upon purification. Due to this situation, 

the purification and bioactivity testing always had to be performed within one day.  

As alternative approach to protein chromatography we used ultrafiltration membranes to get 

an indication on the size range of the CTA contained in FBS. We found that the 

chemoattractant behaves like a protein with a MW of 50-100 kDa (Fig. 2.3.2b). Mass 

spectrometric (MS) analysis of the most active fraction purified from the second anion 

exchange column suggested serpin A1, which has a size of 52 kDa, as potential candidate 

(Fig. 2.3.S1c). Detailed follow-up and confirmation experiments showed that serpin A1 does 

not have chemotaxis-promoting activity (Fig. 2.3.S1d). Analysis of MS spectra showed, that 

the fraction containing serpin A1, contained at least 20 further proteins (not shown). For this 

reason, the CTA protein may be easily masked by one of the highly abundant serum 

proteins, like serpins (Anderson and Anderson, 2002). The stepwise purification, including 

acetone precipitation and two anion exchangers enabled a 1000-fold purification of the 

chemotaxis-promoting factor compared to the starting material (Fig. 2.3.2c, Fig. 2.3.S1a). 

This strong enrichment was not sufficient for MS identification, as even the active fractions 

contained complex protein mixtures. To solve this problem, additional and more efficient 

chromatographic columns are necessary. As alternative strategy, we considered a less 

complex starting material.  
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Fig. 2.3.2: Characterization and purification of the chemotaxis-promoting factor of fetal bovine serum 

(FBS). 

(A) Scheme for the enrichment strategy of chemotactic factors from FBS. The activity was measured with the NC-
MT assay after each purification step (blue circles). Active fractions from the first anion exchanger (HiTrap Q FF) 

were combined, desalted and loaded onto the second anion exchange column (HiTrap Q HP). After the last 
purification step, samples were stored under different conditions (pink circles) for 24 h. Afterwards, the activity of 
the samples was tested in the NC-MT assay. (B) FBS was precipitated by acetone, and the protein pellet was 
dissolved and applied to ultrafiltration membranes with different cut-offs. Flow through (<) and filtrate (>) were 
then tested in the NC-MT-HTS assay. Data are normalized to non-fractionated FBS and shown as means ± SD 
from three independent experiments. ***:  p < 0.001, ns: not significant as determined by one-way ANOVA 
followed by Dunnett’s post-hoc test (compared to untreated control). (C) The specific activity and the purification 
factor were determined after each purification step. The used anion exchangers differ in their resin material, 
loading capacity and flow rates. The most active fractions of each anion exchanger were used for calculations. 
Data are given relative to the starting material (= FBS). 



Results 

  81 

 Chemotaxis-triggering activity present in conditioned medium of HepG2 cells 

We reasoned that all proteins present in serum are produced by cells. Moreover our screen 

for CTA sources had shown that also human serum is bioactive (Fig. 2.3.1d). Therefore, we 

set up the hypothesis that some human cells should produce the protein responsible for NCC 

chemoattractant activity. In order to test this, we used a small cell panel, including HepG2 

hepatoma cells, MDA-MB-231 breast adenocarcinoma cells, HeLa cervical cancer cells, 

HEK-239 human embryonic kidney cells and SH-SY5Y neuroblastoma cells to examine the 

production of CTA (Fig. 2.3.3a). In a first approach, we used conditioned medium (CM) from 

all cell lines in the NC-MT assay. The data showed that HepG2 and MDA cells are potent 

producers of a CTA, HeLa and HEK-239 cells were moderate producers, and SH-SY5Y CM 

was devoid of any activity. In a second, independent experimental approach, we then 

confirmed these findings by culturing the cell lines in the lower compartment of the 

chemotaxis assay setup. SH-SY5Y neuroblastoma cells had no chemoattractant activity at 

all, i.e. their presence did not trigger any of the NCCs to move through the membrane. This 

showed that human cells (as such) do not have unspecific chemoattractive effects, if co-

cultured in the NC-MT assay. The cells that were chemoattractive for NCCs had a potency 

order similar to the one found for their CM (Fig. 2.3.3a). Thus, some cells seem to secrete a 

protein that is chemoattractive for NCCs. We decided to focus on HepG2 as producing cell 

line. For initial characterization, stability studies were performed on HepG2 CM. Data from 

these experiments showed that the CTA in this material is completely inactivated by pepsin 

digestion and by moderate heating (70 °C) (Fig. 2.3.3b, c). These results confirmed that the 

CTA of HepG2 CM is a protein.  

Based on this knowledge, a stepwise purification approach was started. Acetone 

precipitation was used as first step, as it also had a concentrating and de-salting function. 

Various chromatographic columns were then used. A cation exchanger (HiScreen Capto SP 

ImpRes) proved to be the most efficient, and it yielded highly enriched CTA (Fig. 2.3.S2b). 

The fractions with the highest migration increasing activity in the NC-MT assay (Fig. 2.3.S2a) 

were used for MS analysis. Fibronectin and apolipoprotein-H were consistently identified in 

the most active fractions (Fig. 2.3.S2c, d). We speculated, that a second chromatographic 

column would remove one of these two proteins and thus give an indication on which one 

may trigger migration. Therefore, the active fractions of the cation exchange column were 

combined, desalted and further purified by an anion exchange column (HiTrap Q HP). The 

individual fractions were tested in the NC-MT assay and only one fraction triggered NCC 

migration (Fig. 2.3.3d). Polyacrylamide gel size separation of the CTA containing fraction 

resulted in two major protein bands (Fig. 2.3.3f) and MS analysis identified them consistently 

as fibronectin and serum albumin/alpha-fetoprotein (AFP) (Fig. 2.3.3g). As apolipoprotein-H 

was not present in the active fraction after the second chromatographic purification step, we 

retained fibronectin as promising candidate and excluded apolipoprotein-H. Serum albumin 

and AFP share 39% primary structure homology and have the same MW of about 69 kDa 

(Morinaga et al. 1983). Therefore, MS analysis does not sufficiently distinguish albumin and 

AFP. However, it was shown that serum deprivation of HepG2 cells increased the production 

of AFP compared to albumin (Bennett et al. 1998). Moreover, we had found that purified 

albumin is not chemoattractive. Therefore, we took AFP as another promising CTA 

candidate. Our assumption was further supported by identification of AFP in HepG2 CM via 

western blot (data not shown).  

For further narrowing down the identity of the CTA, we decided to focus on the two most 

abundant proteins present in the active fraction, fibronectin and AFP. To probe the role of 

fibronectin, it was removed from HepG2 CM by an affinity precipitation, using gelatin 

sepharose beads (Fig. 2.3.S3c, d). Testing in the NC-MT assay showed that HepG2 CM 
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without fibronectin has the same migration increasing effect on NCCs as HepG2 CM with 

fibronectin (Fig. 2.3.S3b). We therefore excluded fibronectin as the potential chemoattractant 

factor in HepG2 CM. Two further proteins identified by MS were excluded as likely 

contaminants: Dermcidin is present in human sweat and is therefore often found in MS 

samples (Fig. 2.3.3g). Also, the nuclear lamina protein lamin-B1 was discarded as likely 

candidate (Fig. 2.3.3g). As SH-SY5Y neuroblastoma cells had no chemoattractant activity at 

all in the NC-MT assay (Fig. 2.3.3a, Fig. 2.3.S4a), and CM produced from these cells did not 

contain albumin or AFP (Fig. 2.3.S4b), we expressed recombinant AFP in the neuroblastoma 

cell line. Engineered SH-SY5Y cells produced AFP (Fig. 2.3.S4d, e), but did not show 

chemotactic activity in the NC-MT assay (Fig. 2.3.S4c). We concluded form these data, that 

AFP is not the chemotaxis-promoting factor in HepG2 CM. Thus, our purification approach, 

which resulted in a 5000-fold enrichment of the starting material (Fig. 2.3.3e), did not allow 

the CTA identification. However, we were able to enrich a definitely human NCC chemotaxis 

factor to a high degree. Active HepG2 fractions contained clearly less protein than active 

FBS fractions, but the supernatant production was very resource-requiring. Moreover, it 

cannot be excluded that cancer cells produce a factor that is not physiologically relevant. 

Therefore, we considered other sources. 

 
Fig. 2.3.3: Characterization of the chemotaxis-promoting factor in HepG2 conditioned medium (CM). 

(A) Production of chemoattractant factors by human cell lines was examined by two experimental set ups: use of 

conditioned medium (CM) and co-culture. For transfer of CM the indicated cell lines were cultured in medium with 

0% FBS for 48 h. The medium supernatant from these cultures was collected, and then used to fill the (lower) Fig 3
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reservoirs of the NC-MT assay. The upper insert was filled with NCCs and fresh (unconditioned) medium. For co-

culture experiments, cells of the indicated cell lines were grown at the bottom of the reservoir. At the start of the 

experiment they received fresh medium with 0% FBS, and 48 h later NCCs were added to the transwells above 

the cell lines in fresh medium (upper compartment). In both cases NCCs were allowed to migrate for 6 h, before 

the number of cells reaching the lower membrane side was quantified. Data are normalized to the migration 

triggered by 5% FBS. They are shown as means ± SEM from at least three independent experiments. **: p < 

0.01, ***: p < 0.001, ns: not significant as determined by one-way ANOVA followed by Dunnett’s post-hoc test 

(compared to untreated control). (B) Before use as chemoattractant in the lower (reservoir) chamber, HepG2 CM 

was digested with pepsin as in Fig. 1E. Data are normalized to HepG2 CM and are shown as means ± SD from 

three independent experiments. ***: p < 0.001, ns: not significant as determined by one-way ANOVA followed by 

Dunnett’s post-hoc test (compared to untreated control). (C) HepG2 CM samples were heat treated under 

different conditions, and tested afterwards at 5% concentration in the NC-MT assay for chemotactic activity. Data 

are normalized to HepG2 CM and shown as means ± SD from three independent experiments. ***: p < 0.001, ns: 

not significant as determined by one-way ANOVA followed by Dunnett’s post-hoc test (compared to untreated 

control). (D) The chemotaxis-triggering factor in HepG2 CM was purified via acetone precipitation followed by a 

cation exchange column (HiScreen Capto SP ImpRes) and an anion exchange column (HiTrap Q HP). Fraction 2 

(F2) and the combined fractions F18-25 (F18-25) from the cation exchanger as well as fractions 4-15 from the 

anion exchanger were tested at a final concentration of 20% (80% fresh medium) in the NC-MT-HTS assay. As 

positive control, 5% FBS and 100% HepG2 CM were used. UT: untreated. Data are means ± SD of three 

independent experiments. *: p < 0.05, **: p < 0.01, ***: p < 0.001 as determined by one-way ANOVA followed by 

Dunnett’s post-hoc test (compared to untreated control). (E) The specific activity and the purification factor were 

determined after each purification step. (F) Samples from acetone precipitation (40% acetone), fraction 2 (F2) and 

combined fractions 18-25 (F18-25) from the cation exchanger as well as fractions 7-11 from the anion exchanger 

were separated on a 10% SDS gel, and bands were visualized by silver staining. Bands cut out for MS analysis 

are marked in red. 1: Fibronectin, 2: Alpha-fetoprotein. (G) Proteins in fraction 9 from the anion exchanger were 

separated on a 10% SDS gel and two bands were cut out for mass spectrometry (MS) analysis. The table 

represents the MS result of bands 1 and 2 of fraction 9, detecting fibronectin and alpha-fetoprotein as the most 

abundant proteins. MS analysis was performed from two independent experiments with the same results. 

 

 

 Human platelet lysate as animal-free CTA alternative 

Human platelet lysate is a high quality human-derived product known to be rich in growth 

factors. It appeared as optimal alternative starting material, as it is commercially available. In 

a pilot experiment, we produced a small amount of huPL ourselves and observed potent 

bioactivity in the NC-MT assay (not shown). To follow up on this, we obtained huPL from 

various suppliers. We were surprised to observe that the huPL contained large amounts of 

albumin (Fig. 2.3.S5a). Our investigations showed, that plasma is added to all commercial 

huPLs. The suppliers argued that this is necessary to stabilize the platelet factors and to 

guaranty optimal cell growth when huPL is used as cell culture additive (Chou and Burnouf 

2017; Horn et al. 2010). When we tested different lots of commercially available huPLs in the 

NC-MT assay, we found that this material potently triggered NC migration (Fig. 2.3.4a).  In a 

next step, we used our established procedures to verify that a protein of the lysate is 

responsible for chemotaxis. Data from these experiments showed that the CTA in huPL is 

inactivated by pepsin digestion and by heating (Fig. 2.3.4b, c). We therefore concluded that 

the chemotaxis-promoting factor in huPL is a protein, similar to the factor present in FBS and 

HepG2 CM. For purification of the CTA, we optimized the strategy and started with a 

chromatographic purification step using the HiScreen Capto SP ImpRes cation exchange 

column (Fig. 2.3.4d, Fig. 2.3.S5b). The acetone precipitation was performed afterwards on 

the pooled active fractions obtained. This way, the pellet could be frozen and stored at -

20 °C. Through this improved procedure, it was no longer necessary to perform all 

purification steps within one day. Additionally, many acetone pellets could be combined and 

a large batch could be produced for further purification. A disadvantage of this process was 

that the pellet was hard to dissolve, and some material was lost. By running the re-dissolved 

material over an anion exchange column (HiTrap Q HP), the CTA could eventually be 

purified up to 2000-fold, compared to the starting material (Fig. 2.3.4e).  
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 Time-lapse analysis of the chemotactic activity of FBS, HepG2 CM and huPL 

Having established three ways to obtain a potent NCC chemotactic factor in a population-

based assay (NC-MT), we were interested to obtain additional and more direct proof of 

chemotactic activity on individual cells. The NC-MT assay determines the number of 

migrated cells at the end of the assay and cells are not observable during the migration. To 

avoid these issues we performed the µ-slide chemotaxis assay. This setup uses a complex 

cell culture format (produced by ibidi), in which cells can be placed in a stable chemical 

gradient, and observed over several hours (Fig. 2.3.5a, Fig. 2.3.S6a). The cells were 

observed via time-lapse imaging, and the migration tracks of individual cells were visualized. 

Initial controls showed that NCC migrated in all directions when there was no 

chemoattractant present (Fig. 2.3.5b, left). When cells were exposed to the same 

concentration of a chemoattractant on both sides, they migrated towards both stimuli with 

about the same frequency (Fig. 2.3.5b, right). For classical chemotaxis testing, only one 

reservoir was filled with a chemoattractant (FBS, HepG2 CM or huPL) so that cells were 

Fig 4
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Fig. 2.3.4: Characterization of the chemotaxis-promoting factor from human platelets. 

(A) Several commercially available huPLs (lots a-c) were tested at a final concentration of 5% in the NC-MT 

assay. Heparin (at a final concentration of 2 U/ml) was added to lots b and c to prevent coagulation of the medium. 

FBS (5%) was used as positive control. Data are normalized to FBS and are shown as means ± SD from three 

independent experiments. ***: p < 0.001 as determined by one-way ANOVA followed by Dunnett’s post-hoc test 

(compared to untreated control). (B) Before use as chemoattractant in the lower (reservoir) chamber (at 5%), huPL 

was digested with 0.5% pepsin (as in Fig. 1E). Data are normalized to huPL and are shown as means ± SD from 

three independent experiments. ***: p < 0.001, ns: not significant as determined by one-way ANOVA followed by 

Dunnett’s post-hoc test (compared to untreated control). (C) huPL samples were heat treated under different 

conditions, and tested afterwards at 5% concentration in the NC-MT assay for chemotactic activity. Data are 

normalized to huPL and shown as means ± SD from three independent experiments. ***: p < 0.001, ns: not 

significant as determined by one-way ANOVA followed by Dunnett’s post-hoc test (compared to untreated control).  

(D) Scheme for the enrichment strategy for chemotactic factors from human platelet lysate (huPL). Platelet lysate 

was fractionated on a cation exchange column (HiScreen Capto SP ImpRes), followed by an acetone precipitation 

and analysis of the pellet material on an anion exchange column (HiTrap Q HP). (E) The specific activity and the 

purification factor were determined after each purification step.  
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within a stable gradient. Under these conditions, they migrated towards the higher 

concentration of the chemoattractant (Fig. 2.3.5c). 

The software provided by the assay chamber supplier allowed quantification of migration 

parallel or perpendicular to the gradient (Fig. 2.3.S6a). Chemotaxis is defined by this 

program as a form of migration that is more effective parallel to the gradient than 

perpendicular to it. Addition of FBS, HepG2 CM or huPL to one reservoir, led to clear 

chemotaxis (Fig. 2.3.S6b). The results confirmed that FBS, HepG2 CM and huPL trigger 

chemotaxis in individual NCCs. Moreover, NCCs in a HepG2 CM or huPL gradient migrated 

also longer distances and faster, compared to the control cells (Fig. 2.3.S6d). In conclusion, 

FBS, HepG2 CM and huPL are verified sources of CTA for NCCs.  

 

  

Fig 5
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Fig. 2.3.5: Tracking of single cells to compare chemotactic activity of FBS, huPL and HepG2 CM. 

(A) Graphical illustration of the µ-slide chemotaxis assay setup, as seen from above (ibidi). Cells were seeded in 

the 1 mm broad gap between the reservoirs (oblong middle compartment). Reservoirs on both sides (shown as 

triangles) were either filled with medium (-) or chemoattractant dissolved in medium (+). (B) Representative cell 

trajectories (recorded for 24 h) of 20 NCCs with medium either in both reservoirs (control 1, left) or FBS (5%) in 

both reservoirs (control 2, right). For quantification of the migration, the chamber was placed onto a microscope 

stage, and cell movement was observed by time-lapse video imaging. The black dot is the starting point of all cells 

in a re-normalized co-ordinate system (overlay of all cell starting points). The dashed line was inserted as visual 

aid to symbolize the “watershed” of the gradient. The density plot in the upper right corner was constructed by 

separating the migration area into 36 sectors (each 10° wide) starting from the migration origin. The length of the 

segments indicates the distribution of cell counts inside the sectors. For visualization reasons, sectors were 

alternatingly stained blue and black. (C) Representative cell trajectories (recorded for 24 h) of 20 NCCs with 

medium in the right reservoir and FBS, huPL or HepG2 CM filled in the left reservoir. Numbers for each individual 

cell are only indicated in the right figure for graphical reasons.  
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 Conclusion and outlook 

Altogether, we have shown here that it is possible to establish an in vitro assay for directed 

migration of human neural crest cells (chemotaxis), a pivotal process in fetal development. 

Human material can be exclusively used for the assay, and it goes beyond the assessment 

of non-directed movement capacity (chemokinesis). Thus, it can be used to study processes 

and factors (pathological, toxicological or pharmacological) that specifically affect the sensing 

of a chemoattractive gradient and accordingly the directed movement of NCCs. We also 

demonstrated, that the assay allows a highly quantitative readout, as it was successfully 

used here for determining the bioactivity spectrum of chromatographic fractions or of CTA 

preparations after various treatments (heat, proteases, etc.). This is a key feature, important 

for the development of new approach methods (NAMs) that can be used for testing of 

potential developmental toxicants (in particular developmental neurotoxicants). In the past, 

tremendous research effort has been invested in animal models of neural crest migration, 

and the search for human-relevant chemotactic factors has been neglected. For this 

purpose, ground work, as described here, is essential for providing a basis of a new 

generation of tests, based only on human cells and human relevant material and processes 

(here chemoattractant factors, cell culture coating, cell culture medium). Even though we 

have not yet succeeded in identifying a protein that can be produced recombinantly, and 

further used for such assays, we have provided here protocols, which show how suitable 

protein fractions can be produced to establish a NAM. 

We described here three sources of CTA: HepG2 supernatant, huPL, and serum. For the 

latter source, most work focused on FBS, but we showed that also human serum is bioactive. 

Indeed, we do not have a perfect proof that the chemotaxis-promoting factor in huPL is a 

platelet protein. Commercially-available huPL always contained serum proteins. As an 

alternative approach, we produced purified platelets ourselves. These contained distinctly 

less plasma proteins than commercial huPL, but we cannot completely exclude 

contaminations.  

Possibly, there is not only one protein with CTA, and such factors may work independently, 

or they may work synergistically. We believe that there is strong evidence for at least one 

factor present in serum. First, because we find CTA in cell-free serum; second, because 

HepG2 cells, which are known to produce serum proteins (Franko et al. 2019; Trefts et al. 

2017) produce such a factor. Whether the factor found in serum and the one in HepG2 

supernatants (or huPL) is the same protein cannot be decided on the basis of the available 

data. 

For better defining the protein factor, additional efforts are necessary. The combination of 

better chromatographic approaches together with extensive mass spectrometric 

characterization of all fractions may provide a step forward. However, this strategy can only 

be fully developed, if it is possible to stabilize, and store highly bioactive fractions. At present, 

the loss of bioactivity of the most active fractions within 24 h makes purification strategies 

extremely challenging. Additionally, increasing the amount of starting material is limited by 

the binding capacity of the chromatographic columns. To circumvent these limitations, 

removal of unwanted proteins from the starting material and simultaneous concentration of 

the remaining proteins (e.g. by a precipitation step) is necessary. 

Another issue is the potentially high bioactivity of a chemotactic factor together with its 

extreme dilution by other proteins. If the factor has hormone/cytokine-like properties, it is 

likely to have low nM or even pM affinities and may therefore only be present in pM 

concentrations. Such a protein might be easily masked by highly abundant serum proteins, 

e.g. upon gel separation. Such issues are well-known in biology and some of the most 

obvious and important bioactive molecules could never be purified by traditional methods. 
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This applies e.g. to the erythropoietin receptor, the corticotrophic hormone receptor or the 

tumor necrosis factor receptor, which were all eventually identified by functional expression 

cloning (Beutler et al. 1985; Chen et al. 1993; D'Andrea et al. 1989). Such strategies may be 

used in the future for identification of chemotaxis factors, considering that the bioassay works 

at relatively high throughput. 

The above purification strategies are of mid-term and long-term interest, as they inform on 

the underlying human physiology. They may also offer some advantage for assay 

development and application. However, a purified factor is by no means necessary to go 

ahead. Biology has a long and successful tradition of using complex materials, often not fully 

defined in their composition, for quantitative assays. We have shown here procedures to 

purify the CTA several thousand-fold, which is already an intermediate step towards a more 

defined material. Most importantly, we demonstrated how FBS could be exchanged for fully 

human material, and on this basis, a complete humanized NAM can be established. 
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 Supplementary information 
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Fig. 2.3.S1: Characterization and purification of the chemotaxis-promoting factor of bovine serum and 

exclusion of serpin A1 as chemoattractant candidate.  

(A) Definition and calculation of chemotaxis activity unit, specific activity and purification factor. One unit is 

defined as the migration increase of NCCs in the cMINC assay within 24 h migration time, as well as in the NC-

MT assay within 6 h migration time. (B) FBS was purified via acetone precipitation and two anion exchangers. 

Fractions of the second anion exchanger (HiTrap Q HP) were tested at a final concentration of 5% in the cMINC 

assay for their migration increasing activity. As positive control 5% FBS was used. UT: untreated. Data are 

normalized to untreated control and shown as means ± SD of two independent experiments. *: p < 0.05, **: p < 

0.01, ***: p < 0.001 as determined by one-way ANOVA followed by Dunnett’s post-hoc test (compared to 

untreated control). (C) Fraction 14 of the second anion exchanger (HiTrap Q HP) indicated the highest migration 

increase. The fraction was separated on a 10% SDS gel and analysed by mass spectrometry (MS) analysis. The 

table represents the MS result of fraction 14 detecting serpin A1 as the most abundant protein. (D) The most 

abundant protein serpin A1 present in the fraction with the highest migration activity, was tested at the indicated 

concentrations in the NC-MT assay. Data are normalized to FBS and shown as means of five technical replicates 

± SD. ***: p < 0.001 as determined by one-way ANOVA followed by Dunnett’s post-hoc test (compared to 

untreated control). 
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Fig. 2.3.S2: Characterization of chemotaxis-promoting factor in HepG2 CM after acetone precipitation and 

cation exchanger. 

(A) HepG2 CM was precipitated by acetone, followed by a cation exchange column (HiScreen Capto SP ImpRes). 

Fractions 1 and 2 (flow-through) and fractions 18-21 of the cation exchanger were tested at a final concentration 

of 20% in the NC-MT-HTS assay. As positive control 5% huPL and 100% HepG2 CM were used. UT: untreated. 

Data are normalized to 100% HepG2 CM and are shown as means ± SEM of two independent experiments *: p 

< 0.05, ***: p < 0.001 as determined by one-way ANOVA followed by Dunnett’s post-hoc test (compared to 

untreated control). (B) Samples from HepG2 CM and fractions 1, 2, and 19-21 of the cation exchange column 

were separated on a 10% SDS gel, and bands were visualized by silver staining. (C) Samples of fraction 2 and 

fraction 20 of the cation exchanger were separated on a 10% SDS gel, and bands were visualized by coomassie 

staining. Bands cut out for MS analysis are marked in red. The most abundant proteins, detected in each band by 

MS analysis are stated. 1: Alpha-fetoprotein (AFP); 2: Fibronectin (FN); 3: Apolipoprotein-H (Apo-H). (D) Samples 

from HepG2 CM and fractions 2, 19, 20 and 21 of the cation exchange column (HiScreen Capto SP ImpRes) 

were separated on a 10% SDS gel and afterwards transferred onto a nitrocellulose membrane. Western blot 

analysis using anti-fibronectin antibody was performed. 
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Fig. 2.3.S3: Exclusion of fibronectin as chemoattractant factor in HepG2 conditioned medium. 

(A) Conditioned medium was produced from the indicated cell lines. Samples were taken after 24 h and 48 h of 

starvation, separated on a 10% SDS gel, and afterwards transferred onto a nitrocellulose membrane. Western 

blot analysis using anti-fibronectin antibody was performed. (B) The Gelatin Sepharose 4B beads (Cytiva) were 

mixed with 5 mg/ml BSA to block nonspecific protein binding, centrifuged at 100 x g for 3 min and afterwards the 

supernatant was discarded. This procedure was repeated with 6 M urea solution followed by two washing steps 

with PBS, all at room temperature. The washed gelatin beads were mixed with 10 ml of HepG2 CM and incubated 

for 24 h at 4 °C on a tube rotator. The next day the gelatin beads with the bound fibronectin were centrifuged at 

100 x g for 3 min and the supernatant was transferred into a fresh tube. New gelatin beads were added to the 

HepG2 CM and incubated for another 24 h at 4 °C on a tube rotator. After centrifugation, the HepG2 CM without 

fibronectin (Fib removal) was transferred to a new tube and tested at a concentration of 100% in the NC-MT 

assay. The gelatin beads were washed with 6 M urea solution to remove the bound fibronectin and centrifuged at 

100 x g for 3 min. The supernatant containing fibronectin (Fib Eluat) was centrifuged through a 10 kDa cut-off 

filter, and washed once with PBS to remove the urea solution, before it was tested at a final concentration of 20% 

in the NC-MT assay. Data are normalized to 5% huPL and shown as means ± SEM from three independent 

experiments. ***: p < 0.001 as determined by one-way ANOVA followed by Dunnett’s post-hoc test (compared to 

untreated control). (C) Samples from HepG2 CM before (HepG2 CM) and after fibronectin removal (Fib removal) 

as well as fibronectin eluated from the beads (Fib Eluat) were separated on a 10% SDS gel and bands were 

visualized by silver staining. (D) Samples from HepG2 CM before (HepG2 CM) and after fibronectin removal (Fib 

removal) as well as fibronectin eluated from the beads (Fib Eluat) were separated on a 10% SDS gel and 

afterwards transferred onto a nitrocellulose membrane. Western blot analysis using anti-fibronectin antibody was 

performed. 
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Dolde et. al, 2021

Fig. 2.3.S4: Exclusion of alpha-fetoprotein (AFP) as chemoattractant factor in HepG2 conditioned 

medium. 

(A) HepG2 and SH-SY5Y cells were starved with medium containing 0% FBS for 48 h. The conditioned medium 

was added at a concentration of 100% to the reservoirs of the NC-MT assay and NCCs were allowed to migrate 

for 6 h. Data are normalized to 5% FBS and shown as means ± SEM from three independent experiments. 

***: p < 0.001 as determined by one-way ANOVA followed by Dunnett’s post-hoc test (compared to untreated 

control). (B) Conditioned medium was produced from the indicated cell lines. Samples were taken after 24 h and 

48 h of starvation, separated on a 10% SDS gel, and bands were visualized by coomassie staining. (C) Cells 

were transfected with Lipofectamine™ 3000 (Thermo Fisher Scientific). Therefore, cells were seeded in 6-well 

plates and grown until they reached 70% confluency.  For transfection, 5 µg DNA was mixed with Opti-MEM™ 

medium, Lipofectamine™ 3000 reagent, P3000™ reagent, and incubated for 15 min at room temperature, before 

the DNA-lipid complex was added to the cells. After 24 h of incubation, the medium was aspirated, fresh medium 

with 0% FBS was added, and the cells were incubated for another 24 h. The conditioned medium was harvested 

and centrifuged at 314 x g for 4 min, to remove cell debris. The alpha 1 fetoprotein clone IRATp970C1243D was 

obtained from Source BioScience Cambridge. Conditioned medium was tested in the NC-MT assay at a final 

concentration of 100%. UT: untreated. Data are normalized to 100% HepG2 CM and shown as means ± SEM 

from three independent experiments. ***: p < 0.001 as determined by one-way ANOVA followed by Dunnett’s 

post-hoc test (compared to untreated control). (D) Samples from SH-SY5Y CM of cells transfected with AFP, GFP 

or both were separated on a 10% SDS gel, and bands were visualized by silver staining. (E) Samples from SH-

SY5Y CM and lysate of cells transfected with either AFP or GFP as control were separated on a 10% SDS gel, 

and afterwards transferred onto a nitrocellulose membrane. Western blot analysis using anti-AFP and anti-

GAPDH antibody was performed. 
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Dolde et. al, 2021

Fig. 2.3.S5: Characterization and purification of the chemotaxis-promoting factor in huPL. 

(A) FBS and commercial huPL (both 30 mg/ml) were fractionated by polyacrylamide gel electrophoresis (PAGE). 

Each lane was loaded with 20 µl of sample. For visualization of the protein, gels were stained with coomassie. 

MW markers were run in parallel (lane not shown, but marker positions are indicated to the left). The large 

content of serum albumin, indicated by a smear at MW > 55 kDa, prevented separation and visualization of 

proteins with MW > 50 kDa. (B) Typical elution profile of huPL on a cation exchange column (HiScreen Capto SP 

ImpRes). The protein content is indicated in blue, the conductivity is shown in red and the concentration of the 

elution buffer (MgCl
2
) is depicted in green. The numbers of the collected fractions are given at the bottom in 

violet. The column was loaded with 5 ml huPL and then washed with 20 ml (5 x the volume of the column) 10 mM 

Tris pH 7.4. All unspecifically bound proteins were washed off, shown in the first peak (fraction 1/2) together with 

a small salt peak. The elution started with a gradient of 1-1000 mM MgCl
2
, followed by a high salt washing step 

with 2 M MgCl
2
. Fractions 19-25 triggered chemotaxis in the NC-MT assay (black rectangle). 
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Fig. 2.3.S6: Single cell migration behaviour in µ-slide chemotaxis chambers. 

(A) Graphical representation of the vectorial movement index. This index can be parallel to the gradient (gradient) 

or perpendicular to the gradient (perpendicular). A chemotactic effect is fulfilled if gradient > perpendicular for the 

chemoattractant-medium (+/-) condition, whereas for the control conditions medium/medium (-/-) and 

chemoattractant/chemoattractant (+/+) both vectorial movement indices are around 0. (B) Calculation of vectorial 

movement index gradient and vectorial movement index perpendicular for FBS, huPL and HepG2 CM treated 

cells. Data are shown as means ± SEM of at least two independent experiments *: p < 0.05, ***: p < 0.001 as 

determined by two-way ANOVA followed by Sidak’s post-hoc test (compared to Medium-Medium conditions). (C) 

Graphical representation and definition of accumulated distance, translocation (euclidean distance from start to 

endpoint of track) and speed (distance along the track per time). (D) Cells were treated with medium, FBS, huPL 

and HepG2 CM and time-lapse imaging was performed for 24 h. Accumulated distance, translocation and speed 

were calculated from the trajectory of 20 cells from two independent experiments. *: p < 0.05, ***: p < 0.001 as 

determined by one-way ANOVA followed by Dunnett’s post-hoc test (compared to medium; performed separately 

for each endpoint). 
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3 Discussion 
 

The neural crest is a cell population that migrates extensively during fetal development and 

differentiates into various cell types throughout the human body. Impaired migration of NCCs 

can lead to severe diseases and malformations. The impact of external cues, such as 

toxicants, on NCC migration is difficult to examine in vivo and in vitro. The establishment of 

human NCC based migration assays is therefore essential to identify possible DNT 

compounds. In this thesis, a combination of different migration assays with different 

throughput levels allowed the screening of a large compound library. As the assays were 

originally based on hESCs, a further improvement could be achieved by using NCCs 

differentiated from iPSCs and the replacement of animal-derived supplements. 

 

 Neural crest migration assays to identify environmental 

toxicants  

There is a large amount of untested chemicals in use and these tons of chemicals need to be 

tested. Therefore, fast and efficient testing strategies are required (Hartung and Leist, 2008; 

Crofton et al., 2012). However, human data for NCC migration impairment caused by 

environmental toxicants are rarely existing. In the first manuscript of this work, we used the 

cMINC assay, based on human NCCs, and challenged it with an 80-compound library. In 

addition, other NCC migration assays were applied to confirm the migration inhibiting 

compounds, identified in the cMINC assay. We investigated the suitability of the assays 

regarding throughput capacity and robustness, and their relevance of being part of an in vitro 

test battery. 

 

 Screening strategies 
 

 Tiered testing strategy 

The 80-compound library was the first screening library used within the cMINC assay and a 

tiered procedure was used for screening. It was started with a pre-screen to determine the 

NOAEL and was followed by migration measurement at the determined concentration. 

Cytotoxic compounds (12/80) and no effect compounds (50/80) were excluded from further 

testing and concentration response curves were obtained only for ‘potential positive hits’. The 

advantage of this tiered testing strategy was that, on the one hand, it was faster than 

obtaining concentration response curves for all 80 compounds, and on the other hand it 

saved NCCs, which are costly to produce, in terms of time and money. All in all, the tiered 

testing strategy applied here was more efficient than testing all 80 compounds by performing 

a full concentration response curve. 

The pre-screen resulted in 26 ‘potential positive hits’ and in the following hit-confirmation, 

concentration response curves with six concentrations were generated for all 26 compounds. 

At this, 23 of the 26 compounds were confirmed as positive hits. None of the five negative 

controls present in the compound library inhibited NCC migration. This tiered testing strategy 

was proven to be useful and applied again in a recent screening project with 119 compounds 

(Masjosthusmann et al., 2020). Both screening projects showed, that the cMINC assay is a 

reliable and reproducible assay. Compared to other screening assays like the NeuriTox 

(neurite outgrowth of LUHMES cells) or PeriTox assay (neurite outgrowth of peripheral 

neurons), the cMINC assay has a high sensitivity but simultaneously a rather low specificity 



Discussion 

  96 

(Delp et al., 2018). Therefore, the hit-confirmation phase is important to identify false positive 

hits. One reason for the high sensitivity of the cMINC assay might be a too loose prediction 

model, which was set up using solely sixteen compounds (Nyffeler et al., 2017b). The 

prediction model should be revised using more compounds e.g. from the 80-compound 

library. Furthermore, the identified hits should be confirmed in different migration assays.  

 

 Follow-up migration assays 

Due to the tiered testing strategy a large amount of compounds could be excluded and only 

23 positive hits in the cMINC assay were examined further. In a second step, the biological 

consistency of screen hits was tested. Therefore, it was examined in how far the inhibition of 

NCC migration was confirmed, when other tests for the same endpoint were used. 

The follow-up migration assays are focusing on different mechanisms of NCC migration than 

the cMINC assay. For example, the neural crest membrane translocation (NC-MT) assay 

measures chemotaxis inhibition of NCCs and with the time-lapse imaging it is possible to 

examine the influence of cell speed and directness on the migration behaviour of single cells. 

Testing the positive hits within other assays adds additional information on the potential 

mechanism of action of the compounds. Moreover, it became clear that NCC migration has a 

complex underlying biology that may be only partially captured by a single test. For instance, 

compounds were identified that reduce single cell migration speed, while others did not. 

Compounds from both groups reduced the number of cells found in the circular area of the 

cMINC and had thus been classified as migration-inhibitors (Fig. 3.1). 

 

 

 Compounds disturbing NCC migration 

 

Among the 80 compounds tested in the cMINC assay, all migration inhibiting compounds 

were classified as flame retardants, pesticides or drug like compounds. None of the PAHs 

and industrial chemicals had a negative effect on NCC migration. All compounds were 

confirmed as migration inhibitors in the NC-MT assay, which measures chemotaxis instead 

of random cell migration such as the cMINC assay. Whereas, only four compounds showed 

an impact on NCC migration speed (Fig. 3.1). Within the group of strong NCC migration-

inhibitors, several halogenated organic and organophosphorous compounds were identified. 

For example, the two organochlorine pesticides DDT and heptachlor inhibited NCC migration 

at very low micromolar concentrations. Cell tracking data confirmed the very strong migration 

inhibiting effect on NCCs. In the NC-MT assay only moderate effects were measured on 

NCC migration, compared to the other compounds (Fig. 3.1). Known migration inhibiting 

pesticides such as MeHgCl and rotenone were confirmed in the screen (Dreser et al., 2015; 

Zimmer et al., 2012). 

Flame retardants from different chemical classes tend to disturb NCC migration, whereas 

organophosphorous and polybrominated flame retardants were toxic at very low 

concentrations compared to other flame retardant classes. It was noticed that some chemical 

structures e.g. aromatic side chains in organophosphorous flame retardants or non-planar 

PCBs interfered with NCC migration. For PBDE flame retardants, it seems that an increasing 

number of bromine atoms reduces the effect, as PBDE-47 (4 bromines) was more effective 

than PBDE-99 and PBDE-153 (5 and 6 bromines, respectively). PBDEs were banned from 

the market because of their toxic effect (Linares et al., 2015). The cMINC assay appeared to 

be particularly sensitive for certain toxicants, and such toxicants came from a broad range of 

structural templates, not easily covered by a quantitative structure-activity relationship 

(QSAR) approach. 
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In a recently performed screening project the cMINC assay was particularly sensitive to 

organophosphates, which confirms the findings of the NTP80 screen. However, there was no 

common mode of action (MoA) across the endpoints of this battery identified for 

organophosphates (Masjosthusmann et al., 2020).  

 

The 80-compounds were tested in various assays, all of them modeling different 

neurodevelopmental processes (Behl et al., 2019). Comparing the hits of the cMINC assay 

with specific hits of other assays shows, that the cMINC assay detects compounds not 

recognized by others. As an example, the hits of the cMINC assay were compared to specific 

hits of the PeriTox and the NeuriTox assay (Fig. 3.2). The cMINC assay showed the most 

specific hits (23) and only five compounds overlap in all three assays. Even the two neurite 

outgrowth assays identified different specific hits. It is interesting to note, that cMINC hits, 

which are classified as drug-like compounds, are shared with the NeuriTox and PeriTox 

assay (Delp et al., 2018). Whereas, pesticides and flame retardants were only identified in 

the cMINC assay (Fig. 3.2). Therefore, the cMINC assay gives additional information, not 

obtained by other assays, and should be included in a DNT test battery. 

 

 

 

Compound cMINC NC-MT Cell tracking

BPDP ++ ++ -

EHDP ++ ++ NA

IDDP ++ ++ NA

IPP ++ ++ NA

TCP + + NA

TPP ++ ++ NA

PBDE-47 ++ ++ -

PBDE-99 + ++ NA

PBDE-153 + + NA

TB-BPA + + -

DDT +++ + +++

Dieldrin ++ ++ -

Heptachlor +++ + +++

Chlorpyriphos ++ + -

Carbaryl + ++ +

MeHgCl + ++ -

Rotenone ++ ++ -

6-OHDA + ++ -

Berberine + ++ -

Colchicine ++ + -

DES ++ + -

Hexachlorophen ++ ++ ++

Valinomycin ++ ++ -

Fig. 3.1: Overview of different 

migration assay results.  

The listed compounds were tested 

as a first tier in the cMINC assay 

and identified as migration inhibiting 

compounds. Afterwards, all 

compounds were tested in the NC-

MT assay and for some of them cell 

tracking analysis was performed. 

Compounds were categorized as 

strong (+++), intermediate (++) or 

weak (+) migration inhibitors, or as 

no effect compounds (-). Chemical 

classes are depicted on the left: 

flame retardants (green), drug-like 

compounds (blue), pesticides (pink). 

NA: not assessed, BPDP: tert-

butylphenyl diphenyl phosphate, 

DDT: dichlorodiphenyltrichloroethan

e, DES: diethylstilbestrol, EHDP: 2-

ethylhexyl diphenyl phosphate, 

IDDP: isodecyl diphenyl phosphate, 

IPP: isopropylphenyl phosphate, TB-

BPA: 3,3’,5,5’-tetrabromobisphenol 

A, TCP: tricresyl phosphate, TPP: 

triphenyl phosphate, 6-OHDA: 6-

hydroxydopamine hydrochloride. 
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 Different NCC assays and their relevance 
 

Cell migration is a complex process including several biological functions, e.g. motility, 

adhesion, polarity or continuity. Each of these functions can be disturbed by chemicals 

leading to a negative influence on cell migration. Thereby, a compound may influence 

several functions of cell migration simultaneous or just a single one. The contribution of 

various biological functions is different for each migration assay. Therefore, each assay 

covers different aspects of NCC migration and function. Combination of different migration 

assays increases the robustness of hazard prediction, and additional information on the 

mechanism of action of the compound can be gained. 

Next to the already existing cMINC assay we established another NCC migration assay, the 

NC-MT assay. Furthermore, we used time-lapse imaging to investigate the effects of 

compounds on single cell migration. Different migration assays are overlapping in some 

parts, but they are never identical. Furthermore, each assay is prone to different artefacts, 

such as false positives and false negatives. 

 

The cMINC assay measures random cell migration (chemokinesis) and the number of 

migrated cells in the migration zone is measured at the end of the assay. Several mechanism 

can lead to a reduction of the cell number. For instance, the adhesion to the matrix, or 

modulation of the cytoskeleton may be affected. Therefore, one cannot distinguish with this 

assay which mechanism of NCC migration is affected. 

Colchicine

Rotenone

6PH

DES

MeHgClTB-BPA

Valinomycin

6-OHDA

DDT

PBDE-47

BPDP
Heptachlor

IPP

EHDP
TCP

Dieldrin

Carbaryl
TPP

IDDP

Chlorpyriphos

PBDE-99
Berberine chloride

PBDE-153

cMINC
(23) NeuriTox

(7)

PeriTox
(8)

MPP+

Acrylamide

Iodocarb

Fig. 3.2: Comparison of specific hit compounds between cMINC, NeuriTox and PeriTox assay. 

Results of the cMINC assay are compared with results of the NeuriTox assay (neurite outgrowth of LUHMES 

cells) and the PeriTox assay (neurite outgrowth of peripheral neurons). Only specific hits in the respective assays 

are listed. The overall number of specific hits in each assay is stated in brackets. A specific hit is defined as a 

compound disturbing the specific endpoint (migration of NCCs or neurite outgrowth of LUHMES/peripheral 

neurons) of the respective assay, while at the same time viability is not affected. 
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Due to the long incubation time (24 h), the endpoint may be affected by proliferation, cell 

death and signaling disturbances. A long incubation time has advantages and 

disadvantages. Proliferation inhibiting compounds may falsely be identified as migration 

inhibitors. However, this can be prevented by the addition of proliferation inhibitors like AraC 

to the assay and thereby preventing proliferation at all (Nyffeler et al., 2017b). Otherwise, the 

long incubation period of the cMINC assay helps to identify long-term consequences of 

chemical exposure e.g. slow-acting nuclear receptor ligands. Cell death may influence the 

outcome of the cMINC assay, as the cell density in the migration area is lower compared to 

the edge of the well. Cytotoxicity of chemicals can dependent on the cell density, as the 

presence of neighbouring cells can have a protective effect (Wataha et al., 1993). 

 

The NC-MT assay measures chemotaxis, the guided movement of cells along a gradient. 

Therefore, cells need to possess special properties such as polarity and directional sensing. 

During directional sensing cells compare receptor occupancy over their surface and 

determine where the concentration is the highest (Kay et al., 2008). In the presence of a 

chemoattractant gradient, the cells sense this gradient and migrate along it. Such a 

chemoattractant gradient can be generated within the NC-MT assay, and it was shown that 

this gradient is stable over the 6 h migration time. The number of migrated cells is measured 

at the end of the assay. Due to the short migration time, proliferation effects of the 

compounds on NCC migration can be excluded in the NC-MT assay. 

Cell death may influence the migration results, as we are not able to observe the cells during 

the migration period. As in the cMINC assay, several mechanisms, such as adhesion, 

polarity or sensing, can be responsible for the reduced cell number and we are not able to 

distinguish which mechanisms are affected. 

 

Cell tracking assays enable the observation of cells during the entire incubation time. One 

has to be aware of the fact, that the NCC population is not homogenous and that fast und 

slow migrating subpopulations are present. An advantage of cell tracking assays, compared 

to the cMINC and NC-MT assay is that not only the entire cell population, but individual cells 

can be studied. One can draw conclusions about the composition of the cell population 

based on cell tracking data. Parameters, such as migration distance, directionality and cell 

speed are determined with cell tracking assays. These data give more detailed information 

on the affected migration mechanism. As only viable cells are tracked, the results exclude 

the influence of compounds on cell death. Otherwise, with this strategy, the most robust cells 

within the population are selected and only a few cells of the population can be observed. 

 

Investigation of a complex process like cell migration, should be performed with several 

assays and not rely on a single one. A compound inhibiting NCC migration rather affects not 

only a single migration mechanism, instead it affects several mechanisms simultaneously. 

Assays with a high-throughput, such as the cMINC assay, can be used for primary screening 

and the other assays should be used to characterize the hits in a second tier (Fig. 3.3). In our 

study we used two other migration assays, the NC-MT assay and cell tracking. Further 

characterization should include transcriptome analysis (Pallocca et al., 2017) and non-

mammalian animal testing (Behl et al., 2016; d'Amora and Giordani, 2018; Cassar et al., 

2020). 
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 Position of NCC migration assays in integrated testing strategies 

 

Single test methods are not able to provide sufficient information to assess a compound as 

developmentally neurotoxic, therefore many of these in vitro test methods need to be 

combined into large test batteries (Schmidt et al., 2017). The assembled test methods should 

ideally cover different neurodevelopmental processes such as neural precursor 

differentiation, proliferation or migration, and should be further combined in integrated 

approaches to testing and assessment (IATA). Furthermore, the assays in the test battery 

need to generate reliable data to prioritize chemicals and to guide risk management 

decisions (Bal-Price et al., 2012; Crofton et al., 2011; Fritsche et al., 2017). 

To this end, an expert group developed readiness criteria. In general, these readiness criteria 

should be validated for each assay present in the test battery. Important readiness 

requirements are specificity (identifying negative compounds correctly) and sensitivity 

(identifying positive compounds correctly) of the assay. Therefore, a chemical library 

containing compounds that do not trigger DNT in vivo as well as compounds associated with 

DNT in vivo, needs to be assembled and tested in the assays. The negative controls are 

important to determine the specificity of an assay or test battery. For the selection of the 

chemical library, only compounds soluble in culture media are considered. Insoluble 

substances or compounds that evaporate quickly are excluded, as they cannot be measured 

accurately in most in vitro test systems. Therefore, the chemical library does not necessarily 

contain the most suitable compounds to challenge a test battery. 

A readiness evaluation of the cMINC assay revealed that the status of the assay is “close to 

ready”. The cMINC assay was categorized as ready for initial prioritization of compounds, but 

not yet ready for regulatory risk assessment (Bal-Price et al., 2018a). Screening the NTP80 

library with the cMINC assay revealed that the assay has a rather high sensitivity and low 

specificity. This could be confirmed in another screening project, funded by the European 

Food Safety Authority (EFSA), including a chemical library of 119 compounds. The cMINC 

assay was one of the two most sensitive assays within the test battery, identifying 47 hits 

(Masjosthusmann et al., 2020). In this screening approach, the cMINC assay identified all 

negative compounds correctly. 

The NC-MT assay is not a fully developed test method and therefore not ready yet. Several 

readiness criteria are not fulfilled, such as prediction model, sensitivity/specificity, cytotoxicity 

within the test, and testing of unknown compounds. Ongoing optimization of the NC-MT 

cM
IN

C
 a

ss
ay

NC-MT assay

Cell tracking

Non-mammalian animal models

Transcriptome analysis

Fig. 3.3: Screening strategy using different NCC assays. 

Different NCC migration assays measure different biological functions. A high-throughput assay such as the 

cMINC assay can be used as a first tier to screen the large amount of chemicals (blue and pink circles). Thereby, 

only a few compounds (pink circles) will be identified as migration inhibiting compounds. In a next step, the 

reduced number of hits, identified in the cMINC assay, can be further evaluated. Therefore, other NCC migration 

assays with less throughput can be used, as well as non-mammalian animal models or transcriptome analysis. 
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assay will allow to further develop this test method. However, the relevance of being part of 

an in vitro DNT test battery is given for the NC-MT assay. 

 

The cMINC assay and the optimized NC-MT assay model relevant key events in 

development and should be part of a DNT in vitro test battery. Both assays are rather 

medium throughput assays. The assays could be part of a DNT test battery downstream of 

high-throughput screening assays e.g. nuclear receptor assays (Judson et al., 2015; Lynch 

et al., 2017). Compounds with a suspected DNT potential would be prioritized in each step 

and the biological complexity of the assays can increase while the number of potential 

hazards is decreasing. With increasing complexity of the assays, the throughput of the 

assays is simultaneously decreasing (Fig. 3.4). After compound prioritization using cell-

based in vitro assays, more complex in vitro assays such as neuronal network formation can 

be performed. These assays are usually based on rat primary cortical cells (Frank et al., 

2017), but human cell based models are under development (Masjosthusmann et al., 2020; 

Klima et al., 2021). Finally, in vivo testing in non-mammalian animal models, such as 

zebrafish or planaria (Geier et al., 2018; Hagstrom et al., 2019; Zhang et al., 2019) can be 

used. These complex in vivo models measure e.g. early development and motor activity 

(Behl et al., 2019). This stepwise prioritization strategy, using in vitro test batteries is of 

special interest in the context of risk assessment in a regulatory context (Behl et al., 2019). A 

problem of in vitro test batteries is, that hits are identified at very high concentrations, lacking 

toxicological relevance in vivo. Therefore, in vitro to in vivo extrapolation (IVIVE) studies will 

help to set the identified hits of the in vitro test batteries in context for risk assessment. 

 

  

Non-mammalian 
animal studies

Neuronal 
network

formation

Neurite outgrowth

NCC migration

Neuronal differentiation

human in vitro test battery

Synaptogenesis

Receptor-
based 

cellular and 
cell free 
assays

Throughput
Biological complexity

Fig. 3.4: Assays included in a testing strategy with increasing biological complexity. 

The testing strategy starts with receptor-based cellular and cell free assays e.g. mitochondrial activity or stress 

response pathways. In a next step, several human cell based in vitro models are used, covering functional 

aspects of key events e.g. NCC migration or neurite outgrowth. In the following step, neuronal network formation 

is examined. Finally, whole organisms are incorporated in the screening strategy to measure complex behaviour 

e.g. in zebrafish. Within each step to the right, compounds were prioritized and less compounds need to be tested 

in the more complex system (indicated as the thickness of the arrows). Biological complexity is increasing from 

left to right, whereas the throughput of the assays is decreasing from left to right. 
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 Strategies to replace animal-derived supplements in in 

vitro assays 
 

The used differentiation protocol for human NCCs from hESCs in the first mansucript was 

time-consuming and ethically problematic. To circumvent these issues a new differentiation 

protocol for NCCs, based on hiPSCs, was established. Additionally, the new protocol was 

faster, more robust, and less expensive.  

We tried to establish a xeno-free and chemically defined differentiation protocol for NCCs, 

but this was only partially possible.  

The hESC maintenance colonies were traditionally cultured on inactivated mouse embryonic 

fibroblasts (MEFs). These feeder cells provide growth factors and cytokines important for 

maintaining the hESC pluripotency during long-term culture. Though, MEFs are also a 

potential source of contamination (Desai et al., 2015). 

We were able to culture the iPSC maintenance under feeder-free conditions, using laminin 

as coating and a chemically defined medium (E8 medium). The maintenance of iPSCs is 

lacking animal feeder cells for cultivation, but the differentiation into NCCs still relies on 

Matrigel™ coating. Matrigel™ is an animal derived product and due to its batch to batch 

variation, regarding the amount of basement proteins and growth factors, it is an 

uncontrollable variable in differentiation protocols. There are chemically-defined 

differentiation protocols for NCCs available, using vitronectin as coating (Tchieu et al., 2017), 

but this protocol did not work in our hands and with our used iPSC line. So far, we could not 

find an alternative for Matrigel™ for the differentiation of NCCs with the iPSC lines used by 

us. 

Additionally, the medium within the first days of differentiation contains serum replacement. 

Serum replacement is highly purified compared to normal FBS, containing only albumin, 

transferrin and insulin. Nevertheless, it is still a bovine-derived product. Medium containing 

serum replacement is replaced after a few days by a xeno-free medium. 

The 11 day lasting differentiation of iPSCs to NCCs is followed by a four week expansion 

phase. During the expansion phase the NCCs are cultured in xeno-free medium, but on 

animal-derived fibronectin coating.  

Freezing of cells at the end of the expansion phase was traditionally performed in FBS 

containing DMSO. The freezing procedure was optimized and now performed in xeno-free 

medium containing DMSO. 

Except of the first manuscript, all other experiments in this work were performed using 

human NCCs differentiated from hiPSCs. Thereby, only slight adaptations in seeding 

densities were needed to use the iPSC derived NCCs in the cMINC and NC-MT assay. 

 

 Optimization of the cMINC assay 
 

 High-throughput and animal-free considerations 

The cMINC assay is a medium throughput assay and performed in a 96-well format. The use 

of 384-well plates might be possible (Joy et al., 2014), but further downscaling could be more 

problematic due to a too small well diameter of 1536-well plates. Pipetting robots could 

execute several plate handling steps to further increase the throughput of the assay. The 

limiting step of the cMINC assay is the introduction and removal of the stoppers, which needs 

to be done manually and is difficult to automate. Ready-to-use 384-well plates (Platypus 

Technologies) for cell migration experiments are commercially available and would eliminate 

the stopper handling. 

One of the aims was to get xeno-free conditions for the differentiation of NCCs, as well as 

the cMINC assay itself. The cMINC assay is performed under almost xeno-free conditions. 
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The medium is xeno-free, only the coating is based on bovine-derived fibronectin. We tested 

a recombinantly produced matrix protein modified with the fibronectin 10 domain as 

replacement for bovine-derived fibronectin. 

 

 Alternative coating in the cMINC assay 

Many in vitro cell culture systems and assays require extracellular matrix derivatives, 

therefore animal derived proteins like fibronectin, laminin, vitronectin or collagen are used. 

The search for animal-free alternatives is ongoing and one approach is to use recombinantly 

produced matrix proteins. This strategy has been extended by the use of a constant core 

protein polymer that can be modified with any functional domain of various ECM proteins. In 

the second paper of this thesis it was investigated if the self-assembling protein domains 

from human muscle sarcomeres (ZT), modified with the fibronectin 10 domain (ZTFn10) is able 

to substitute bovine-derived fibronectin as coating for neural crest cell-based toxicity testing. 

It was tested if the ZT material was biocompatible with NCCs and if the toxicity testing 

capabilities of the assay were identical between the ZTFn10 coating and the original coating. 

We found that NCCs do not need a specific coating for cell attachment in vitro. NCCs attach 

equally well on non-coated polystyrene cell culture plates as well as on bovine-fibronectin 

coated or ZTFn10 coated plates. However, the coating with ECM proteins is essential for the 

NCC migration process. The lack of ECM protein availability prevents cell migration, an 

optimal protein concentration allows cell migration and a too high ECM protein concentration 

leads to too strong attachment and inhibits cell migration (Underwood et al., 1993). 

Therefore, an optimal ECM protein concentration range needs to be defined, to study cell 

migration. 

NCCs did neither migrate on non-coated culture dishes nor on ZT coated plates, confirming 

the bioinert character of the ZT scaffold (Hill et al., 2019). Albeit, the classical bovine-

fibronectin coating as well as the ZTFn10 coating lead to intensive NCC migration. 

Furthermore, the ZTFn10 coating used within the cMINC assay for toxicity testing showed the 

same results as the classical bovine-fibronectin coating. All in all, the study showed not only 

the excellent biocompatibility of the ZTFn10 material but also the robust performance of the 

cMINC assay with this coating material. 

Advantages of the ZTFn10 polymer are the low costs and the unlimited availability. Moreover, 

the production of the ZTFn10 polymer is very robust and compared to animal-derived coating 

proteins the batch-to-batch variations are negligible.  

Small changes in already established assay protocols can lead to a time consuming 

adaptation process, until the assay is running robust again. This fear hinders many 

researchers to switch from a well-established system to new animal-free alternatives. 

In this case, only the optimal concentration range of the new coating material has to be 

defined and no other assay parameters have to be adapted. This example should encourage 

other laboratories to change their animal-based systems to alternative methods.  

Successful long term propagation of hESCs, hiPSCs and murine mesenchymal stromal cells 

(mMSCs) was demonstrated with the ZTFn10 material at first (Hill et al., 2019). The ZTFn10 

material is also compatible to culture LUHMES cells (unpublished data), and there is a high 

probability, that other cell types can be maintained on this material as well.  

In this study, the ZT material was modified with fibronectin, but it can also be modified with 

alternative functional domains or fluorescent proteins (Nesterenko et al., 2019). Ongoing 

studies are focusing on the fusion of growth factors, such as fibroblast growth factor (FGF) to 

the ZT material. Long-term culturing of cells on the ZT material fused with FGF, might 

substitute the addition of FGF to the cell culture medium. 
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 Optimization of the NC-MT assay 

 

The NC-MT assay was first established in a 24-well format, where the cells were fixed and 

stained at the end of the assay. Images of the stained cells were taken and counting of the 

cells was performed manually. Due to the low throughput of the NC-MT assay, it was 

upscaled to a 96-well format. The assay consists of 96 wells of permeable inserts connected 

by a rigid tray and a 96-well receiver plate. Reservoirs and inserts can be filled fast and easy 

with multi-channel pipettes. A fluorescent read-out based on the dye calcein is performed 

after the incubation time, which takes only a few minutes. The throughput of the assay could 

be further increased by using pipetting robots. 

Upscaling of the assay throughput entails the adaptation of the assay protocol concerning 

seeding density, incubation time, chemoattractant concentration and read-out.   

The medium used for the NC-MT assay is the same xeno-free culture medium as for the 

cMINC assay.  

The only positive control for this assay, stimulating NCC chemotaxis, was for a long time fetal 

bovine serum (FBS). We discovered alternatives to FBS e.g. human serum, human platelet 

lysate (huPL) or HepG2 conditioned medium.  

The NC-MT assay was used in the NTP80 screen as follow-up assay and confirmed all 

migration inhibiting compounds of the cMINC assay (Fig. 3.1). At that time the only 

chemoattractive stimulus for NCCs was FBS, and therefore used as chemoattractant. FBS is 

not only a potential source of contaminants, but can also have a potential influence on the 

test compounds. We cannot exclude, that lipophilic compounds may bind to lipids present in 

FBS and have therefore no effect on the cells. With the identification of a chemotaxis 

triggering factor present in huPL and HepG2 CM, and the enrichment and purification of this 

factor, FBS can be replaced as chemoattractive stimulus in the NC-MT assay in future 

experiments. Based on this, a fully humanized chemotaxis assay can be established. 

 

 Optimization of cell tracking assays 
 

Time-lapse imaging gives important information on the condition and behaviour of cells 

during the treatment period.  

Cell tracking performed in the cMINC assay setup gives information on non-directed cell 

migration. Directness, speed and distance can be calculated. The handling and treatment of 

the 96-well plates are easy and within one experiment up to 60 different conditions can be 

observed simultaneously via time-lapse imaging. 

To evaluate directed cell migration (chemotaxis) a different assay setup is needed. 

Chemotaxis is based on the sensing of a chemoattractant gradient and the directed 

movement towards the higher concentration of the chemoattractant. The commercially 

available µ-slide chemotaxis assay allows the establishment of a stable gradient and the 

observation of cells within this gradient via time-lapse imaging. In this assay, cells are 

seeded into a gap, which is connected to two reservoirs. These reservoirs can be filled either 

with a chemoattractant or with medium. Cell tracking data display the directed migration of 

NCCs towards the reservoir containing a chemoattractant. The handling of the µ-slide 

chemotaxis chambers (Ibidi) are not easy regarding cell seeding and filling of the reservoirs. 

For an optimal assay performance intensive training of the experimenter is necessary. 

Furthermore, only three conditions are observable via time-lapse imaging at once.  

Due to the low throughput of cell tracking assays they can only be recommended as follow-

up assays. The most limiting step of this method is the manually performed cell tracking. 

Automated cell tracking is possible but the setup of such tracking analysis pipelines is difficult 

and time-consuming (Fazeli et al., 2020). Automated cell tracking is difficult when using 

phase contrast images, as in the present case. Performing our cell tracking assays with 
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fluorescent labeled cells, would facilitate the use of automated tracking software. Live cell 

tracking kits are commercially available, using a fluorescent dye that stains the cytoplasm 

and is nontoxic to living cells. Furthermore, several live cell imaging devices with integrated 

tracking software are available, but at high costs.  

 

 

 Characterization of a chemotaxis-triggering factor 

present in FBS, HepG2 CM and huPL 
 

Chemotaxis plays an important role in many biological processes with the embryonic 

development being one of it. NCCs for example, are guided to different parts of the 

developing embryo via chemoattractants. Many developmental disorders are caused by 

inhibition of NCC migration e.g. Hirschsprung disease or Treacher collins syndrome. In vitro 

chemotaxis assays based on human NCCs are rare, especially in a high-throughput setup. 

As a consequence, chemoattractants for human NCCs were not investigated so far. A 

chemotaxis assay based on human NCCs would not only allow the testing of potential 

chemoattractants for NCCs, but also the testing for compounds interfering with NCC 

chemotaxis. 

 

 Strategies for enrichment and purification 
 

In the third manuscript of this thesis we tried to identify chemoattractants for NCCs using the 

NC-MT assay. NCC chemoattractants found in animal cell-based experiments, did not trigger 

chemotaxis in our NC-MT assay using human NCCs. The only chemotaxis triggering effects 

were observed with FBS, human serum, HepG2 CM, and huPL. We therefore, tried to enrich 

and purify the chemotaxis-triggering factor from these sources. The data suggested, that the 

chemotaxis stimulating factor is a protein and we used standard procedures to enrich and 

purify the factor. 

Different strategies were tested to purify the chemoattractant factor present in FBS, HepG2 

CM and huPL. Thereby, the individual purification steps were improved as effective as 

possible with regard to an optimal enrichment and purification of the chemoattractant factor. 

For example, the precipitation procedure, to remove albumin, was optimized using different 

organic solvents at increasing concentrations, leading to the most efficient way to separate 

albumin and other unwanted proteins from the chemotaxis-triggering factor. Moreover, 

numerous chromatographic columns were tested and only the most efficient ones were 

further used. Purification procedures with the selected columns were optimized by e.g. 

adapting the pH of the chromatographic buffers or the salt concentration of the elution buffer. 

Different storage procedures were tested for the purified fractions, which stimulated NCC 

chemotaxis, but none of it was able to maintain the bioactivity of the fractions. A precipitation 

step in between two chromatographic purification steps, solved this problem and allowed to 

split the purification procedure onto different days. Additionally, this storage allows a better 

purification procedure using even more chromatographic columns or other procedures to 

identify the chemotaxis-triggering factor. 

The easiest way of purifying low abundant proteins in a complex mixture is to start with large 

amounts of the starting material (Burnouf, 2007). The amount of starting material is limited by 

the binding capacity of the chromatographic columns. Therefore, a precipitation step should 

be performed at first, to remove unwanted proteins and to concentrate the remaining proteins 

simultaneously. 
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 Potential chemotaxis-triggering candidates  

 

The potential protein candidates, fibronectin and alpha-fetoprotein, belong to the abundant 

proteins present in serum (Anderson and Anderson, 2002). These candidates are of course 

still present after several purification steps, and are easily detectable by gel separation. We 

assume that the chemotaxis-triggering factor present in FBS, HepG2 CM and huPL is 

masked by these high abundant proteins. The factor could be present only in pM 

concentrations and therefore not detectable by standard protein assays. Fibronectin is an 

ECM protein known to be important for NCC migration. Fibronectin allows NCCs to invade 

specific parts of the embryo, but does not promote cell migration via chemotaxis (Szabo and 

Mayor, 2018). As shown in the second manuscript, fibronectin coating is essential for proper 

NCC migration in vitro. Alpha-fetoprotein is the embryonic analog of albumin and produced 

mainly by the yolk sac and the fetal liver (Uriel et al., 1983), but there is no evidence of a 

direct influence on NCC migration. However, alpha-fetoprotein promotes metastasis and 

invasion of human hepatocellular carcinoma cells (Lu et al., 2016). 

We assume, that the chemotaxis-triggering factor present in FBS, huPL and HepG2 CM is 

the same. Except of the fact, that the chemoattractant factor in all three sources behaves 

similar in the purification steps (precipitation at the same acetone concentration, binding to 

the same chromatographic columns), we have no proof for this assumption.  

Additionally, there is probably not only one chemotaxis-triggering factor present. The 

interplay of two or even more proteins is very likely. Separating the chemoattractant factors 

during the purification procedure may lead to inactivation of the chemotaxis-triggering 

activity. 

Even if the chemotaxis-triggering factor present in FBS, HepG2 CM and huPL is not 

identified yet, we managed to purify it several thousand-fold. This is an intermediate step 

towards a more defined material, and we demonstrated that FBS can be exchanged by 

human material. Based on this, we will try to establish a fully humanized chemotaxis assay, 

which can be included in DNT in vitro test batteries. 
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 Outlook 

NCC differentiation from hESCs was successfully replaced by using hiPSCs. The currently 

used differentiation protocol is yet not completely animal-free and still time-consuming. The 

cells are well characterized regarding the presence of specific NCC markers and they can be 

further differentiated e.g. to peripheral neurons. Albeit, it is unclear to which axial level the 

NCCs correspond. Further optimization of the differentiation protocol and the characterization 

of the cells would be desirable. 

Furthermore, differentiation of NCCs from iPSCs would enable the use of cells with a specific 

genetic background, for example with mutations related to neurocristopathies. 

The biological relevance of NCC migration assays within a DNT test battery was approved by 

several screening projects (Behl et al., 2019; Masjosthusmann et al., 2020). The cMINC 

assay is so far the only validated high-throughput assay based on human NCCs. Other 

assays such as the NC-MT assay and cell-tracking assays are still under development. 

Optimization of the assays regarding throughput and readiness is ongoing. 

Screening of compound libraries to identify potential DNT hazards is one aspect of NCC 

migration assays, another one is to find mechanisms of NCC migration-inhibition. A potential 

key event in NCC migration, such as Cx43 mislocalization was identified so far (Nyffeler et 

al., 2018). Improvement of the NC-MT assay and the cell-tracking assay will hopefully give 

new insights into the mechanisms of NCC migration-inhibition. 

Replacement of animal-derived supplements within the NCC migration assays was 

successful. We substituted bovine-derived fibronectin in the cMINC assay and the cell 

tracking assays by a recombinantly produced matrix protein, while the performance of the 

assays remained robust. 

In the NC-MT assay the chemotaxis-stimulating source FBS could be replaced by human 

material, such as huPL and HepG2 CM. Future studies will aim on the identification of a 

single chemotaxis-triggering factor, and the recombinant production of it.  
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4 Author contributions 
 

Manuscript 1: Combination of multiple neural crest migration assays to identify 

environmental toxicants from a proof-of-concept chemical library  

The experiments for this manuscript were conceived and designed in collaboration with 

Johanna Nyffeler and Marcel Leist. Johanna Nyffeler and I performed all the migration 

experiments. I performed and analysed the transwell migration data. The co-authors 

contributed as follows: Alice Krebs performed confocal microscopy. Kevin Pinto-Gil and 

Manuel Pastor provided the information for the chemical space. Mamta Behl provided the 

compound library. Johanna Nyffeler wrote the manuscript in collaboration with Marcel Leist. 

 

 

 

Manuscript 2: Strategy to replace animal-derived ECM by a modular and highly defined 

matrix  

The experiments for this manuscript were conceived and designed in collaboration with 

Yevheniia Nesterenko, Olga Mayans and Marcel Leist. I performed all cell-based laboratory 

work, analysed all data and designed the figures. Yevheniia Nesterenko performed protein 

purification and cell tracking analysis. The manuscript was written by Marcel Leist and me. 

 

 

 

Manuscript 3: Profiling of human neural crest chemoattractant activity as replacement 

of fetal bovine serum for in vitro chemotaxis assays 

The experiments for this manuscript were conceived and designed in collaboration with 

Christiaan Karreman and Marcel Leist. I performed most of the laboratory work, analysed all 

data and designed the figures. The co-authors contributed as follows: Marianne Wiechers 

performed SDS page, coomassie and silver stainings, and western blot analysis. Stefan 

Schildknecht helped to prepare human serum und human platelet lysate. The manuscript 

was written by Marcel Leist and me.  
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