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Abstract  

Peripheral neurotoxicity represents a key challenge in drug development. Particularly 

with chemotherapeutic agents, peripheral neurotoxicity is a commonly observed side 

effect that can be dose-limiting and can affect patients’ quality of life beyond therapy. Drug 

development, as well as risk assessment would benefit from a better understanding of 

such peripheral neuropathies, but the lack of human-relevant experimental models limits 

further research. The aim of this work was to develop new approaches to assess 

peripheral neurotoxicity in vitro by using peripheral neurons derived from human 

induced pluripotent stem cells (iPSCs). The establishment of a method to assess toxicant-

induced impairments in neuronal signaling was of particular interest, since peripheral 

neuropathies manifest primarily as sensory symptoms, including aberrant pain 

perception. In a first step, the fate specification of a conventional protocol for the 

differentiation of human peripheral neurons was directed toward nociceptive neurons by 

exploiting the principle of transcriptional programming, in this case by controlled 

overexpression of an NGN1-transgene. Comprehensive functional characterization 

confirmed that the resulting neurons were peripheral neurons with nociceptor features 

(PNN) capable of stable pain receptor signaling via transient receptor potential-V1 

(TRPV1) receptors and the purinergic receptor P2X3. In a next step, functional PNN were 

explored regarding their capacity to model chemotherapy-induced peripheral 

neuropathy (CIPN)-related alterations in pain signaling. For the evaluation of such 

signaling responses detected in Ca2+-imaging experiments, a dedicated software was 

developed. It enabled the image-based quantification of changes in intracellular Ca2+-

concentration of hundreds of individual cells simultaneously. PNN were found to be 

capable of displaying CIPN-related functional impairments upon exposure to the 

chemotherapeutic drug oxaliplatin. Altered signaling through TRPV1 as well as the 

development of allodynia-like mechanical hypersensitivity were detected. This proves the 

usefulness of PNN as an in vitro model to study CIPN. Finally, the relevance of PNN for pre-

clinical evaluations of chemotherapeutic agents was strengthened by a study on the 

substance class of proteasome inhibitors, which are associated with painful CIPN in vivo. 

Specific attenuation of purinergic P2X3 pain receptor signaling and cytoskeletal 

reorganization were identified as early indicators of cellular stress induced by non-

cytotoxic concentrations of proteasome inhibitors. PNN exhibited superior sensitivity 

towards proteasome inhibitor-induced alterations compared to immature peripheral 
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neurons. This demonstrated the importance of test methods that are specific to the target 

cell type and developmental stage in vivo. The studies presented in this thesis expand the 

panel of test methods for identifying peripheral neurotoxicants, thus improving risk 

assessment. Moreover, new avenues are opened for a better understanding of peripheral 

neuropathies. This may allow future improvements of drug development in terms of 

chemotherapeutic agents with fewer side effects, but also pharmacological 

countermeasures for CIPN. 
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Zusammenfassung 

Die periphere Neurotoxizität stellt eine große Herausforderung in der 

Arzneimittelentwicklung dar. Insbesondere bei Chemotherapeutika ist die periphere 

Neurotoxizität eine häufig beobachtete Nebenwirkung, die dosis-limitierend sein kann 

und die Lebensqualität der Patienten nach der Therapie beeinträchtigen kann. Die 

Entwicklung und die Risikobewertung von Medikamenten würden von einem besseren 

Verständnis solcher peripheren Neuropathien profitieren, aber der Mangel an human-

relevanten Versuchsmodellen schränkt die weitere Forschung ein. Ziel dieser Arbeit war 

die Entwicklung neuer Konzepte zur Bewertung der peripheren Neurotoxizität in vitro 

unter Verwendung peripherer Neuronen, die aus humanen induzierten pluripotenten 

Stammzellen (iPSCs) gewonnen werden. Die Erarbeitug einer Methode zur Evaluierung 

toxikologisch bedingter Beeinträchtigungen der neuronalen Signalübertragung war von 

besonderem Interesse, da sich periphere Neuropathien vor allem als sensorische 

Symptome, einschließlich einer gestörten Schmerzwahrnehmung, manifestieren. In 

einem ersten Schritt wurde das Entwicklungsziel eines konventionellen Protokolls für die 

Differenzierung humaner peripherer Neuronen auf nozizeptive Neuronen ausgerichtet. 

Dafür wurde das Prinzip der transkriptionellen Programmierung, in diesem Fall durch 

kontrollierte Überexpression eines NGN1-Transgens, ausgenutzt. Eine umfassende 

funktionelle Charakterisierung bestätigte, dass es sich bei den resultierenden Neuronen 

um periphere Neuronen mit Nozizeptor-Eigenschaften (PNN) handelte, die zur stabilen 

Schmerzrezeptor-Signaltransduktion über TRP (englisch „transient receptor potential) 

V1-Rezeptoren und den purinergen Rezeptor P2X3 fähig sind. In einem nächsten Schritt 

wurden funktionelle PNN auf ihre Fähigkeit hin untersucht, Veränderungen der 

Schmerzsignalübertragung zu modellieren, die mit der Chemotherapie-induzierten 

peripheren Neuropathie (CIPN) zusammenhängen. Für die Auswertung solcher 

Signalreaktionen, die in Ca2+-Bildgebungsexperimenten ermittelt werden, wurde eine 

spezielle Software entwickelt. Diese ermöglichte die bildgestützte Quantifizierung von 

Veränderungen der intrazellulären Ca2+-Konzentration von Hunderten von Einzelzellen 

gleichzeitig. Es wurde gezeigt, dass PNN in der Lage sind, CIPN-ähnliche funktionelle 

Beeinträchtigungen zu entwickeln, wenn sie dem Chemotherapeutikum Oxaliplatin 

ausgesetzt sind. Eine veränderte Signalübertragung durch TRPV1 sowie die Entwicklung 

einer allodynie-ähnlichen mechanischen Überempfindlichkeit wurden festgestellt. Dies 

belegte die Nützlichkeit der PNN als in vitro-Modell zur Erforschung von CIPN. 
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Abschließend wurde die Relevanz von PNN für die präklinische Prüfung von 

Chemotherapeutika durch eine Studie über die Substanzklasse der Proteasom-

Inhibitoren untermauert, die in vivo mit schmerzhafter CIPN verbunden sind. Eine 

spezifische Abschwächung der purinergen P2X3-Schmerzrezeptor-Signalübertragung 

und eine Reorganisation des Zytoskeletts wurden als frühe Indikatoren für zellulären 

Stress identifiziert, der durch nicht-zytotoxische Konzentrationen von Proteasom-

Inhibitoren ausgelöst wird. PNN zeigten im Vergleich zu unreifen peripheren Neuronen 

eine höhere Empfindlichkeit gegenüber durch Proteasom-Inhibitoren hervorgerufenen 

Veränderungen. Dies verdeutlichte, wie wichtig Testmethoden sind, die auf den Ziel-

Zelltyp und das Entwicklungsstadium in vivo abgestimmt sind. Die in dieser Arbeit 

vorgestellten Studien erweitern das Spektrum der Testmethoden zur Identifizierung 

peripherer neurotoxischer Stoffe und optimieren damit die Risikoanalyse. Darüber 

hinaus wurden neue Wege zu einem besseren Verständnis der peripheren Neuropathien 

eröffnet. Dies könnte künftige Verbesserungen bei der Arzneimittelentwicklung im 

Hinblick auf Chemotherapeutika mit geringeren Nebenwirkungen, aber auch auf 

pharmakologische Behandlungsmöglichkeiten für CIPN ermöglichen.  
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 Introduction 

 The peripheral nervous system 

The peripheral nervous system (PNS) is the mediator between the brain and spinal cord, 

i.e., the central nervous system (CNS), and the muscles, organs, and skin. It transfers 

information from other parts of the body to the CNS, allowing us to recognize a diverse 

range of stimuli. Furthermore, it enables us to react to such stimuli by transmitting 

information from the CNS to the periphery, e.g., the limbs. The PNS is divided into two 

main systems based on the type of signals they convey: the somatic nervous system and 

the autonomic nervous system (Catala and Kubis 2013). The autonomic nervous system 

unconsciously controls smooth muscles of the viscera and glands and is in turn divided 

into three sections: the sympathetic, parasympathetic and enteric divisions (Gabella 

2001). The somatic nervous system, in contrast, is in charge of transmitting all conscious 

signals. It consists, on the one hand, of efferent motor nerves that control voluntary 

movements and, on the other hand, of afferent sensory nerves that form the (somato-) 

sensory nervous system (SNS) and convey signals from sensory receptors distributed 

throughout the body (Catala and Kubis 2013). Highly coordinated developmental 

processes are required to give rise to this broad spectrum of subtypes of peripheral 

neurons with all their different functions and tissue targets. 

 Development of the peripheral nervous system 

Embryonic development starts with the fertilization of the oocyte. The resulting zygote 

undergoes cell division until the stadium of the multicellular morula is reached. Then, cells 

start to differentiate into the outer and the inner cell mass, thereby forming the blastocyst 

(Elshazzly et al. 2021; O'Rahilly and Müller 2010). The embryo develops from the inner 

cell mass. During gastrulation, the inner cell mass forms the three germ layers: the 

ectoderm, mesoderm and endoderm. Different tissues and organs develop from each of 

the three germ layers. The liver, gut and bladder develop from the endoderm, while, e.g., 

skeleton, heart, and kidneys are formed by the mesoderm (Elshazzly et al. 2021; Ferretti 

and Hadjantonakis 2019; Grapin-Botton and Melton 2000). The ectoderm is further 

divided into the non-neural or surface ectoderm, giving rise to the skin, and the neural 

ectoderm (Elshazzly et al. 2021; O'Rahilly and Müller 2010). 
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The neural ectoderm undergoes neurulation. During this process, the neural ectoderm 

gives rise to the neural plate, which forms the neural tube by bending upwards until the 

neural folds fuse and close the neural tube (Nikolopoulou et al. 2017). At the neural plate 

border, which is the dorsal-most part of the neural tube, neural crest cells (NCCs) are 

formed in response to inductive signals from the non-neural ectoderm and the underlying 

mesoderm (Selleck and Bronner-Fraser 1995). They undergo epithelial-to-mesenchymal 

transition and start to delaminate from the neural tube. NCCs can be classified according 

to their origin along the neuraxis: cranial, cardiac, vagal, trunk, and sacral (Marmigère and 

Ernfors 2007). Specific pathways of migration and differentiation capacities are 

attributed to the single groups, with the trunk NCCs giving rise to cells of the PNS, 

comprising the autonomic and the somatic nervous system. The delaminated trunk NCCs 

migrate along a ventral pathway (Fig. 1.1A). NCCs that differentiate towards cells of the 

autonomic lineage, including enteric and sympathetic neurons, migrate further ventral 

than NCCs that produce cells of the sensory lineage. These sensory neurons form the 

dorsal root ganglia (DRG) in close proximity to the spinal cord (Fig. 1.1B,C). 

 

 

 

Figure 1.1: The development of the peripheral nervous system 

(A) Trunk neural crest cells (NCCs) of the autonomic and the sensory lineage delaminate from the dorsal part of the 

neural tube and start to migrate ventrally. (B) NCCs with autonomic lineage commitment differentiate into neurons that 

form the sympathetic chain or innervate the gut. The NCCs of the sensory lineage coalesce into the dorsal root ganglia 

(DRG) where they specify into three main types of sensory neurons: proprioceptive (green, large), mechanoreceptive 

(blue) and nociceptive (red, small) neurons. (C) Cell bodies of sensory neurons reside in the DRGs. The neurons are 

pseudo-unipolar with only one process, the axon, extending from each cell body. This axon bifurcates and extends to 

the periphery innervating target tissues such as organs, skin or joints, and to the spinal cord, where it connects to the 

CNS. Figure adapted and modified based on (Marmigère and Ernfors, 2007) 
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 Development of the sensory nervous system 

The sensory neurons can be grouped into three subclasses: proprioceptors, 

mechanoceptors and nociceptors. These sensory neuronal cell types develop during 

different waves of trunk sensory neurogenesis (Fig. 1.2). These waves are characterized 

by the expression of distinct basic helix-loop-helix transcription factors, the neurogenins, 

which bias NCCs to the sensory lineage (Bhatt et al. 2013; Ma et al. 1999; Marmigère and 

Ernfors 2007). During the first wave, the subset of early migratory NCCs transiently 

expresses neurogenin 2 (NGN2) and migrate into the coalescing DRG (Ma et al. 1999). 

Next, the postmigratory NCCs down-regulate the expression of NGN2, while BRN3A 

expression is induced. NCCs of this first wave particularly develop into mechanoreceptors 

and proprioceptors. At early stages of development, these types of sensory neurons are 

characterized by the expression of the Runt related transcription factor RUNX3 and the 

tropomyosin receptor kinase (Trk) C, which is the receptor for neurotrophin-3 (Chen AI 

et al. 2006; Kramer et al. 2006; Levanon et al. 2001; Tessarollo et al. 1993). Expression of 

both factors is maintained in proprioceptors, while RUNX3 is down-regulated during the 

development of mechanoreceptors. The latter are characterized by distinct expression 

patterns of tyrosine receptor kinase (Trk) B, the receptor for the brain-derived 

neurotrophic factor (BDNF) and TrkC (Chen AI et al. 2006; Klein et al. 1991; Kramer et al. 

2006; Tessarollo et al. 1993).  

The second wave of sensory neurogenesis is initiated by the expression of neurogenin 1 

(NGN1) (Ma et al. 1998; Ma et al. 1999). After migration into the coalescing DRG, 

multipotent NCCs, which are positive for the NCC-characteristic transcription factor 

SOX10, express NGN1. They give rise to the major part of the nociceptor population, which 

is, at early developmental stages, characterized by the expression of the nerve growth 

factor (NGF) receptor TrkA and the transcription factor RUNX1 (Snider and McMahon 

1998).  
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Figure 1.2: Waves of trunk sensory 

neurogenesis and subtype specification 

Schematic representation of the two waves of 

neurogenesis from trunk NCCs. The axis on the 

left depicts the dorsoventral position and the 

corresponding migratory status of the neural 

crest cells (NCCs). During the first wave of 

neurogenesis, multipotent SOX10-positive 

(SOX10+) cells migrate and express NGN2. 

NGN2-expression induces a sensory neuron 

(SN) bias and is followed by the expression of 

BRN3A in the postmigratory state. Cells of the 

first wave then differentiate into 

mechanoreceptors and proprioceptors, which 

express RUNX3 and TrkC at early 

developmental stages. Proprioceptors 

maintain the expression of both factors, while 

RUNX3 is down-regulated during the 

development of mechanoreceptors (TrkB+, 

TrkC+ and/or Ret+). During the second wave of 

sensory neurogenesis, all migratory NCCs 

maintain SOX10 expression. Sensory 

commitment and the specification into 

nociceptors is induced by the expression of 

NGN1 and BRN3A in postmigratory NCCs in 

the DRG. All early nociceptors express RUNX1 

and TrkA. However, during development, only 

about half of the nociceptors maintain TrkA 

expression (peptidergic nociceptors), while 

the other half down-regulate TrkA and 

upregulate Ret (non-peptidergic nociceptors). 

Figure adapted and modified based on 

(Marmigère and Ernfors 2007, Bhatt et al. 

2013). 

 

 Nociceptors – the pain-sensing neurons 

The sensory neuronal subclass of nociceptors is, in turn, divided into two main nociceptor 

classes that undergo distinct differentiation pathways - the peptidergic and the non-

peptidergic nociceptors (Fig. 1.2). During development, the aforementioned NGF-

receptor TrkA is down-regulated again in about half of the nociceptors (Chen C-L et al. 

2006; McMahon et al. 1994). These TrkA-negative cells constitute the class of non-

peptidergic nociceptors, which maintain the expression of RUNX1 and up-regulate the 

expression of RET, the glia-derived neurotrophic factor (GDNF) receptor (Franck et al. 

2011; Snider and McMahon 1998; Takaku et al. 2013). They are further characterized by 

isolectin B4 binding and the expression of the purinergic receptor subtype P2X3 (Chen et 

al. 1995; Chen C-L et al. 2006; Snider and McMahon 1998). Peptidergic neurons, which 
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maintain the expression of TrkA but down-regulate RUNX1, express and release the 

neuropeptides calcitonin gene-related peptide (CGRP) and substance P (Snider and 

McMahon 1998). A subpopulation of the TrkA-positive neurons co-expresses RET and 

exhibits a mixed phenotype of peptidergic neurons with P2X3 expression (Rostock et al. 

2018). 

Furthermore, nociceptors can be distinguished according to their responsiveness to 

different stimuli. Nociceptors possess a high activation threshold, which is why they 

respond only to potentially tissue-damaging stimuli (Sherrington 1903). They detect 

noxious thermal, chemical, and mechanical stimuli via ion channels that respond 

specifically to certain environmental features. The responsible ion channels are described 

in the following and include but are not limited to transient receptor potential (TRP) 

channels, purinergic receptors and voltage-gated sodium channels. 

TRP channels 

The majority of heat-sensing nociceptors display an activation threshold of 42°C, which 

allows us to recognize and avoid potentially harmful temperatures (Basbaum et al. 2009). 

The TRP ion channel vanilloid-1 (TRPV1) is a prominent transducer of this noxious range 

of warm temperatures (>42°C) (Basbaum et al. 2009; Caterina et al. 2000). However, it is 

not only activated by increased temperatures but also by the TRPV1 specific compound 

agonist capsaicin (Caterina et al. 1997). This polymodality of TRPV1 activation also 

includes other agonists such as H+ and metabolites of polyunsaturated fatty acids, e.g., the 

endocannabinoid anandamide (Dhaka et al. 2007; Ramsey et al. 2006). TRPV1 activation 

leads to the opening of the non-selective cation channel pore. The subsequent influx of 

cations depolarizes the neurons resulting in a burning pain sensation. Further thermo-

sensitive TRPs (thermoTRPs) activated by distinct ranges of warm temperatures are 

TRPV2-4 (see table 3.1) (Levine and Alessandri-Haber 2007). 

Nociceptors are not restricted to heat-sensation, but can also detect cold stimuli. A cold-

activated thermoTRP channel expressed in nociceptors is TRPM8 (melastatin-8). TRPM8 

is gated by temperatures of 25°C or below but can also be activated by compound agonists 

like menthol (Bautista et al. 2007; Colburn et al. 2007; Dhaka et al. 2007; Peier et al. 2002). 

A second cold-sensitive channel of the TRP family is TRPA1 (ankyrin-1), which is activated 

by noxious cold at temperatures below 17°C (Karashima et al. 2009). This channel shares 

the TRP family feature of polymodal activation and also functions as a ligand-gated non-
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selective cation channel. Specific activation of TRPA1 can be elicited by allyl 

isothiocyanate (mustard, wasabi) and cinnamaldehyde (cinnamon), which are known to 

cause a pungent burning sensation (Bandell et al. 2004). Table 3.1 provides a 

comprehensive but not exhaustive overview of human thermoTRPs and respective 

activating stimuli. 

 

Table 1.1: ThermoTRPs and the respective activating stimuli 

thermoTRP Thermal activation Chemical agonists 

TRPV1 >42°C Capsaicin, protons, resiniferatoxin, piperine, 

olvanil, anandamide 

TRPV2 >52°C 2-aminoethoxydiphenyl borate 

TRPV3 >33°C Camphor, thymol, carvacrol 

TRPV4 >25-34°C Bisandrographolide 

TRPM8 <25°C Menthol, icilin, eucalyptol, geraniol 

TRPA1 <17°C Cinnamaldehyde, mustard oil, acrolein, allicin 

 

Purinergic receptors 

In addition to the channels of the TRP family, there are many other receptors and channels 

characteristic of nociceptors and involved in pain sensation. In 1977, it was reported that 

ATP applied to a blister base elicited the sensation of pain (Bleehen and Keele 1977). 

Nowadays, it is known that the purinergic receptor P2X3 is involved in such ATP-induced 

pain sensations (Jarvis et al. 2002; North 2004). ATP can be released from endothelial and 

epithelial cells upon shear stress or distension (Bodin and Burnstock 2001; Ferguson et 

al. 1997; Schwiebert et al. 2002) or simply by (mechanically) lysed cells (Cook and 

McCleskey 2002). This points towards a potential role of P2X3 in mechanical pain 

sensation (Nakamura and Strittmatter 1996; North 2004), and also in chronic 

inflammatory pain conditions (Jarvis 2003). 

Voltage-gated sodium channels 

Other channels contributing to pain sensation are voltage-gated sodium (NaV) channels. 

Up to five NaV channels are found on cells of the DRG. Three of them, NaV1.7, NaV1.8, and 

NaV1.9, are exclusively expressed in the PNS. Other NaV channel subtypes not only 

expressed in the DRG but also in the CNS are NaV1.3 and NaV1.6 (Dib-Hajj et al. 2010; 

Wood et al. 2004). NaV channel subtypes can be distinguished based on their sensitivity 
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to blocking by the neurotoxin tetrodotoxin (TTX). While NaV1.3, NaV1.6, and NaV1.7 are 

blocked by TTX, NaV1.8 and NaV1.9 are resistant to it. Altered expression and activity of 

sodium channels are associated with inflammatory and neuropathic pain. Such alterations 

could lead to enhanced neuronal excitability, which is discussed as the main pain-

triggering mechanism in such conditions (Kim et al. 2001; Sleeper et al. 2000). 

 Nociceptor sensitization 

Inflammation and tissue injury induce hypersensitivity to stimuli in the surrounding area, 

described as allodynia and hyperalgesia. Hyperalgesia refers to the sensation of enhanced 

pain in response to noxious stimuli, i.e., an increase in the magnitude of response, whereas 

allodynia describes a decrease in the activation threshold. Thus, under allodynic 

conditions, stimuli normally perceived as innocuous are now transmitted by the 

nociceptive pathway and induce pain sensation. These phenomena result from nociceptor 

sensitization and lead to a nocifensive behavior towards the injured site, protecting it 

from further damage (Dubin and Patapoutian 2010). Specific factors that induce 

sensitization include neurotrophins (e.g., NGF), neurotransmitters (e.g., substance P, 

CGRP), prostaglandins (e.g., PGE2), kinins (e.g., bradykinin), protons and ATP, collectively 

called the “inflammatory soup” (Fig. 1.3) (Basbaum et al. 2009; Bonnington and 

McNaughton 2003; Chuang et al. 2001; Namer et al. 2015; Tominaga et al. 1998; Woolf 

and Ma 2007; Yam et al. 2018).  

Given this variety of sensitizers, the proposed mechanisms of sensitization are similarly 

diverse. One of the mechanisms contributing to NGF-induced sensitization is the increase 

in membrane incorporation of pain-related TRPV1 channels by exocytotic insertion from 

intracellular stores (Zhang et al. 2005). Up-regulation of the TRPV1 de novo synthesis is 

also a known sensitization process (Fig. 1.3) (Ji et al. 2002). Another proposed contributor 

to nociceptor sensitization is the release of TRPV1 from endogenous inhibition by 

phosphatidylinositol 4,5-bisphosphate (PIP2) through the metabolism of PIP2 induced by 

phospholipase C signaling (Chuang et al. 2001). These examples emphasize that TRPV1 is 

one of the main pain receptors affected by sensitization and plays a key role, especially in 

thermal hyperalgesia (Caterina et al. 2000; Davis et al. 2000). Another aforementioned 

TRP channel, TRPA1, is also known to contribute to thermal but also to mechanical 

hypersensitivity (Bautista et al. 2006; Kwan et al. 2006). Nociceptive thresholds may also 
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be modulated by voltage-gated sodium channels as shown by mutations in NaV1.7 

channels associated with increased nociceptor-excitability (Choi et al. 2006).  

As nociceptor sensitization plays an essential role in pain pathogenesis, targeting the 

underlying mechanisms appears to be a valuable strategy for pain management. 

Therefore, TRP channel antagonists and selective NaV channel blockers are considered as 

good candidates to treat (inflammatory) pain conditions (Fujii et al. 2008; Honore et al. 

2005; Jarvis et al. 2007). In addition, direct targeting factors of the inflammatory soup 

using anti-NGF or -PGE2 antibodies or blockers of PGE2-synthesis could also address the 

problem at its source by preventing sensitization rather than attenuating pain signaling 

(Jarvis et al. 2007; Portanova et al. 1996; Woolf and Ma 2007).  

 

Figure 1.3: Key players in nociceptor sensitization 

In conditions of injury or inflammation, factors that can activate and/or sensitize nociceptive neurons are released 

(yellow). These factors constitute the inflammatory soup. Protons (H+) can directly activate and sensitize TRPV1 

channels and acid-sensing ion channels (ASICs), while ATP activates P2X3 receptors. NGF, PGE2 and bradykinin are pure 

nociceptor-sensitizers, not activators. NGF binds to its high-affinity receptor, TrkA, inducing de novo synthesis of TRPV1 

and NaV channels in the soma. These channels are then transported to the nociceptor terminals, where they are enriched 

in the plasma membrane. NGF also increases TRPV1 incorporation into the membrane by exocytotic insertion from 

intracellular, TRPV1-bearing vesicles. PGE2 and bradykinin bind to specific receptors and induce phosphorylation of 

protein kinase A and C (PKA, C), respectively. This leads to enhanced NaV channel activity and lowered activation 

thresholds of TRPV1. In addition, substance P and calcitonin gene-related peptide (CGRP) are released by nociceptors 

upon activation and can, in turn, enhance inflammatory processes or act directly on the nociceptors themselves. Figure 

adapted and modified based on (Coutaux et al. 2005). 
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 Peripheral neuropathies 

Peripheral neuropathies are a heterogeneous group of diseases affecting peripheral 

nerves. They can involve autonomic and motor symptoms. However, the first and, 

therefore, most important signs of neuropathy are usually the sensory symptoms. These 

comprise numbness, tingling, pins and needles, as well as burning sensations and pain in 

the extremities (McLeod 1995). It appears typically in a glove-and-stocking distribution, 

which means that sensory impairments are first noticed in hands and feet, the most distal 

regions of the PNS (Fig. 1.4). Peripheral neuropathies can have various causes, e.g. 

diabetes, infections, inflammation, or tumors (Croft and Wilkinson 1965; Fuller et al. 

1993; Govoni et al. 1996; Partanen et al. 1995). In addition, neuropathic diseases can have 

hereditary causes, like in the Charcot-Marie-Tooth disease (Jeong et al. 2013). 

Neuropathies can further be induced by hazardous substances since the PNS is always in 

direct contact with the environment (Morgan 1982). This can lead to so-called toxic 

neuropathies induced by drugs, heavy metals, or industrial agents, whereby the latter is 

rather uncommon (Karam and Dyck 2015). 

Generally, peripheral neuropathies are classified into three main groups based on their 

structural target affected: (i) axonopathies, with axonal degeneration affecting 

predominantly long fibers; (ii) neuronopathies, which involve initial effects on the cell 

bodies, particularly of the DRG; and (iii) myelopathies characterized by segmental 

demyelination, in which the axon remains intact, but the myelin sheath is destroyed 

(McLeod 1995). However, many pharmacological and toxic agents do not cause such 

structural damage but affect synaptic function, e.g., by modulating ion channels, which is 

not considered in the classification of peripheral neuropathies (Valentine 2020). 
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Figure 1.4: Typical glove-and-stocking distribution of peripheral neuropathy symptoms and presumable 

toxicity targets 

First peripheral neuropathy symptoms typically appear in the hands and feet, the so-called glove-and-stocking 

distribution. A schematic sensory neuron displays the potential target sites for specific classes of chemotherapeutic 

agents (platinum compounds, vinca alkaloids, taxanes, Bortezomib): the cell body residing in the dorsal root ganglion, 

the long axon with its myelin sheath, microtubules and ion channels, and the distal nerve terminals. Figure adapted 

from (Park et al. 2013). 

 

 Possible targets affected in toxic neuropathies 

Peripheral neurons depend on numerous highly coordinated and therefore, susceptible 

processes that can be affected by toxicants. The most apparent vulnerability comes with 

the length of peripheral axons. In humans, they may be about a meter long and therefore 

provide an excessive surface area for contact with toxic agents. Since the cell soma is the 

primary biosynthesis source of components of the axon and synapse, well-functioning 

transport mechanisms are required that cover the enormous length of the axon (Lasek et 

al. 1984). In addition, axonal transport in either direction, anterograde or retrograde, is 

crucial for maintaining overall viability and is, therefore, a susceptible mechanism in 

peripheral neurons (Smith et al. 2016).  
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Tracks for cargo transport are formed by linearly arranged microtubules (Niwa et al. 

2013). Microtubules are dynamic structures composed of α,β-tubulin heterodimers and 

are subject to constant and controlled assembly and disassembly. This so-called dynamic 

instability represents another mechanism that is, in turn, also very susceptible to 

perturbations, such as drug binding to tubulin via hydrogen bonds (Fig. 1.4) (Sharma et 

al. 2013). Disruption of microtubule function in the tips of axons impairs proper 

innervation of the epidermis, which is in constant turn-over (Siau et al. 2006).  

In peripheral neurons, a wealth of such constantly occurring, dynamic processes is found, 

such as the aforementioned microtubule dynamics and axonal transport, but also the 

maintenance of the membrane potential, which is required for functional signaling. All 

these processes account for an enormous energy demand of peripheral neurons, which is 

also reflected by a large number of mitochondria in the neuronal synapses (Ly and 

Verstreken 2006). As mitochondria are the main supplier of energy in the form of 

adenosine triphosphate (ATP), this implies that mitochondrial dysfunction has severe 

implications on signal transduction and neuronal maintenance (Summers et al. 2014). 

Additionally, mitochondria accumulate Ca2+ upon stimulation of neurons thereby 

functioning as a buffer system for intracellular Ca2+, which contributes to the maintenance 

of proper neuronal signaling (Ly and Verstreken 2006; Rizzuto et al. 1998). Taken 

together, this highlights that mitochondria may play a key role in peripheral neuropathies 

(Fig. 1.4). 

Neuronal signaling can further be compromised by the modulation of ion channels, which 

are responsible for the stimulus sensation or the transmission of electrical signals (Marrs 

and Maynard 2013). As mentioned before, modulation of ion channels can occur either on 

the level of expression and plasma membrane incorporation or by (de)sensitization, 

which changes the ion channel response threshold (Fig. 1.3, 1.4) (Choi et al. 2006; Ji et al. 

2002; Zhang et al. 2005). 

 Chemotherapy-induced peripheral neuropathy 

Drug toxicity is the most common cause of toxic neuropathies and is especially induced 

by chemotherapeutic agents (Fig. 1.4) (Karam and Dyck 2015). Among patients receiving 

chemotherapy, the prevalence of chemotherapy-induced peripheral neuropathy (CIPN) is 

more than 60% and continues to increase (Seretny et al. 2014). CIPN is often the dose-
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limiting side-effect of chemotherapeutic drugs. In most cases, it is reversible, but CIPN can 

also be long-lasting, even permanent (Brouwers et al. 2009; Richardson et al. 2006). 

Sometimes a phenomenon called “coasting” is observed, which means the worsening of 

symptoms after treatment termination (Albany et al. 2021; Park et al. 2013).  

Coasting is particularly common for platinum derivates used in chemotherapy, such as 

cisplatin, carboplatin, and oxaliplatin (Albany et al. 2021; Karam and Dyck 2015). 

Neuropathies induced by platinum compounds are mainly sensory and fall into the class 

of neuronopathies. The DRGs are damaged due to the crosslink of the platinum 

compounds with the DNA, thereby inhibiting DNA repair and synthesis, which ultimately 

leads to apoptosis. In the particular case of oxaliplatin, also acute symptoms can be 

observed. These manifest themselves in the form of cold-induced paresthesia in the hands 

and feet, tightness of the throat and jaw, and muscle cramps. Such acute symptoms are 

not linked to structural effects of oxaliplatin but to hyperexcitability of the neurons 

(Adelsberger et al. 2000; Lehky et al. 2004; Webster et al. 2005; Wilson et al. 2002). 

Vinca alkaloids are another group of chemotherapeutics accounting for CIPN, with 

vincristine as the most neurotoxic agent of this drug class (Karam and Dyck 2015). They 

interfere with the microtubule system by hindering the assembly of tubulins. This has 

severe implications for axonal transport and the general maintenance of the neuronal 

structure, resulting in distal axonopathy. Furthermore, vincristine is discussed to induce 

mitochondrial dysfunction leading to altered Ca2+ efflux and uptake, thus impairing 

intracellular signaling and neuronal excitability (Canta et al. 2015). The first symptoms of 

vincristine-induced peripheral neuropathy are paresthesia in hands and feet, and loss of 

tendon reflexes (Casey et al. 1973). However, CIPN is often reversible and, due to its dose-

dependency, dose adjustment can limit the extent of neuropathy (Legha 1986).  

Instead of preventing tubulin assembly in order to interfere with microtubule dynamic 

instability, chemotherapeutic agents can also rely on the principle of microtubule 

stabilization. One example is the taxane class, which binds to the β-subunit of tubulin from 

the inside of the microtubules, thereby stabilizing them (Horwitz 1994). Taxanes, such as 

paclitaxel, and docetaxel, are often used as post-operative adjuvant treatment of breast 

cancer patients (Shimozuma et al. 2012). Taxol is associated with sensory neuropathic 

symptoms, with pain observed in up to 40% of the patients (Winer et al. 2004). In 

neurons, taxanes act directly on the distal axon and cause a length-dependent 
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polyneuropathy affecting primarily sensory but also motor neurons (Gornstein and 

Schwarz 2017).  

Proteasome inhibitors (PIs) are used clinically to treat multiple myeloma (Kane et al. 

2003; Richardson et al. 2003). As the name indicates, these drugs target the proteasome, 

which is responsible for the degradation of more than 80% of proteins in eukaryote cells 

(Craiu et al. 1997). As neurons have a high protein turnover and metabolic rate due to the 

wealth of constantly ongoing, dynamic processes, it is not surprising that PIs can induce 

neurotoxicity (Alé et al. 2014). The PI bortezomib induces peripheral neuropathies, which 

are exclusively sensory and often painful, affecting up to 64% of patients (Jagannath et al. 

2004; Richardson et al. 2006; Richardson et al. 2009; San Miguel et al. 2008; Velasco et al. 

2010). The underlying mechanisms of neuropathy induction are still unknown for the 

class of PIs. Besides cytoskeletal alterations due to increased tubulin polymerization and 

DNA damage, also aggresome formation, mitochondrial dysfunction, and 

neuroinflammation are discussed as causes of PI-induced neuropathies (Alé et al. 2014; 

Poruchynsky et al. 2008; Staff et al. 2013).  

As the number of cancer survivors increases, so does the number of people suffering from 

CIPN (Mols et al. 2014). This fact highlights the need to understand better the mechanisms 

underlying peripheral neuropathies induced by chemotherapeutic drugs. Research and 

new insights in this direction essentially form the basis for the development of 

antineoplastic drugs with fewer side effects. 

 

 Assessment of peripheral neurotoxicity 

In clinics, peripheral neurotoxicity is often assessed using clinician-guided, standardized 

classification scales, called the Common Toxicity Criteria. However, this strategy is 

associated with significant inter-observer variations and could lead to misinterpretations 

due to undifferentiated evaluation of impairments, disability, and quality of life (Cavaletti 

et al. 2010). Quantitative sensory testing is applied to assess hyperalgesia or allodynia 

conditions using heat, cold, and pressure as stimuli. Furthermore, a skin biopsy is used as 

a standard method to investigate intraepidermal nerve fiber density providing evidence 

of possible nerve fiber loss (Argyriou et al. 2019; Kanzawa-Lee et al. 2019). 
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The latter two methods are also used in in vivo CIPN research mainly performed in 

rodents. Rodent models offer a broad spectrum of readout possibilities with functional 

sensory and motor tests as standard methods. The rotarod test, for example, assesses 

sensory-motor function and coordination of animals balancing on a rotating stick, 

whereas hyperalgesia can be assessed in the pin-prick test, measuring paw-withdrawal 

triggered by pressing but not penetrating the skin. (Bruna et al. 2020). Functional 

alterations of the nerves, e.g., in the action potential amplitude, can be assessed in in vivo 

electrophysiological nerve conduction studies via electrodes inserted into the tail or 

muscles of the animals (Boehmerle et al. 2014).  

Rodents are complex organisms with metabolism, where interactions between different 

cell types come into play, and behavioral changes can be assessed (Bruna et al. 2020). 

However, such complex systems often reveal only specific symptoms, but do not allow a 

clear distinction between primary and secondary effects. Furthermore, studies on rodents 

are always associated with ethical concerns, as the animals often must undergo painful 

and distressing scientific procedures.  

To overcome such ethical issues in CIPN research, in vitro cell culture models are 

increasingly used nowadays. However, the cell-based systems most commonly used as 

models for the PNS are still based on non-human cells, such as cultured dorsal root ganglia 

of rodents (Alé et al. 2015; Meregalli et al. 2014; Staff et al. 2013). Such systems have the 

major disadvantage that the obtained results can only be transferred to humans to a 

limited extent due to the differences between sensory neurons of humans and other 

model organisms (Chen et al. 2008; Davidson et al. 2014; La Roche et al. 2013; Serrano et 

al. 2012).  

The use of stem cells was a turning point in the availability of cell systems relevant to 

humans. Targeted differentiation of human stem cells in vitro enables the generation of 

cell types otherwise inaccessible for toxicity testing, such as peripheral neurons 

(Chambers et al. 2012; Hoelting et al. 2016). General advantages of in vitro cultures are 

the controlled physico-chemical environment and the fast replication of experiments. At 

the same time, the simplicity of cell culture models, as only the cell type of interest is 

studied, can be seen as an advantage or disadvantage (Lehmann et al. 2020). However, 

the most important positive aspect of the simplicity is that mechanistic studies can be 

performed. Single aspects of the cultured cells, such as the cytoskeletal structure, general 
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morphology of the neurons (e.g., neurite length, branching, integrity), and functional 

features (e.g., receptor function, network formation), can be investigated simultaneously. 

Such deconstructed in vitro approaches could reveal, for example, de-regulations of 

distinct pain receptors that could contribute to the CIPN symptoms observed in vivo. 

Therefore, in vitro cell systems allow both the testing of known neurotoxicants to uncover 

the underlying mechanisms of neurotoxicity as well as the rapid and simple testing of 

unknown substances to identify potentially harmful neurotoxicants. 

 

 Future strategies in toxicology 

The primary means for toxicological studies have ever been animal models, especially in 

rodents. However, already in 1959, Russel and Burch presented a vision for overcoming 

such inhumane techniques used in animal experimentation (Russell and Burch 1959). On 

the one hand, they acknowledged that animal experimentation was the basis for 

numerous scientific knowledge and modern medicine achievements. On the other hand, 

they have highlighted the ethical concerns and defined the 3Rs principle as a basis and 

guideline for future developments in science. The principles of Refinement, Reduction and 

Replacement of animal experimentation constitute the 3Rs. Whenever possible, 

experiments using live, sentient animals should be replaced by non-animal models or 

other non-sentient material such as tissue slices. When complete replacement is not 

possible, consideration should be given to reducing the number of experimental animals 

used to the minimum number necessary to reliably answer a particular research question. 

Any animal experimentation method still required should be refined to minimize pain, 

suffering and any kind of distress for the animals. This approach was intended to improve 

the animal wellfare and the quality of scientific and medical research. 

Switching experimental systems from sentient animal models to, e.g., tissue slices would 

still require the use of animals. Therefore, the complete replacement of animal material 

with human cell systems would be of great interest to minimize ethical concerns while 

improving the quality of science since, as previously mentioned, it is generally 

questionable to what extent animal-derived data is relevant for human risk assessment 

(Hartung 2008). Differences between animals and humans cannot be denied and are the 

greatest challenge in translational research. They vary in terms of bioavailability, 
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toxicokinetics and toxicodynamics, but also in terms of developmental processes 

(Hartung 2008; Lin 1995; Sietsema 1989). Further, it is known that the cell type 

constitution of organs can differ between humans and animals, such as the dorsal root 

ganglia that exhibit different nociceptor compositions in mice and humans (Rostock et al. 

2018). The abundance and distribution of nervous system signaling receptors and 

channels also vary significantly between species (Chen et al. 2008; Davidson et al. 2014; 

La Roche et al. 2013; Serrano et al. 2012). This can pose major challenges for the 

identification of toxic compounds, just as for the development of therapies. Additional 

problems of risk assessment based on animal models arise from the fact that some 

human-relevant diseases, such as autism or attention-deficit/hyperactivity disorder, 

cannot even be studied in animals (Terron and Bennekou 2018). Animal tests can also 

yield misleading results. Rodents can, for example, die upon oral uptake of a substance 

that damages the intestinal epithelium, whereas humans would get rid of the substance 

through vomiting (which rodents cannot do) (Hartung 2008). In animals, it is generally 

challenging to study disease mechanisms in detail or to determine the primary 

compound-related effects that lead to the observed overall outcome. However, it is 

certainly not a realistic option to perform primary toxicity tests on humans rather than 

animals. In addition, testing on cells of human origin was also not feasible for a long time 

because most cell types were not available in sufficient quantities for toxicity testing, e.g., 

peripheral neurons. Strikingly, with the generation of human immortalized cell lines and 

the advent of stem cell technology, the prerequisites for animal-free research have 

changed completely (Jennings 2015).  

 New approach methodologies in peripheral neurotoxicity testing 

New approach methodologies (NAMs) for toxicity assessment include in vitro assays, e.g., 

human cell culture systems, in silico models, such as quantitative structure-activity 

reationship (QSAR) models, and computational models of exposure, e.g., in vitro to in vivo 

extrapolation (IVIVE) (Parish et al. 2020). They constitute the basis for a paradigm shift 

in risk assessment towards animal-free testing with enhanced speed and improved data 

accuracy. However, while a wide range of CNS models are available for toxicity testing, 

the replacement of animal material in PNS research is not as advanced. For example, less 

than 15% of in vitro studies on CIPN were conducted using human cell lines or induced 

pluripotent stem cell (iPSC)-derived neurons until 2019 (Lehmann et al. 2020). Among 
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the cells used in these human cell-based studies, the SH-SY5Y cell line is frequently used. 

However, it is more of a model for dopaminergic or cholinergic, but not sensory neurons. 

Especially research regarding CIPN-associated pain is hampered using this cell line, as the 

cells lack important nociceptor markers such as TRPV1 or CGRP (Yin et al. 2016). Such 

limitations of cell lines can be overcome by using human stem cell-derived models of 

peripheral neurons. This is why various differentiation procedures are currently 

established to generate peripheral neurons (Boisvert et al. 2015; Chambers et al. 2012; 

Hoelting et al. 2016; Jones et al. 2018; Valensi-Kurtz et al. 2010), but the application of 

these iPSC-derived cells for in vitro testing strategies is rather limited so far. 

Only a limited spectrum of endpoints was investigated in the few cases in which iPSC-

derived peripheral neurons were used to assess adverse effects of compounds in vitro. A 

commonly investigated endpoint was the overall cell viability. The other endpoints 

examined were related to the neuronal morphology (Delp et al. 2018; Hoelting et al. 2016; 

Rana et al. 2017; Schinke et al. 2021; Wing et al. 2017). However, chemotherapy-induced 

and general peripheral neurotoxicity are not exclusively linked to the length or integrity 

of neurites. There are, as mentioned earlier, many other processes that may be affected 

before effects on the neurites occur (see section 3.2.1). Therefore, processes like neuronal 

signaling should be considered as endpoints when testing for adverse effects of 

compounds as they may be even more sensitive. Figure 1.5 gives an overview of possible 

experimental approaches to define neurotoxicity in general.  
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Figure 1.5: Experimental approaches to define neurotoxicity and disease 

Viability endpoints, as well as morphological and functional endpoints can indicate neurotoxicity. Examples for test 

endpoints to be considered are given in the blue boxes; the green box displays possible analytical methods for their 

assessment. Figure adapted and modified from (Schmidt et al. 2017). 
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 Endpoints to consider for in vitro models used for peripheral neurotoxicity 

assessment 

Studies using human peripheral neurons are still scarce, and all studies assessing toxicant 

effects focus on similar endpoints such as overall cell viability and neurite integrity. 

Neurite integrity is undoubtedly an important feature to be investigated in CIPN research, 

as the phenomenon of “dying-back”, i.e., the degeneration of the most distal parts of the 

axon, is a well-known consequence of chemotherapeutic drug toxicity (Bischoff 1967). 

However, other endpoints could be affected before neurite growth or integrity are 

impaired as discussed in section 3.2.1 (Siau et al. 2006; Smith et al. 2016). Therefore, the 

important question arises about how reliable NAMs should be designed to enable in vitro 

studies of CIPN-features observed in vivo. The following section presents a range of 

endpoints eligible for CIPN models and essential considerations regarding their practical 

implementation. 

Cell viability 

An endpoint that should always be included in any test method is the viability of the cells 

(Eldridge et al. 2021). When multiplexed with other assays, it provides valuable insights 

into the specificity of any other endpoint measured and can be used as an internal control 

to correct for plating errors, for example (Leist et al. 2010). Viability measurements can 

also form the basis for comparisons between different cell types to understand whether 

the observed adverse effects are specific to a particular type of cells. Regarding toxic 

neuropathies, the viability endpoint is especially interesting for investigating 

neuronopathy-inducing agents, such as platinum compounds, which induce apoptosis by 

interference with DNA replication (Gill and Windebank 1998; Staff et al. 2019).  

Viability assays are often based on the metabolic activity of the cells (Ramirez et al. 2010). 

Calcein-AM, for example, is a cell-permeant, non-fluorescent compound that gets 

converted by esterases in viable, enzymatically-active cells resulting in a fluorescent 

probe that can be detected. Alternatively, instead of visualizing viable cells, cells with 

compromised plasma membranes can be visualized by dye exclusion assays (Brüll et al. 

2020). Such assays use dyes like propidium iodide, which are rejected by the plasma 

membrane of healthy cells but can passively diffuse into dying cells, providing a direct 

measure of cytotoxicity (Krishan 1975). Furthermore, colorimetric assays are widely used 
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to assess cell viability. Such assays capture the metabolic activity of a cell culture by 

quantifying the reduction of resazurin or tetrazolium salts (e.g., MTT) (Krug et al. 2014; 

Pamies et al. 2014).However, they do not distinguish between changes in viability or 

proliferation of the cells. Consequently, data on cell viability obtained with such assays 

that do not refer to the overall cell number should therefore be taken with caution. For 

that reason, possible effects interfering with cell proliferation must be clarified (Mosmann 

1983).  

Neurite morphology 

As mentioned before, a widely used approach to assess peripheral neurotoxicity is the 

study of neurite-related morphologic features. The “dying-back” phenomenon is a major 

pathology observed in CIPN presenting as distal nerve degeneration (Bischoff 1967). 

Therefore, neurite parameters like length, width, area, branching and integrity present in 

vivo-relevant morphologic features that can be investigated in vitro (Radio and Mundy 

2008). Modeling the “dying-back” phenomenon implies the degeneration of a pre-existing, 

established neurite network. However, a fully established neurite network requires time 

and handling expertise, which could affect the robustness of the test system, making it 

less suitable for use as a high-throughput screening system (Murray and Wigglesworth 

2016). An alternative to the study of neurite degeneration is the investigation of neurite 

outgrowth. For neurite outgrowth studies, young neurons are used, which are in many 

aspects superior to mature neurons for toxicity testing: (i) testing is more feasible in 

terms of time and handling (Delp et al. 2018; Hoelting et al. 2016; Wheeler et al. 2015; 

Wing et al. 2017); (ii) a culture of young, growing neurons is less tangled, facilitating 

quantitative assessment of parameters like neurite branching; (iii) neurite outgrowth is a 

highly dynamic process with a high energy demand, which makes growing neurons even 

more susceptible to perturbation by toxic substances (Schinke et al. 2021).  

The neurites can be visualized by immunostaining for the pan-neuronal marker βIII-

tubulin or any comparable cytoskeletal protein. In this approach, antibodies against 

cytoskeletal proteins can be combined with antibodies targeting other organelles, e.g., the 

mitochondria. This allows to gain insight into any additional aspects of interest, such as a 

change in mitochondrial shape, which is an indicator of apoptosis induction (Herzig and 

Martinou 2008). However, immunostaining is laborious, time-consuming and involves 

many additional steps that potentially compromise reproducibility. Consequently, it is not 
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an ideal method for screening purposes. An increased throughput can be achieved using 

fluorescent, membrane-permeable dyes that enable live cell imaging, such as calcein-AM 

(Brüll et al. 2020; Delp et al. 2018; Hoelting et al. 2016; Krug et al. 2013; Stiegler et al. 

2011; Wheeler et al. 2015; Wing et al. 2017). Fluorescent labeling of cells allows 

quantifying the neurite-related parameters mentioned above, preferably by high-content 

imaging with subsequent, automated analysis (Stiegler et al. 2011). Another advantage of 

live cell imaging is the possibility of simultaneously evaluating neurite outgrowth and cell 

viability or cytotoxicity in the same culture (Fig. 1.6) (Brüll et al. 2020; Hoelting et al. 

2016; Stiegler et al. 2011). In conclusion, neurite morphology constitutes a CIPN-relevant 

endpoint, which is useful for extensive compound screenings as it can be multiplexed with 

other endpoints in high-content live cell imaging. 

 

Figure 1.6: Morphology-based evaluation of the neurite area multiplexed with a cell viability readout 

The basic principle of the image evaluation algorithm used for the multiplexed quantification of (A) neurite area and 

(B) cell viability applied in several in vitro test methods is shown (Hoelting et al. 2016; Stiegler et al. 2011). (A) 

Untreated, stem cell-derived peripheral neurons stained with Hoechst-33342 (H-33342) and calcein. (i) Detection of 

nuclei by their H-33342 staining in channel 1; (ii) automatic identification and marking (indicated by a blue circle); (iii) 

staining of all viable cells by calcein, which is detected in channel 2; (iv) automatic expanding of the nuclear outline to 

define a “virtual soma area”. All calcein-positive pixels outside the virtual soma area are defined as neurite area (red) 

and automatically quantified. (B) Cells of the example pictures were treated for 24 h with a neuropathy-inducing 

chemotherapeutic agent. (i) H-33342 staining; (ii) automatic identification of cell nuclei, displayed with a color-coded 
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outline of their shape (cyan for normal nuclei, red for aberrant objects (e.g., too small, apoptotic nuclei or fragments)); 

(iii) labeling of viable cells by calcein; (iv) algorithm-based quantification of the calcein intensity in the cells’ “virtual 

soma area”. Cells with calcein staining exceeding a threshold value are classified as viable cells (cyan circles). (C) 

Example pictures of neurite area quantifications for either (i) untreated neurons or (ii-iv) neurons treated with the 

cytoskeleton affecting compounds (ii) vincristine, (iii) colchicine, or (iv) cytochalasin D. Figure adapted and modified 

from (Hoelting et al. 2016). 

 

Ion channel function 

Symptoms of peripheral neurotoxicity are not solely linked to structural alterations of the 

neurons. Patients receiving chemotherapy can experience sensory impairments like pain 

while the neurites can still be structurally intact (Ling et al. 2007). Readouts that assess 

functional aspects of peripheral neurons are therefore not only complementary but 

essential. Ion channels dysfunction is, for example, a known feature of oxaliplatin-induced 

peripheral neuropathy (OXAIPN) (Adelsberger et al. 2000; Calls et al. 2020). Such 

modulations of voltage-gated or ligand-activated ion channels can be studied using the 

patch-clamp technique, which enables the measurement of membrane potential or 

current of individual cells (Adelsberger et al. 2000; Loser et al. 2021c). However, patch-

clamp procedures are either very time consuming if performed manually, or require a 

large number of cells if performed automatically. Alternatively, Ca2+-imaging can be used 

to investigate ion channel function and alterations thereof (Loser et al. 2021c). Ca2+ is 

important for the control of many cellular processes. In neurons, it plays a key role in 

excitability and signal transduction. Changes in the intracellular Ca2+ concentration 

([Ca2+]i) mostly result from Ca2+ entry via Ca2+-permeable ion channels in the cell 

membrane (Tsien and Tsien 1990). Such channels open either upon direct activation by 

an agonist (receptor-operated Ca2+ channels) (Fig. 1.7A), or as a secondary reaction, e.g., 

upon activation by a cytosolic messenger (Fig. 1.7B) or changes in the membrane 

potential (voltage-gated Ca2+ channels, CaV) (Fig. 1.7C). Monitoring of the [Ca2+]i is 

therefore a direct indicator for receptor-operated Ca2+ channel function, but secondarily 

it also visualizes the function of channels for other ions, such as Na+ (Gustafsson et al. 

2010).  
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Figure 1.7: Schematic repre-

sentation of different types of Ca2+-

permeable ion channels 

(A) Receptor-operated Ca2+ channels 

that open upon direct activation by an 

agonist. (B) Second messenger-

operated Ca2+ channels that open upon 

binding of a cytosolic second 

messenger. Such second messengers 

can, for example, be released upon 

agonist-dependent activation of ion 

channel-independent receptors. (C) 

Voltage-gated Ca2+ channels open upon 

depolarization of the cell membrane. 

Depolarization can result from Na+ 

influx upon targeted or spontaneous 

opening of Na+ channels. Opening of 

Ca2+ channels consequently leads to an 

increased intracellular Ca2+ 

concentration [Ca2+]i. 

 

 

 

The availability of fluorescent Ca2+ indicator probes facilitated the study of ion channel 

function and cellular Ca2+-signaling in general (Grynkiewicz et al. 1985). Membrane-

permeable acetoxymethyl (AM) ester forms of these Ca2+-indicators allow the non-

disruptive loading into cells (Tsien 1981). Fluorescent Ca2+ indicators contain a Ca2+-

chelating moiety that quenches fluorescence in the absence of Ca2+ (Leist and Nicotera 

1998; Lock et al. 2015). Rising Ca2+ levels inhibit the quenching and result in an increase 

in fluorescence intensity in the case of single wavelength Ca2+ indicators, such as Fluo-4 

(Fig. 1.8). Ca2+ indicators that emit fluorescence at two different excitation wavelengths, 

e.g., fura-2, exhibit a shift in the peak excitation wavelength with rising intracellular Ca2+ 

concentrations. However, imaging at two excitation wavelengths also comprises imaging 

speed and thus the temporal resolution of Ca2+ changes.  
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Figure 1.8: Ca2+-imaging using the Ca2+ indicator Fluo-4 AM 

Processes involved in Ca2+-imaging are depicted. Cells are loaded with the membrane-permeable, acetoxymethyl (AM, 

red)-modified Ca2+ indicator Fluo-4 (green) (structure 1). In viable cells, esterases cleave the AM-moieties, resulting in 

the membrane non-permeable Fluo-4 (structure 2). De-esterification bares the Ca2+-chelating site of Fluo-4. Ca2+ entry 

via ion channels elevates the intracellular Ca2+ concentration. Fluo-4 chelates Ca2+ (structure 3), thereby increasing the 

intensity of the emitted fluorescence. Figure adapted and modified from (Roopa et al. 2019; Rossi and Taylor 2020). 

    

In Ca2+-imaging experiments, whole populations can be investigated, which is especially 

useful for highly uniform cell cultures (Lilja and Forsby 2004; Loser et al. 2021b; Loser et 

al. 2021c). Beyond that, also single-cell evaluations are possible, which allows the detailed 

investigation of cell cultures composed of several subpopulations expressing different 

receptors or ion channels (Anand et al. 2010; Klima et al. 2021a). Various parameters of 

ion channel function can be studied using Ca2+-imaging, such as reaction kinetics 

(transient or persistent) or the extent of Ca2+ influx. Thus, this endpoint provides insight 

into a wide range of processes that may be altered under neurotoxic conditions. 

Electrical activity 

The electrical activity of neuronal networks can be measured by culturing cells on 

microelectrode arrays (MEAs). Such MEAs allow the non-invasive recording of 

extracellular field potentials of whole populations (Shafer 2019). The spontaneous 

electrical activity of neuronal networks can be studied using MEAs, and therefore, also 
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changes in the electrical activity in response to acutely or chronically applied 

pharmacological compounds, such as receptor-specific agonists, can be assessed 

(Hofrichter et al. 2017; Klima et al. 2021a; Nimtz et al. 2020; Strickland et al. 2018). 

Furthermore, MEAs can be used to investigate the formation of a functional neuronal 

network. As this method does not require any modification of the cells, such as staining 

with fluorescent dyes, the same cell cultures can be measured repeatedly over long 

periods (Klima et al. 2021a). Therefore, MEA measurements can provide information on 

the overall developmental status of a neuronal culture and also allow the identification of 

toxicants that affect the formation of functional networks. Furthermore, washouts can be 

performed in order to remove treatment compounds from the cell cultures. In this way, 

possible delayed effects on the electrical activity of the neurons can be detected, and the 

neuronal cultures can be reused for further tests.  

For peripheral neurons, however, the most relevant features that can be studied using 

MEAs are (i) the spontaneous electrical activity, which, for instance, is known to change 

upon treatment with distinct chemotherapeutics (Wilson et al. 2002), and (ii) the acute 

response towards specific pharmacological compounds, which can be impaired under 

neurotoxic conditions (Anand et al. 2010). 

Neurotransmitter release 

The release of neurotransmitters is a key process in neuronal signaling. It is the basis of 

interneuronal communication, but also plays a role in the sensitization of peripheral 

neurons. The neuropeptides substance P and CGRP serve as neurotransmitters in 

peripheral neurons (Goodman and Iversen 1986; Konishi et al. 1980). They are also 

components of the “inflammatory soup” that are locally released at the site of damaged 

cells, where they contribute to tissue inflammation and sensitization of nociceptive 

neurons (Fig. 1.3) (Pinho-Ribeiro et al. 2017; Yam et al. 2018). Alterations in 

neurotransmitter release can therefore also be an indicator for impaired pain perception, 

and thus peripheral neuropathy (Chen et al. 2015; Jang et al. 2004; Wang et al. 2021). A 

common method to quantify the release of substance P or CGRP is the enzyme-linked 

immunosorbent assay (ELISA) (Heidari et al. 2017; Perner et al. 2020). For this assay, only 

the cell culture supernatant is used. Therefore, the endpoint of neurotransmitter release 

can be multiplexed with most of the aforementioned functional or morphological 

readouts. 
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Transcriptome analysis 

The analysis of the transcriptome and changes thereof presents another useful endpoint 

that can be implemented in in vitro test methods (Balmer et al. 2014; Dreser et al. 2015; 

Rempel et al. 2015; Shinde et al. 2017; Waldmann et al. 2014). Changes in gene expression 

may provide insights into the mechanisms underlying an observed adverse effect, such as 

upregulated gene expression of pain receptors, which could be the cause of hyperalgesic 

conditions (Fischer et al. 2017). Transcriptome studies may also reveal downstream 

effects of altered neuronal signaling, as Ca2+ is a universal second messenger, which is 

involved in signal transduction but also in gene expression regulation (Finkbeiner and 

Greenberg 1998). Unbiased transcriptomics approaches investigating the whole 

transcriptome or large gene sets might therefore give important information on gene 

expression changes directly or indirectly induced by neurotoxic compounds. This may 

help identify pathways involved in distinct cell biological processes or a compound’s 

mode of action (Waldmann et al. 2017). Hence, such analyses are also highly relevant for 

drug development, as potential target pathways for future drugs could be indentified to 

alleviate neurotoxic disease symptoms. In general, transcriptome analysis also allows the 

basic understanding and definition of applicability domains of the test system of interest 

(Waldmann et al. 2017). However, unbiased whole transcriptome analysis approaches 

have low throughput and are less suitable than morphological readouts for large 

screenings to identify neurotoxicants, as mentioned above. For such purpose, 

investigating a limited set of biomarker genes known to be involved in, e.g., pain 

sensitization, is a more feasible option. This approach allows a cheaper and simplified 

readout of toxicant-related gene expression changes (Kuegler et al. 2010; Rempel et al. 

2015). Thus, the (neuro)toxic potential of unknown compounds can be assessed 

according to their pattern of induced gene expression changes (Wang et al. 2021). 
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 Aims of the thesis 

In risk assessment of drugs and chemicals, special attention must be paid to the PNS. 

Unlike the CNS shielded by the blood-brain barrier, the PNS lacks specific protection and 

has a large contact area, making peripheral nerves particularly susceptible to toxicant-

induced damage. To date, risk assessment is still mostly based on animal models. 

However, pathophysiological differences limit the transferability of insights from animal 

studies to humans, and labor-intensive animal models restrict the throughput of toxicity 

assessment. Therefore, the testing strategy is currently changing towards human cell-

based in vitro test methods, which may allow to overcome these limitations. 

This thesis addresses the establishment of alternative test methods specifically dealing 

with peripheral neuropathy-related toxicity. For that purpose, the first aim was to 

establish a human iPSC-based in vitro model system of peripheral neurons with 

nociceptor features. The concept of transcriptional programming should be implemented 

in a standard differentiation protocol to direct the differentiation of iPSCs toward the 

nociceptor fate. Therefore, an iPSC line should be genetically modified with an inducible 

NGN1-transgene. After adaptatation of the differentiation protocol to the newly generated 

iPSC line, comprehensive characterization of the differentiated peripheral neurons should 

be performed at the level of gene expression, protein expression, and functional pain 

receptor signaling.  

The second objective of this study was to develop a suitable method for quantifying 

receptor signaling. Neuronal receptors are either coupled to ion channels or are 

themselves ion channels that, when activated, cause the influx of cations into cells. Thus, 

the establishment of Ca2+-signaling was envisaged as a test endpoint. Since the neuronal 

class of nociceptors presents a mixed population of neurons expressing different pain 

receptors, quantification of receptor responses on the single-cell level should be enabled. 

Therefore, a dedicated program should be implemented to analyze time-lapse data from 

hundreds of single cells simultaneously and convert them into accessible numerical data.  

The ultimate goal of this study was to establish an advanced in vitro method to assess 

functional impairments indicative of peripheral neurotoxicity. For that purpose, 

nociceptor cultures that provide pain receptor-related functional endpoints such as P2X3 

and TRPV1 signaling should be used to investigate the adverse effects of toxicant 
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exposure. The relevance of the newly established in vitro system of peripheral neurons 

should be demonstrated by using chemotherapeutic agents known to induce peripheral 

neuropathy in vivo. Finally, it should be investigated whether pain receptor function 

represents an endpoint associated with increased sensitivity to toxicants, allowing 

identification of substances with deleterious effects well before signs of cytotoxicity or 

morphological changes occur. 
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 Abstract 

In vitro models of the peripheral nervous system would benefit from further refinements 

to better support studies on neuropathies. In particular, the assessment of pain-related 

signals is still difficult in human cell cultures. Here, we harnessed induced pluripotent 

stem cells (iPSCs) to generate peripheral sensory neurons enriched in nociceptors. The 

objective was to generate a culture system with signaling endpoints suitable for 

pharmacological and toxicological studies. Neurons generated by conventional 

differentiation protocols expressed moderate levels of P2X3 purinergic receptors and 

only low levels of TRPV1 capsaicin receptors, when maturation time was kept to the upper 

practically-useful limit of 6 weeks. As alternative approach, we generated cells with an 

inducible NGN1 transgene. Ectopic expression of this transcription factor during a defined 

time window of differentiation resulted in highly-enriched nociceptor cultures, as 

determined by functional (P2X3 and TRPV1 receptors) and immunocytochemical 

phenotyping, complemented by extensive transcriptome profiling. Single cell recordings 

of Ca2+-indicator fluorescence from >9,000 cells were used to establish the "fraction of 

reactive cells" in a stimulated population as experimental endpoint, that appeared robust, 

transparent and quantifiable. To provide an example of application to biomedical studies, 

functional consequences of prolonged exposure to the chemotherapeutic drug oxaliplatin 

were examined at non-cytotoxic concentrations. We found (i) neuronal (allodynia-like) 

hypersensitivity to otherwise non-activating mechanical stimulation that could be 

blocked by modulators of voltage-gated sodium channels; (ii) hyper-responsiveness to 

TRPV1 receptor stimulation. These findings and several other measured functional 

alterations indicate that the model is suitable for pharmacological and toxicological 

studies related to peripheral neuropathies. 
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 Introduction 

In vitro models of the human peripheral nervous system (PNS) are still relatively scarce. 

They are required to study chemotherapy-induced peripheral neuropathy (CIPN) and 

other impairments of the PNS. Of particular interest are systems that allow the 

assessment of agents that functionally impair sensory neurons.  

Cell-based model systems for the PNS are still mostly based on non-human cells, like rat 

dorsal root ganglion (DRG) neurons. Such DRG cultures have drawbacks concerning e.g., 

their comparability, and human-specific functions may only be modelled partially 

(Lehmann et al. 2020). In the past decade, stem cell technology has provided novel 

alternatives. The fundamental principles of generating peripheral neurons from human 

induced pluripotent stem cells (iPSCs) were described in 2012 by the Studer laboratory 

(Chambers et al. 2012). This protocol uses neuralization of iPSCs by dual SMAD inhibition. 

The fine-tuning of differentiation towards the sensory neuron fate is subsequently 

achieved by small molecule inhibitors combined with neurotrophins. 

In vitro model systems for the PNS are indispensable for toxicity testing, as peripheral 

neurotoxicants are often not identified by models of the central nervous system (CNS) 

(Delp et al. 2018; Hoelting et al. 2016). The sensory neuronal subclass of nociceptors is of 

specific interest in CIPN research. Neuropathies involving this particular subpopulation 

(Basbaum et al. 2009; Boivie et al. 1989; Campbell and Meyer 2006) are amongst the side 

effects that most profoundly decrease the quality of life of chemotherapy-receiving 

patients (Shah et al. 2018; Staff et al. 2017). 

Sensory neurons can be classified into nociceptors, mechanoceptors and proprioceptors. 

The first group expresses the nerve growth factor (NGF)-receptor TRKA (encoded by 

NTRK1) (Snider and McMahon 1998) during maturation, while the others depend on 

TRKB and TRKC tyrosine kinase signaling. While all peripheral neurons are derived from 

neural crest progenitors, the TRKA-expressing neurons develop from the subgroup of 

NGN1-positive neural crest cells (Ma et al. 1998; Ma et al. 1999). They can be further 

divided into nociceptor-subgroups: Peptidergic neurons release the neuropeptides 

substance P and calcitonin gene-related peptide and maintain TRKA expression. Non-

peptidergic neurons lose expression of TRKA upon maturation, and express the RET 

neurotrophin receptor instead (Snider and McMahon 1998). Nociceptors can also be 

distinguished according to their expression of different cation channels like the transient 

receptor potential (TRP) channels or the purinergic receptor ion channels. Notable 
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members of the TRP family are TRPV1, TRPM8 and TRPA1 channels. The respective major 

functions are the sensing of heat, cold or electrophilic chemicals (Basbaum et al. 2009). 

Temperature-sensing TRP channels are polymodal and can respond to chemical agonists. 

A prominent example is the TRPV1 channel, which is activated by increased temperatures 

exceeding the threshold of ~43°C, but also by vanilloid compounds like capsaicin 

(Caterina et al. 1997). The purinoceptor P2X3 is the main ATP-activated pain-related 

channel on nociceptors. As TRPV1 and P2X3 are only found on nociceptors and not on 

other sensory neurons (e.g., stretch receptors), they can serve as characteristic functional 

biomarkers (Chen et al. 1995; Cook et al. 1997; Immke and Gavva 2006). 

De-regulations of ligand-activated and voltage-gated ion channels on peripheral neurons 

are known to contribute to the dose-limiting side-effects induced by the 

chemotherapeutic drug oxaliplatin (Adelsberger et al. 2000; Calls et al. 2020). General 

neuronal hyperexcitability (Adelsberger et al. 2000; Lehky et al. 2004; Webster et al. 

2005; Wilson et al. 2002), thermal hyperalgesia and mechanical allodynia (Adelsberger et 

al. 2000; Anand et al. 2010; Chen et al. 2015; Chukyo et al. 2018) are characteristic 

features of acute oxaliplatin-induced peripheral neuropathy (OXAIPN). While all platinum 

drugs lead to structural damage upon prolonged treatment, the acute form of OXAIPN 

occurs largely independent of neurodegeneration (Park et al. 2008).  

The example of OXAIPN demonstrates the need for in vitro model systems that can 

identify functional impairments of the PNS. While assays to detect chemicals acting on 

neurite growth, neuroprogenitor migration or central neuronal signaling are well 

established (Delp et al. 2018; Hoelting et al. 2016; Klima et al. 2021a; Loser et al. 2021b; 

Loser et al. 2021c; Nyffeler et al. 2017; Stiegler et al. 2011; Wing et al. 2017), PNS systems 

optimized to detect functional impairments are still scarce, and data on the modulation of 

pain receptors are mostly not included (Boisvert et al. 2015). 

Therefore, the aim of this study was to establish an in vitro system able to detect signaling 

alterations relevant for CIPN. A protocol to generate peripheral neurons with nociceptor 

features (PNN) from iPSCs was established. After an extensive phenotypic profiling, Ca2+-

imaging was chosen as a quantitative endpoint for the assessment of pain-receptor 

signaling. A case study of oxaliplatin treatment was performed to demonstrate the 

relevance of our novel PNS model, which offers pain-receptor related functional 

endpoints for CIPN research. Thus, our study explored whether complex functional 

impairments of nociceptors are reliably detectable and quantifiable in vitro. 
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 Material and methods 

Materials 

Unless mentioned otherwise, all chemicals and cell culture reagents were from Merck 

(Darmstadt, Germany). All antibodies and PCR primers used are compiled in dedicated 

tables in the supplementary materials file. There, also an extensive chapter on 

supplementary methods is included. 

 

Differentiation of sensory neurons from iPSC 

We used the iPSC line Sigma iPSC0028 (Si28) and derived from this the transgenic iPSC 

line Si28-NGN1. Maintenance of the iPSCs was performed under xeno-free conditions 

(Chen et al. 2011) as detailed in the supplementary methods. The differentiation was 

performed according to Hoelting et al. (2015) (Hoelting et al. 2016; Klima et al. 2021a) 

with small modifications as shown in figure 2.1.S1 and described in Klima et al. (2021) 

(Hoelting et al. 2016; Klima et al. 2021a).  

The detailed differentiation procedure is described in the supplementary methods (also 

see annex). In brief, iPSCs underwent neuralization induced by dual SMAD inhibition. 

Differentiation towards the sensory neuron fate was achieved by small molecule 

inhibition following the established literature [2]. After 9 days of differentiation (on 

DoD9’), immature peripheral neurons were frozen in 90% fetal bovine serum (FBS) 

(Thermo Fisher Scientific, Waltham, MA, USA) and 10% dimethyl sulfoxide (DMSO). 

Further maturation after thawing was driven by a growth factor cocktail. For the 

differentiation of PNN, doxycycline (2 µg/ml) exposure from DoD4’-9’ and DoD1-14 was 

integrated in the standard small molecule differentiation protocol, as detailed in the 

results chapter. 

 

PeriTox test 

Immature peripheral neurons were thawed and used on DoD0 to assess the effects of test 

compounds on neurite area and cell viability (supplementary methods) as previously 

described (Delp et al. 2018; Hoelting et al. 2016; Klose et al. 2021; Krebs et al. 2020). 
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Generation of a gene-edited iPSC line 

The human Si28 line was infected with the lentivirus described in figure 2.1.2A (also see 

supplementary methods). In brief, infected cells underwent hygromycin (Carl Roth, 

Karsruhe, Germany) selection followed by manual picking and expansion of the colonies. 

Stocks of the clones were cryopreserved in 90% FBS and 10% DMSO. Short tandem repeat 

(STR) DNA typing (described in detail in (Dirks and Drexler 2013)) was performed for 

cell line authentication. To evaluate the clone’s NGN1 expression properties, iPSCs were 

seeded as single cells in E8 medium and exposed to doxycycline (2 µg/ml) for up to 5 days 

(Fig. 2.1.2B). 

  

Assessment of gene and protein expression 

Gene expression was investigated by quantitative reverse transcriptase PCR (RT-qPCR) 

using SsoFastTM EvaGreen® Supermix (Bio-Rad). Protein expression was assessed via 

immunofluorescence staining and microscopy. All samples were prepared, and analyzed 

exactly as described before (Dreser et al. 2020; Klima et al. 2021a), using primers and 

antibodies as detailed in supplementary methods. 

 

Transcriptome data generation and analysis 

Sample lysates were prepared as described (Klima et al. 2021a; Loser et al. 2021b). 

Measurements were performed at Bioclavis (BioSpyder Tech., Glasgow, UK) via the 

TempO-Seq targeted sequencing technology applied to the whole transcriptome set 

(House et al. 2017). For data processing, the R package DESeq2 (v1.32.0) was used for 

quality control, normalization and determination of differentially expressed genes (DEGs) 

(Love et al. 2014). A Benjamini-Hochberg-adjusted threshold of P < 0.05 and a fold change 

of 2 were used as filter for DEGs. Analysis of gene ontology (GO) term over-represenation 

was done with g:profiler software (Raudvere et al. 2019). All procedures are detailed in 

supplementary methods, and the data on numbers of reads for each gene analyzed, and 

the fold-changes for DEGs are provided in Supplement file1, organized as Excel workbook. 
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Electrophysiological data 

For electrophysiological characterization of the PNN, manual patch-clamp recordings and 

multi-electrode array measurements were performed as described (Klima et al. 2021a; 

Loser et al. 2021c). Details are given in supplementary methods. 

 

Measurement of changes in intracellular Ca2+ concentration [Ca2+]i 

Sensory neurons were cultured in 96-well plates after thawing. Cells were loaded with the 

Ca2+-indicator Fluo-4 (Thermo Fisher Scientific). Monitoring of [Ca2+]i was performed 

using a VTI HCS microscope (Thermo Fisher Scientific) equipped with an automated 

pipettor and an incubation chamber providing an atmosphere with 5% CO2 and 37°C. Cells 

were imaged for 45 s. Test compounds were automatically applied after baseline 

recording (10 s). The images were exported as *.avi video files and analysed with the 

CaFFEE software. Details are given in a dedicated technology paper (Karreman et al. 

2020) and in supplementary methods. 

 

Statistics 

If not stated otherwise, experiments were performed on 3 or more independent cell 

preparations (here called biological replicates). In each cell preparation at least three 

different wells (here called technical replicates) were measured. Quantitative Ca2+-

imaging data were derived from time-dependent series of images by using the CaFFEE 

software (Karreman et al. 2020). The binary endpoint of reactive/non-reactive cells was 

defined primarily by a well-specific, noise level-based threshold of changes in 

fluorescence intensity: (mean(ΔF) + 3x SD(ΔF)), with an upper limit set to 18 (ΔF: 

fluorescent change by negative control stimulation). Information concerning descriptive 

statistics and experimental variability is included in the figure legends or the figures 

themselves. GraphPad Prism 5 software (Version 7.04, Graphpad Software, Inc, San Diego, 

USA) was used for significance testing and data display. Data were evaluated by ANOVA 

plus appropriate post-hoc testing method or by t-test for binary comparisons. p-values < 

0.05 were regarded as statistically significant. 

  



Results 

37 

 

 Results 

Characterization of human sensory neurons generated from non-modified iPSCs 

For the generation of sensory neuronal cultures, we optimized a previously published 

two-step differentiation protocol starting from iPSC (Hoelting et al. 2016). The time point 

of freezing of the cells was adapted (DoD9’), and the culture medium was supplemented 

with cytarabine from DoD3 until DoD14 to remove any mitotic, potentially non-neuronal 

cells (Fig. 2.1.S1A). This procedure yielded pure neuronal cultures that develop an 

extensive neurite network (Fig. 2.1.1A,B). The capacity of such cells to grow neurites 

within 24 h forms the basis for the established PeriTox test (Delp et al. 2018; Hoelting et 

al. 2016). This assay was used to verify that typical neurotoxicants exhibit a specific 

neurite-damaging effect. The pesticide rotenone, the gout medication colchicine and the 

three chemotherapeutics taxol, bortezomib and oxaliplatin all reduced the neurite area at 

concentrations that did not affect general neuronal viability (Fig. 2.1.1C, 4.1.S1C).  

The sensory neuronal phenotype was confirmed by gene expression analysis. Markers 

like PRPH, SCN9A and P2RX3 were expressed on DoD1 and further up-regulated over time. 

Indicators of the neural crest cell intermediary stage (PAX3, TLX2) were down-regulated 

(Fig. 2.1.1D). Markers for cortical neuron precursors (PAX6) or glial cells (GFAP) were 

absent. To investigate the functional expression of pain-related receptors, we used 

selective agonists of TRPV1 (capsaicin) and P2X3 (α,β-methylene ATP (α,β-meATP) 

(North 2003)). Under normal conditions, only 10% of the cells showed P2X3- and 1% 

TRPV1-signaling. This was not considerably changed by maturation of up to 40 days (Fig. 

2.1.1E). By mimicking inflammatory conditions with increased NGF concentrations 

(Bonnington and McNaughton 2003; Chuang et al. 2001; D'Arco et al. 2007; Namer et al. 

2015; Zhang et al. 2005) we obtained 60% of α,β-meATP-responsive cells. However, the 

capsaicin-responsive subpopulation did not exceed 5%. In summary, the optimized 

protocol generated largely pure, fully post-mitotic sensory neurons (Fig. 2.1. S1B), but the 

functional properties were not suitable for CIPN research related to altered pain 

sensation, e.g., through the TRPV1 receptor system.  
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Figure 2.1.1: Human sensory neurons derived from iPSCs 

Cells were pre-differentiated for 9 days and frozen (Fig. 2.1.S1A). Counting of peripheral neuronal age in days of 

differentiation (DoD) started after thawing and plating (= DoD0). (A) Phase-contrast images of DoD1/DoD7 neurons. 

Arrowheads indicate a growth cone. (B) DoD1/DoD7 cultures stained for the neuronal cytoskeletal marker β-III-tubulin 

(green); DNA is shown in red. (C) Neurons were used in the PeriTox test to assess the effects of toxicant exposure (24 

h) on neurites. Data are given as mean ± range of 2-3 biological replicates. Viability was not significantly affected at the 

tested drug test concentrations (see Fig. 2.1.S1B). (D) Gene expression levels were determined by the TempO-Seq 

method. The left column shows the absolute expression levels of selected marker genes on DoD1 in counts of the 

corresponding gene per 1 million reads (CPM). The data for DoD4/DoD7 show the fold change (FC) of the expression 

levels versus DoD1. The color scale uses log2FC units (see supplementary files for complete data sets). (E) Mature 

neurons (DoD25-45) were used for Ca2+-imaging. Cells reacting to the application of α,β-methylene ATP (α,β-meATP) 

and capsaicin were quantified. The effect of pre-treatment (48 h) with increased concentrations of nerve growth factor 

(NGF) on the percentage of reactive cells was assessed. Data displayed as bars are means ± SEM of 3-4 biological 

replicates. Color matching data points are derived from the same experiment. * p < 0.05, ** p < 0.005, when tested vs. 

control conditions (25 ng/ml NGF).  
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Generation of an iPSC line with inducible NGN1 expression 

The standard differentiation protocols did not yield a sufficiently large nociceptor 

subpopulation to allow functional studies. Consequently, we investigated an alternative 

approach. NGN1 is a key transcription factor in the development of the here-desired 

neurons (Lallemend and Ernfors 2012; Ma et al. 1998; Ma et al. 1999). Therefore, we 

hypothesized that its time-controlled overexpression would improve differentiation 

success (Boisvert et al. 2015).  

An iPSC line was generated, in which NGN1 expression can be controlled by adding 

doxycycline to the medium. After the NGN1 expression construct (Fig. 2.1.2A, 4.1.S2A) 

was stably inserted into the genome, the newly generated iPSC line Si28-NGN1 was 

authenticated by the established method of STR analysis (Dirks and Drexler 2013). On 

this basis, the Si28-NGN1 line and the commercially available Si28 line were declared 

identical (Fig. 2.1.S3). The pluripotency of the newly generated iPSC population was 

assessed by immunofluorescence imaging. The expression of several pluripotency 

markers (e.g., Nanog, OCT4) (Fig. 2.1.S2B-D) as well as the absence of the 

neuroectodermal markers PAX6 and SOX10 (data not shown) were similar to that of the 

pluripotent parent cell line. Further, the cells’ NGN1 expression properties were verified 

(Fig. 2.1.2B). Gene expression of NGN1 was found to be inducible by doxycycline (Fig. 

2.1.2C). The functionality of the NGN1 transgene was derived from the control of its 

downstream target NTRK1. Moreover, transgene expression for five days leads to the 

complete conversion of iPSCs into cells expressing the pan-neuronal marker βIII-tubulin 

(βIII-Tub) and exhibiting neuronal morphology. Furthermore, these cells expressed the 

PNS markers peripherin (PRPH), BRN3A and ISL1 (Fig. 2.1.2D, 4.1.S2E,F)). Such a staining 

pattern is typical for neurons that have exited the cell cycle (Ma et al. 1999). Taken 

together, these data confirm the successful generation of an iPSC line carrying an 

inducible NGN1 transgene with the expected functionality of the gene product, NGN1. 
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Figure 2.1.2: Generation of human iPSCs with inducible expression of ectopic NGN1 

(A) Structure of the lentiviral construct used to generate a NGN1-overexpressing iPSC line. NGN1 is expressed as fusion 

protein with turbo red fluorescent protein (tRFP). tRFP and NGN1 are linked via a 2A region and ubiquitin (Ubi) to 

ensure the precise cleavage of NGN1 inside cells. Gene expression is controlled via the tetracycline-on system (TRE 

promotor). This system uses a reverse tetracycline-controlled transactivator (rtTA3) driven by the UbC promoter. R, 

repeat region of the HIV long terminal repeat (LTR) region; U5 (green), U5’ region of the HIV LTR; Psi, packaging 

sequence; RRE, Rev response element; TRE, tetracycline response element; UbC, Ubiquitin C promotor; EMCV IRES, 

encephalomyocarditis virus internal ribosomal entry site; Hygro, hygromycin resistance; WPRE, woodchuck hepatitis 

virus post-translational regulatory element. (B) Experimental setup to assess the NGN1 transgene expression. Cells 

were exposed for 5 days to doxycycline (0 or 2 µg/ml). (C) Gene expression of NGN1 and its downstream-regulated 

gene NTRK1 were monitored daily in control (blue) and doxycycline exposed cells. Gene expression was quantified by 

RT-qPCR. Data are given relative to iPSC (-Dox, day1). Data displayed as bars are means of two biological replicates 

(black dots). (D) Immunofluorescence images of cells treated with doxycycline for 5 days. Cells were labelled with 

antibodies against β-III tubulin (βIII-Tub), peripherin (PRPH) and the sensory neuronal transcription factors NGN1, 

ISL1 and BRN3A. Color code and scale bars are given in the images. More detail is given in figure 2.1.S2E,F.  

  



Results 

41 

 

Integration of NGN1 overexpression in the standard small molecule differentiation protocol 

In a next step, it was tested, which time window of NGN1-overexpression was most 

suitable to improve the standard differentiation protocol. Three different doxycycline 

exposure schedules (S1–S3), integrated into the standard differentiation, were 

investigated (Fig. 2.1.3A). Gene expression of the sensory neuronal markers NGN1, 

NTRK1, RUNX1, PRPH, POU4F1 (BRN3A) and ISL1 was monitored daily until the day of 

freezing (Fig. 2.1.3B, 4.1.S4B). Early induction of NGN1 expression on DoD2’ in condition 

S2 led to an earlier expression of NGN1, NTRK1, PRPH and ISL1 compared to cells not 

exposed to doxycycline (S1). However, up-regulation of RUNX1 expression, a gene crucial 

for nociceptor specification (Chen C-L et al. 2006; Lallemend and Ernfors 2012), was poor, 

while the rate of cell death after thawing was increased (Fig. 2.1.3C). Differentiation 

condition S3 resulted in the highest gene expression levels for RUNX1, and shifted PRPH 

and NTRK1 expression to earlier time points. Immunofluorescence images on DoD3 

showed that all three exposure schedules yielded peripheral neurons (PRPH+ neurites). 

The sensory neuronal markers ISL1 and BRN3A were expressed to a large extent in 

conditions S1 and S3 (74-100% positive cells), but not in S2 (Fig. 2.1.3C, 4.1.S4A,C,D), which 

was decisive to exclude S2. Eight days after thawing uniformity of neuronal cultures was 

further assayed using tRFP fluorescence as an internal reporter of NGN1 expression (Fig. 

2.1.3D). Quantification of red fluorescent cells showed S3-derived cultures to be more 

uniform (96% tRFP-positive cells) than S1 cultures (36% tRFP-positive cells) (Fig. 2.1.3E). 

Therefore, all future experiments were conducted using exposure schedule S3, which 

yields neuronal cultures with the highest sensory neuron marker expression and 

uniformity. 
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Figure 2.1.3: Integration of NGN1 overexpression in the standard small molecule differentiation protocol  
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(A) Schematic representation of three different doxycycline exposure schedules (S1, S2, S3) incorporated in the standard 

differentiation protocol. Condition S1 did not receive doxycycline treatment before freezing. Cells of condition S2 were 

treated with doxycycline from DoD2’ until DoD7’ with subsequent freezing of the cells. Condition S3 included 

doxycycline treatment from DoD4’ until DoD9’ with subsequent freezing. After thawing, all three conditions were 

exposed to doxycycline from DoD1 until DoD14. (B) Gene expression analysis of the nociceptor marker genes NGN1, 

NTRK1, RUNX1 and the general sensory neuronal marker gene peripherin (PRPH) for all three exposure situations. Data 

are expressed relative to expression levels in iPSCs and given as means ± SEM of 3-4 biological replicates. 

(C) Immunofluorescence images of cultures (S1-3) on DoD3 (after thawing). Cells were stained for peripherin (PRPH) 

and ISL1. Nuclei were stained with H33342 (blue). Details are displayed in figure 2.1.S4A. White arrowheads indicate 

exemplary dead cells. (D) Overlay of phase contrast and tRFP fluorescence images of condition S1 and S3 neuronal 

cultures on DoD8. Black arrows indicate exemplary tRFP-negative cells. (E) Quantification of tRFP positive cells in 

cultures of differentiation conditions S1 and S3 on DoD8. Data are shown as percentage of total cell count ± SD. DoD, day 

of differentiation; tRFP, turbo red fluorescent protein. 

 

Transcriptomics-based characterization of mature iPSC-derived sensory neurons 

We used time-dependent transcriptome profiling as broad and unbiased approach to 

describe the differentiation process of iPSC-derived sensory neurons. Transcript levels of 

about 19,000 genes were measured for 7 differentiation stages (Suppl. File2). A principal 

component analysis (PCA) was used as a first overview of the data structure. Independent 

biological replicates clustered closely together, and the first principle component 

coincided with increasing time of maturation (Fig. 2.1.4A). The absolute expression levels 

of the sensory neuron marker genes ISL1 and PRPH were high (>1000 transcripts per 1 

million reads) from DoD1 until DoD49. Nociceptor marker genes like P2X3, RET and 

SCN9A also reached high absolute levels (Suppl. File2). However, some essential genes 

(NTRK1, SCN10A, TRPV1) were not captured well by the transcriptome mapping 

approach. Consequently, their gene expression was investigated via RT-qPCR. The levels 

of NGN1, RET, NTRK1, RUNX1 and SCN10A peaked at DoD3-7 and then declined until 

DoD21 (Fig. 2.1.4B). For P2RX3, SCN9A, TRPM8 and TRPV1 we found increased expression 

on DoD3-7, and thereafter largely stable levels until DoD21 (Fig. 2.1.4C).  

The expression kinetics of these pre-selected transcripts are in good agreement with our 

objective of generating nociceptor-enriched sensory neuron cultures. For further 

transcriptome data mining, DEGs were determined for all sampling time points (Suppl. 

file2). For the 600 DEGs of DoD42 altogether 200 over-represented gene ontology (oGO) 

term groups were identified (Raudvere et al. 2019). The 50 oGOs with the lowest p-values 

mainly fell into the superordinate groups “synapse signaling”, “neurotransmitters”, 
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“receptors, channels, transporters” and “morphogenesis”. They were also analyzed for the 

other time points (Fig. 2.1.S5A,B) and quantitative GO activation scores (Waldmann et al. 

2014; Waldmann et al. 2017) were calculated for all time points (Fig. 2.1.4D, 4.1.5C). 

Activation scores for “synapse signaling” and “neurotransmitters” showed a continuous 

increase until DoD42 (Fig. 2.1.4E, upper graph). The activation scores of 

receptor/channel-related genes showed a plateau for DoD7-28 and then jumped to a 

higher level at late differentiation stages (DoD35-42) (Fig. 2.1.4E, lower graph). In 

summary, analysis of gene expression patterns over large biological categories confirmed 

that the here-established differentiation protocol yields peripheral neurons with 

nociceptor features (PNN). While most general neuronal markers were well established 

after 1-3 weeks of differentiation, genes linked to particular PNN functions continued to 

be up-regulated until at least DoD35-42. 

 

Electrophysiological characterization of PNN 

The basic functional characterization of the PNN also included a check for general 

neuronal electrophysiological features. Patch-clamp measurements provided evidence 

for all major classes of voltage-gated cation channels (KV, NaV and CaV) (Fig. 2.1.S7). All 

cells recorded showed that they could fire action potentials (Fig. 2.1.5A). Half of the cells 

showed a phasic firing pattern (Fig. 2.1.5B, left), while the other half displayed tonic firing 

behavior (Fig. 2.1.5B, right). This distribution is consistent with the current literature on 

the characterization of primary rat DRG neurons (Yu et al. 2014). After confirmation of 

these basic neuronal properties, we moved on to establish a neuronal signaling endpoint, 

more suitable for broader toxicological/pharmacological evaluation. 
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Figure 2.1.4: Time-dependent transcriptome profiling of iPSC-derived sensory neurons 

(A) TempO-Seq whole transcriptome analysis (19,000 genes). For the top 500 variable genes of this data set (full data 

in Supplementary file1) a PCA was performed. In the two-dimensional PCA display, seven maturation stages of PNN are 

color-coded according to their DoD. Data points are derived from three independent differentiations. (B,C) Gene 

expression levels of sensory neuron and nociceptor marker genes were assessed via RT-qPCR. Data are means ± SEM, 

n = 3-4. Error bars smaller than the data point symbols are not shown. (D) Over-represented gene ontology (oGO) terms 

were determined for the significant DEGs on DoD42. Quantitative activation scores of the Top50 oGOs were calculated 

for all time points by “multiplying the percentage of genes within the GO that was found to be significantly regulated 

with the average fold change of these regulations” (Waldmann et al. 2014). Activation scores for the GO terms 

“neurotransmitter secretion”, “synaptic vesicle cycle” and “neurotransmitter transport” are shown over time. (E) oGO 

terms were assigned to the superordinate groups “Synapse signaling”, “Neurotransmitter”, “Receptors, Channels, 

Transporters” and “Morphogenesis” (see Fig. 2.1.S5). Means of the activation scores of all oGOs belonging to one group 

are shown to visualize the development of these biological categories over time. The dotted lines indicate the upper and 

lower bounds of the SEM. Significance was tested against the respective mean activation scores on DoD7. * p < 0.05, ** 

p < 0.001, *** p < 0.0001. 



Results   

46 

 

Establishment of intracellular Ca2+-measurement as test endpoint 

We decided on the use of Ca2+-imaging (Tsien and Tsien 1990) as signaling endpoint for 

our PNN. General proof-of-concept for the feasibility of this approach was obtained by 

recording strong signals triggered by increased K+ concentrations in the medium or by 

opening of NaV channels by veratridine (VTD) (Fig. 2.1.5C,D). As PNN are a mixed neuronal 

population, it was important to establish the Ca2+-signaling endpoint on a single cell level. 

As practical approach to work with the multi-dimensional information provided by the 

recording of Ca2+ fluorescence time courses of thousands of cells, we decided to use a 

binary endpoint of “responsive” versus “non-responsive” cells. For this, we thoroughly 

investigated and defined suitable response thresholds (Fig. 2.1.S8). Based on the 

extensive evaluation (signal intensity changes (Δ) for >9200 cells), a robust algorithm was 

chosen to define responsive cells in Ca2+-signaling experiments. 

 

 

Figure 2.1.5: Characterization of neuronal excitability of PNN 

PNN (DoD28-35) were used for current-clamp recordings and Ca2+-imaging experiments. (A) Schematic representation 

of the stimulation protocol used for current-clamp recordings. Current pulses were applied with a pulse duration of 300 

ms and a pulse frequency of 0.2 Hz, starting at -50 pA and increasing in steps of +10 pA. Example pulses are colored. 

(B) Current-clamp measurements of PNN (n=28). Cells exhibit phasic (46%) (B, left) or tonic (54%) (B, right) action 

potential firing behavior. (C) Representative traces of changes in Ca2+ indicator fluorescence (=Δ signal intensity) in 

response to the negative control HBSS (Hanks’ balanced salt solution), the positive control KCl [50 mM] and the voltage-
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gated sodium (NaV) channel opener veratridine (VTD) [3 µM]. The arrow indicates the time point of stimulus addition. 

Data are shown as means of 4 biological replicates. The dotted lines indicate the upper and lower bounds of the SEM. 

(D) Quantification of the percentage of reactive cells according to their Δ signal intensity values upon HBSS, VTD or KCl 

addition. The green line indicates the noise boundary of the Δ signal intensity. Each dot represents the Δ signal intensity 

of an individual cell. The mean ± SD of all cells is shown graphically in red. The percentage of reactive cells is indicated 

below the diagram and the exact number of measured cells is given above. A total of more than 10,000 cells was 

individually measured in 14 experiments. 

 

Functional characterization of PNN cultures regarding nociceptive features 

A hallmark of nociceptive neurons is the expression of ion channels responsible for the 

sensation of pain. In this study, we focused on TRPV1 and P2X3. Immunofluorescence 

staining revealed the presence of both receptors in virtually all cells on DoD42 (Fig. 

2.1.6A, 4.1.S9A,B). The specific agonist of P2X3 receptors α,β-meATP and the TRPV1-

agonist capsaicin were used as tool compounds for functional characterization. The 

cultures did not react to the stimuli during the first 4 weeks after thawing. From then on, 

the percentage of reactive cells continuously increased until DoD42 (Fig. 2.1.S9C, left, 

right). For comparison, functional NaV channels were found to be present from DoD7 on 

and maximum culture responsiveness towards the NaV opener VTD was reached on 

DoD21 (Fig. 2.1.S9C, middle).  

Responses induced by α,β-meATP were characterized by fast-inactivating inward 

currents typical for P2X3 receptors (Fig. 2.1.6B,C, left) (Bianchi et al. 1999; Koshimizu et 

al. 2000; North 2002). Capsaicin, in contrast, evoked sustained inward currents 

throughout the exposure period, as is typical for TRPV1 receptors (Fig. 2.1.6B,C, right) 

(Starkus et al. 2019; Ursu et al. 2010). The expression of functional TRPV1 receptors was 

further substantiated, as treatment with two other TRPV1-agonists, olvanil and piperine, 

induced Ca2+ influx in a subset of neurons (Fig. 2.1.S9G). Quantification of reactive cells 

revealed a concentration-dependency of both P2X3 and TRPV1 responses (Fig. 2.1.6E), 

which also makes this endpoint a useful model for pharmacological intervention studies 

in PNN. The reactivity of PNN towards nociceptive stimuli was clearly superior to the one 

observed in peripheral neurons differentiated conventionally (without transient NGN1 

overexpression) (Fig. 2.1.6D, grey boxes).  

As a next step, we performed double-stimulation studies to investigate the overlap of 

P2X3 and TRPV1 receptor-expressing cell populations (Fig. 2.1.S9D). PNN were treated 

with α,β-meATP followed by a capsaicin stimulus and vice versa. Independent of the 
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sequence, we found that 40% of the cells reacted to a P2X3 stimulus only, while about 

10% reacted towards capsaicin only. One quarter of the whole population responded to 

both stimuli (Fig. 2.1.S9E). These sequential stimulation experiments also demonstrated 

that there was no cross-(de)sensitization of TRPV1 and ATP receptors, as has sometimes 

been claimed (Ambrosino et al. 2013; Jancsó et al. 1967; Jarvis 2010). This finding also 

significantly increased the throughput of this method, as double-stimulations can be used 

as the standard experimental design. 

To ensure that the measured responses are P2X3- and TRPV1-specific, the cells were pre-

incubated with the P2X3-selective antagonists AF-353 (Fig. 2.1.6E, left) or A-317491 (data 

not shown). A concentration-dependent decrease in Ca2+ influx was observed at ≥30 nM 

AF-353 and ≥2.5 µM A-317491, confirming P2X3 as the main P2X subtype expressed in 

PNN (Gever et al. 2010; Jarvis et al. 2002). To prove the specificity of TRPV1-responses 

the well-known antagonist capsazepine was used. We also tested SB-366791, which 

exhibits improved selectivity and potency (Gunthorpe et al. 2004; Varga et al. 2005). Both 

antagonists blunted the capsaicin responses. Selectivity of the receptor-antagonists A-

317491 and capsazepine was confirmed by double-stimulation experiments 

demonstrating that only the respective target receptor was inhibited, but not the 

response of the other receptor (Fig. 2.1.S9F). 
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Figure 2.1.6: Functional characterization of the nociceptor-ion channels P2X3 and TRPV1 in PNN 

Sensory neurons were differentiated for at least 37 days after thawing. (A) Representative immunofluorescence images 

of fixed cells stained for P2X3 and peripherin (PRPH) (left), as well as TRPV1 and βIII-tubulin (βIII-Tub) (right). Nuclei 

were stained using H33342 (DNA). Color code and scale bars are given in the images, and further details are shown in 

figure 2.1.S9A,B. (B) Representative voltage-clamp recordings of cells exposed to α,β-methylene ATP (α,β-meATP) 

[10 µM] (left) and capsaicin [1 µM] (right). The black bars indicate the time of compound exposure. (C) Representative 

traces of changes in intracellular Ca2+ concentration of single cells upon addition of α,β-meATP [1 µM] (left) and 

capsaicin [1 µM] (right). The black bars indicate the time of compound exposure. (D) Concentration-dependency of the 

percentage of reactive cells towards a stimulus of α,β-meATP (left) and capsaicin (right). The blue data point depicts 

the respective percentage of reactive cells in sensory neurons generated traditionally (without transient NGN1 
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overexpression). (E) Concentration-dependency of the P2X3-specific antagonist AF-353 (left) and the TRPV1-specific 

antagonists capsazepine (blue) and SB-366791 (purple) (right). All data are means ± SEM of at least 3 biological 

replicates. Significance was tested against control/HBSS (*) or against cells w/o NGN1 overexpression (#). */# p < 0.05, 

**/## p < 0.005. 

 

Modeling CIPN-related alterations in pain receptor functions using PNN 

Acute painful CIPN is often attributable to alterations in pain signaling, but not necessarily 

to morphological damage. We performed here an oxaliplatin case study to investigate the 

potential of PNN to model acute chemotherapy-related functional alterations in vitro. On 

the basis of the PeriTox test (DoD0 cells) (Hoelting et al. 2016), two oxaliplatin test 

concentrations were selected. This assay has been used broadly for identifying neurite-

damaging agents (Delp et al. 2018; Krebs et al. 2020). Based on the test data (Fig. 

2.1.S10A), we selected 5 µM (no effect) and 20 µM (moderately decreased neurite area, 

but no cell death) for further experiments.  

In PNN, matured for several weeks, neither concentration affected the neurite integrity or 

viability (Fig. 2.1.S10B). Basic neuronal function (spontaneous firing) was also 

maintained (Fig. 2.1.S10C). Using Ca2+-signaling as endpoint, we examined whether pain-

related excitability was affected independent of morphological effects. First, we 

established a simple model of mechanical allodynia. Pre-treatment with 20 µM oxaliplatin 

(24 h) made PNN react to a mechanical stimulus (mild shear forces) with increased Ca2+ 

influx (Fig. 2.1.7A,B, Fig. 2.1.S11A,B). As NaV channels have been implied in OXAIPN-

mechanical allodynia (Deuis et al. 2013), we applied the inhibitors TTX and 

carbamazepine (Carb). They fully blocked Ca2+ signals following mechanical stress (Fig. 

2.1.7B). This dampening effect was specific for the mechanical stress model, as the same 

inhibitors did not affect signaling triggered by direct TRPV1 activation (Fig. 2.1.S11D). 

P2X3 is not involved in this in vitro mechanical allodynia, as inhibition by A-317491 had 

no effect (Fig. 2.1.7B). We were interested in learning, whether the bare presence of 

oxaliplatin is sufficient to alter neuronal responsiveness (allodynia). The washout of 

oxaliplatin did not restore normal functions and a shortened pre-treatment time (1 h) did 

not lead to the same de-regulations as observed with 24 h incubation time (Fig. 2.1.7C,D). 

These data argue against a direct interaction of oxaliplatin with NaV channels as a cause 

for the observed signaling changes. 
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As second approach to understand functional impairments triggered by oxaliplatin, we 

studied potentially modified receptor responses. Triggered by the pertinent literature 

(Anand et al. 2010; Calls et al. 2020) we focused on TRPV1. A significant hypersensitivity 

to capsaicin was observed at low oxaliplatin (5 µM) concentrations (Fig. 2.1.7E). The 

control stimulus (P2X3 receptors) was not affected at this concentration. However, the 

response of P2X3 receptors was found to be decreased at higher (20 µM) oxaliplatin pre-

treatment (Fig. 2.1.7F). As the depression of P2X3 responses by oxaliplatin pre-treatment 

was quite pronounced, and some direct receptor inactivation by oxaliplatin may be 

conceived, we performed a series of experiments varying the presence of the 

chemotherapeutic drug during receptor stimulation. Only prolonged pre-treatment was 

effective, while direct presence of oxaliplatin was not required to attenuate P2X3 

responses (Fig. 2.1.S11C). 

In contrast to oxaliplatin, cisplatin treatment usually is not associated with acute pain 

effects (Staff et al. 2017). We investigated whether this was replicable in the in vitro 

model. In cisplatin pre-treated cells, we did neither observe mechanical allodynia-like 

signals nor TRPV1 hyper-responsiveness. However, a decrease in P2X3 responsiveness 

(Fig. 2.1.S11A,E) was observed as seen similarly for oxaliplatin. 

In summary, these data suggest that CIPN-relevant alterations of ion channel functions 

can be observed and studied in PNN. As both hyper- and hypo-sensitivity to different 

stimuli can be simultaneously assessed in a concentration-dependent manner, the PNN-

based test system allows for novel approaches to study CIPN in vitro. 



Results   

52 

 

 

Figure 2.1.7: Functional impairment of PNN exposed to oxaliplatin 

PNN (>DoD37) were used for Ca2+-imaging experiments to assess oxaliplatin-induced functional impairments. (A) 

Schematic representation of the experimental setup to assess responses towards a mechanical stimulus. (B) PNN were 

pre-treated with oxaliplatin (Oxali) according to (A). Cells received the P2X3 antagonist A-317491 (A31, 10 µM), or the 

NaV channel inhibitors tetrodotoxin (TTX, 3 µM) or carbamazepine (Carb). The fractions of cells reacting with Ca2+-

influx (ΔF > 18) were quantified. (C) Schematic representation of oxaliplatin exposure scenarios a-d before stimulation 

of cells by HBSS addition (see trigger mark). Some cells (a) did not receive oxaliplatin pre-treatment, while others (b) 

were pre-treated with oxaliplatin for 24 h prior to Ca2+ measurements. Condition c included pre-treatment with 

oxaliplatin for 1 h only. In scenario d, a 24 h oxaliplatin pre-treatment was ended 2 h before Ca2+-measurement. (D) 

PNN were treated with oxaliplatin according to the scenarios a-d, and reactive cells were quantified. Data in B, D are 

means ± SEM, from 3-6 biological replicates. Significance was tested against condition a (*) or against condition b (#). 

*/# p < 0.05, ***/### p < 0.001. (E, F) Effect of oxaliplatin pre-treatment (24 h) on (E) TRPV1 and (F) P2X3 PNN 

reactivity upon capsaicin or α,β-meATP stimulation (both 1 µM), respectively. Data points belonging to the same cell lot 

are color-matched. Means ± SEM are given. Significance was tested against the respective control (0 µM). * p < 0.05, ** 

p < 0.005, n.s. not significant. 
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 Discussion 

We present here a robust method to generate PNN. Moreover, the study provides a full 

characterization of a signaling endpoint that can be used to assess normal and disturbed 

neuronal signaling in such cultures. Finally, we demonstrate in an exemplary case study 

the applicability of PNN to assess pain-related altered neuronal excitability after exposure 

to a chemotherapeutic drug.  

Altogether, this paper contains Ca2+-signaling data for more than 60,000 individual 

neurons. The recording of intracellular Ca2+ concentrations over time provides a wealth 

of data (considering different curve shapes, peak heights, areas-under-the curve, 

relaxations times etc.). Extraction of robust information from such multidimensional data 

sets can be extremely difficult. Often it is not possible at all, unless the evaluation method 

is adapted and optimized from experiment to experiment. The latter procedure has a 

relatively large risk-of-bias. We explored here as alternative the use of a binary readout 

of “responsive” versus “non-responsive” cells. This allowed the clear and accessible 

display of the multidimensional data recorded by high-throughput imaging. With this test 

method in hand, we demonstrated, using the example of oxaliplatin, that drug-induced 

receptor hyper-sensitivity or mechanical allodynia can be assessed in vitro. 

Until few years ago, the major models to study peripheral pain-related neuropathies were 

experimental animals and patients (Kanzawa-Lee et al. 2019; Lehmann et al. 2020). The 

few in vitro studies mainly focused on structural defects, and the main test systems for 

this were rodent neurons. Robust quantitative studies on nociceptor modulation are thus 

quite limited (Brüning et al. 2014). In vivo studies often assess behavioral outcome 

measures that are the result of a complex integration of peripheral, central, and glial cell 

type activities. In such situations, specific mechanisms or receptors are hard to assess. 

Within the published mechanistic studies, only a small fraction focused on functional 

neuronal properties (St Germain et al. 2020). Morphology-based test methods are more 

wide-spread and better-established, but they may miss signaling changes (Loser et al. 

2021b). This is at present an important gap in CIPN-research, as it is known that 

chemotherapeutic drugs like oxaliplatin can alter neuronal excitability/function without 

structural damage (Park et al. 2008). Test systems based on nociceptor functions are 

therefore required in this area. 

Since pluripotent stem cells have been established as readily-available resources, it 

became possible to generate complex human cell types not easily available from other 



Results   

54 

 

sources. Protocols to generate peripheral neurons from iPSCs have paved the way for new 

human-relevant test systems. In vitro test methods offer many advantages for the study 

of specific mechanistic and pharmacological aspects of peripheral neurotoxicity due to 

their relative “simplicity”, and as environmental factors can be very tightly controlled. 

Indeed, iPSC-based in vitro test methods have been repeatedly used to measure the effects 

of chemotherapeutics on cellular viability or morphology (Delp et al. 2018; Hoelting et al. 

2016; Morrison et al. 2016; Schinke et al. 2021; Wheeler et al. 2015; Wing et al. 2017). 

However, there is still a dearth of studies that employ human iPSC-derived nociceptor 

cultures to assess alterations of signaling endpoints. The cell system, together with the 

endpoints we characterized may help to fill this gap for toxicological or pharmacological 

studies. 

Although we have several years of experience in the use of sensory neuronal cultures 

(Delp et al. 2018; Hoelting et al. 2016; Klima et al. 2021a; Klima et al. 2021b), it was not 

possible to significantly improve the nociceptor character of these cells by using 

modifications of conventional protocols (Chambers et al. 2012). Functional sensory 

neurons can indeed be obtained after differentiation times of > 60 days (Boisvert et al. 

2015; Saito-Diaz et al. 2021). However, such time-demanding protocols severely limit the 

usefulness and robustness of the resulting cultures. Therefore, we harnessed here the 

nowadays widely used method of transcriptional programming (Boisvert et al. 2015; 

Desiderio et al. 2019; García-León et al. 2018; Hulme et al. 2020; Nickolls et al. 2020) to 

enhance the fate specification towards nociceptive neurons by transient NGN1 

overexpression. The integration of this approach into the traditional small molecule 

differentiation protocol yielded PNN with a high abundance of P2X3 and TRPV1 receptors. 

It was interesting to note that gene expression patterns quickly resembled those of PNN, 

but the cells required considerably more time to acquire functional properties of 

nociceptors. For instance, high transcript levels for P2X3 were detected already on DoD1, 

while responses to P2X3 agonists were measured earliest from DoD28 onwards. This may 

be attributable to the continuing changes in several components of signaling pathways 

(Isensee et al. 2017). Our study therefore also demonstrates that the expression of 

receptor-encoding genes does not necessarily imply the functionality of these receptors. 

We made here use of the fact that recording of Ca2+-signaling on the level of single cells 

allows the assessment of the composition of functionally heterogeneous populations. This 

is important for nociceptors, which are known to be a phenotypically mixed population 

(e.g., TRPV1 expression is only found on half of the peptidergic nociceptors (Rostock et al. 
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2018)). Mixed populations also require large numbers of cells to be monitored to obtain 

robust results. In this sense, the endpoint presented here offers possibilities to re-

evaluate other approaches that originally had to use < 20 individual cells for important 

statements (Anand et al. 2010). 

 Conclusion 

The in vitro model of PNN opens new possibilities for the study of functional aspects of 

peripheral neuropathies. However, our study does not close all gaps. An important future 

goal is the further shortening of the culture time, and the generation of several, highly 

defined subpopulations of sensory neurons. For instance, nociceptors expressing TRPA1 

(Calls et al. 2020), or other specific receptors and ion channels would be desirable. It 

should also not be forgotten that toxicity often is a network phenomenon that may involve 

interactions between several glial cells, nociceptors and central neurons (Carozzi et al. 

2015; Wang et al. 2012). Next steps might therefore involve co-culturing of PNN with e.g., 

Schwann cells (Kraus et al. 2015). In the more distant future, it is likely that network 

recording tools, like multi-electrode arrays, will reach cellular resolution, and thus allow 

recording of single cell responses in mixed cultures. 

 Acknowledgements 

This work was supported by CEFIC, the BMBF, EFSA, and the DK-EPA (MST-667-00205). 

It has received funding from European Union's Horizon 2020 research and innovation 

program under grant agreements No. 964537 (RISK-HUNT3R), No. 964518 (ToxFree) and 

No. 825759 (ENDpoiNTs). This work received financial support from the State Ministry 

of Baden-Wuerttemberg for Economic Affairs, Labour and Tourism. 

 Disclosure of potential conflicts of interests  

The authors declare no conflict of interest. 

 Data availability statement 

Raw data can be requested from the corresponding author. 

 



Results   

56 

 

 Supplementary information 

Supplementary Methods 

Maintenance of induced pluripotent stem cells (iPSCs) 

Maintenance of the iPSC lines Sigma iPSC0028 (Si28) (Merck, Darmstadt, Germany) and 

the in-house gene-edited iPSC line Si28-NGN1 was performed on human Laminin-521 

(BioLamina, Sundbyger, Sweden) coating in essential 8 (E8) medium (Dulbecco’s 

modified Eagle’s medium/F12 [DMEM/F12] supplemented with 15 mM Hepes [Thermo 

Fisher Scientific, Waltham, MA, USA], 10 µg/ml holo-transferrin, 20 µg/ml insulin, 

16 mg/ml L-ascorbic-acid, 0.7 mg/ml sodium selenite [all from Merck], 100 ng/ml bFGF 

[Thermo Fisher Scientific], 1.74 ng/ml TGFb [Bio-Techne, Minneapolis, MN, USA]) 

essentially as described (Chen et al. 2011). Passaging of the iPSCs was performed every 7 

days. Cells were incubated with EDTA for 2 min (37°C, 5% CO2) to detach the cells, so that 

clumps remain (no single cell suspension). iPSCs were washed off the plate with 

DMEM/F12. Cells were re-seeded in E8 medium on freshly coated plates in a final dilution 

of 1:40-60. 

 

Differentiation of sensory neurons from iPSC 

The iPSC line chosen has often been used for the generation of various cell types (Dreser 

et al. 2020; Fattorelli et al. 2021; García-León et al. 2020; Klima et al. 2021a; Nikasa et al. 

2021; Shih et al. 2021; Terryn et al. 2018; Verheyen et al. 2015). The iPSCs were prepared 

for neural differentiation on day of differentiation minus 2 (DoD-2) by replating in a single 

cell suspension (90,000 cells/cm2) onto MatrigelTM (Corning, Glendale, AZ, USA) coated 6-

well plates in E8 medium supplemented with 10 µM Rock inhibitor (Y-27632 [Bio-

Techne]). 

On DoD0’, E8 was replaced by neural differentiation medium KSR (knock out DMEM with 

15% serum replacement, 1 x Glutamax, 1 x nonessential amino acids, and 50 µM β-

mercaptoethanol [all from Thermo Fisher Scientific]) and the combination of five small 

molecule pathway inhibitors. From DoD0’-5’, 17.5 ng/ml Noggin (Bio-Techne) and 10 µM 

SB-431642 (Bio-Techne) were added, and 1.5 µM CHIR99021 (Axon Medchem, 

Groningen, Netherlands), 5 µM SU5402 (Bio-Techne) and 5 µM DAPT (γ-Secretase 

inhibitor IX) (Merck) were added on DoD2’-9’. From DoD4’ onwards, KSR medium was 
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gradually replaced by N2-S medium (DMEM/F12, 1 x GlutaMax [both from Thermo Fisher 

Scientific], 0.1 mg/ml apotransferrin, 1.55 mg/ml glucose, 25 μg/ml insulin, 20 nM 

progesterone, 100 μM putrescine and 30 nM selenium [all from Merck]) in 25% 

increments. On DoD9’ the cells were cryopreserved in 90% fetal bovine serum (FBS) 

(Thermo Fisher Scientific) and 10% dimethyl sulfoxide (DMSO) (Merck). 

After thawing of the pre-differentiated cells, sensory neuron precursors were cultured in 

25% KSR and 75% N2-S supplemented with CHIR99021 (1.5 µM), SU5402 (5 µM) and 

DAPT (5 µM). Cells were seeded at a density of 100.000 cells/cm² on MatrigelTM coated 

plates. For further differentiation and maturation, half of the medium was changed on 

DoD1 and DoD2. With the fresh culture medium on DoD2, Matrigel was added to the cells 

at a final dilution of 1:80. On DoD3, medium was changed to N2-S medium supplemented 

with 12.5 ng/ml brain-derived neurotrophic factor, 25 ng/ml glia-derived neurotrophic 

factor and 25 ng/ml nerve growth factor (all from Bio-Techne) and 2 µM cytarabin (AraC; 

Merck). Half of the medium was changed on DoD4, 7 and 10 with further Matrigel addition 

on DoD10. On DoD14, medium was changed to maturation medium (N2-S supplemented 

with BDNF [12.5 ng/ml], GDNF and NGF [both 25 ng/ml]). Half medium exchanges are 

performed every three to four days. Matrigel is diluted in the culture medium at a final 

dilution of 1:80 every 10 days. 

 

PeriTox test  

Immature peripheral neurons were thawed and seeded at a density of 100,000 cells /cm2 

(Hoelting et al. 2016). Cells were left to attach for 1 h at 37°C, 5% CO2 followed by 

treatment with the respective test compounds. Cells were exposed to the compounds for 

24 h. One hour prior to analysis, peripheral neurons were stained with 1 µg/ml HOECHST-

33342 (H-33342) and 1 µM calcein-AM (both from Merck). After incubation for 1 h at 

37°C, 5% CO2, image acquisition was performed automatically using an ArrayScan VTI 

HCS microscope (Thermo Fisher Scientific). Image analysis was performed as described 

previously (Stiegler et al. 2011). In brief, the calcein stain was used to identify the 

neuronal area and the somatic area, defined by the enlarged area of H-33342 stain, was 

subtracted resulting in the neurite area. The same images were used to derive data on cell 

viability. Each H-33342 stained cell was checked for a double stain with calcein-AM. 

Double-positive cells were classified as viable, cells that were only H-33342 positive as 

dead. 
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Lentiviral construct and the generation of a gene-edited iPSC line 

The lentiviral sequence was designed to yield a fusion protein consisting of turboRFP 

(tRFP), the 2A sequence, ubiqitin (Ubi) and NGN1. This construct enables the exact 

generation of the NGN1 protein by cleavage. Equimolar amounts of tRFP and NGN1 are 

produced. The expression is driven by a synthetic promoter (Tet-responsive element 

[TRE]) that is dependant on the presence of Doxycycline (Dox). Furthermore, the 

lentivirus carries a hygromycin restistance gene allowing the selection for cells that 

incorporated the lentiviral DNA upon infection (Fig. 2.1.2A). The vector and the principle 

of the fusion construct was published earlier (Schildknecht et al. 2013).  

The human Si28 line was infected with the described lentivirus. Infected cells underwent 

hygromycin (Carl Roth, Karsruhe, Germany) selection. After selection, the cells were 

cultured for 5 days in E8 medium without hygromycin. This was followed by manual 

picking and expansion of the colonies. Stocks of the clones were cryopreserved in 90% 

FBS and 10% DMSO. Short tandem repeat (STR) DNA typing (described in detail in (Dirks 

and Drexler 2013)) was performed for cell line authentication. Furthermore, bordering 

sequences of the inserted NGN1 expression virus were isolated by nested inverse PCR. 

Fragments were purified by gel isolation and sequenced. The construct was found to have 

integrated in an intron of the glutamate ionotropic receptor kainate type subunit 5 gene 

(GRIK5) on chromosome 19. 

To evaluate the clone’s NGN1 expression properties, iPSCs were seeded as single cells in 

E8 medium supplemented with 10 µM ROCKi, at a density of 10.000 cells/cm2. After one 

day, medium was exchanged to E8 without ROCKi and cells were exposed to doxycycline 

(2 µg/ml) for up to 5 days (Fig. 2.1.2B). 

 

Immunofluorescence staining and microscopy 

Neurons, grown on glass coverslips coated with MatrigelTM, were fixed with 4% 

paraformaldehyde at 4°C over night. All further steps were performed at room 

temperature. Paraformaldehyde was taken off and cells were washed (~1 min) with 

phosphate buffered saline (PBS) followed by permeabilization with 0.6% Triton X-100 in 

PBS for 7 min. Coverslips were washed (~1 min) with PBS and blocked for 1 h in PBS 

containing 5% FCS and 0.1% Triton X-100. Primary antibodies (see Tab. 4.1.S1) were 

diluted in fresh blocking solution and applied for 1 h. Residual free primary antibodies 
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are then washed off with PBS. Secondary antibodies and H-33342 are diluted in blocking 

solution and applied on the coverslips for 30 min. After washing with PBS, coverslips were 

placed upside-down on mounting medium on microscope slides. 

 

RNA extraction, cDNA synthesis and reverse transcriptase qPCR 

RNA was extracted with TRIzol (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. To produce cDNA, reverse transcription was performed with 1 

µg RNA using iScript (Bio-Rad, Hercules CA, USA), following the manufacturer’s protocol. 

SsoFastTM EvaGreen® Supermix (Bio-Rad) was used to quantify the cDNA. Determination 

of the threshold cycle (CT) was done with the CFX data analysis software (Bio-Rad). 

Reference genes were used for normalization of the mRNA levels of the genes of interest 

which were then compared for different time points of differentiation according to the ΔΔ 

method (Livak and Schmittgen 2001). Primers used in this study are listed in detail in 

table 4.1.S2. 

 

Transcriptome data generation and analysis 

Sample lysates were prepared by medium removal, followed by a wash with 50 µl of 

phosphate buffered saline (PBS) (Thermo Fisher Scientific) and instant addition of 33 µl 

1x Biospyder lysis buffer (BioSpyder Tech., Glasgow, UK). After incubation at RT for 10 

minutes, the sample plates were stored at -80°C up to the time of dry ice shipping to 

Bioclavis (BioSpyder Tech., Glasgow, UK). The whole transcriptome was then measured 

via the TempO-Seq targeted sequencing technology (House et al. 2017). The set of genes 

analysed, and the read data are detailed in Supplement file2, organized as Excel 

workbook. Labelling and clear explanations are included. 

Downstream data interpretation was performed using the R package DESeq2 (v1.32.0) 

for the differential gene expression (DGE) analysis (Love et al. 2014). The raw probe 

counts were normalized to total sample counts per million (CPM). No library size 

threshold was used; samples with replicate correlation (Pearson R) to group average 

below 0.8 were removed from the analysis. Prior to the DGE, the low-count genes (less 

than 3 samples above 5 CPM) were discarded. The Wald statistics test was used for 

significance evaluation of each differentiation stage against DoD1. Selection of the most 

significant differentially expressed genes (DEG) was done using a (Benjamini-Hochberg) 

p-adjusted maximum threshold of 0.05 and a log2(fold change) minimum threshold of 1. 
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Gene ontology (GO) terms were analysed for over-representation using g:profiler 

software (Raudvere et al. 2019), based on Fisher’s F test. GO terms of the category 

biological process with a maximum size of 1000 genes were taken into account for further 

analysis. Quantitative activation scores were calculated according to Waldmann et al. 

(2014) by by “multiplying the percentage of genes within the GO that was found to be 

significantly regulated with the average fold change of these regulations” (Waldmann et 

al. 2014).  

 

Manual patch-clamp recordings 

Patch-clamp experiments were performed in the whole-cell mode (Hamill et al. 1981) 

using an EPC 10 USB patch-clamp amplifier and the PATCHMASTER software (version 

2x91; HEKA Elektronik, Lambrecht, Germany). The extracellular solution contained (in 

mM): 140 NaCl, 4 KCl, 1 MgCl2, 1.8 CaCl2, 10 HEPES, and 10 D-glucose, pH 7.4. The 

intracellular solution contained (in mM): 107 K-gluconate, 10 KCl, 1 MgCl2, 10 HEPES, 5 

EGTA, and 4 Na2ATP, pH 7.2. For the experiments in which the voltage-gated potassium 

ion channel currents were blocked, the following solutions were used: the extracellular 

solution contained (in mM): 140 NaCl, 10 tetraethylammonium chloride (TEA), 1 MgCl2, 

1.8 CaCl2, 10 HEPES, and 10 D-glucose, pH 7.4. The intracellular solution contained (in 

mM): 117 CsCl, 10 TEA, 1 MgCl2, 10 HEPES, 5 EGTA, and 4 Na2ATP, pH 7.2. All substances 

were obtained from Carl Roth except K-gluconate, EGTA, Na2ATP, TEA, and CsCl, which 

were from Sigma Aldrich. 

The recordings were performed at room temperature and the cells were kept at a holding 

potential of -70 mV in all experiments. To investigate the action potential firing behavior, 

the cells were stimulated in current-clamp mode by hyper- and depolarizing current 

pulses from -50 pA to +240 pA in +10 pA steps with a pulse duration of 300 ms. In voltage-

clamp mode, voltage-gated ion channels were stimulated by voltage pulses ranging from 

-70 mV to +60 mV in +10 mV steps with a pulse duration of 300 ms. For leak subtraction, 

the P/4 algorithm of the PATCHMASTER software was used in voltage-clamp mode. Both 

pulse protocols were executed at 0.2 Hz. For agonist tests with α,β-methylene ATP (α,β-

meATP) and capsaicin in voltage-clamp mode, cells were exposed to these compounds for 

5 s. Tetrodotoxin (TTX), α,β-meATP, and capsaicin were obtained from Tocris. 

The data of the manual patch-clamp recordings were analyzed and visualized with scripts 

written in R (version 3.6.3) (R Core Team 2020). The following r packages were utilized 
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for data handling: cowplot (Wilke 2020), ephys2 (Danker 2018), ggplot2 (Wickham 

2016), lemon (Edwards 2020). 

 

Microelectrode array recordings 

Sensory neurons were seeded at a density of 120.000 cells/7 µl drop on MatrigelTM coated 

24-well CytoView multi-electrode array (MEA) plates with 16 electrodes per well (Axion 

Biosystems, Atlanta, USA). Neurons were left at 37°C, 5% CO2 for 1 h to attach before the 

wells were filled with 500 µl DoD0 medium. Neurons were further differentiated and 

matured as described above. Measurement was performed on different days of 

differentiation for the same wells of a plate. After an equilibration time of 15 min, 

recordings with a Maestro Edge (Axion Biosystems) were started. Recordings were 

carried out for 15 min every hour for a total of 24 h to 38 h. In case of oxaliplatin treatment, 

the compound was applied in 50 µl of maturation medium. Control neurons were treated 

with 50 µl maturation medium alone. All recordings were captured using the Axion 

Integrated Studio Navigator (Axion Biosystems) with a recording chamber at 37°C and 

5% CO2. For raw data acquisition, signals from all electrodes were recorded 

simultaneously with a sampling frequency of 12.5 kHz/channel. The recorded raw files 

were converted offline from voltage traces into various time-dependent data sets, such as 

spiking frequency, etc. The threshold spike detector was set to 5.5x of the noise level 

(signal SD) on each electrode, using adaptive threshold crossing for spike detection 

(Klima et al. 2021a). 

 

Measurement of changes in intracellular Ca2+-concentration [Ca2+]i  

Immature sensory neurons were seeded on DoD0 in 96-well plates at a density of 100.000 

cells/cm2. They were differentiated as described above for up to 49 days. One hour before 

the measurement, neurons were loaded with Fluo-4 DirectTM Calcium Assay Kit (Thermo 

Fisher Scientific) and H-33342 by exchanging half of the medium with the staining 

solution. Pre-incubation with e.g., receptor antagonists was done together with Fluo-4 

loading. Test compounds were diluted in Hanks’ Balanced Salt Solution (HBSS). Agonists 

and antagonists used in this study are listed in detail in table 4.1.S3.  

Monitoring of [Ca2+]i was performed using a VTI HCS microscope (Thermo Fisher 

Scientific) equipped with an automated pipettor and an incubation chamber. Neurons 

were kept at 37°C and 5% CO2 during the experiments. Images were taken as fast as 
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possible for 45 s and test compounds were applied automatically 10 s after the first 

picture was taken. In a standard experiment with 4 stimuli applied to one well (e.g., 

negative control, P2X3 agonist, TRPV1 agonist, KCl), the cells were imaged 4 times for 45 

s with one stimulus applied at a time. Subsequent stimuli applied to one well were 

separated by a minimum interval of 5 minutes.  

The images were exported as .avi video files and analysed with the CaFFEE software 

(Karreman et al. 2020). In brief, the time point of peak fluorescence was identified. 

Fluorescence data for the ground state (F0) and for the peak time point (F1) were assessed 

automatically for all cells. The difference between the two fluorescence levels, ΔF=F1-F0, 

was used for further data processing (Klima et al. 2021a). 

 

Establishing a thresholding strategy to define reactive cells in Ca2+-imaging experiments 

Ca2+ imaging data from 10 different experiments were used to explore the performance 

and practical application of four different threshold setting approaches. The objective was 

to identify the best way of defining reactive cells (Fig. 2.1.S8A). Data were collected on the 

response to a negative control and a positive control (KCl). Only the data on Hanks’ 

Balanced Salt Solution (HBSS, negative control) were used for thresholding. Two different 

methods were used: 

Method 1 used a noise level-based cut off: The threshold (T) was defined at T=mean + (3 

x SD). The mean fluorescence change triggered by HBSS (mean(ΔHBSS)) was considered 

as the noise level and 3 x SD(ΔHBSS) as the noise bandwidth. Three different approaches 

to determine a noise-level based cut off were tested. Method 1a defined one general 

threshold that should be applicaple to all future experiments. For that purpose, >9000 

HBSS Δ values of the whole test set (80 PNN cultures from 10 biological replicates) were 

combined. In this case, a threshold of T=18 was found. Method 1b calculated a well-specific 

threshold: to each well (technical replicate), HBSS was applied in a first step and the 

resulting Δ values were used to define a specific threshold for further stimulus 

applications to this same well. Method 1c resulted in an experiment-specific threshold 

with additional normalization by the KCl response (which may differ in absolute height 

between experiments): for each biological replicate the mean of “base” values of all HBSS 

measurements was calculated and substracted from the mean of all “top” values of all KCl 

measurements. The resulting number was defined as Δmax and set to 100% change in 

signal intensity. All Δ values of this experiment were normalized to Δmax. The normalized 
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data for HBSS was then further used for threshold calculation. All normalized HBSS Δ 

values of one experiment (8 technical replicates) were combined and the resulting 

threshold was then used for all measurements of this experiment.  

Method 2 used a population-based cut off: In this approach T was defined at the 95% 

percentile of the ΔHBSS distribution. All HBSS Δ values of the test set were combined and 

the highest 5% of these Δ values were defined as “reactive”. We defined the next lower 

integer Δ value as threshold (T) for reactivity. A threshold of T=13 resulted from this 

population-based cut off. 

Reactive cells in response to HBSS, α,β-methylene ATP (1 µM) and capsaicin (1 µM) were 

quantified according to all 4 threshold setting approaches. Based on the comparison of 

the respective results, we chose, the well-specific method 1b as standard thresholding 

approach for all further experiments. Additionally, we applied the rule that T=18 (method 

1a) was the maximum value acceptable for T. 

 

Software used to transform images into accessible data 

Most of the data was generated using the published program CaFFEE (Karreman et al. 

2020). For the evaluation of the reactions of individual cells on different stimuli a special 

version of this program was developed. This special version, called MultiMovie, is capable 

of aligning the cells in up to five movies and follow their individual behaviour through all 

successive treatments (Fig. 2.1.S9D). This enabled us to assess cells that reacted only to 

some or to certain combinations of stimuli and capture these quantatively.  

The accumulated amount of data of these programs exceeded the capacity of all our 

regularly used programs to visualize data. To accomplish this task, another program 

(BigData) was written, see figure 2.1.5D and 4.1.S8A,B.  

 

Table 2.1.S1: Primary antibodies used in this study 

Target Isotype Dilution Supplier Catalogue number 

βIII-tubulin (pol.) mouse IgG1 1:1000 BioLegend 921001 

Peripherin mouse IgG2a 1:200 Santa Cruz sc-377093 

Ki67 (PE) mouse IgG1 1:500 BD Pharmingen 556027  

ISL1 rabbit 1:200 Abcam ab109517 

BRN3A rabbit 1:200 Merck Millipore 5945 

P2X3 rabbit 1:200 Novus NB100-1654 

TRPV1 rabbit 1:200 Novus NBP1-71774 
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NGN1 rabbit 1:100 Invitrogen MA5-24912 

Nanog mouse IgG1 1:200 

CellSignaling 
9656 

(Pluripotency Kit) 

OCT4 rabbit 1:200 

SOX2 mouse IgG1 1:200 

Tra1-81 mouse IgM 1:500 

Tra1-60 mouse IgM 1:200 

SSEA4 mouse IgG3 1:500 

PAX6 rabbit 1:200 BioLegend 901308 

SOX10 mouse IgG1 1:200 Abcam ab181466 

 

Table 2.1.S2: Primers used in this study 

Target Sequence (For) Sequence (Rev) 

POU4F1 (BRN3A) CCCTGAGCACAAGTACCCGTC CGGCTTGAAAGGATGGCTCTTGC 

GAPDH ATGGAGAAGGCTGGGGCTCA AGTGATGGCATGGACTGTGGTCAT 

ISL1 TTGGAATGGCATGCGGCATG AGGCCACACAGCGGAAACAC 

NANOG GGTGAAGACCTGGTTCCAGAAC CATCCCTGGTGGTAGGAAGAGTAAAG 

NGN1 GACGACACCAAGCTCACCAA AACAAGCGGCTCAGGTATCC 

NGN2 AGGCCAAAGTCACAGCAACG GGCTCCTCCTCCTCTTCTTC 

OCT4 GCAAAGCAGAAACCCTCGTGC ACACTCGGACCACATCCTTCTCG 

P2RX3 TGACGCCACCTCAGGGCACC AGGTCCGGAGCACAGAGCTG 

PAX6 CCGCCTATGCCCAGCTTCAC AAGTGGTGCCCGAGGTGCCC 

PRPH GAGAGCTGGAGCTGTTGGGC AGGCGGGACAGAGTGGCATC 

RET GGTCTTTTGGTGTCCTGCTGTGG GCATCAGGCGGTACATCTCCTC 

RPL13A GGTATGCTGCCCCACAAAACC CTGTCACTGCCTGGTACTTCCA 

RUNX1 ACCTCGAAGACATCGGCAGAAACTAG GGAGTGGTTCAGGGAGGCAC 

RUNX3 AGACCCCAATCCAAGGCACC CCACGCTGAGGCTGCTGAT 

SCN10A GTGGGCCTGCATGGAAGTTG GGGCCACCTGCAGGTTGTTC 

SCN9A TGCTCTCTGTCTGAGGTTGGG GCCGGTGAACGGGAAAATGC 

SOX10 CAGCAAAAGCAAGCCGCACG CTTTCGTTCAGCAGCCTCCAGAG 

TBP GGGCACCACTCCACTGTATC GCAGCAAACCGCTTGGGATTATATTCG 

TRKA GCTGTCAAGGCACTGAAGGAGG CGGAGGAAGCGGTTGAGGTC 

TRKB ACAGATTTCTGCTCACTTCATGGGC CCACAGCATAGACCGAGAGATGTTCC 

TRKC TCGCTGGATGCCTCCTGAAAG CAATGACCTCCGTGTTTGAGAGTTGG 

TRPM8 TGGGAGCCAGCAAGCTTCTG CCGCCAGCTCCAGACAGTTG 

TRPV1 AGAACGGAGCAGACGTCCAG GTTGCCCACCGAGTCCCTGG 

 

Table 2.1.S3: Agonists and antagonists used in Ca2+-imaging experiments 

Compound Solvent Concentration [µM] Supplier Catalogue number 

α,β-methylene ATP water 0.1, 0.3, 1, 3, 10 Cayman Chemical 10008956 

A-317491 DMSO 0.1, 1, 2.5, 5, 10 Cayman Chemical 19256 
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AF-353 DMSO 0.003, 0.01, 0.03,  

0.1, 0.3, 1 

Cayman Chemical 23034 

capsaicin DMSO 0.1, 1, 10 Cayman Chemical 92350 

capsazepine DMSO 0.1, 1, 2.5, 5, 10 Cayman Chemical 10007518 

carbamazepine DMSO 25, 100 Merck C4024 

KCl water 40,000 Merck P9541 

olvanil DMSO 25 Cayman Chemical 90262 

piperine DMSO 100 Merck P49007 

SB-366791 DMSO 0.01, 0.1, 1, 10 Adipogen AG-CR1-0034 

tetrodotoxin water 1 BioTechne 1078 

veratridine DMSO 3 alomone labs V-110 

 

 

 

 

 

  



Results   

66 

 

 

Figure 2.1.S1: Characterization of iPSC-derived sensory neurons 

(A) Human sensory neurons were differentiated using the media, coating and supplements indicated. The first 

differentiation phase is shown left, after switching of E8 stem cell medium to differentiation media containing different 

ratios of knockout serum replacement (KSR) and N2-S media (with Noggin and the small molecule inhibitors SB431542, 

DAPT, CHIR99021 and SU5402 added). Note that the timing of this step is indicated by primed numbers. During the 

second phase (right), starting on DoD0, cells are matured for up to 50 days. The initial medium composition of 25% KSR 

and 75% N2-S is followed (DoD3) by 100% N2-S medium supplemented with brain-derived neurotrophic factor 

(BDNF), glia-derived neurotrophic factor (GDNF) and nerve growth factor (NGF). Cells were grown on Matrigel-coated 

plates, white arrows indicate the addition of liquid Matrigel to the culture medium every 10 days. AraC, cytarabine; 

FGF2, fibroblast growth factor 2; ROCKi, ROCK inhibitor (B) Fixed sensory neurons were immunostained for βIII-

tubulin (βIII-Tub) and the proliferation marker Ki-67. The composite image is color coded and the single stain signals 

are given as b/w images. (C) The PeriTox test was performed on DoD0 using immature peripheral neurons to assess 

the effects of toxicant exposure (24 h) on the neurite area and on general viability. Concentration-response curves of 

the effects on cell survival are shown. Data are given as mean ± range of 2-3 biological replicates. Errorbars smaller than 

the data point symbols are not shown. Data on neurite area are displayed in figure 2.1.1D. 
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Figure 2.1.S2: Generation of the Si28-NGN1 iPSC line with inducible expression of NGN1 

(A) Workflow for the generation of the iPSC-line Si28-NGN1 from the commercially available Si28 line. Si28 were 

infected with the lentivirus vTIH_TR2AUNGN1W, encoding NGN1. Cells were grown for two days, split and then cultured 

under different hygromycin selection conditions (0, 25 or 50 µg/ml) for 7-12 days. Afterwards, the medium was 

changed to E8 medium without (w/o) hygromycin for 5 days. Single colonies were picked, expanded and cleaned 

followed by testing (as depicted in Fig. 2.1.2B) of the clones. Si28-NGN1 iPSC stocks were frozen. (B-
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D) Immunofluorescence images of iPSC cultures. Cells were stained for the pluripotency markers Nanog, Tra1-81 (B), 

OCT4, Tra1-60 (C), SOX2 and SSEA4 (D). Nuclei were stained with H33342 (DNA). (E,F) Immunofluorescence images 

of cells treated with doxycycline for 5 days. Fixed cells were labelled with antibodies against the pan-neuronal marker 

β-III tubulin (βIII-Tub), the PNS specific intermediate filament peripherin (PRPH) and the sensory neuronal 

transcription factors NGN1, ISL1 and BRN3A (see also Fig. 2.1.2D). (B-F) Images of the single stainings are shown. The 

composite images of the stainings are color coded according to the detail images. Scale bars are given in the images. 

 

 

 

Figure 2.1.S3: STR typing of the iPSC lines Si28 and Si28-NGN1 

Short tandem repeat (STR) analysis was used to authenticate the newly generated iPSC line Si28-NGN1. The STR profile 

for Si28 provided by the vendor is given in green columns. A larger set of STR loci was investigated for Si28 (as used in 

our laboratory) and Si28-NGN1 iPSC. For each STR locus, the number of repeats is given for both alleles (two sub-

columns per sample). 
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Figure 2.1.S4: Characterization of neurons resulting from different doxycycline exposure scenarios integrated 

in the standard differentiation protocol 

(A) Immunofluorescence images of cells differentiated according to doxycycline exposure scenarios S1-S3 on DoD3 

(after thawing). Fixed cells were labelled with antibodies against PRPH (green) and ISL1 (red). Nuclei were stained with 
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H33342 (blue). Single staining images of the composite images shown in Fig. 2.1.3C are given. The composite images 

are color coded and the scale bar is given in the image. Arrowheads depict exemplary dead cells, arrows point out 

exemplary ISL1-negative nuclei. (B) Gene expression analysis of the sensory neuron marker genes POU4F1 (BRN3A) 

and ISL1. Data are expressed relative to expression levels in iPSCs and given as means ± SEM of 3-4 biological replicates. 

(C) Immunofluorescence images of cells differentiated according to S2. Cells were fixed on DoD14 and labelled with 

antibodies against BRN3A or ISL1 (red). Nuclei were stained with H33342 (blue). Scale bars are given in the images. 

(D) Quantification of ISL1-positive and BRN3A-positive nuclei in DoD14 cultures differentiated according to the three 

doxycycline exposure conditions described in Fig. 2.1.3A. The range of the percentage of positive nuclei is given. 
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Figure 2.1.S5: Unbiased, transcriptomics-based approach to explore the differentiation of PNN 

Transcriptome data were obtained by the TempO-Seq approach for 19,000 genes and DoD1, 7, 14, 28, 35, 42. (A) First, 

DEGs were determined for DoD42 cells (vs. DoD1). All upregulated DEGS with a fold change > 2 and an adjusted p-value 

≤ 0.05 were used for over-representation analysis of gene ontology (GO) terms (Raudvere et al. 2019). GO terms of the 

category biological process with a maximum size of 1,000 genes were taken into account for the analysis. The Top50 

GO terms with the lowest adjusted p-value were used for calculation of quantitative activation scores (Waldmann et al. 

2014). (B) The Top50 GO terms are listed according to their adjusted p-value (1 = lowest p-value). The table gives 

information about the over-representation of the respective GO terms on the investigated days of differentiation (x = 

over-represented). The GO terms are colored according to their assigned superordinate group: “synapse signaling” 

(blue), “neurotransmitter” (orange), “receptors, channels, transporters” (pink) and “morphogenesis” (green). (C) 

Quantitative activation scores for each of the Top50 GO terms are shown over time. Numbers on the right refer to the 

list numbers (B) of the respective GOs depicted in the graphs. Summary data, e.g., combined scores for the four 

superordinate processes color-coded here, are displayed in figure 2.1.4. 

 

 

 

Figure 2.1.S6: Driver genes of the oGO terms. 

Among the DEGs determined for DoD42 versus DoD1, 200 GO terms were found to be over-represented. We were 

interested, which genes were drivers of these GOs. The number of GO terms, in which each gene occurs, was quantified. 

The genes found in more than 15% of the oGO terms were further analyzed for their absolute transcript levels to confirm 

that the oGOs were driven by reasonably expressed genes. The heatmap shows the absolute expression levels of the GO 

driver genes for all timepoints examined. Data are given as counts per million (CPM) on a log2 scale. The complete set 

of raw data is found in supplementary file2. 
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Figure 2.1.S7: Expression of functional voltage-gated ion channels. 

PNN used on DoD25-35 for voltage-clamp experiments to investigate the expression of voltage-gated ion channels by a 

step-wise blocking approach. (A) Schematic representation of the stimulation protocol used for voltage-clamp 

recordings. Voltage pulses were applied with a pulse duration of 300 ms and a pulse frequency of 0.2 Hz, starting at -70 

mV and increasing in steps of +10 mV. (B) Overview of the step-wise blocking approach to differentially assess major 

cation channel classes. Inhibitors used for the step-wise blocking approach: (I) KV channel currents were blocked by 

tetraethylammonium (TEA) combined with the intracellular replacement of K+ ions by Cs+. (II) Block of NaV channel 

currents was achieved by tetrodotoxin (TTX). (III) CaV channel currents were blocked by CdCl2. (C) Representative 

current responses of a cell in normal recording buffer without any inhibitors added. (D) Recording of NaV currents (with 

small contribution of CaV channels) after the block of KV channel currents. Inset shows a single trace of a remaining NaV 

current at a -30 mV pulse. (E) Conditions as in (D), but additional block of NaV channel currents. Inset shows a single 

trace of a CaV channel current (at V=0 mV) with characteristic, slow inactivation kinetics. (F) Condition as in (E), but 

additional block of CaV channel currents, resulting in a complete block of all current responses at all voltage pulses. 
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Figure 2.1.S8: Thresholding approaches for Ca2+-imaging evaluation to define reactive cells 

 (A) Summary and illustration of the approaches as described in the supplementary methods that were investigated for 

threshold setting. Thresholding was always based on the response to the negative control (Hanks’ Balanced Salt 

Solution (HBSS)). The green area in 1a covers all cells with ΔHBSS<18, while the blue area in 2 covers all cells with 

ΔHBSS<13. (B) The application of method 1a (T=18) on the HBSS Δ values of the single biological replicates of the test 

set is exemplified. The percentage of reactive cells is given. The number of all cells measured in each experiment is also 

indicated. Each dot represents a single cell measured. The means ± SD are indicated graphically in red for each 

experiment. The green area covers all cells defined as “non-reactive”. DoD: day of differentiation (C) Evaluation of 

reactive cells according to all 4 threshold setting methods using all technical replicates available for each of the 10 

biological replicates (also including wells that were not part of the test set): Quantification of reactive cells in response 

to HBSS, α,β-methylene ATP (1 µM) and capsaicin (1 µM) is shown as mean (grey bars) in % of the total cell number. 

Each data point represents one replicate (each with several hundred cells). The well-specific method 1b was chosen as 

standard thresholding approach for all experiments with an upper threshold limit of T=18 (method 1a). 
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Figure 2.1.S9: Characterization of sensory neurons and their use in Ca2+-imaging experiments. 

(A,B) Immunofluorescence images of cells stained for P2X3 and peripherin (PRPH) (A), or TRPV1 and βIII-tubulin (βIII-

Tub) (B). Single staining images of the composite images shown in Fig. 2.1.6A are given and the composite image is 

color-coded. (C) Weekly Ca2+-measurements monitored the development of three independently differentiated cultures 

from DoD7-42. Responses towards the specific agonists of P2X3 (α,β-meATP, 1 µM) and TRPV1 (capsaicin, 1 µM), and 

towards a NaV channel modulator (veratridine, 3 µM) were quantified. (D) Sequence of a typical Ca2+ imaging 

experiment conducted in one well. Four different stimuli were applied to the same well with >5 min intervals inbetween. 

Each measurement can be evaluated for itself using the CaFFEE program. Combination of several measurements for 

evaluation in the MultiMovie program allows determination of possible polymodality. (E) Characterization of cells 

regarding P2X3- and TRPV1-polymodality using the MutliMovie program. Additionally, the influence of the sequence of 

applied stimuli was investigated. (F) The specificity of the TRPV1-antagonist capsazepine and the P2X3-antagonist A-

317491 was investigated with α,β-meATP as the first, and capsaicin as the second stimulus. Data are normalized to the 
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respective stimulus response of cells not pre-incubated with an inhibitor and given as means ± SEM. Significance was 

tested for treatments ± antagonist. * p < 0.05, ** p < 0.005 (G) Response of sensory neuronal cultures towards the TRPV1 

agonists piperine [and olvanil. Data are normalized by the culture response to capsaicin (=100%) and given as means 

± SEM. 

 

 

 

Figure 2.1.S10: Effects of platinum compounds on viability parameters. 

(A) The PeriTox test was used to assess concentration-dependent effects on neurite growth (pink) and cell survival 

(grey) of oxaliplatin (left) and cisplatin (right). Horizontal, dashed line: ‘no effect’ cut-off (90%) for live cells. Vertical, 

dotted lines: concentrations (5 µM, 20 µM) used in Ca2+ imaging experiments. (B) PNN on DoD42 were either exposed 

to oxaliplatin for 24 h before fixation or not (Ctrl). PNN imaged at low magnification (left) after staining for βIII-tubulin 

(βIII-Tub) and DNA did not reveal significant impairments of either viability or neurite structure. The representative 

image data were confirmed by qualitative high content imaging of the neurite area. Images on the right focus on neurites 

at higher magnification. Microtubules (βIII-Tub) and intermediate filaments (PRPH) were stained to visualize potential 

damage to neurites. Blinded observers were not able to distinguish Ctrl PNN from oxaliplatin-treated PNN. Composite 

images are color coded and the single stains are shown in b/w. (C) PNN were cultured on multi-electrode array (MEA) 
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plates. On DoD37, oxaliplatin was added for 36 h. Right after oxaliplatin addition and during the last 12 h of the 

treatment (hourly), the mean firing rate was recorded. Data are given as the 15 min averaged weighted mean firing 

rates. The grey box indicates oxaliplatin treatment. Presence of oxaliplatin for 24 h did not alter the mean firing rate. 

After 36 h, oxaliplartin was washed-out. On DoD46, integrity was assessed visually amd firing signals were recorded for 

6 h, demonstrating PNN viability.  
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Figure 2.1.S11: Functional changes in mature PNN exposed to platinum compounds 

(A) PNN were pre-treated with oxaliplatin or cisplatin for 24 h and their response to mechanical stress was assessed 

(see figure 2.1.7A). For each signal intensity change value (in arbitrary units, a.u.), the number of cells responding 

accordingly was determined. This was normalized to the total number of cells. This way, signal intensity change 

distribution curves (=relative frequencies of [Ca2+]i changes) were obtained for all conditions. This revealed a significant 

subpopulation of oxaliplatin pre-treated PNN exhibiting increases in the [Ca2+]i change. The data from these curves 

formed the rationale for us to choose the general threshold of T=18 for the quantifications shown in figures 4.1.7B and 

4.1.S11B. (B) PNN were pre-treated with oxaliplatin for 24 h and their response to mechanical stress was assessed. 

Each dot represents one biological replicate. Experiments are represented by matching colors. (C) The influence of 

different oxaliplatin exposure schedules (a-d) on the responsiveness towards capsaicin (left) or α,β-meATP (right) was 

investigated. (D) Cells were pre-treated with oxaliplatin for 24 h. A-317491 (A, 10 µM), TTX (3 µM) or carbamazepine 

(Carb) were added to the PNN 1 h before stimulation. Then, the response towards capsaicin (1 µM) application was 

assessed. (E) PNN were pre-treated with cisplatin for 24 h. Responses towards mechanical stress (left), capsaicin and 

α,β-meATP (right) were assessed. (A-E) Data are means ± SEM. Significance was tested against the respective control. 

* p < 0.05, ** p < 0.005, *** p > 0.0005. 

 

 

Appendix to supplementary information  

DB-ALM Protocol: 

Differentiation of human iPSC-derived immature dorsal root ganglia-like cells and their use in the 

PeriTox-test to test neurotoxicants 
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Part A. Protocol Introduction 

Protocol Name: Differentiation of human iPSC-derived immature dorsal root ganglia-like 

cells and their use in the PeriTox-test to test neurotoxicants 

Abstract: This protocol provides information about the differentiation of human 

induced pluripotent stem cells into immature human dorsal root ganglia-like 

cells. These cells provide the basis for the PeriTox-test, which allows the 

identification of specific (peripheral) neurotoxicants. 

Résumé 

The current protocol describes the differentiation of human induced pluripotent stem cells 

(hiPSCs) to immature human dorsal root ganglia-like (iDRG) cells performed according to a 

previously published protocol (Chambers, Qi et al. 2012) with modifications like the introduction 

of a freeze-and-thaw step. 

These iDRG neurons provide the basis for the PeriTox-test. Besides cytotoxicity, the PeriTox-test 

allows the identification of neurotoxicants, as it includes the functional endpoint of neurite growth 

inhibition. The test includes single dose treatment of the cells for 24 hours and a direct image-

based readout via Cellomics Array Scan VTI HCS high content reader. Treatment of the cells is only 

possible in concentration ranges where no precipitation of the compound is visually observed. 

Experimental Description  

Biological Endpoint and Endpoint Measurement:  

The PeriTox-test enables the assessment of peripheral neurotoxicity using human iPSC-derived 

immature human dorsal root ganglia-like cells. Neurite outgrowth as a functional endpoint as well 

as cytotoxicity are investigated via high content imaging.  

Endpoint Value: 

Concentration-response-curve (including EC10, EC25, EC50, NOEL…) 

Experimental System: 

The human iPSC line Sigma iPSC0028 (EPITHELIAL-1) (derived from adult human epithelial cells 

by OSKM retrovirus reprogramming, purchased from Sigma-Aldrich (Cat# IPSC0028)) is used to 

generate immature human dorsal root ganglia (iDRG) neurons.  

Sigma iPSC0028-derived iDRG neurons are further used for the PeriTox-test.  
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Discussion 

Work requires S1 cell culture laboratories (genetically modified cells).  

The current protocol describes the differentiation of human induced pluripotent stem cells 

(hiPSC) to immature dorsal root ganglia-like (iDRG) cells performed according to a previously 

published protocol (Chambers, Qi et al. 2012) with modifications like the introduction of a freeze-

and-thaw step. The hiPSC line Sigma iPSC0028 is used for the iDRG cell differentiation in this 

protocol. The Sigma iPSC0028 line is maintained feeder-free on Laminin-521 in E8 medium and 

during the first two days of differentiation the cells are maintained E8 medium. 

In the PeriTox-test human iPSC-derived immature dorsal root ganglia-like cells are used. No 

specific ethical approval is required. 

The duration of the PeriTox-test is 25 h including 24 h of toxicant exposure.  

For the performance of the PeriTox-test special equipment like a high content imaging microscope 

(e.g., Cellomics ArrayScanVTI, Thermo Fisher) equipped with a 10x lens is needed for image 

acquisition. 

To prevent negative edge effects, the edge wells of a 96-well plate are filled with water and only 

the inner 60 wells are used for testing.  

Compounds that reveal autofluorescence can interfere with the detection of calcein-AM or 

H-33342 in the microscope read-out. In this case, images are blurry and cells cannot be detected 

by the software. The PeriTox-test can not be used to assess neurite growth and viability endpoints 

for such compounds. 

Training of operators of approximately 4 weeks is needed. During the differentiation, medium 

change should be performed as fast as possible to keep cells as short as possible at room 

temperature. From day of differentiation 7’ on, medium should be added carefully and slowly so 

that cells are not washed away from the plate as the cells detach easier the more dense the culture 

is. Thawing of the cells has to be performed as fast as possible so that cells are no longer exposed 

to high DMSO concentrations than necessary. 

The PeriTox-test is a high-throughput assay. Reproducible and robust results are gained with 

three technical replicates. With this assay neurite specific compound effects can be identified. The 

comparison to results of a complementary assay using central neurons, e.g., the NeuriTox test 

(Krug et al. 2013), gives insight about the peripheral specificity of an effect.  
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Status 

In Development: 

The general method is published in (Hoelting et al. 2016). 

The exact feeder-free protocol for maintenance of iPSC and their differentiation to iDRG neurons 

as described here, is not published yet, however, the basic procedure highly comparable to the 

previously published protocol. 

Known Laboratory Use: 

University of Konstanz (used by different operators in this laboratory) 

Participation in Evaluation Study: 

The test system was not tested in different laboratories yet. But intra-laboratory testing revealed 

a high robustness across different operators and assay runs. 

Different classes of chemotherapeutics, which are known to cause peripheral neuropathies, were 

identified in the PeriTox test whereas testing on human central neurons missed these compounds. 

This demonstrates the relevance of this test system for safety testing of drugs.  

Participation in Validation Study: 

No 

Regulatory Accepted: 

No 

Proprietary and/or Confidentiality Issues 

The distribution of the protocol or any protocol components is not limited. 

Health and Safety Issues 

General precautions: 

No general precautions. 

MSDS Information: 

In addition to the safety measures regarding the compounds in use, there are no safety measures 

needed for the performance of this method 
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Abbreviations and Definitions 

FGF: fibroblast growth factor 

DAPT: γ-Secretase Inhibitor IX 

DMEM: Dulbecco’s minimum essential medium 

DMSO: dimethylsulfoxide 

E8: Essential 8 

FBS: fetal bovine serum 

FITC: fluorescein isothiocyanate 

HSA: human serum albumine 

iDRG: immature dorsal root ganglia-like 

iPSC: induced pluripotent stem cell 

KSR: knockout serum replacement  

MEM NEAA: minimum essential medium non-essential amino acids 

PBS: phosphate-buffered saline 

RT: room temperature 

 

Last Update: 04.01.2021  
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Part B. Technical Description 

Procedure Details, Latest Version: 04/01/2021  

Protocol Name: PeriTox-test to test neurotoxicants on human iPSC-derived immature dorsal root 

ganglia-like cells  

Final modified protocol 

 

Contact person 

Marcel Leist, University of Konstanz, Universitätsstraße 10, 78464 Konstanz 

+49 7531 885038 

Marcel.Leist@uni-konstanz.de 

 

Contact person 

Anna-Katharina Holzer, University of Konstanz, Universitätsstraße 10, 78464 Konstanz 

+49 7531 885331 

Anna-Katharina.Holzer@uni-konstanz.de 

 

Materials and Preparations 

Cell or Experimental system 

The human iPSC line Sigma iPSC0028 (derived from adult human epithelial cells by OSKM 

retrovirus reprogramming, purchased from Sigma-Aldrich (Cat# IPSC0028)) is used to generate 

immature human dorsal root ganglia (iDRG) neurons.  

Sigma iPSC0028 -derived iDRG neurons are further used for the PeriTox-test.  

Equipment 

Fixed Equipment 

Cellomics Array Scan VTI HCS high content reader (Thermo Fisher) 

Centrifuge 

Freezer (-20°C and -80°C) 

Fridge (4°C) 
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Humidified incubator (37°C, 5% CO2 in air) 

Ice machine 

Laminar flow hood for sterile atmosphere 

Light microscope 

liquid nitrogen storage  

Mr.Frosty™ freezing container (Thermo Fisher) 

Multichannel pipettes 

Micropipettes 

Neubauer counting chamber 

Water bath 

 

Consumables 

Gloves 

Sterile cryovials 

Sterile eppendorf tubes (1.5 ml) 

Sterile plastic tubes (15 ml, 50 ml) 

Sterile single wrapped pipettes 

Sterile 6-well plates (Falcon) 

Sterile 96-well plates (Falcon) 

Sterile 6 cm cell culture dishes (Sarstedt) 

Sterile 0.22 mm bottle-top vacuum filter system (Corning) 

Sterile 500 ml storage bottle (Corning) 

 

Media, reagents, sera, others 

Material Supplier Catalogue Number 

0.5M EDTA UltraPure pH 8.0 Invitrogen 15575 

2-mercaptoethanol Gibco 31350 

Accutase PAA L11-007 

Apotransferin Sigma T-2036 

Basic fibroblast growth factor (bFGF) Invitrogen 13256029 

Calcein-AM Sigma 17783 

CHIR99021 Axon Medchem 1386 

Dulbecco’s minimum essential 

medium (DMEM) F12 

Invitrogen 21331 

DMEM/F12, 15 mM HEPES Gibco 11330 

DMEM / GlutaMax Gibco 31966-047 

Dimethyl sulfoxide (DMSO) Sigma D2650 

Fetal bovine serum (FBS) PAA A15-101 
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Glucose Sigma G7201 

GlutaMax® Invitrogen 35050-061  

Hoechst H-33342 Sigma 14533-100MG 

Holo-Transferrin Sigma T0665 

Human Serum Albumin Sigma A6608 

Insulin Sigma  I9278 

Knock out DMEM Gibco 10829 

Knockout serum replacement (KSR) Gibco 10208 

L-Ascorbic Acid Sigma A8960 

Laminin-521 BioLamina LN521-25 

Matrigel Corning 354234 

Minimum essential medium non-

essential amino acids (MEM NEAA) 
Invitrogen 11140 

Narciclasine Sigma N9789 

Sodium chloride (NaCl) Roth 3957.1 

Noggin R&D 719-NG 

Phosphate buffered saline (PBS) (-

Ca2+, -Mg2+) 

Gibco 14190-169 

Phosphate buffered saline (PBS) 

(+Ca2+, +Mg2+) 

Gibco 14040-091 

Progesterone Sigma P-7556 

Putrescine Sigma  P-5780 

Recombinant human FGF PeproTech 100-18B 

ROCK inhibitor Y-27632 Tocris 1254 

TGF-beta inhibitor SB 43154 Tocris 1614 

Sodium Selenite Sigma  S-5261 

SU5402 Tocris 3300 

TGF-β1 R&D 240-B/CF 

Trypan blue stain (0.4%) Gibco 15250061 

γ-Secretase Inhibitor IX (DAPT) Merck 565784 

 

Preparations 

Media and Endpoint Assay Solutions 

 250X-media 

Components  Volume required per 100 ml 

DMEM/F12, 15 mM Hepes 99.515 ml 

L-Ascorbic Acid 1.6 g 

Sodium selenite (0.7 mg/ml) 

stock solution 0.485 ml 

 

Sterile filter and prepare aliquots (2 ml). Freeze at -20°C. 

 Holo-Transferrin (1000x) 
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Dissolve 10 mg in 1 ml PBS and store aliquots at -20°C. The solution is stable for at least 

3 months under these conditions  

 0.05% HSA-Solution 

Add 50 µl of a 10% HSA stock solution (in PBS; A6608-100mg) to 10 ml PBS  

 Recombinant human FGF Aliquots (1000x) 

Dissolve 1 mg FGF in 10 ml of 0.05% HSA in PBS. Prepare aliquots and store at -80°C 

for a maximum of 3 months. 

 TGF-β1 Aliquots (1000x) 

Prepare a solution of 0.05% HSA, 4 mM HCl in PBS (add 3.5 µl of 25% (8M) HCl to 7 ml 

0.05% HSA-solution). Dissolve 10 µg TGF-β1 in 5.75 ml of the prepared solution. 

Aliquot and store at -80°C for a maximum of 3 months. 

 SB 43154 Aliquots 

Add 2404 µl ethanol (100%) to 10 mg of SB 43154 to a final concentration of 10 mM. 

Aliquot SB 43154 solution in 200 µl aliquots and store at -80°C for a maximum of 1 

month. 

 Noggin Aliquots 

Add 2 ml 0.1% (m/v) BSA in PBS to 500 µg of noggin to a final concentration of 

250 µg/ml. Aliquot noggin solution in 25 µl aliquots and store at -80°C for a maximum 

of 3 months. 

 CHIR 99021 Aliquots 

Add 3.58 ml DMSO to 5 mg of CHIR 99021 to a final concentration of 3 mM. Aliquot 

CHIR 99021 solution in 120 µl aliquots and store at -20°C. 

 Rock inhibitor Y-27632 Aliquots 

Add 15.185 ml sterile water to 50 mg of Y-27632 dihydrochloride to a final 

concentration of 10 mM. Aliquot Y-27632 solution in 500 µl aliquots and store at -20°C 

for a maximum of 1 month. 

 γ-Secretase Inhibitor IX (DAPT) Aliquots 

Thaw InSolution γ-Secretase Inhibitor IX, which is a 25 mM solution of γ-Secretase 

Inhibitor IX in DMSO. Aliquot γ-Secretase Inhibitor IX in 40 µl aliquots and store at -

20°C. This solution is stable for at least 3 months under these conditions. 

 SU5402 

Add 336 µl DMSO to 1mg of SU5402 to a final concentration of 10 mM. Aliquot SU5402 

solution in 50 µl aliquots and store at -20°C for a maximum of 1 month. 

 Putrescine Aliquots 
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Add 31.04 ml of sterile water to 5 g of Putrescine dihydrochloride to a final 

concentration of 1 M. Aliquot putrescine in 300 µl aliquots and store at -80°C. This 

solution is stable for at least 3 months. 

 Sodium Selenite Aliquots 

E8 stock solution: 

Dissolve 0.7 mg sodium selenite in 1 ml destilled water. Sterile filter the solution and 

freeze aliquots at -20°C.  

N2-S stock solution: 

Add 5.78 ml sterile water to 100 mg of sodium selenite to a concentration of 100 mM 

for the master solution. Either freeze the master solution or dilute master solution 

1:200 in sterile water to obtain a final stock concentration of 500 µM. Aliquot the 

selenium stock solution in 500 µl aliquots and store at -80°C.  

 Progesterone Aliquots 

Add 12.08 ml sterile water to 100 mg of progesterone-water soluble powder (contains 

76 mg progesterone per 1 g powder, Lot # 048K1642) to a progesterone concentration 

of 2 mM for the master solution. Either freeze the master solution or dilute master 

solution 1:20 in sterile water to obtain a final stock concentration of 100 µM. Aliquot 

the progesterone stock solution in 500 µl aliquots and store at -80°C. 

 Calcein-AM Aliquots 

Add 251 µl DMSO to 1 mg of Calcein-AM to a final concentration of 4 mM. Aliquot 

Calcein-AM solution in 10 µl aliquots and store at -20°C. This solution is stable for at 

least 1 month under these conditions. 

 H-33342 Aliquots 

Add 5 ml sterile water to 5 mg of H-33342 to a final concentration of 1 mg/ml. Aliquot 

H-33342 solution in 500 µl aliquots and store at +4°C. This solution is stable for at least 

6 months under these conditions. 

 Accutase Aliquots 

Thaw out Accutase bottle, prepare 10 ml aliquots and store at -20°C. The aliquots are 

stable for at least 1 month under these conditions. 

 Matrigel Aliquots 

Thaw out Matrigel by placing Matrigel bottle on ice until Matrigel becomes liquid. 

Aliquot Matrigel in 330 µl and 1 ml aliquots and store at -20°C. The aliquots are stable 

for at least 2 months under these conditions 

 KnockOut serum replacement Aliquots 

Thaw out KnockOut serum replacement bottle, prepare 50 ml aliquots and store at -

20°C. The aliquots are stable for at least 3 months under these conditions  

 Preparation of EDTA dissociation solution 
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Dissolve 0.45 g NaCl in 250 ml PBS (-Ca2+, -Mg2+). Add 250 µl of 0.5M EDTA UltraPure 

pH 8.0. Sterile filter and store at 4°C. 

 Preparation of full E8 medium (E8) 

Mix all the components in the table below in a bottle and sterilize it by filtering 

through a 0.22 µm filter bottle.Label the bottle with content and date keep, it at 4°C 

for two weeks. Medium should not be re-warmed, it is imperative to only warm up 

the medium amount to be used immediatly and not keeping it for more than 2 weeks 

after the preparation day. 

Components of medium Volume required per 100 ml 

DMEM/F12, 15 mM Hepes 99.1 ml 

250X-media 0.4 ml 

Insulin 0.2 ml 

Holo-Transferrin 0.1 ml 

Recombinant human FGF 0.1 ml 

TGF-β1 0.1 ml 

 

 Preparation of N2-S medium (N2-S) 

The stock solutions of the supplements putrescine (1 M), selenium (500 µM) and 

progesterone (100 µM) are prepared and aliquoted upon first use and stored at -80°C. 

Thawed aliquots can be stored at 4°C for up to two weeks. Weigh apotransferin and 

glucose into a plastic bottle and dissolve in DMEM/F12 medium. Add all medium 

components and sterilize by filtering through a 0.22 µm filter bottle. Wrap the bottle in 

aluminium foil, label with content and date keep it at 4°C for two weeks. Medium 

should not be re-warmed, it is imperative to only warm up the medium amount to be 

used immediatly and not keeping it for more than 2 weeks after the preparation day. 

Components of medium Volume required per 100 ml 

DMEM/F12 98.6 ml 

Apotransferin 10 mg 

Glucose 155 mg 

Insulin 400 µl 

Putrescine (1 M) 10 µl 

Selenium (500 µM) 6 µl 

Progesterone (100 µM) 20 µl 

GlutaMax® 1.0 ml 

 

 Preparation of Knockout serum replacement (KSR) medium 

Mix all the components in the table below in a bottle and sterilize it by filtering through 

a 0.22 µm filter bottle. Wrap the bottle in aluminium foil, label with content and date. 

Keep it at 4°C. Medium should not be re-warmed, it is imperative to only warm up the 
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medium amount to be used immediately and not keeping it for more than 2 weeks after 

the preparation day. 

Components of medium Volume required per 100ml 

Knock out DMEM 83 ml 

Knock out serum replacement 15 ml 

GlutaMax® 1 ml 

MEM NEAA 1 ml 

2-mercaptoethanol 100 µl 

 

 Wash medium 

25% KSR medium and 75% N2-S medium. Medium should not be re-warmed, it is 

imperative to only prepare and warm up the medium amount to be used immediately. 

 Freezing medium 

Add 10% DMSO to fetal bovine serum (FBS) and sterilize by filtering through a 0.22 µm 

filter. Medium can be used for up to 1 week when stored at 4°C. 

 Staining solution 

calcein-AM (11 µM), Hoechst-33342 (11 µg/ml) in PBS. Use within 2 days and avoid 

light exposure.  

 

 

Test Compounds 

- Test and control compounds are stored according to the manufacturer’s instructions (e.g., 4°C, 

room temperature, -20°C), compound aliquots at -80°C. 

- Stock solutions should be dissolved in sterile water or DMSO, if possible 1000x more 

concentrated than the working solution. The used DMSO is stored in a lightproof, air-tight bottle 

at room temperature.  

- Final DMSO concentration on the cells is 0.1% (v/v) 

- After dissolving the compounds which are delivered in a solid/powder form, all compound 

solutions are aliquoted into volumes sufficient for one experiment (i.e. one biological replicate). 

In this way repeated freezing and thawing which can damage the compound’s stability and 

efficiency can be avoided. 

- For conducting an experiment, a compound aliquot is thawed and diluted with day 0 culture 

medium with supplements in a separate deepwell-plate.  

- All compound dilutions in the deepwell-plate contain 0.4% (v/v) DMSO, so that a final 

concentration of 0.1% (v/v) DMSO is reached on the cells when 25 µl of test or control compound 

solution is added to the cells (75 µl of day 0 medium with supplements, without DMSO). The 

highest compound concentration is diluted with medium 1:250 without DMSO as 0.4% (v/v) is 

already reached with the DMSO the compound is solved in. The serial dilution (normally 1:3) is 
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done with day 0 culture medium (75% N2-S, 25% KSR supplemented with CHIR99021 (1.5 µM), 

SU5402 (5 µM) and DAPT (5 µM)) supplemented with 0.4% (v/v) DMSO.  

- The compound dilutions (25 µl each) are added to the cells (75 µl) using a multichannel pipette, 

6 filter tips at a time 

Positive control(s) 

- As positive control, Narciclasine is used in a final concentration of 50 nM. 

- Therefore, the Narciclasine preparation follows the same indications as for the test 

compound: stock solution in DMSO (50 µM) and dilution in day 0 culture medium (75% 

N2-S, 25% KSR supplemented with CHIR99021 (1.5 µM), SU5402 (5 µM) and DAPT (5 

µM)) to a concentration of 200 nM in the deepwell-plate. These controls should have the 

same amount of solvent as the test compounds 

- 25 µl of the compound dilution are added to the cells (75 µl). 

Negative control(s) 

- As negative control, day 0 culture medium supplemented with 0.1% (v/v) DMSO is 

used. 

- Therefore, day 0 culture medium supplemented with 0.4% (v/v) DMSO is prepared in 

the deepwell-plate 

- 25 µl of the DMSO dilution are added to the cells (75 µl) 

 

Method 

Experimental System Procurement 

The human iPSC line Sigma iPSC0028 (EPITHELIAL-1) is purchased from Sigma-Aldrich 

(Cat# IPSC0028).  

Routine Procedures 

Maintenance of Sigma iPSC0028 

Day -3: Thawing of Sigma iPSC0028 cells (6 cm dish) 

(1) Prepare one Laminin-521-coated 6 cm dish: 

a. 4 ml of coating solution are needed per 6 cm dish, solution should cover the dish 

b. Dilute Laminin-521 in PBS (+Mg2+, +Ca2+) 1:40 
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c. Add 4 ml coating solution to the dish, distribute equally and incubate at 37°C for 2 

h or at 4°C over night 

(2) Pre-warm 10 ml DMEM/F12 and 4 ml E8 medium at 37°C 

(3) Thaw 1 vial of frozen Sigma iPSC0028 iPS cells in the waterbath (37°C) until a raisin sized 

frozen part is still left 

(4) Transfer the cell suspension immediately into a 15 ml plastic tube with 10 ml of 

prewarmed DMEM/F12  

(5) Rinse the cryovial with 1 ml DMEM/F12 and combine with other cell suspension 

(6) Spin 3 min at 500 x g 

(7) Discard supernatant and resuspend the cell pellet in 4 ml E8 medium sothat cell clumps 

(not single cells!) are floating in the medium 

(8) Aspirate the coating solution from one 6 cm dish and add the cell clump solution to the 

dish. Distribute the clups equally by shaking the dish slowly. 

 

Day 0: Splitting of Sigma iPSC0028 (6 cm dish) (repeat every 7 days / when cells get >70% 

confluent) 

(1) Prepare one Laminin-521-coated 6 cm dish: 

o 4 ml of coating solution are needed per 6 cm dish, solution should cover the dish 

o Dilute Laminin-521 in PBS (+Mg2+, +Ca2+) 1:40 

o Add 4 ml coating solution to the dish, distribute equally and incubate at 37°C for 2 

h or at 4°C over night 

(2) Pre-warm 7 ml EDTA dissociation solution, 10 ml DMEM/F12 medium and 4 ml E8 

medium at 37°C 

(3) Aspirate medium from the Sigma iPSC0028 cells 

(4) Wash the cells twice with 2 ml EDTA dissociation solution and aspirate immediately.  

(5) Add 1 ml EDTA dissociation solution and incubate for 2 min in the incubator (37°C / 5% 

CO2) 

o Meanwhile aspirate coating solution from prepared 6 cm dishand add 4 ml E8 

(pre-warmed) 

(6) Aspirate EDTA dissociation solution carefully from the cells. Add 2 ml pre-warmed 

DMEM/F12 to the cells ) and pipet 4 - 5 x up and down with a sterile 2 ml plastic pipette. 

The cells should stay in clumps.  
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(7) Transfer the cells into a 15 ml plastic tube.  

(8) Rinse the Sigma iPSC0028 dish with 8 ml DMEM/F12 medium and transfer to the medium 

into the same 15 ml plastic tube.Distribute 0.25 ml of the Sigma iPSC0028 cell suspension 

per per prepared 6 cm dish 

 

Differentiation of Sigma iPSC0028 cells into immature dorsal root ganglia-like cells  

Day -2: 

(1) Prepare DMEM/F12 medium, E8 medium and EDTA dissociation solution and prewarm. 

(2) Prepare Matrigel coated plate(s)  

a. Matrigel has to cover the plate bottom (therefore 1 ml suspension for one well of 

a 6-well plate is required)  

b. Add cold DMEM/F12 to frozen Matrigel pellet and resolve it so that it is diluted 

1:40 

c. Add solution to the plate(s) and incubate for 1.5 h at RT or 30 min at 37°C 

d. After the incubation time, remove Matrigel solution (you can leave DMEM/F12 on 

the plate(s) as long as you need to prepare your cells) 

(3) Wash Sigma iPSC0028 cells twice gently with 2 ml EDTA dissociation solution  

(4) After discarding the EDTA add 1 ml of prewarmed EDTA dissociation solution and 

incubate 4 min at 37°C.  

(5) Add 1 ml of DMEM/F12 medium and detach Sigma iPSC0028 cells from the plate by 

pipetting with a P1000. Cells should not be clumped, single cell suspension should be 

ensured by pipetting gently up and down 

(6) Collect the cell suspension in a 50 ml plastic tube  

(7) Spin 3 min at 500 x g 

(8) Remove supernatant 

(9) Resuspend pellet in 10 ml DMEM/F12 

(10) Spin again 3 min at 500 x g 

(11) Remove supernatant 

(12) Resuspend cells in 1 ml E8 containing 10 µM ROCK inhibitor 
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(13) count cells in a Neubauer chamber using Trypan blue  

(14) plate 90 000 cells/cm2 on Matrigel coated plate(s) in E8 medium containing 10 µM ROCK 

inhibitor (for 6 well plate use 1.5 ml medium per well) 

Day -1: 

(15) Change medium to fresh prewarmed E8 medium containing 10 µM ROCK inhibitor 

Day 0’:  

(16) Cells should have 90% confluency today 

(17) Change Medium to prewarmed KSR supplemented with Noggin (17.5 ng/ml) and the 

special TGF-beta inhibitor SB 431542 (10 µM)  

Day 1’-8’: 

 

Day 9’: (Freezing of cells) 

(18) Prepare freezing medium and wash medium  

(19) Discard the cell supernatant, add 500 µl Accutase per each of the 6 wells and incubate 25 

min at 37°C 

(20) Add 1 ml wash medium to each well of the 6 well-plate and detach cells from the plate by 

pipetting with a P1000 (ensure a single cell suspension by pipetting gently up and down). 

Transfer the cell suspension to a 50 ml plastic tube.  

(21) Wash the whole 6 well plate with 1 ml wash medium in total and pool remaining cells in 

the 50 ml tube 

(22) Spin the tube 3 min at 500 x g 

(23) Discard supernatant and resuspend the cell pellet in 10 ml of wash medium 
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(24) Take 10 µl of the cell suspension for counting the cells in a Neubauer chamber using 

Trypan blue 

(25) While counting the cells, spin the remaining cell suspension 3 min at 500 x g 

(26) Discard supernatant and incubate the cell pellet on ice for 3 min 

From now on all steps are performed on ice 

(27) Resuspend the cell pellet in freeze medium in a concentration of 8 x 106 cells per ml  

(28) Distribute 1 ml of cell suspension per cryovial and put them in a Mr. Frosty freezing 

container and store them overnight at -80°C 

(29) After 24 h store the vials in a cardboard storage box and transfer to liquid nitrogen  

 

Test material exposure procedures 

Thawing of dorsal root ganglia-like cells 

Day 0: 

(1) Prepare wash medium and prewarm 

(2) Prepare Matrigel coated plate(s)  

o Matrigel has to cover the plate bottom (therefore 50 µl suspension for one well of 

a 96-well plate for PeriTox is required)  

o Add cold DMEM/F12 to frozen Matrigel pellet and resolve it so that it is diluted 

1:40 

o Add solution to plate(s) and incubate for 1.5 h at RT or 30 min at 37°C 

o After incubation time, remove Matrigel solution (you can leave DMEM/F12 on the 

plate(s) as long as you need to prepare your cells) 

(3) For two 96 well plates thaw one vial of Day 9’ cells in the waterbath until a raisin sized 

frozen part is still left 

(4) Transfer the cell suspension immediately into a 15 ml plastic tube with 10 ml of 

prewarmed wash medium  

(5) Rinse the cryovial with 1 ml wash medium and combine with other cell suspension 

(6) Spin 3 min at 500 x g 

(7) Discard supernatant and resuspend the cell pellet in 1 ml wash medium supplemented 

with CHIR99021 (1.5 µM), SU5402 (5 µM) and DAPT (5 µM)  

(8) count cells in a Neubauer chamber using Trypan blue  
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(9) plate 100 000 cells/cm2 on Matrigel coated plate(s) in wash medium containing 

CHIR99021 (1.5 µM), SU5402 (5 µM) and DAPT (5 µM) with a Multipette at speed “3” 

(for PeriTox use 75 µl medium/well) 

 

PeriTox assay 

Day 0: 

(1) One hour after seeding add 25 µl of prewarmed wash medium supplemented with 

CHIR99021 (1.5 µM), SU5402 (5 µM) and DAPT (5 µM) containing the test compounds to 

each well. 

Day 1: 

(2) 23 h after adding the test compounds, stain cells by adding 10 µl of staining solution to the 

cells (100 µl medium per well) and incubate 1 h at 37°C. 

(3) Read the fluorescence signal using an ArrayScan VTI HCS microscope (Cellomics) to 

measure cell viability and neurite growth. 

Typical plate layout: 

 

 

Figure 2.1.A1. Each data point (= one biological replicate) includes usually 3 technical replicates measured on the same 

plate (see plate layout). For data analysis, at least 3 biological replicates are required. 
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Endpoint Measurement 

Cells are stained with calcein-AM to mark viable cells. Co-staining with Hoechst H-33342 allows 

the identification of any cell.  

Cells are stained for 60 min at 37°C and 5% CO2 in the incubator.  

The cell staining is imaged in a Cellomics Array Scan VTI HCS reader, using the proper channels 

for each staining filter. Exposure times are set manually. 

To measure the neurite area, the software acquires the Hoechst to identify the cells as objects (via 

identification of the nuclei), and the calcein-AM in a different channel to measure neurite area. 

Double positive cells are counted as viable. 

 

Figure 2.1.A2. Basic principle of the imaging algorithm used for neurite area and viability quantification. (Left side 

neurite area): Untreated hESC-derived iDRG are stained withH-33342 and calcein. The nuclei are detected by their H-

33342 staining in channel 1 (i); they are automatically identified and marked (indicated by a blue circle) (ii). All 

viablecells are stained by calcein, which is detected in channel 2 (iii). The algorithmautomatically expands the nuclear 

outline to define a “virtual soma area”. All calcein-positivepixels outside the virtual soma area are defined as neurite 

area (shown in red)and they are automatically quantified (iv). (Right side - viability) Cells of the examplepictures were 

treated for 24 h with 50 nM epothilone A. (i) H-33342 staining; (ii) automatic identification of cell nuclei, displayed with 

a color-coded outline of their shape(cyan for normal nuclei, red for objects that are not normal nuclei (e.g., apoptotic 

nuclei or fragments)). (iii) Live cell labelling by calcein. (iv) The algorithm quantifies thecalcein intensity in the cells’ 

“virtual soma areas” (cyan circled). Cells with calcein staining below athreshold value are classified by the program as 

not viable (red circles). (from (Hoelting et al. 2016)) 
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Acceptance criteria 

A rough qualitative evaluation considers the following endpoints on day 1:  

Control cells are attached to the plate and neurites are visible under the microscope in phase-

contrast. 

For toxicity testing: 

Positive control narciclasine:  

Neurite area  ≤ 75% of DMSO control 

Viability  ≥ 90% of DMSO control (or not significantly changed)  

Negative control DMSO: 

Neurite area  ≥ 150.000  

Data Analysis 

The data are analyzed and represented with GraphPad Prism.  

For the concentration curve, a nonlinear regression fit is calculated. The fitting method is least 

squares. If a non-linear curve fit is not possible, a linear curve fit is performed. The curve deriving 

from the fit is a 4-parameter log function. To calculate the EC50 value, this log-function is solved 

for y=50% of the total scale, not for 50% of the min-max scale (see example below). Treated 

concentrations are analyzed for deviation from control. Statistics applied are one-way ANOVA 

(and nonparametric) with Dunnett’s post-test.  

 

Figure 2.1.A3. Example graph showing the standard representation of neurite area and viability data as % of control 

using GraphPad Prism. The min-max scale as well as the total scale are depicted in this graph for better understanding 

of the EC50 calculation. Statistics applied are one-way ANOVA with Dunnett’s post-test, statistically significant data 

points are highlighted by ‘*’. 
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Prediction Model 

Two different prediction models are used: 

1. prediction model for screening:  

hit = decrease/increase in neurite area while viability is not changed  

(compare to narciclasine positive control:  

Neurite area ≤ 75% of DMSO control 

Viability ≥ 90% of DMSO control) 

 

2. prediction model for compound hazard evaluation:  

hit confirmation testing;  

EC25 Viability (V) / Neurite Area (NA) ≥ 3 → specixically neurotoxic 

A prediction model for the PeriTox test has been developed that allows the classification of 

toxicants as either specifically neurotoxic, unspecifically cytotoxic or inactive. Specifically 

neurotoxic compounds decrease the neurite area at concentrations that do not affect the viability 

of the cells. Unspecifically cytotoxic compounds decrease the neurite area and the viability in the 

same concentration range to a similar extent. Inactive compounds have no effect on the cells.  

The prediction model for the PeriTox test was designed in Hoelting et al. (2016), follwing these 

steps: (a) use of the “ratio” of EC50 (viability)/EC50 (neurite area) as the primary endpoint; (b) 

measurement of this value for “unspecific toxicants” (average ratio: 1.37±0.39); (c) definition of a 

“noise band” (4xSD from the average of the ratios of these compounds); and (d) definition of 

compounds with a ratio outside the noise band (EC50 ratio of >3) as “neurite specific.” 

The US national toxicology program (NTP) assembled a screening library, which consists of 

different substance classes such as organophosphates, organochlorines, drug-like compounds, 

pesticides and polycyclic aromatic hydrocarbons (PAHs). This screening library was screened 

with the PeriTox test and the high level of confirmation (88%) in the hit-confirmation phase 

indicates that the PeriTox test is technically robust (Delp et al. 2018). 

Due to concerns about the relevance of the EC50 value for risk assessment, the prediction model 

was adjusted using BMC25 values to make predictions based on the onset of toxicity. This adapted 

model proved useful and meaningful in subsequent screening projects (Klose et al. 2021; Krebs et 

al. 2020; Masjosthusmann et al. 2020). 
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 Abstract 

Human peripheral neuropathies are poorly-understood, and the availability of 

experimental models limits further research. The PeriTox test uses immature dorsal root 

ganglia (DRG)-like neurons, derived from induced pluripotent stem cells (iPSC), to assess 

cell death and neurite damage. Here, we explored the suitability of matured peripheral 

neuron cultures for detection of sub-cytotoxic endpoints, such as altered responses of 

pain-related P2X receptors. A 2-step differentiation protocol, involving transient 

expression of ectopic neurogenin-1 (NGN1), allowed for the generation of homogeneous 

cultures of sensory neurons. After > 38 days-of-differentiation, they showed a robust 

response (Ca2+-signalling) to the P2X3 ligand α,β-methylene ATP. The clinical proteasome 

inhibitor bortezomib abolished the P2X3 signal at ≥ 5 nM, while 50-200 nM were required 

in the PeriTox test to identify neurite damage and cell death. A 24 h treatment with low 

nM concentrations of bortezomib led to moderate increases in resting cell intracellular 

[Ca2+], but signalling through transient receptor potential-V1 (TRPV1) receptors or 

depolarization-triggered Ca2+-influx remained unaffected. We interpret the specific 

attenuation of purinergic signalling as functional cell stress response. A reorganization of 

tubulin to dense structures around the cell somata confirmed a mild, non-cytotoxic stress 

triggered by low concentrations of bortezomib. The proteasome inhibitors carfilzomib, 

delanzomib, epoxomycin and MG-132 showed similar stress responses. Thus, the model 

presented here may be used for profiling of new proteasome inhibitors as to their side 

effect (neuropathy) potential, or for pharmacological studies on the attenuation of their 

neurotoxicity. P2X3 signalling proved useful as endpoint to assess potential 

neurotoxicants in peripheral neurons. 
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 Introduction 

Models of the human peripheral nervous system are required to better understand why 

proteasome inhibitors (PIs) cause neuropathies. These drugs target a ubiquitous cellular 

function (protein degradation via the ubiquitin-proteasome system) and are used clinically to 

treat multiple myeloma (Kane et al. 2003; Richardson et al. 2003). Adverse effects related to 

sensory neurons and nociceptors are frequent. Clinical and pathological findings include neurite 

damage (Csizmadia et al. 2008; Meregalli et al. 2014; Poruchynsky et al. 2008; Staff et al. 2013; 

Zheng et al. 2012). However, they are also associated with several neurofunctional defects, 

including an altered pain regulation (Argyriou et al. 2014; Carozzi et al. 2013). Cell culture 

models for functional impariments are still very scarce. 

The first proteasome inhibitor that entered clinics is bortezomib (BTZ). The boronic acid 

peptide reversibly blocks the chymotrypsin-like protease of the 20S proteasome (Adams et al. 

1999), and it is known to induce severe adverse events in the majority of patients. Peripheral 

neuropathy is one of the most significant BTZ-related toxicities and affects up to 64% of 

patients (Jagannath et al. 2004; Richardson et al. 2009; San Miguel et al. 2008; Velasco et al. 

2010). BTZ-induced peripheral neuropathy (BIPN) affects long sensory neurons and the 

associated pain leads to therapy modification in up to 30% of the patients (Richardson et al. 

2006; Richardson et al. 2009; San Miguel et al. 2008; Velasco et al. 2010). Examples for second 

generation PIs are delanzomib (DLZ), also belonging to the class of peptide boronic acids, and 

carfilzomib (CFZ), which is epoxyketone-based. Both PIs exhibit improved neurotoxic profiles, 

but peripheral neuropathies are still commonly experienced (Kortuem and Stewart 2013; 

Schlafer et al. 2017; Siegel 2013; Siegel et al. 2013; Vogl et al. 2017; Yong et al. 2018). 

Several ion channel classes (e.g., purinergic (P2X) and transient receptor potential (TRP)) 

interact to regulate sensory neurons. Purinergic signaling is triggered by the binding of ATP, 

causing ion channels to open. Subsequent influx of cations, such as Ca2+ or Na+, leads to 

depolarization of the cell membrane and the generation of action potentials. In particular, the 

signaling via the purinoceptor P2X3 plays a role in pain perception and neuropathic pain 

(Bleehen and Keele 1977; Honore et al. 2002; Jarvis et al. 2002). P2X3, which is specifically 

located on the nociceptive neurons of the sensory nervous system (Chen et al. 1995; Cook et al. 

1997), contributes to the sensation of many types of pain: (i) injury-induced mechanical 

allodynia and thermal hyperalgesia, (ii) inflammation-induced thermal hyperalgesia, and (iii) 

chemical (formalin)-induced pain behaviour (Honore et al. 2002; Jarvis et al. 2002; Souslova 

et al. 2000). A highly complex involvement of P2X3 ion channels in pain perception is 
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suggested by differential effects of antagonists in various pain models (Honore et al. 2002; 

Jarvis et al. 2002). 

The study of the initial mechanisms and steps leading to BIPN requires human-relevant 

experimental models of the peripheral nervous system. Some test methods are based on human 

peripheral neurons derived from induced pluripotent stem cells (iPSCs). They have been mostly 

used to investigate drug effects on neurite morphology or cell viability (Hoelting et al. 2016; 

Schinke et al. 2021; Wang et al. 2021; Wing et al. 2017). Such endpoints correlate with events 

during full-blown BIPN, such as loss of intra-epidermal nerve fibers and alterations in 

cytoskeletal structure and impairment of axonal transport (Csizmadia et al. 2008; Meregalli et 

al. 2014; Poruchynsky et al. 2008; Staff et al. 2013; Zheng et al. 2012). Early effects of BTZ 

are less characterized , but they include aggresome formation (perinuclear accumulation of 

protein aggregates) (Csizmadia et al. 2008) and a reorganization of the cytoskeleton in the cell 

somata (Staff et al. 2013). Alterations in sensory signaling may also occur at initial stages. 

Despite the obvious link between neuropathic pain and abnormalities in nociceptor ion 

channels, only few studies focused on BTZ-induced impairments of ion channels and signaling 

(Li et al. 2018; Tomita et al. 2019; Trevisan et al. 2013). It is not clear whether such findings 

from rodent models can be related to clinical situations, as sensory neurons of humans and other 

model organisms differ (Chen et al. 2008; Davidson et al. 2014; La Roche et al. 2013; Serrano 

et al. 2012). The use of human cell-based models of neuronal function may bridge this species-

extrapolation gap, and provide new clues on the mechanisms underlying the initial development 

of peripheral neuropathies in humans.  

Taking a step into this direction, we established here human iPSC-derived sensory neurons 

suitable for the study of altered ion channel function. We asked how well human iPSC lines 

differentiated towards peripheral neurons and we explored, whether transient expression of an 

NGN1-transgene improved the expression of functional P2X3 receptors. The usefulness of 

iPSC-derived sensory neuron cultures to assess PI-induced early alterations in signaling and 

morphology was then investigated. We focused on purinergic signaling as a sensitive endpoint 

affected by PIs in vitro. In parallel, microtubule arrangement in cell somata was studied as an 

indicator of initial morphological stress responses. Our study used a panel of five PIs to study 

multiple functional adaptations and to identify readouts of cell changes occuring well before 

signs of general cytotoxicity or a general breakdown of membrane signaling. 
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 Results  

Human iPSC-derived peripheral neurons for toxicity testing 

Three different iPSC lines were differentiated towards peripheral neurons. The objective was 

to test the general applicability and robustness of a previously established two-step protocol 

(Hoelting et al. 2016; Klima et al. 2021a). Neuronal precursors were generated and 

cryopreserved from the iPSC lines SBAD2, Si28 and mciPSC. After thawing and further 

differentiation, all cells exhibited similar neuronal morphology, neurite growth, and expression 

of peripheral neuron marker proteins, such as the transcription factors BRN3A and Islet-1 

(ISL1), as well as the intermediate filament peripherin (PRPH). Data are displayed here for 

SBAD2- and Si28-derived neurons, while the process for mciPSC has been documented earlier 

(Hoelting et al. 2016) (Fig. 2.2.1A, 4.2.S1). Whole transcriptome analysis of three early 

differentiation stages (DoD1, 4 and 7 after thawing) revealed a development of both, SBAD2- 

and Si28-derived neurons that was highly conserved between replicates, batches and cell lines 

(Fig. 2.2.1B,C). Moreover, the pattern was similar to other pluripotent stem cell lines described 

earlier (Hoelting et al. 2016). The 50 most-regulated genes were selected and clustered: (i) the 

genes that were up-regulated during differentiation comprised the peripheral markers PRPH, 

SCN9A and RET, (ii) the genes that were down-regulated included markers for neural crest cells 

(PAX3, TLX2) (Fig. 1B). In a principal component analysis (PCA) of the 500 most variable 

genes, samples of the same differentiation stage clustered closely together irrespective of their 

iPSC line origin (Fig. 2.2.1C). These results confirmed that the protocol originally developed 

for embryonic stem cells can be broadly applied to generate peripheral neurons. In order to test, 

whether also functional properties were similar, we investigated toxicant-sensitivity. The 

PeriTox test, a well established screening assay (Delp et al. 2018; Klose et al. 2021; 

Masjosthusmann et al. 2020), was used to assess effects on the neurite area and the cell viability 

of immature neurons on DoD0. Peripheral neurons of all three iPSC line-origins were equally 

sensitive to a diverse set of peripheral neurotoxicants (taxol, bortezomib, colchicine and 

acrylamide) (Fig. 2.2.1D). The importance of functional testing became evident, when so-called 

peripheral neurons were obtained from a commercial supplier. These cells reacted to colchicine 

and acrylamide, but they were insensitive to taxol and bortezomib (Fig. 2.2.S2). Thus, these 

cells showed a neuronal response, as described earlier for central neurons (Hoelting et al. 2016). 

The missing of specific peripheral toxicants (taxol, bortezomib) would make such cells 

unsuitable for many toxicological applications. Taken together, the two-step differentiation 

protocol evaluated here was found to work for a variety of iPSC lines. The high reproducibility 
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of the peripheral neuron differentiation represents an important basis for the reliable 

identification of neurotoxicants in the PeriTox test. The transcriptome data obtained here 

provide evidence that the differentiation towards peripheral neurons continues for at least 7 

days after thawing and would allow for an extension of the test period or a shift of the test 

window towards a more mature state. 
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Figure 2.2.1: Reproducible generation of peripheral neurons from different iPSC lines and their use in the 

PeriTox test. 

(A) Peripheral neurons derived from the iPSC lines SBAD2 and Si28 were fixed and stained on DoD1 (left) for the 

neuronal cytoskeletal marker βIII-tubulin (βIIITub, green) and F-actin (red); and on DoD7 (middle, right) for the 

sensory neuronal transcription factors BRN3A or ISL1 (green) and the cytoskeletal proteins βIIITub or peripherin 

(PRPH) (red). Color code and scale bars are given in the images, details are shown in figure 2.2.S1. DoDx: day of 

differentiation, counting from thawing of frozen neural precursors on DoD0. (B,C) Whole transcriptome analysis 

(19,000 genes) was performed for early differentiation states (DoD1, 4 and 7) of SBAD2- and Si28-derived neurons. 

Data are from three independent differentiations (full data in Supplementary file1). (B) The heatmap depicts the row-

wise Z-scores of the top 50 regulated genes (exhibiting the highest variance across all samples). The upper group, 

defined by the clustering algorithm, mainly consists of genes up-regulated (red) during differentation and the lower 

group mainly consists of genes down-regulated (blue). (C) For the top 500 variable genes of this data set, a PCA was 

performed. In the two-dimensional PCA display, three differentiation stages are color-coded according to their DoD. 

Data points and heatmap columns correspond to all technical replicates measured in the 3 experiments per cell line. 

(D) Peripheral neurons derived from the iPSC lines mciPS (orange), SBAD2 (green) and Si28 (blue) were used in the 

PeriTox test. The (peripheral) neurotoxicants taxol, bortezomib, colchicine and acrylamide were used as positive 

controls. Effects on the neurite area (solid symbols and lines) and the cell viability (open symbols, dashed lines) are 

shown. Data are means ± SD of 3 biological replicates. 

 

Need for novel test strategies to further improve sensitivity 

Although the PeriTox test has been used successfully to screen for environmental 

chemicals, an increased sensitivity is desirable for pre-clinical testing of drugs. To refine 

the standard PeriTox test, scenarios of prolonged exposure to toxicants at different time 

points of differentiation were investigated (Fig. 2.2.2A, 4.2.S3A). First, a prolonged 

toxicant exposure time (48 h and 72 h, DoD0-2 and DoD0-3, respectively) was explored. 

The sensitivity of neurites to acrylamide, colchicine and taxol did not change significantly. 

However, the rate of cell death increased with prolonged incubation time (Fig. 2.2.S3B-D). 

For bortezomib, the neurite area was affected more with longer exposure times. However, 

this effect was attributable to the concomitant decrease in cell viability (Fig. 2.2.2B, 

4.2.S3E). Taken together, these findings meant, that the assay became less specific for 

neurite toxicants. The prediction model for the standard PeriTox test (Hoelting et al. 2016; 

Masjosthusmann et al. 2020) requires the specific toxicants to affect neurites at 

concentrations three times lower than cell viability. This requirement was not met in the 

prolonged assay (Fig. 2.2.2C,D).  

Next, we explored, whether shifting the time window of exposure to a later time point 

(DoD4-7) would result in more potent neurite toxicity. This was not the case (Fig. 
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2.2.2B,D, 4.2.S4A,B). Moreover, any specificity for neurite effects (relative to general cell 

death) was lost. Altogether, these results suggest that polonged toxicant exposure is not a 

suitable measure to improve the PeriTox test. We concluded that other approaches and 

new functional endpoints are required for a more sensitive assay for compounds that may 

trigger peripheral neuropathies. 

 

 

 

Figure 2.2.2: Variation of the exposure schedule to assess compound toxicity 

(A) Schematic representation of the applied exposure schedules with a 24 h treatment starting on DoD0 (a, standard 

PeriTox test, green), immediate 72 h treatment (b, DoD0-3, red) and delayed 72 h treatment (c, DoD4-7, purple). DoDx: 

day of differentiation, counting from thawing of frozen neural precursors on DoD0. (B) SBAD2-derived peripheral 

neurons were exposed to bortezomib according to the three exposure schedules. Effects on the neurite area and the cell 

viability were assessed. Data are means ± SEM of 3 independent experiments. (C) Prediction model for the classification 

of compound-induced effects: The concentrations relating to the benchmark response level of 25% decrease of a test 

endpoint (BMC25) was calculated for both endpoints, neurite area (X) and cell viability (Y). A ratio of Y/X > 3 is classified 

as a “neurite-specific” compound effect (green); Y/X ≤ 3 marks effects that are “not neurite-specific”, such effects were 

classified as “cytotoxic” (red). (D) BMC25 values were calculated for both test endpoints in all three exposure scenarios. 

Effects induced by colchicine, acrylamide, taxol and bortezomib were classified according to the prediction model. 

Respective concentration-response curves are given in figure 2.2.S4. 
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Purinergic signaling as a functional feature of iPSC-derived sensory neurons 

One of the most important functional changes during peripheral neuropathy is altered pain 

perception. This suggests that assessment of pain-related neuronal signals might be a suitable 

endpoint for peripheral neurotoxicity testing in vitro. To explore this possibility, we set out to 

generate cultures of peripheral neurons that allowed the quantification of nociceptor function.  

Our preliminary experiments showed that peripheral neurons could be cultured and further 

matured for at least 2 months. However, we did not succeed in obtaining robust nociceptor 

responses suitable for drug screening. For this reason, we introduced an inducible NGN1 

transgene into the iPSC line Si28 to generate Si28-NGN1 cells. This strategy has been described 

earlier to enhance nociceptor differentiation (Boisvert et al. 2015), and we found indeed that 

our 2-step protocol, enhanced by induction of NGN1 for a defined time period, led to an 

improved differentiation. The neurons generated by this protocol (Fig. 2.2.3A) were found to 

be post-mitotic already on DoD1 after thawing (Fig. 2.2.3B, 4.2.S5A,B). They could be cultured 

for at least 42 days as stable neuronal network suitable for single cell observations (Fig. 2.2.3C, 

4.2.S5C). To characterize the Si28-NGN1-derived neurons, we tested them for the expression 

of the nociceptor-specific receptors P2X3 and TRPV1. Immunostaining showed that most cells 

(>80%) were P2X3 and peripherin double-positive (Fig. 2.2.3D, 4.2.S5D). Moreover, we used 

differentiated neurons in Ca2+-imaging experiments: Cells were generated from the iPSC lines 

SBAD2 and Si28 as well as Si28-NGN1 and used after at least 38 days of differentiation. Only 

<15% of neurons fom standard iPSCs responded to the P2X3-specific agonist α,β-methylene 

ATP (α,β-meATP). More than 80% of the neurons generated from Si28-NGN1 revealed 

increased [Ca2+]i upon application of an α,β-meATP stimulus (Fig. 2.2.3E). The transient signal 

in continued presence of the ligand was typical for self-inactivating P2X3 ion channels (Fig. 

2.2.3F). The application of the TRPV1-specific agonist capsaicin hardly stimulated neurons 

from SBAD2 or Si28. About 40% of all neurons in cultures from Si28-NGN1 showed a clear 

response. This was specifically blocked by a TRPV1 antagonist (Fig. 2.2.S6). The sub-

population responding to ATP (a general agonist for all P2X receptors) was of similar size to 

the P2X3-responsive neuronal sub-population. Moreover, the strong efficacy of a P2X3-

specific antagonist to block ATP responses suggested that most functional P2X receptors were 

P2X3 (Fig. 2.2.3E,F). 

For experimental logistics, it is important to know how long cells need to be differentiated to 

reach good functionality. Therefore, neurons were tested after increasing differentiation times: 

at DoD7, already >90% of neurons showed a Ca2+-response upon depolarization (KCl), but no 
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response to P2X3 stimulation. The latter response started to increase at DoD20-30, and reached 

its saturation level at >DoD35 (Fig. 2.2.3F). 

Taken together, the overexpression of NGN1 during early differentiation steps allowed 

the generation of peripheral neurons with enhanced nociceptor features (PNN). PNN 

were found suitable to quantitatively evaluate functional P2X3 responses of single cells in 

Ca2+-imaging experiments. Next, a full transcriptomic characterization of this promising 

drug discovery model was performed. 

 

 

Figure 2.2.3: Sensory neurons exhibiting functional P2X3 receptor signaling  

(A) Schematic representation of the differentiation protocol for the generation of functional sensory neurons from the 

genetically modified iPSC line Si28-NGN1. During the standard differentiation procedure, transient NGN1-transgene 

expression was induced from DoD4’ until DoD9’ and from DoD1 until DoD14 by addition of doxycycline. DoDx’: day of 

differentiation, counting from pluripotent state (DoD0’); DoDx: day of differentiation, counting from thawing of frozen 

neural precursors on DoD0. Other factors added (e.g., ROCKi) are detailed in the methods. (B-D) Representative 

immunofluorescence images of cells fixed on DoD1 and stained for βIII-tubulin (βIIITub) and the proliferation marker 

Ki-67 (B); or on DoD42 and stained for peripherin (PRPH) and βIIITub (C) or P2X3 (D). Nuclei were stained using 

H33342 (DNA). Color code and scale bars are given in the images. Details are shown in figure 2.2.S5. (E) Peripheral 

neurons derived from the iPSC lines SBAD2 (green), Si28 (blue) and Si28-NGN1 (purple) were differentiated for >38 

days and used for Ca2+-imaging experiments. The P2X3-specific agonist α,β-methylene ATP (α,β-meATP) was used to 

determine the expression of functional P2X3 receptors. ATP was used as a general agonist for purinergic receptors. AF-
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353, a P2X3-specific antagonist, was used to confirm exclusive P2X3 expression. (F) Exemplary traces (red) of changes 

in intracellular [Ca2+] upon α,β-meATP (1 µM) application (solid lines). After the primary stimulus, KCl (dashed lines) 

was added. Some cells were pre-treated with AF-353 (0.1 µM) (green). The grey line depicts changes upon application 

of the negative control (HBSS, grey). (G) Time-dependency of the expression of functional P2X3 receptors. Sensory 

neurons were tested weekly for their potential to respond to HBSS, α,β-meATP and general membrane depolarization 

induced by KCl. (E,G) Data are means ± SEM of 3 independent biological replicates. *** p < 0.0001. 

 

Transcriptomics profile of Si28-NGN1-derived sensory neurons 

The expression levels of about 19,000 genes were determined for 6 differentiation stages 

of sensory neurons generated from Si28-NGN1 cells (Suppl. File2). A principle component 

analysis (PCA) of the whole set of genes provided a first overview on the dynamics of gene 

expression, and showed a continuous progression of cell differentiation until DoD42. 

Furthermore, the PCA demonstrated the good reproducibility of the differentiation 

protocol, as three independent differentiations clustered closely together (Fig. 2.2.S7A). 

Transcriptome changes continued until late differentiation stages (DoD35-42) as shown 

by the up-regulated gene expression of, e.g., plexin C1 (PLXNC1), which is involved in axon 

guidance, and the serotonin receptor 2A (HTR2A) (Usoskin et al. 2015; van Steenwinckel 

et al. 2009), and the down-regulation of growth cone-related genes, such as ROBO2, and 

the netrin receptor UNC5B (Mondal et al. 2020; Zhang et al. 2010) (Fig. 2.2.S7B).  

To generate a condensed overview of the expression profile for Si28-NGN1-derived PNN, 

a small panel of 122 genes characteristic for neural cell types and signaling pathways was 

assembled (Fig. 2.2.4). Most pan-neuronal markers included in this panel were found to 

be expressed already on DoD1 and remained highly expressed over 6 weeks (e.g., 

neurofilaments (NEFL/M/H), acetylcholine esterase (ACHE) and microtubule associated 

protein tau (MAPT)). The sensory neuronal marker genes ISL1, POU4F1 (BRN3A) and 

PRPH, the nociceptor markers SCN9A and RET, as well as various pre- and post-synaptic 

markers showed high expression levels throughout the monitored time of differentiation. 

Neural crest-specific genes (i.e. those related to PNN precursors), such as PAX3 and MSX1, 

were down-regulated over time. These data confirm that the newly established 

differentiation protocol yields peripheral neurons with many features expected from 

nociceptors. Relatively few indications for other cell types were found, as only a subset of 

potentially glial genes was expressed, and there was little evidence for non-neural cell 

types. 
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Especially the pattern of receptor subtypes was highly distinct, as indicated here by three 

examples.: (i) Amongst dopamine receptors,the D2 subtype (DRD2, DRD4), which is 

known to be expressed in dorsal root ganglia (DRG) neurons (Almanza et al. 2019) was 

dominant, whereas DRD3 and DRD5 transcripts were absent; (ii) Genes encoding the 

metabotropic glutamate receptors 2 and 3 (GRM2/3), both expressed in human DRG 

neurons (Carlton et al. 2001; Sheahan et al. 2018), were found to be expressed, but not 

GRM1; (iii) Among the P2X receptors, only the nociceptor-characteristic P2X3 transcripts 

were measured at all differentiation stages.  

In a last step, we picked a limited set (n=17) of highly expressed genes (Fig. 2.2.4A). We 

felt that these genes could be suitable for differentiation control by PCR for further use of 

the cultures or for inter-laboratory method transfer. A brief overview of the broad 

biological functions covered was assembled (Fig. 2.2.4B). In this context, it was interesting 

to see that RBFOX3 mRNA levels were relatively low. This gene codes for the pan-neuronal 

marker NeuN that is very frequently used for immunostaining of CNS neurons by the 

community (Duan et al. 2016; Jeon et al. 2012; Sanchez-Ramos et al. 2000). The low gene 

expression in PNN was consistent with our finding that these cells very poorly stain for 

NeuN (not shown), compared to all our other central neuronal cultures (Klima et al. 

2021a; Scholz et al. 2011; Smirnova et al. 2016). 

The transcriptome analysis confirmed that even after more than 30 days of PNN 

cultivation, the differentiation processes are not fully completed. Ongoing alterations at 

the level of gene expression may explain why P2X3 responses of PNN are observed only 

at ≥DoD28 (Fig. 2.2.3G). For documentation of late transcriptome changes, we compiled 

exemplary genes that are clearly (> 4-fold) and significantly regulated at late time points 

(DoD35-42) relative to DoD7 (Fig. 2.2.S7B). These observations supported our decision 

to use PNN for further functional studies at late stages of differentiation, i.e. at >DoD35, to 

ensure the best possible maturation. 
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Figure 2.2.4: Transcriptome profiling of Si28-NGN1-derived sensory neurons 

Neurons were pre-differentiated to immature sensory neurons and frozen. (A) After thawing, gene expression levels 

were determined for 6 differentiation stages (on day of differentiation (DoD) 1, 7, 14, 28, 35 and 42) by the TempO-Seq 

method. The heatmap visualizes the normalized counts for each gene (rows) and the DoD (columns). The neuronal 

overview panel of 122 genes is clustered by gene groups (e.g. neuronal and glial subtypes, receptor and ion channel 

classes). The gene groups are indicated by color bars (left). The absolute expression levels are given in counts of the 

corresponding gene per 1 million reads (CPM). The color scale uses log2(CPM) units (see supplementary files for 

complete data sets) and ranges from white (no expression) to dark red (high expression). Data are derived from 3 
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independent differentiations. A subset of genes that that may be used for routine culture controls is highlighted (*). High 

expression levels of VIM and DCX (#) indicate a still relatively “young” state of the cells that may be even further 

matured. SLC1A2 and GLUL (°) are often considered glial markers, but the absence of GFAP, AQP, S100B and MBP 

indicate that the cultures do not contain classical astrocytes or Schwann cells. (B) Overview of highly expressed 

differentiation markers highlighted in (A) (*), with their full names and a brief explanation of their biological functions. 

 

Purinergic signaling as test endpoint to assess peripheral neurotoxicity 

To explore the usefulness of Ca2+-imaging as a readout for disturbed pain signaling, we first 

investigated two clinically used proteasome inhibitors (PIs) known to cause peripheral 

neuropathy: bortezomib and carfilzomib. Pre-screening of the compounds in the PeriTox test 

indicated a cytotoxicity threshold of 200 nM for bortezomib and 66 nM for carfilzomib (Fig. 

2.2.5A, left, middle). PNN were exposed on DoD≥38 to sub-cytotoxic concentrations (5 and 20 

nM) for 24 h. After this “drug treatment”, we tested whether the neurons were still able to show 

purinergic signaling. Bortezomib concentrations of 5 nM and higher resulted in a complete 

shut-down of P2X3 signaling, as indicated by Ca2+-imaging experiments (Fig. 2.2.5B, left, 

4.2.S8B). Carfilzomib induced a similar non-responsiveness at ≥20 nM (Fig. 2.2.5B, middle). 

In order to make sure that neurons were not made generally non-responsive by a cytotoxic 

response missed in the PeriTox test, they were exposed to a membrane depolarizing KCl 

stimulus after the α,β-meATP stimulation. The cells still showed Ca2+-flux at PI drug 

concentrations that had blunted P2X3 signaling (Fig. 2.2.S9A). Thus, neurons were still able to 

respond by Ca2+-signaling, and we suggest that PI treatment specifically impairs purinergic 

signaling. As further control, we investigated signaling through pain-related TRPV1 receptors. 

PI-treated neurons did not differ from control cells in this response (Fig. 2.2.S9B). These results 

further confirm that the attenuation of P2X3 signaling was not attributable to generally 

decreased cell viability, or an overall loss of signaling functions.  

On closer inspection, we observed that pre-treatment with bortezomib or carfilzomib led to a 

mild deregulation of [Ca2+]i in the unstimulated state (Fig. 2.2.5C, 4.2.S8A). This may explain 

an unresponsiveness of P2X3, possibly as counter-regulation or tachyphylaxis mechanism. 

To address the question of whether also a non-PI peripheral neurotoxicant would 

attenuate P2X3 signaling, we repeated several of the above experiments with taxol. The 

chemotherapeutic drug group of taxanes (including taxol) alters microtubule dynamics, 

but does not affect the proteasome function. Exposure to taxol in the PeriTox test showed 

no effect on cell viability at concentrations up to 75 nM, but neurites were strongly 
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affected at concentrations ≥1 nM (Fig. 2.2.5A, right). We chose pre-treatment conditions 

of 15 and 60 nM to test for functional impairments of P2X3 or TRPV1 receptors and of 

depolarization induced Ca2+-influx. None of the endpoints was affected (Fig. 2.2.5B, right, 

Fig. 2.2.S9). These findings suggest that impaired P2X3 signaling is a sensitive and specific 

endpoint for early PI-induced functional impairments.  

 

Figure 2.2.5: Ca2+ signaling as sensitive functional endpoint to assess proteasome inhibitor toxicity 

The compounds bortezomib (left), carfilzomib (middle) and taxol (right) were investigated regarding their effects on 

different test endpoints. (A) The PeriTox test was used to assess their effects on neurite area and viability. Horizontal 

dashed lines at 90% and 75% indicate the cytotoxicity threshold the neurite effect threshold, respectively. Vertical 

dashed lines indicate the lowest cytotoxicity-inducing concentration (red) and the concentrations further used for Ca2+-

imaging experiments (blue). (B,C) Sensory neurons (>DoD38) were pre-treated with the test compounds for 24 h, 

before Ca2+-imaging experiments were performed. (B) The number of cells responsive towards stimulation with the 

P2X3-specific agonist α,β-methylene ATP was assessed. (C) Baseline fluorescence, indicating the resting cell 

intracellular [Ca2+]i was quantified for whole sensory neuron cultures. Exemplary single cell fluorescence traces are 

shown in figure 2.2.S8. (A-C) Data are given as % of untreated control cells and are means ± SEM of at least 3 biological 

replicates. * p < 0.05, ** p < 0.001, *** p < 0.0001. 
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PI-associated reorganization of the microtubule structure in cell somata 

We used several structural endpoints to potentially identify additional features of mild cell 

stress that would parallel impaired P2X3 signaling in the low nM range. We hypothesized that 

such findings would give additional evidence for early non-cytotoxic changes that preceede 

full-blown neuropathies. Staining of PNN for the cytoskeletal protein βIII-tubulin confirmed 

that the neurite network was fully intact (no neurite fragmentation or blebbing). However, we 

observed a conspicuous ring-like tubublin accumulation in the periphery of cell somata of 

bortezomib- and carfilzomib treated cells (Fig. 2.2.6A, 4.2.S10). To follow up on this, cells 

exhibiting such a circular tubulin structure were quantified. Distinctive microtubule 

reorganization occurred in >80% of the cells pre-treated with PI concentrations that also 

resulted in the attenuation of P2X3 signaling (Fig. 2.2.6B). Further experiments showed that 

the accumulation in ring structures was a tubulin-specific phenomenon, as such structures were 

not found in stainings of the same cells for the cytoskeletal intermediate filament peripherin 

(Fig. 2.2.S10). However, also peripherin showed a mild reorganization phenotype: While its 

structure in neurites was not altered, PI-treated cells showed some peripherin clustering in the 

somata. This was mainly seen in cytosolic areas (outside the nucleus, but not ring-shaped under 

the plasma membrane). For comparison, PNN were also treated with taxol (60 nM). A small 

number of cells presented with tubulin accumulations (Fig. 2.2.6B). Closer examination 

revealed that these structures were more diffuse than the very sharp rings triggered by PIs (Fig. 

2.2.6A, 4.2.S10). Thus, sharp tubulin-rings correlated with P2X3 impairment. These findings 

are in good agreement with observations in primary dorsal root ganglia that accumulation of 

cytoskeletal proteins in the cell somata is specific for early PI-induced neuronal stress (Alé et 

al. 2015; Staff et al. 2013). 

While we studied the accumulation of cytoskeletal elements in somata, we wondered whether 

PNN nuclei were also affected by PIs. The neurons were examined in more detail for signs of 

condensed or fragmented chromatin, indicative for apoptotic cells. No changes in the size of 

neuronal nuclei or the intensity of the DNA stain were observed. However, the nuclei had an 

altered (more bean-shaped) morphology (Fig. 2.2.S11). This may be a consequence of protein 

accumulations in the cytosol exerting “pressure” on the normally more rounded nuclei. 

Taken together, these data show that P2X3 impairment was accompanied by a structural 

change, i.e., cytoskeletal protein accumulation in somata. This occurred at concentrations 

that did not alter any other endpoint investigated in this study. In the next step, we 

investigated whether our findings applied to PIs in general. 
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Figure 2.2.6: Proteasome inhibitor-induced 

reorganization of the microtubule structure 

in neuronal somata 

Sensory neurons were differentiated for at least 

38 days after thawing and exposed to 

bortezomib, carfilzomib or taxol for 24 h before 

fixation. (A) Representative immuno-

fluorescence images of cells stained for βIII-

tubulin. Scale bar is given in the images, and 

further details are shown in figure 2.2.S11. (B) 

Cells exhibiting intense, circular βIII-tubulin 

staining around the cell somata (covering at 

least 50% of a full circle) were quantified. Data 

are given as % of the total cell count (number of 

viable cell nuclei) and are means ± SD of 2-3 

biological replicates. * p < 0.05, *** p < 0.0001 

 

 

 

 

Blunted P2X3 signaling and tubulin re-organization as PI class-effects 

To explore whether impairment of P2X3 signaling in PNN and somatic tubulin accumulation 

are class-effects of PIs, we examined three additional compounds: (i) delanzomib, a peptide 

boronic acid like bortezomib that has been tested in clinical trials; (ii) epoxomicin, an 

epoxyketone like carfilzomib; and (iii) the peptide aldehyde MG-132. Delanzomib neither 

affected the viability nor the neurite growth in the PeriTox at test concentrations up to 10 µM 

(Fig. 2.2.7A). Pre-treatment of PNN (>DoD38) with concentrations as low as 5 nM lead to the 

attenuation of Ca2+-signaling upon P2X3 stimulation (Fig. 2.2.7B), while TRPV1 signaling was 

not impaired (Fig. 2.2.S9B). As previously observed with bortezomib, a slight increase in 

resting cell [Ca2+]i was detected at delanzomib concentrations associated with inhibition of 

P2X3 signaling (Fig. 2.2.7C). Thus, delanzomib, which inhibits the proteasome with a similar 

Ki as bortezomib (Berkers et al. 2012), also showed here similar in vitro effects as the PIs 

studied earlier. 
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Pre-screening of the experimental PIs epoxomicin and MG-132 in the PeriTox test revealed 

high cytotoxicity thresholds of ≥1,000 nM (Fig. 2.2.7D). For both compounds, test 

concentrations were chosen that did not alter any PeriTox test endpoint (100 nM epoxomicin 

and 300 nM MG-132). Pre-treatment of PNN to such conditions resulted in a complete blunting 

of P2X3 responses, accompanied by elevated [Ca2+]i in resting cells (Fig. 2.2.7E,F). For all 

three PIs, we found that the neurite network remained intact upon exposure to P2X3-attenuating 

concentrations. As expected, we found that inhibition of the P2X3 responses again correlated 

with the emergence of sharp annular βIII-tubulin accumulations in the cell somata (Fig. 2.2.7G, 

4.2.S12A,B). These results suggest that attenuation of P2X3 signaling and βIII-tubulin 

reorganization are indeed class-effects of PIs.  

  

 

 

Figure 7: Attenuation of P2X3-signaling and microtubule reorganization as potential PI class-effects 

The PIs delanzomib (A-C,G), epoxomicin and MG-132 (D-E,G) representing different PI classes were investigated 

regarding their effects on various test endpoints. (A,D) The compounds’ effects on neurite area and viability were 

assessed in the standard PeriTox test. Horizontal dashed lines at 90% and 75% indicate the cytotoxicity threshold the 
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neurite effect threshold, respectively. Vertical dashed lines indicate the lowest cytotoxicity-inducing concentration 

(red) and concentrations further used for Ca2+-imaging experiments (blue). (B,C,E,F) Sensory neurons (>DoD38) were 

pre-treated with the test compounds for 24 h before Ca2+-imaging experiments were performed. (B,E) The number of 

cells responding to stimulation with the P2X3-specific agonist α,β-methylene ATP (1 µM) was assessed. (C,F) Baseline 

fluorescence, indicating the resting cell intracellular [Ca2+]i was quantified for whole sensory neuron cultures. (A-F) 

Data are given as % of untreated control cells and are means ± SEM of at least 3 biological replicates. * p < 0.05, ** p < 

0.001, *** p < 0.0001. (G) After differentiation of >38 days, sensory neurons were exposed to the PIs for 24 h, fixed and 

stained for βIII-tubulin. Representative immunofluorescence images are shown. The scale bar is given in the images. 

Further details and quantification of cells with circular βIII-tubulin staining are given in figure 2.2.S12. 

 

 Discussion and conclusion 

We have developed and documented here a robust differentiation protocol that yields human 

PNN useful to address various biomedical questions. The cultures generated in this way have 

many characteristics of nociceptors, and they can be used reproducibly after 6 weeks of 

differentiation (without cell detachment, with no signs of de-differentiation, and completely 

without any overgrowth by non-wanted cells) for single cell Ca2+-imaging of P2X3 receptors. 

The cells maintain their original network of individual somata, connected by long neurites. This 

is noteworthy, as many other culture protocols designed to yield peripheral neurons tend to 

generate cells that cluster together over time, and that make imaging of [Ca2+]i in individual 

cells nearly impossible. These PNN allowed us to study very early adverse effects of PIs at 

clinically-relevant low nM concentrations (Papandreou et al. 2004; Reece et al. 2011). All five 

compounds investigated behaved similarly in that they induced a pronounced down-regulation 

of P2X3 responses and a clustering of tubulin to ring-like structures around the somata, at 

concentrations that were non-cytotoxic and that did not damage any of the neurite network 

features. 

The PeriTox test is a well established in vitro screening assay using human iPSC-derived 

peripheral neurons to identify peripheral neurotoxicants (Hoelting et al. 2016). It has been 

successfully used to identify environmental neurotoxicants by assessing their effects on the 

neurite structures (Delp et al. 2018; Klose et al. 2021; Masjosthusmann et al. 2020). However, 

for pre-clinical drug testing, an increased sensitivity in detecting the potential neurotoxicity of 

chemotherapeutics is desirable. To achieve this, we pursued different strategies:  

First, we explored whether longer exposure times would decrease the toxicity threshold 

concentrations (Flury 1921; Haber 1924; Macko et al. 2021). We found that prolonged exposure 

to toxicants increased the sensitivity for cytotoxicity, but the specificity for neurite effects was 
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lost. This is in good agreement with the fact that in many neuronal cultures neurite damage is 

followed by general cell death or apoptosis, if given sufficient incubation time (Berliocchi et 

al. 2005; Herkenham et al. 1991; Volbracht et al. 1999). The sequence of neurite damage 

triggering cell death may be particularly pronounced in still differentiating iPSC-derived 

neurons, while in vivo matured neurons that are functionally integrated in regulatory circuits 

are known to separate the neurite pruning program from downstream death of the somata 

(Geden and Deshmukh 2016; Geden et al. 2019). 

As second approach, we explored whether functional changes in sensory receptors would allow 

for more sensitive readouts. Indeed, signaling through P2X3 receptors proved to be highly 

sensitive to proteasome inhibitors. The measurement of such responses required a new culture 

setup, using cells differentiated for ≥5 weeks. The detection of PI-induced effects by the new 

approach at ≥10-fold higher sensitivity than in the PeriTox test suggests that alterations at the 

functional level of signaling may often precede structural impairments.  

Further examinations of timing aspects appear highly relevant. It would be interesting to learn 

whether P2X3 signaling remains a specifically altered endpoint upon prolonged exposure (48-

72 h) to low nM concentrations, or whether specificity is lost, as already observed in the 

extended PeriTox test. Also repeated exposure scenarios are of interest, as they might model a 

possible accumulation of PIs in the DRG (Carozzi et al. 2012; Papandreou et al. 2004). 

Although we used the pronounced regulation of P2X3 here mainly as indicator of dysregulation, 

we wondered whether this may also play a pathophysiological role. Indeed, P2X3 is part of 

several complex pain regulation circuits. E.g., the acid sensing ion channel ASIC3, which is 

also involved in pain signaling, can lead to inhibition of P2X3 responses (Deval et al. 2008; 

Stephan et al. 2018). Since bortezomib induces aerobic glycolysis and thus extracellular 

acidification, the above process may play a role in tissue (Ludman and Melemedjian 2019). 

Whether an interaction of P2X3 and ASIC3 is relevant in PNN needs to be clarified. Our results 

further show that P2X3 responses and intracellular baseline Ca2+ levels are de-regulated at 

identical toxicant concentrations. Thus, blunted P2X3 responses could be caused by or function 

as indicator of Ca2+ de-regulation (Cook et al. 1998; Ishchenko et al. 2017).  

Coinciding with the functional effect of P2X3 attenuation, we detected a somatic accumulation 

of tubulin in PI-treated PNN. Our conclusion that tubulin accumulation is a PI class effect is 

further supported by a study on the PI lactacystin (not used here), which elicited the same 

pattern of tubulin re-organization into sharp rings (Staff et al. 2013). Furthermore, somatic 

accumulation of cytoskeletal proteins upon PI treatment was reported also in mouse in vivo 
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studies, suggesting that tubulin re-organization observed in vitro also occurs in animals (Alé et 

al. 2015). It will be interesting to study a potential association of tubulin accumulation and 

changes in axonal transport. Since Ca2+ is also known to be a regulator of the cytoskeleton 

(Mattson 1992), de-regulation of [Ca2+]i may be a common cause of P2X3 signaling 

impairments and morphological changes observed in PI-treated PNN. 

When taxol was compared here to the class of PIs, we neither observed P2X3 inactivation, nor 

tubulin rings. Thus, different initial processes may be involved in the development of taxol 

peripheral neuropathies. Future experiments should test more classes of neuropathy-inducing 

cytostatics, such as platinum compounds or vinca alkaloids.  

Overall, this study demonstrates the feasibility of developing target cell-specific test 

methods that are based on human cells. Using neuronal cultures other than peripheral 

neurons for research on chemotherapy-induced peripheral neuropathy can miss 

functional effects only detectable in the relevant target cells (Hoelting et al. 2016; Wing et 

al. 2017). Moreover, the use of high toxicant concentrations and of blunt endpoints (such 

as cell death) may make it very difficult to identify compounds that would attenuate the 

toxicity. We suggest that insights on specifically-impaired processes are important for the 

development of pharmacological countermeasures for peripheral neuropathies. 

 Materials and methods  

Differentiation of human iPSCs to peripheral neurons 

We used the human iPSC lines mciPS (model no. SC301A-1; System Biosciences, Palo Alto, 

CA, USA), SBAD2 (Snijders et al. 2021), Sigma iPSC0028 (Si28) (EPITHELIAL-1, 

#IPSC0028, Merck, Darmstadt, Germany) and the transgenic iPSC line Si28-NGN1. IPSC 

cultures were maintained under xeno-free conditions (see supplementary methods) 

(Chen et al. 2011).  

The differentiation procedure for all iPSC lines is detailed in the supplementary methods 

(see also table S1). In brief, iPSCs were neuralized by dual SMAD inhibition followed by 

direction of the differentiation towards the sensory neuron fate using small molecule 

inhibitors (Chambers et al. 2012). After 9-12 days of differentiation, immature peripheral 

neurons were frozen in 90% fetal bovine serum (FBS) (Thermo Fisher Scientific, 

Waltham, MA, USA) and 10% dimethyl sulfoxide (DMSO; Merck, Darmstadt, Germany). 

After thawing, further maturation was driven by the growth factors glia-derived 
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neurotrophic factor (GDNF, 25 ng/ml), brain-derived neurotrophic factor (BDNF, 12.5 

ng/ml) and nerve growth factor (NGF, 25 ng/ml) (all from Bio-Techne, Minneapolis, MN, 

USA). For the differentiation of peripheral neurons with nociceptor features, doxycycline 

(2 µg/ml) exposure from DoD4’-9’ and DoD1-14 was integrated in the basis small 

molecule differentiation protocol, starting from Si28-NGN1 iPSC. 

Peri.4U cells were provided by Axiogenesis (Cologne, Germany) and maintained 

according to the manufacturer’s protocol. 

 

Generation of the gene-edited iPSC line Si28-NGN1 

Analogous to Boisvert et al. (Boisvert et al. 2015), an iPSC line with inducible NGN1-

overexpression was created. A lentiviral sequence was designed to express the human NGN1 

gene under control of a Tet-responsive element (TRE), which is dependant on the presence of 

Doxycycline (Dox). The expression of NGN1 was linked to the expression of turboRFP to 

monitor the induction. For selection, a hygromycin restistance gene was included. The vector 

and the principle of the fusion construct was published earlier (Schildknecht et al. 2013). The 

cell line was authenticated by short tandem repeat DNA typing and pluripotency was confirmed 

(data not shown) (Dirks and Drexler 2013). 

 

Toxicity testing by assessment of neurite area and cell viability 

Immature peripheral neurons were thawed and seeded at a density of 100,000 cells /cm2. For 

initial toxicity assessment, cells were left to attach for 1 h at 37°C, 5% CO2 followed by 

treatment with the test compounds. Cells were exposed to the compounds for 24 h, 48 h and 72 

h and readout was performed on DoD1, 2 and 3, respectively.  

For delayed toxicity assessment, cells were cultured until DoD4. On DoD4, test compounds 

were added to the cells together by performing a half medium exchange. Readout was 

performed after 72 h (on DoD7). 

For the readout, neurons were stained with 1 µg/ml HOECHST-33342 (H-33342) and 1 µM 

calcein-AM (both from Merck, Darmstadt, Germany) one hour prior to the imaging. After 

incubation for 1 h at 37°C, 5% CO2, images were acquired automatically using an ArrayScan 

VTI HCS microscope (Thermo Fisher Scientific, Waltham, MA, USA). Images were analysed 

for neurite area and cell viability as previsouly described (Stiegler et al. 2011).  
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Immunofluorescence staining 

Protein expression was assessed qualitatively via immunofluorescence staining and 

microscopy. All samples were prepared, and analyzed exactly as described before (Dreser et al. 

2020; Klima et al. 2021a), using antibodies as detailed in supplementary methods.  

The quantification of somata with βIII-tubulin circles was performed manually by independent 

observers. Criteria for the quantification were sharply defined, intense, and circular βIII-tubulin 

staining with presumably sub-membraneous location covering at least 50% of a full circle. 

To quantify the nuclear area, images of H-33342 stainings were converted into binary images 

and the area of randomly chosen H-33342-objects was measured using the Fiji software. 

 

Transcriptome data generation and analysis 

Sample lysates were prepared by medium removal, followed by a wash with 50 µl of 

phosphate buffered saline (PBS) (Thermo Fisher Scientific, Waltham, MA, USA) and 

instant addition of 33 µl 1x Biospyder lysis buffer (BioSpyder Tech., Glasgow, UK) (Klima 

et al. 2021a; Loser et al. 2021b). After incubation at RT for 10 minutes, the sample plates 

were stored at -80°C up to the time of dry ice shipping to Bioclavis (BioSpyder Tech., 

Glasgow, UK). Measurement of the whole transcriptome set was performed via the 

TempO-Seq targeted sequencing technology (House et al. 2017). The gene set analyzed, 

and the read data are detailed in supplementary file 2 (organized as Excel workbook). For 

data processing, the R package DESeq2 (v1.32.0) was used for quality control and 

normalization (Love et al. 2014). Further details on data analysis are given in the 

supplementary methods. 

 

Measurement of changes in intracellular Ca2+ concentration [Ca2+]i 

Sensory neurons were cultured in 96-well plates for at least 35 days after thawing. One 

day before Ca2+-imaging experiments were performed, cells were optionally pre-treated 

with the test compounds. One hour before the experiment, cells were loaded with the 

Ca2+-indicator Fluo-4 (Thermo Fisher Scientific, Waltham, MA, USA). Pre-treatment with 

antagonists was performed together with Fluo-4 loading. Monitoring of [Ca2+]i was 

performed using an ArrayScan VTI HCS microscope equipped with an automated pipettor 

and an incubation chamber providing an atmosphere with 5% CO2 and 37°C. Cells were 

imaged as fast as possible for 45 s. Test compounds were automatically applied after 
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baseline recording (10 s). In a standard experiment with 4 stimuli applied to one well (e.g., 

negative control, P2X3 agonist, TRPV1 agonist, KCl), the cells were imaged 4 times for 45 

s with one stimulus applied at a time. 

The images were exported as *.avi video files and analysed with the CaFFEE software 

(Karreman et al. 2020). In brief, the time point of peak fluorescence was identified. 

Fluorescence data for the ground state (F0) and for the peak time point (F1) were assessed 

automatically for all cells. The difference between the two fluorescence levels, ΔF=F1-F0, 

was used for further data processing (Klima et al. 2021a). The noise level-based threshold 

(mean(ΔF) + 3x SD(ΔF)) of each well was determined by the application of a negative 

control stimulus (Hanks’ Balanced Salt Solution (HBSS)), with an upper threshold-limit 

set to ΔF=18. According to this threshold, cells were defined as reactive 

(ΔFstimulus>threshold) or non-reactive (ΔFstimulus ≤threshold).  

 

Statistics 

If not stated otherwise, experiments were performed on 3 or more independent cell preparations 

(here called biological replicates). In each cell preparation at least three different wells (here 

called technical replicates) were measured.  

Information concerning descriptive statistics and experimental variability is included in the 

figure legends or the figures themselves. GraphPad Prism 7 software (Version 7.04, Graphpad 

Software, Inc, San Diego, USA) was used for significance testing and data display. Data were 

evaluated by ANOVA plus appropriate post-hoc testing method or by t-test for binary 

comparisons. p-values < 0.05 were regarded as statistically significant.  
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 Supplementary information 

Supplementary Methods 

Maintenance of induced pluripotent stem cells (iPSCs) 

Maintenance of all iPSC lines used in this study was performed on human Laminin-521 

(BioLamina, Sundbyger, Sweden) coating in essential 8 (E8) medium (Dulbecco’s 

modified Eagle’s medium/F12 [DMEM/F12] supplemented with 15 mM Hepes [Thermo 

Fisher Scientific, Waltham, MA, USA], 10 µg/ml holo-transferrin, 20 µg/ml insulin, 

16 mg/ml L-ascorbic-acid, 0.7 mg/ml sodium selenite [all from Merck, Darmstadt, 

Germany], 100 ng/ml bFGF [Thermo Fisher Scientific, Waltham, MA, USA], 1.74 ng/ml 

TGFb [Bio-Techne, Minneapolis, MN, USA]) essentially as described (Chen et al. 2011). 

Passaging of the iPSCs was performed every 7 days. Cells were incubated with EDTA 

(Thermo Fisher Scientific, Waltham, MA, USA) for 2 min (37°C, 5% CO2) to detach the cells, 

so that clumps remain (no single cell suspension). IPSCs were washed off the plate with 

DMEM/F12. Cells were re-seeded in E8 medium on freshly coated plates in a final dilution 

of 1:40-60. 

 

Differentiation of sensory neurons from iPSC 

The iPSCs were prepared for neural differentiation on day of differentiation minus 2 

(DoD-2) by replating in a single cell suspension (90,000 cells/cm2) onto MatrigelTM 

(Corning, Glendale, AZ, USA) coated 6-well plates in E8 medium supplemented with 10 

µM Rock inhibitor (Y-27632 [Bio-Techne, Minneapolis, MN, USA]). 

On DoD0’, E8 was replaced by neural differentiation medium KSR (knock out DMEM with 

15% serum replacement, 1 x Glutamax, 1 x nonessential amino acids, and 50 µM β-

mercaptoethanol [all from Thermo Fisher Scientific, Waltham, MA, USA]) and the 

combination of five small molecule pathway inhibitors as described in detail in table S1. 

From DoD0’-5’, Noggin and SB-431642 (both from Bio-Techne, Minneapolis, MN, USA) (± 

dorsomorphine hydrochloride [Dorso; Merck, Darmstadt, Germany]) were added, and 

CHIR99021 (Axon Medchem, Groningen, Netherlands), SU5402 (Bio-Techne, 
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Minneapolis, MN, USA) and DAPT (γ-Secretase inhibitor IX; Merck, Darmstadt, Germany) 

were added on DoD2’-9’. From DoD4’ onwards, KSR medium was gradually replaced by 

N2-S medium (DMEM/F12, 1 x GlutaMax [both from Thermo Fisher Scientific, Waltham, 

MA, USA], 0.1 mg/ml apotransferrin, 1.55 mg/ml glucose, 25 μg/ml insulin, 20 nM 

progesterone, 100 μM putrescine and 30 nM selenium [all from Merck, Darmstadt, 

Germany]) in 25% increments. On DoD9’ or DoD12’ (depending on the iPSC line used, see 

table S1), the cells were cryopreserved in 90% fetal bovine serum (FBS) (Thermo Fisher 

Scientific, Waltham, MA, USA) and 10% dimethyl sulfoxide (DMSO; Merck, Darmstadt, 

Germany). 

After thawing of the pre-differentiated cells, sensory neuron precursors were cultured in 25% 

KSR and 75% N2-S supplemented with CHIR99021 (1.5 µM), SU5402 (5 µM) and DAPT (5 

µM). Cells were seeded at a density of 100,000 cells/cm² on MatrigelTM coated plates. For 

further differentiation and maturation, half of the medium was changed on DoD1 and DoD2. 

With the fresh culture medium on DoD2, Matrigel was added to the cells at a final dilution of 

1:80. On DoD3, medium was changed to N2-S medium supplemented with 12.5 ng/ml brain-

derived neurotrophic factor (BDNF), 25 ng/ml glia-derived neurotrophic factor (GDNF) and 25 

ng/ml nerve growth factor (NGF) (all from Bio-Techne, Minneapolis, MN, USA) and 2 µM 

cytarabin (AraC; Merck, Darmstadt, Germany). Half of the medium was changed on DoD4, 7 

and 10 with further Matrigel addition on DoD10. On DoD14, medium was changed to 

maturation medium (N2-S supplemented with BDNF [12.5 ng/ml], GDNF and NGF [both 25 

ng/ml]). Half medium exchanges were performed every three to four days. Matrigel was diluted 

in the culture medium at a final dilution of 1:80 every 10 days. 

 

Assessment of neurite area and cell viability 

Cells stained with calcein-AM and HOECHST-33342 (H-33342) (both from Merck, Darmstadt, 

Germany) were imaged automatically using an ArrayScan VTI HCS microscope (Thermo 

Fisher Scientific, Waltham, MA, USA). Images were analysed for neurite area and cell viability 

by an automated algorithm. H-33342 staining was used to identify the cell nuclei. The nuclear 

area was enlarged to define the somatic area, which was then substracted from the calcein stain. 

The remaining calcein-positive pixels were quantified to derive the neurite area. Data on cell 

viability was derived from the same images by checking each H-33342 stained object (cell) for 

a double stain with calcein. Double-positive cells were classified as viable, calcein-negative 

cells as dead (Stiegler et al. 2011). 
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Immunofluorescence staining and microscopy 

Neurons, grown on glass coverslips coated with MatrigelTM, were fixed with 4% 

paraformaldehyde at 4°C over night. All further steps were performed at room temperature. 

Paraformaldehyde was taken off and cells were washed (~1 min) with phosphate buffered saline 

(PBS) followed by permeabilization with 0.6% Triton X-100 in PBS for 7 min. Coverslips were 

washed (~1 min) with PBS and blocked for 1 h in PBS containing 5% FCS and 0.1% Triton X-

100. Primary antibodies (see Tab. S2) were diluted in fresh blocking solution and applied for 

1 h. Residual free primary antibodies are then washed off with PBS. Secondary antibodies and 

H-33342 are diluted in blocking solution and applied on the coverslips for 30 min. After 

washing with PBS, coverslips were placed upside-down on mounting medium on microscope 

slides. 

 

Transcriptome data analysis 

For data processing, the R package DESeq2 (v1.32.0) was used for quality control, 

normalization and differential gene expression (DGE) analysis (Love et al. 2014). The raw 

probe counts were normalized to total sample counts per million (CPM). No library size 

threshold was used; samples with replicate correlation (Pearson R) to group average 

below 0.8 were removed from the analysis. Prior to the DGE, the low-count genes (less 

than 3 samples above 5 CPM) were discarded. The Wald statistics test was used for 

significance evaluation of each differentiation stage against DoD1 or DoD7. Selection of 

the most significant differentially expressed genes (DEG) was done using a (Benjamini-

Hochberg) p-adjusted maximum threshold of 0.05 and a log2(fold change) minimum 

threshold of 1.  
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Table 2.2.S1: Schedule for differentiation media and supplementing factors 

X: applies for all iPSC lines 

X: applies for mc-iPSC 

X: applies for SBAD2 

X: applies for Si28-NGN1 
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Table 2.2.S2: Primary antibodies used in this study 

 

Target Isotype Dilution Supplier Catalogue number 

βIII-tubulin (pol.) mouse IgG1 1:1000 BioLegend 921001 

Peripherin mouse IgG2a 1:200 Santa Cruz sc-377093 

Ki67 (PE) mouse IgG1 1:500 BD Pharmingen 556027  

ISL1 rabbit 1:200 Abcam ab109517 

BRN3A rabbit 1:200 Merck Millipore 5945 

P2X3 rabbit 1:200 Novus NB100-1654 

F-actin Phalloidin-555 1:500 Molecular Probes 8953S 

 

 

 

Table 2.2.S3: Agonists and antagonists used in Ca2+-imaging experiments 

  

Compound Solvent Concentration 

[µM] 

Supplier Catalogue number 

α,β-methylene ATP water 1 Cayman Chemical 10008956 

AF-353 DMSO 0.1 Cayman Chemical 23034 

capsaicin DMSO 1 Cayman Chemical 92350 

capsazepine DMSO 10 Cayman Chemical 10007518 

KCl water 40,000 Merck P9541 
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Figure 2.2.S1: Characterization of iPSC-derived early-stage sensory neurons 

Neurons were differentiated from the iPSC-lines SBAD2 and Si28 according to the standard protocol . (A) Cells were 

fixed on DoD1 after thawing and stained for the pan-neuronal marker βIII-tubulin (βIIITub), and for F-actin. Growth 

cones with filopodia are evident on the growing neurites. (B,C) Cells were fixed on DoD7 and stained for βIIITub and 

the peripheral neuron transcription factors BRN3A (B) or Islet-1 and the intermediate filament peripherin (PRPH) (C). 

Images of different fluorescent channels are shown to visualize the staining by individual antibodies. The composite 

images of the stainings are color coded according to the detail images (also see figure 2.2.1A). Scale bars are given in 

the images. All images are representative of typical cultures, but structures have not been quantified. 
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Figure 2.2.S2: Exploration of toxicant responses (in the PeriTox test) of neurons generated and offered by a 

commercial source. 

The Peri.4U cell preparation, which had been generated to provide a commercial source of peripheral neurons, was 

used in the PeriTox test. Cells were exposed to the positive control compounds taxol, bortezomib, colchicine and 

acrylamide, which are known for their (peripheral) neurotoxic potential. Effects on neurite area (solid symbols and 

lines) and viability (open symbols, dashed lines) are shown. Data are means ± SD of 2 biological replicates. 
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Figure 2.2.S3: Time-dependency of compound effects assessed in the extended PeriTox test 

Compound-induced effects on the neurite area and cell viability were assessed in the extended PeriTox test. (A) 

Exposure schedules for the extended PeriTox test are depicted. One hour after plating of the peripheral neuron 

precursors, cells were exposed to the test compounds for 24 h (green), 48 h (blue) and 72 h (red). (B-E) Effects on 

neurite area (left) and viability (right) are shown for all three exposure times for the positive controls acrylamide (B), 

colchicine (C), taxol (D), and bortezomib (E). Data sets are colour coded to the respective exposure schedule in (A). 

Data are means ± SEM of 2-3 biological replicates. 
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Figure 2.2.S4: Variation of exposure time point and duration to assess compound toxicity 

The positive control compounds acrylamide (A), colchicine (B) and taxol (C) were tested regarding their effects on 

immature peripheral neurons. Cells were exposed to the test compounds according to the exposure scenarios depicted 

in figure 2.2.2A: (a) immediately after thawing (1 h) for 24 h (green, 24i) and (b) 72 h (red, 72i), or (c) at a delayed time 

point, starting on DoD4, for 72h (purple, 72d). Compound effects on neurite area (left) and viability (right) are shown. 

Data are means ± SEM of 3 independent experiments. 

 



Results 

133 

 

 

Figure 2.2.S5: Characterization of peripheral neurons derived by NGN1-overexpression 

(A) Peripheral neurons differentiated from Si28-NGN1 iPSCs were fixed on DoD1 and stained for βIII-tubulin (βIIITub) 

and the proliferation marker Ki-67. (B) As a positive control for proliferating cells, neuroepithelial precursor cells 

(Dreser et al. 2020) were fixed and stained for Ki-67, exhibiting the characteristic pattern of Ki-67-staining in the 

nucleus, thus verifying the functioning of the Ki-67-antibody. (C,D) Neurons were differentiated for 42 days after 

thawing and fixed. Immunofluorescence images show an extensive neurite network, stained positive for βIIITub and 

peripherin (PRPH) (C), and the expression of P2X3 receptors in PRPH-positive cells (D). Images of the single stainings 

are shown. The composite images of the stainings are color coded according to the detail images ((A,C,D) see also figure 

2.2.3B). Scale bars are given in the images. 
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Figure 2.2.S6: Expression of functional TRPV1 channels 

Peripheral neurons derived from the iPSC lines SBAD2 (green), Si28 (blue) and Si28-NGN1 (purple) were differentiated 

for >38 days and used for Ca2+-imaging experiments. The TRPV1-specific agonist capsaicin [1 µM] was used to 

determine the expression of functional TRPV1 receptors. To confirm signaling through TRPV1, cells were pre-treated 

(1 h) with capsazepine, an antagonist of TRPV1, before stimulation with capsaicin. Data are means ± SEM of at least 3 

biological replicates 
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Figure 2.2.S7: Time-dependent transcriptome profiling of PNN  

(A) PNN were grown from DoD1 - DoD42 and mRNA of different maturation stages was used for whole transcriptome 

analysis by TempO-Seq (full data in Supplementary file1, complementary data in figure 2.2.4). A PCA was performed for 

all of the >19,000 measured genes. In the two-dimensional PCA display, six maturation stages (day of differentiation 

(DoD) 1, 7, 14, 28, 35 and 42) of PNN are color-coded according to their DoD. Data points are derived from three 

independent differentiations, and all individual samples analyzed are depicted. (B) To gain insight into gene expression 

changes that occur during late differentiation, DoD35 and DoD42 samples were analyzed for differentially expressed 

genes (DEGs) versus DoD7. Examples of significant DEGs (adjusted p-value ≤ 0.05) with a fold change (FC) >4 were 

assembled. The left column shows the absolute expression levels of selected significant DEGs on DoD7 in counts of the 

corresponding gene per 1 million reads (CPM). The data for DoD35/DoD42 show the fold change (FC) of the expression 

levels versus DoD7. The color scales use log2 units (see supplementary files for complete data sets). 

 

 

 

Figure 2.2.S8: [Ca2+]i-dependent fluorescence signals of single cells 

Sensory neurons (>DoD38) were cultured under control conditions or exposed to bortezomib for 24 h, before Ca2+-

imaging was performed. Ca2+-measurements depicted in (A) and (B) were executed with the same cells. (A) Baseline 

fluorescence of single sensory neurons recorded during the first 10 seconds of a Ca2+-measurement, immediately before 

the first stimulus application. Fluorescence traces of one whole neuronal culture per pre-treatment condition with 61-

108 single cells each are shown. Red horizontal lines indicate the mean baseline fluorescence of control cells. Green 

lines indicate the threshold of 150% control baseline fluorescence used for quantification of cells with increased resting 

cell [Ca2+]i . (B) Time-dependent fluorescence traces of single cells during experiments using the P2X3-specific agonist 

α,β-methylene ATP (addition to the cells is indicated by blue arrows). For clarity, only 50% of the cells depicted in (A) 

are shown (randomly chosen by software). Red horizontal lines correspond to the mean baseline fluorescence of control 

cells determined in (A). 
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Figure 2.2.S9: Membrane depolarization and TRPV1 responses are unaltered upon toxicant exposure 

Sensory neurons were differentiated for >38 days and used for Ca2+-imaging experiments. Cells were pre-treated with 

the proteasome inhibitors bortezomib (BTZ), carfilzomib (CZF) and delanzomib (DLZ), or taxol for 24 h, before Ca2+-

measurements were performed. (A) Sensory neurons, which were first exposed to a P2X3-specific stimulus (see figure 

2.2.5B,C), were subsequently subjected to an increased concentration of KCl [50 mM], which induces membrane 

depolarization in functional neuronal cells. Responsive cells were quantified. (B) Cells were stimulated with capsaicin 

[1 µM] and the number of responsive cells was assessed. Data are given as % of untreated control cells and are means 

± SEM of at least 3 independent experiments. n.s., not significant 
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Figure 2.2.S10: Reorganization of the cytoskeletal structure upon PI exposure 

Sensory neurons were differentiated for at least 38 days after thawing and exposed to bortezomib, carfilzomib or taxol for 24 

h before fixation. Representative immunofluorescence images are shown (see also figure 2.2.6A). Composite images show 

stainings of nuclei (DNA, red) and βIII-tubulin (βIIITub, green), revealing aberrant staining for βIIITub at high concentrations 

of bortezomib or carfilzomib. Single staining images shown for (i) the nuclei (DNA) and (ii) the corresponding peripherin 

(PRPH) staining (for clarity not included in the composite images). Peripherin staining of PI-treated cells did not exhibit 

βIIITub-like reorganization to rings, but rather a clustering in the soma (outside the nucleus). The scale bar is given in the 

images. 
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Figure 2.2.S11: Quantifiaction of the nuclear area as cell viability indicator 

(A) Sensory neurons were fixed on DoD42 upon exposure to control condition (left) or carfilzomib (20 nM, 24 h) (right). 

Immunofluorescence images of cells stained for βIII-tubulin (βIIITub) and DNA (using H33342) are shown. DNA 

staining revealed a deformation of the nuclei in carfilzomib-treated cells, red arrows indicate example nuclei in the 

single staining image. Images are color coded and the scale bar is given in the images. (B) Quantification of the nuclear 

area of cells cultured under control condition or exposed to bortezomib (BTZ), carfilzomib (CFZ), epoxomicin (EPO) or 

taxol (TAX) for 24 h at the indicated concentrations. Data are means ± SD of 25 randomly chosen nuclei per condition. 
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Figure 2.2.S12: Reorganization of the microtubule structure as a general PI effect 

Sensory neurons (>DoD38) were exposed to the PIs delanzomib, epoxomicin or MG-132 for 24 h before fixation. 

Representative immunofluorescence images show stainings of nuclei (DNA, red) and βIII-tubulin (βIIITub, green) (see 

also figure 2.2.7G). Composite images are colour coded and single staining images are shown for cell nuclei (DNA). The 

scale bar is given in the pictures. (B) Quantification of cells exhibiting intense, circular βIII-tubulin staining around the 

cell somata (covering at least 50% of a full circle). Data are given as % of the total cell count (number of viable cell 

nuclei) and are means ± SD of 2-3 biological replicates. * p < 0.05, *** p < 0.0001 
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 Abstract 

Quantification of changes in intracellular free Ca2+ concentrations ([Ca2+]) are 

fundamental to the understanding of the physiology of single cells in response to both 

environmental and endogenous stimuli. We present here software that is freely available, 

easy to use and allowing especially the evaluation of [Ca2+]i signals in complex and mixed 

cultured. The program CaFFEE (Calcium Fluorescent Flash Evaluating Engine) enables the 

user to evaluate the response of hundreds of cells to treatments that influence [Ca2+]i. 

CaFFEE processes large quantities of image data, automatically identifies individual cells 

in mixed, heterogeneous populations, and evaluates their fluorescence signal. All data are 

exported in spreadsheet format and data on thousands of cells may be batch processed. 

Moreover, the program optimizes the visual representation of time-lapse image data for 

user-guided data exploration (setting of parameters for semi-automated data processing). 

The software, freely downloaded, allows the standardized and transparent processing of 

imaging data independent of the platform that generated the data. 
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 Image-based [Ca2+]i quantification 

As Ca2+ signaling is involved in muscle contraction, blood clotting, hormone regulation and 

nerve conduction, and many other processes, the intracellular concentration of Ca2+ 

([Ca2+]i) is tightly regulated. Vice versa, disturbed [Ca2+]i regulation is a good indicator of 

toxicity (Bano et al. 2017; Leist and Nicotera 1998; Orrenius et al. 2003). 

There are different ways to measure [Ca2+]i (Bassett and Monteith 2017; Brini et al. 1999; 

Hayashi and Miyata 1994; June and Moore 2004; Ma et al. 2017; Ronzhina et al. 2013; 

Simpson 2006; Tsien 1992). One of them is imaging of cells loaded with calcium 

indicators. For this purpose, fluorescent dyes (e.g., Fura-2, Indo-1 or Fluo-4) that change 

their fluorescence properties in response to Ca2+ binding are commonly used. Depending 

on the indicator, Ca2+ concentrations are assessed either by changes in fluorescence 

intensity or a shift of emission/excitation wavelengths. There are different ways to 

monitor these changes, like the use of fluorimeters (for suspended cells), FACS analysis 

(for individual cells), whole well fluorescence detection (e.g., using FLIPR instruments) or 

imaging by fluorescence microscopy. In the latter case, signals may be captured on a 

standard microscope (upright or inverted), by confocal microscopy or by high content 

imaging. In all these cases, 2D images (sometimes as stacks into the third dimension) are 

obtained before and after a stimulus or as a continuous sequence of frames in a time series 

(time-lapse imaging). 

To gain quantitative information from these images one can compare the changes in 

overall brightness or the changes in brightness of the single pixels that make up an 

individual cell. For this purpose, the regions of interest (ROI), i.e., the pixel areas to be 

quantified, need to be defined either manually or by automatic definition. Automatic 

definition means that cells are identified automatically based on additional staining or 

structural features. CaFFEE uses a nuclear stain to identify the cells, and it then uses this 

information to define each cell as an ROI. Subsequently, the average fluorescent intensity 

of these pixels is measured over a series of pictures. Thus, time-dependent fluorescent 

values are obtained for every single cell. This information is converted to curves from 

which different parameters can be derived (Fig 2.3.1). Furthermore, it is also possible to 

define subcellular structures (e.g., nuclei) that can be evaluated for [Ca2+]i-responses. 
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Figure 2.3.1: Examples of typical graphs and images from CaFFEE 

(A) Automatically taken images from a time series before and after the addition of 30 mM KCl (trigger of Ca2+ increase). 

(B) Typical shape of the behaviour of intracellular Ca2+ after addition of 30 mM KCl. Various parameters (height of 

response, reaction time and slope for the calculation of the relaxation time) calculated by CaFFEE are indicated. 

  

 Special requirements for stem cell-derived neuronal cultures 

In neuronal cultures, the identification of different cell structures allows the 

differentiation between the cell body (soma) and the neurites. The changes in [Ca2+]i 

might differ between these two parts of the neuron. Challenges in stem cell-derived 

neuronal cultures are: (i) dead cells and (ii) the heterogeneity of the cell population. The 

cultures may include, for example, partially differentiated neurons or glial cells. Moreover, 

the neurons differ in their receptor number, size, thickness and shape. Once every single 

cell is identified, the program allows exclusion of specific cells from the analysis, 

depending on their size or response characteristics. 

 Challenges and problems 

Many programs are available to analyze [Ca2+]i imaging experiments. Some have a much 

higher level of sophistication and a broader panel of available tools than CaFFEE. 

However, independent of the software used, background correction and adaptation of 

image dynamics are problems that cannot be solved perfectly in a fully automated way. 

CaFFEE offers the user visual tools to manually optimize images. The optimized settings 

are then used on the entire time series batch. When the cell population is heterogeneous, 

it is also challenging to identify the active cells and analyze only their response 

characteristics. This becomes particularly challenging if large numbers of cells are to be 

analyzed in parallel.  
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 Main features of CaFFEE 

Here, we describe the CaFFEE (Calcium Fluorescent Flash Evaluating Engine) program, 

which can solve several of these problems. It evaluates time series images (in an 

uncompressed file format .avi [Audio Video Interleave]) that describe the [Ca2+]i of 

neurons under various conditions. The program comprises the four distinct functions 

detailed below.  

Function 1: Image processing 

By using the image processing module, the different channels (typically green for Ca2+-

fluorescence and blue for nuclei) can be optimized individually. The general background 

can be forced to zero and the highest brightness to full white, thereby giving the remaining 

levels of gray the full dynamic range (0-255 for normal monitors). The representation of 

the pictures does not have to be a linear transformation of the original pictures. Different 

non-linear monotonous transformations are offered in CaFFEE. Image optimization can 

be done separately for the two channels, and the information (image sequence) can later 

again be combined. This feature enables the user to generate a multi-colour image 

sequence from optimized sequences of the individual channels. In short, image sequences 

processed by CaFFEE provide information with more contrast and a better signal to noise 

ratio. The enhanced quality of the resulting image sequence will not influence the later 

evaluation of the brightness / intensity response characteristics, as these calculations will 

always be performed on the original set of images. 

Function 2: Visualization of averaged responses 

Another feature of CaFFEE is a visual, spatially resolved depiction of differences in [Ca2+]i 

in one picture. In short: an artificial picture is created that shows the differences in 

fluorescence before and after stimulation pixel by pixel. A typical experiment has a period 

during which baseline images are recorded. Then, at a specified timepoint, a stimulant is 

added and the response of the selected cells is recorded. In simple terms, there is a 

“before” and an “after” period in most experimental setups. CaFFEE averages the signals 

of “before” frames and compares these with the signals of the averaged “after” frames. The 

resulting differences are then depicted in one picture, showing the differences in the 

fluorescence for each pixel in a false color representation or as a 3-dimensional picture. 



Results 

147 

 

Function 3: Evaluation of time series images  

The central function of CaFFEE is the evaluation of the [Ca2+]i fluorescence signal, or any 

other time dependent fluorescence signal for defined ROI, usually corresponding to cell 

bodies. Here, images are transformed to numbers and curves, which may be graphically 

displayed and exported. CaFFEE uses the fluorescence signal of the nuclei to determine 

their number and to calculate their position. With the resulting data, it then checks 

whether these areas are consecutively represented in every image in the series. For those 

nuclei that are present in every frame, the fluorescence of the same area in the Ca-specific 

channel is measured before (F0) and after stimulation (F) as the average brightness/pixel. 

These data are used to determine parameters like maximum delta (the increase of 

fluorescence signal over baseline (F-F0) “Delta” (Fig. 2.3.2A)), the relative increase of 

signal ((F-F0)/F0 “Delta/F0” (Fig. 2.3.2A)) and the fold increase of signal ((F/F0) “F1/F0” 

(Fig. 2.3.2A)). The measurements are typically fitted to sigmoid or double sigmoid curves. 

The user can look at every cell trace individually to observe its behavior or can sort by the 

various parameters and know which cell is responsible. All data shown on the screen are 

interactive and will show all data that belong together with just one click. The raw data 

and the calculated summary data are easily exported to an Excel file.  
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Figure 2.3.2: Different analysis outputs provided by CaFFEE 

(A) Table showing the calculated values of the single cells. Each bona fide cell is assigned a unique number („#“). Data 

for four examplary cells are shown. The value of fluorescence intensity is given for the baseline (F0) „Base“ and for the 

peak (F) „Top“. From these values, the maxium difference „Delta“ (F- F0 ), the relative increase of signal “Delta/F0” (F-

F0/F0) and the fold increase of signal “F1/F0” (F/F0) are calculated. CaFFEE automatically calculates the frame at which 

the curves deviate from the baseline. It interprets this as the timepoint when the addition of the stimulus occured 

„EC50“. (B) Graphical representation of the raw data showing the fluorescence intensity of hundreds of single cells. (C) 

Mathematical approximation of the corresponding raw data (baseline correction and curve fitting). (D) Graph of total 

fluorescence intensity of the whole frame sequence (black) compared to total fluorescence intensity of the identified 

cells (blue). The matching curves show that the behavior of the fluorescence of the images is completely explained by 

that of the identified cells, indicating no major disturbances (pipetting artefacts, etc.) play a role in this experiment. 

 

Function 4: Batch processing of data 

Often, a whole set of experiments (e.g., controls, different treatments and various 

concentration of the stimulant) will be performed, each resulting in a separate .avi file. If 

these files are all placed in the same subdirectory (folder), CaFFEE can be used to evaluate 

all of these files in one single pass. The result will be an Excel workbook with one sheet 

for every .avi file containing all the data for that file and an extra “summary” sheet on 

which the relevant data of the different experiments are summarized in a single table. The 

batch feature makes the analysis of large experiments with high numbers of biological and 

technical replicates, as they are common in toxicological studies, very fast and efficient. 

 Experimental preconditions  

To analyze the time lapse sequence, CaFFEE uses two fluorescence channels. The nuclei 

are visualized by staining with H-33342 (or DAPI), and the [Ca2+]i is detected by staining 

with Fluo-4-AM (or any single wavelength indicator showing similar fluorescence 

properties). They are visualized in blue and green, respectively. The present version of 

CaFFEE expects these two channels to be used. It is not possible to swap channels in the 

program or to leave one out. Each time lapse sequence must be in an .avi file format with 

a frame size of 512 x 512 pixels or smaller. Larger frame sizes will not be shown in full 

size, and cannot be analyzed. The magnification (10 x or 20 x in our system) chosen for 

the microscope does not influence the analysis. If the output is to be subsequently 

exported directly to Microsoft Excel, this program must be installed on the computer in 

order to use this feature. 
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For defining a baseline (F0), it is necessary to record some images before addition of the 

stimulus. CaFFEE automatically calculates the baseline from all images that are recorded 

before the stimulus is added. Notably, CaFFEE does not automatically recognize the 

addition of a stimulus, nor can this information be entered. The program uses the part of 

the curve with the highest slope as indicator that stimulation has occured and gives out 

the corresponding frame.  

It is important to realize that CaFFEE uses frames as units on the x-axis instead of time. 

Thereby CaFFEE is independent of the original time frame of the image series. With 

knowledge of the experimental protocol, the x-axis can be converted later using the Excel 

data matrix. No fixed number of images is necessary for the analysis, but the precision of 

the analysis increases with the number of images available. These simplified features 

make it unnecessary to enter other experimental data in CaFFEE, which often is a source 

of errors. 

 Example 

Practical examples often help to illustrate program features. Here we present an 

experiment based on neurons derived from stem cells (Hoelting et al. 2016) where we 

assessed their response to 30 mM KCl. We used an automated microscope system 

(Cellomics, VTI ArrayScan, Thermo Fisher) with an incubation chamber set to maintain 

5% CO2 and 37°C. Images were taken for 45 s at maximum speed, which results in a rate 

of approx. one image per second. It is important to be aware of such recording 

characteristics and inter-image time intervals, as CaFFEE always labels the x-axis in units 

of frames instead of real time. In our experiment, 30 mM KCl was administered by an 

automated pipettor after 10 s (=10 frames). Pictures were taken over the remaining time 

of 30 s. First, CaFFEE was used to optimize the contrast of the images in the image 

sequence (.avi file). Second, nuclear size and intensity were used to define bona fide nuclei. 

Size exclusion was used to exclude shrunken (dead) nuclei or fragments. The settings 

were translated by CaFFEE into a color-coded picture, where blue nuclei are bona fide 

nuclei, yellow ones are excluded on account of their size and red ones on account of their 

intensity. Sliders for the different parameters allow quick manual, visually controlled 

optimization of the settings.  
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Next, pressing the “Evaluation” button started the fully automated evaluation process by 

which CaFFEE identified all cells based on their nuclear position and provided 

fluorescence data (F0, F) for every single cell for every frame. Such data are presented as 

(A) a table in spread sheet format, (B) a graph for intensity of every identified cell without 

baseline correction of every frame, (C) a mathematical approximation for every identified 

cell of every frame, and (D) a graph of total fluorescence intensity of the whole picture 

compared to total fluorescence intensity of the cells (Fig. 2.3.2). The raw and the 

calculated data were exported to Excel for further quantitative analysis. For more detailed 

instructions on the various described steps, see the handbook and the program 

(http://invitrotox.uni-konstanz.de/CaFFEE, which are both freely available for 

download.  

 Outlook 

The program is under dynamic development. New features are planned, e.g., defining 

neurites, or setting the stimulation trigger time. All new versions will be placed on the 

website above.  
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 Concluding discussion and perspectives 

Peripheral neurons are constantly in direct contact with the environment, making them 

exceptionally vulnerable to potential toxicants such as medical agents. Drug toxicity is the 

main reason for the development of peripheral neuropathies with sensory, often painful 

symptoms. Therefore, it would be beneficial to identify such undesirable side effects early 

during drug development by improved risk assessment. However, risk assessment can 

only be advanced by (i) using robust human-relevant test methods and (ii) gaining a 

better understanding of the underlying disease mechanisms. In this thesis, cultures of 

iPSC-derived human peripheral neurons were used for toxicity testing to take an 

important step in this direction. Signaling features such as receptor and ion channel 

function were examined for their usefulness as test endpoints to detect functional 

alterations upon drug treatment. Exposure of peripheral neurons with nociceptor 

features (PNN) to chemotherapeutic agents that induce peripheral neuropathy in vivo 

confirmed that functional impairments might precede structural alterations, 

demonstrating the relevance of such signaling endpoints for in vitro toxicity testing. 

 

 In vitro cultures of human peripheral neurons 

For pharmacological and toxicological studies on drug safety, it is of great interest to 

establish robust and well-characterized in vitro systems of the specific cell types affected 

in vivo (Delp et al. 2018; Schmidt et al. 2017). In the manuscripts 1 and 2 of this work, the 

reproducibility of the here-used differentiation protocol for the generation of peripheral 

neurons, and its transferability to various iPSC lines was demonstrated. In addition, the 

principle of transcriptional programming was exploited to enhance the fate specification 

towards the sensory subtype of nociceptive neurons by transient overexpression of 

NGN1. 

 General applicability and robustness of a previously established 

differentiation protocol  

Various differentiation principles can be followed to generate peripheral neurons from 

human iPSCs (Alshawaf et al. 2018; Chambers et al. 2012; Guimarães et al. 2018). A widely 
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applied approach is the two-dimensional small molecule inhibitor-based differentiation 

of human iPSCs starting with the induction of neuroectoderm formation by dual SMAD 

inhibition followed by the differentiation direction to the peripheral neuronal fate. For 

neuron maturation, three growth factors are supplied, which are the brain-derived 

neurotrophic factor (BDNF), the glia-derived neurotrophic factor (GDNF), and the nerve 

growth factor (NGF) (Cao et al. 2016; Chambers et al. 2012; Hoelting et al. 2016; Klima et 

al. 2021a; Klima et al. 2021b; Schinke et al. 2021; Schwartzentruber et al. 2018; Young et 

al. 2014). All peripheral neurons used in this thesis were generated according to this 

differentiation principle. An important feature of the here-used protocol is the division of 

the differentiation into a pre-differentiation and a maturation part (Hoelting et al. 2016). 

Thus, large quantities of peripheral neuron precursors can be generated within ten days 

of differentiation, frozen as aliquots and stored in liquid nitrogen so that they are readily 

available for experiments.  

In this work, several iPSC lines were subjected to this differentiation strategy, and only 

minor changes in differentiation time or inhibitor concentration were required to 

successfully generate immature peripheral neurons. Whole transcriptome analysis 

confirmed a robust differentiation procedure. Gene expression patterns were found to be 

conserved between technical replicates, independent differentiations and different iPSC 

lines, even after extensive maturation times of 40 days. Such high reproducibility is an 

important requirement for iPSC-derived neuronal cultures used for toxicity testing to 

ensure the comparability of results (Schmidt et al. 2017). Therefore, another interesting 

and crucial step to prove the robustness of the method would be to transfer the 

differentiation procedure to other laboratories (Bal-Price et al. 2018). The detailed 

standard operating procedure included in manuscript 1 describes all handling steps and 

provides a sound basis for a successful method transfer (Krebs et al. 2020). 

 Enhancing the nociceptor character of iPSC-derived sensory neuronal 

cultures 

Gene expression analysis of early peripheral neurons generated according to the standard 

differentiation protocol confirmed the expression of nociceptor-characteristic genes, such 

as RUNX1 and NTRK1, but also of mechanoceptor- and proprioceptor-markers (e.g., 

RUNX3 and NTRK2). Together with the poor response of matured neurons to pain 

receptor-activating stimuli, this suggested that the conventional differentiation protocol 
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yielded sensory neurons, however, composed of various subtypes. This considerably 

limited the usefulness of these neuronal cultures for the study of functional features that 

are involved in pain signaling. 

However, a major aim of this thesis was the establishment of an in vitro system capable of 

modeling aspects of chemotherapy-induced peripheral neuropathy (CIPN), which is often 

associated with painful symptoms. Thus, an enhanced nociceptor character of the iPSC-

derived peripheral neuron cultures was envisaged. One approach that was followed to 

increase the culture responsiveness was the sensitization of the neurons with increased 

NGF concentrations, which is, for example, known to induce membrane integration as well 

as de novo synthesis of TRPV1 (Ji et al. 2002; Zhang et al. 2005). Mimicking inflammatory 

conditions in vitro in this way indeed led to an increase in the responsiveness of the 

neuronal cultures to P2X3- and TRPV1-specific agonists. However, it was anticipated that 

this strategy would not be useful for further application in experiments investigating 

CIPN-induced functional de-regulations, as inflammation is also a predictor for CIPN 

development (Kleckner et al. 2021).  

Moreover, TRPV1-responses were only detected in about 5% of the sensitized cells. Yet, 

TRPV1 is one of the major pain receptors in nociceptive neurons in vivo, expressed in 

about 20-40% of mouse sensory neurons, and tending to be even more abundant in 

humans (Orozco et al. 2001; Rostock et al. 2018; Zwick et al. 2002). Therefore, in order to 

generate functional nociceptor cultures that better reflect the in vivo situation, we aimed 

to further increase the proportion of TRPV1-responsive cells by other means. This would 

also be a prerequisite to allow a reliable assessment of the modulation of TRPV1 function 

upon exposure to toxicants.  

To obtain nociceptor cultures that allow for functional studies on pain receptors, the 

widely used method of transcriptional programming, which has already been shown to 

improve neuronal fate specification, was applied next (Boisvert et al. 2015; Desiderio et 

al. 2019; Hulme et al. 2020; Nickolls et al. 2020; Schrenk-Siemens et al. 2015). Controlled 

transient overexpression of the transcription factor NGN1, which is essentially expressed 

during the development of nociceptors, was integrated into the standard small molecule 

differentiation procedure (Ma et al. 1998; Ma et al. 1999). This new differentiation 

approach led to a significant increase in neurons expressing functional P2X3 and TRPV1 

receptors compared to the conventional differentiation procedure. Interestingly, P2RX3 
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and TRPV1 gene expression levels were comparable in immature neurons differentiated 

with and without NGN1 overexpression. Hence, it would be of great interest to compare 

the transcriptome of matured neurons of both differentiation conditions. Differentially 

expressed genes could allow conclusions to be drawn about factors necessary for pain 

receptor function. Such findings could be used to further accelerate maturation into 

functional neurons. 

 Maturation time is essential for the development of nociceptor functionality 

Characterization of iPSC-derived peripheral neurons revealed that pain receptor-

encoding genes were expressed in neurons as early as DoD1, independent of the 

differentiation procedure used. Moreover, from DoD7 onward, general Ca2+-signaling was 

observed upon membrane depolarization by KCl or opening of NaV channels. However, 

maturation of at least four weeks was shown to be indispensable for the development of 

receptor functionality, as functional responses of pain receptors were detected at the 

earliest from DoD28. 

Time-dependent transcriptome analysis revealed that the iPSC-derived sensory neurons 

are in continuous development until at least DoD35 after thawing. Significant changes in 

gene expression detected at late differentiation stages (DoD35-42) were primarily related 

to functional neuronal properties, such as neurotransmitters and synaptic signaling. 

Therefore, these changes were presumed to be most likely responsible for the late onset 

of pain receptor function. As expression patterns of sensory neuron markers are known 

to change in rats until at least postnatal week 6, and the timing of neural development in 

vitro was shown to be similar to the in vivo situation, it is not surprising that human iPSC-

derived sensory neurons are not fully developed after 5-6 weeks in vitro (Isensee et al. 

2017; Toma et al. 2016). The weak expression of NeuN, an indicator of mature neurons, 

in PNN underscored a general issue of iPSC-derived cells, most of which still exhibit a 

rather fetal phenotype (Pamies et al. 2018). However, the present study has confirmed 

that transcriptional programming is a valuable tool to guide and accelerate the 

development of iPSC-derived cells, so that functional neuronal cultures can still be 

generated in a feasible time frame (Boisvert et al. 2015). In the future, neuronal 

maturation may be further accelerated by co-culturing PNN with glia cells (Burke et al. 

2020; Mudge 1984). Moreover, improved nociceptor functionality and maturation could 

be achieved using a three-dimensional (3D) culture (Leeuw et al. 2021; Zhang et al. 2016). 
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Preliminary experiments investigating such a 3D culture approach already showed that 

iPSC-derived peripheral neurons could form spheroids that also exhibit self-organization 

properties evolving into polarized organoids similar to dorsal root ganglia (data not 

shown) (Zerboni and Arvin 2015).  

 

 Morphology-based assessment of neurotoxicity using human iPSC-

derived immature peripheral neurons 

The majority of chemicals on the market have never been tested for their toxic potential, 

and the toxicological data available for the relatively few compounds that have been 

tested are derived mainly from animal models (Hartung and Leist 2008). These days, 

however, large quantities of chemicals have to be tested to meet regulatory requirements. 

This urges for the development of fast, efficient, and predictive test methods as 

alternatives to laborious animal experiments (Bal-Price et al. 2010). Test methods based 

on human peripheral neurons are relatively scarce, and often neurons of the central 

nervous system are used to test for peripheral neurotoxicants (Wheeler et al. 2015). 

However, differences between cortical and peripheral neurons are not negligible, and it 

has already been shown that the two types of neurons have different sensitivity to certain 

groups of substances (Adelsberger et al. 2000; Hoelting et al. 2016; Wing et al. 2017). 

Therefore, it is necessary to use cells corresponding to the cell type affected in vivo to 

ensure appropriate and specific toxicity evaluation. 

 The PeriTox test 

One of the few test methods using human peripheral neurons for toxicity testing is the 

PeriTox test (Hoelting et al. 2016). It is a well-established screening assay, which assesses 

compound-induced adverse effects on the neurite area and cell viability of human 

immature peripheral neurons (Delp et al. 2018; Masjosthusmann et al. 2020). The PeriTox 

test was initially established on human embryonic stem cell (ESC)-derived peripheral 

neurons. However, to avoid the ethical issues associated with the use of ESCs, the use of 

iPSC-derived peripheral neurons was envisaged. To date, peripheral neurons derived 

from five different iPSC lines were successfully applied in the PeriTox test, of which three 

were used in manuscript 2 of this thesis. In the PeriTox test, all iPSC-derived as well as 



Concluding discussion and perspectives   

156 

 

ESC-derived peripheral neurons, differentiated according to the here-used standard 

protocol exhibited similar sensitivity to known peripheral neurotoxicants, such as 

acrylamide (Hoelting et al. 2016). Moreover, the results obtained with the PeriTox test 

were highly reproducible between different operators and over time, with at least five 

independent operators over the past six years contributing to the PeriTox test data 

presented in this work. Such inter-cell line and intra-laboratory reproducibility indicates 

a high robustness of the PeriTox test. However, the ultimate proof of robustness would be 

a transfer of the test method between different laboratories (Bal-Price et al. 2018; OECD 

2018). Nevertheless, a previous evaluation against test method performance criteria 

showed that the PeriTox test has a high level of readiness, making it suitable for initial 

prioritization of compounds (Bal-Price et al. 2018).  

 The influence of exposure duration and timing on sensitivity to toxicants 

The PeriTox test can be used for high-throughput screening approaches to identify 

environmental toxicants and exhibits an increased sensitivity to known peripheral 

neurotoxicants compared to other test methods that use neurons of the central nervous 

system (Delp et al. 2018; Hoelting et al. 2016; Masjosthusmann et al. 2020; Wheeler et al. 

2015). However, for use in pre-clinical drug testing, it is desirable to refine the PeriTox 

test for higher sensitivity. For that purpose, we investigated in manuscript 2 whether 

toxicity threshold concentrations would change with prolonged exposure times (Flury 

1921; Haber 1924; Macko et al. 2021). The sensitivity for cytotoxicity was found to 

increase with longer exposure times. Yet, the specificity of the neurite effects was lost as 

they could no longer be separated from the effects of general cytotoxicity. These 

observations are undesirable for refining the test method but are well consistent with the 

fact that neurite damage is often followed by cell death or apoptosis given a sufficiently 

long exposure time (Berliocchi et al. 2005; Herkenham et al. 1991; Volbracht et al. 1999). 

However, induction of cell death by neurite damage may be particularly relevant in 

immature cells such as the iPSC-derived, still-developing neurons used in the PeriTox test. 

In neurons integrated into a functional network in vivo, maturation-associated signals 

constrain the apoptotic machinery, thus, increasing the threshold of apoptosis induction 

(Kole et al. 2013). The mechanism of axon pruning, i.e. the local degeneration of axons 

without affecting the somata, which is distinct from apoptosis, plays a predominant role 

in mature neurons (Geden and Deshmukh 2016; Geden et al. 2019). Therefore, the effects 
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observed in the extended PeriTox test approach most likely do not reflect the actual 

situation in peripheral nervous system toxicity occurring in vivo mainly in adults. 

In a next approach, the toxicant exposure was shifted to a later time point of 

differentiation, DoD4, to study the effects on more mature neurons. However, the effects 

of a 72-hour exposure starting on DoD4 did not differ from treatment initiation on DoD0. 

Considering the findings from the PNN transcriptome analysis revealing continuous 

development until at least DoD35-42 after thawing, it is not surprising that the effects of 

toxicant exposure initiated on DoD0 and DoD4 did not differ, as both differentiation stages 

are very immature. Thus, for studies on mature neurons, it is important to move 

experimental investigations to DoD35 and later to allow for advanced maturation status 

of the cells (Schinke et al. 2021). As the neurites of peripheral neurons continue to grow 

and the network becomes more cluttered over time, a quantitative assessment of the 

effects on neurite area becomes increasingly less informative. Consequently, new 

endpoints and analytical methods need to be established for toxicological studies in 

mature peripheral neurons. 

 

 Ca2+-signaling as an endpoint to assess neuronal function 

Neuronal function can be assessed using various methods such as the patch-clamp 

technique, multi-electrode arrays, or Ca2+-imaging experiments. However, not every 

readout is suitable for implementation in a toxicological test method. For reasons of 

reproducibility, the method should allow for a certain degree of automation to minimize 

deviations, and have a reasonable throughput. Ca2+-imaging was chosen as functional 

readout to assess pain receptor signaling because it allows examination of not only entire 

cell cultures but also numerous individual cells simultaneously. Cells were loaded with a 

fluorescent calcium indicator and subjected to high content imaging to monitor the 

intracellular Ca2+-concentration ([Ca2+]i). Time-lapse imaging was performed to allow the 

evaluation of changes in [Ca2+]i following (pain) stimulus application. 

Ca2+-imaging experiments are often used to examine stimulus-induced responses of 

whole cell cultures based on the overall fluorescence of a culture well (Lilja and Forsby 

2004; Loser et al. 2021a; Loser et al. 2021b; Loser et al. 2021c; Stacey et al. 2018). This 
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approach is especially useful in highly uniform cultures of cell lines, such as the Lund 

Human Mesencephalic (LUHMES) cells (Loser et al. 2021a; Loser et al. 2021b; Loser et al. 

2021c). However, neuronal populations often consist of different subtypes with distinct 

receptor expression profiles in vivo. As PNN cultures reflect the natural diversity of 

nociceptive neurons, it was of great importance to establish a strategy for the evaluation 

of Ca2+-signaling responses on the single-cell level. 

 CaFFEE – a dedicated software for the analysis of Ca2+-imaging experiments 

To obtain quantitative information from Ca2+-imaging experiments, large amounts of 

imaging data had to be processed and analyzed with respect to individual cells. The 

CaFFEE software, presented in manuscript 3 of this thesis, was developed to meet this 

challenge. With respect to the present work, one of the most important features of this 

program is the manual setting of parameters that define a region of interest, i.e. an object 

to be analyzed. Filtering by size and fluorescence intensity allows the exclusion of dead 

cells that would otherwise be counted as non-reactive cells if included in the analysis, thus 

distorting the evaluation, e.g., with regard to the proportion of reactive cells. This feature 

might also be useful for future experiments using co-culture systems, for example 

composed of neurons and glia, to enable differential evaluation of the two cell types 

according to the size of their nuclei. In addition, it allows the use of different magnification 

settings for imaging, which is important because higher magnifications may be beneficial 

for detecting smaller changes in [Ca2+]i. The manual setting of object-defining parameters 

makes CaFFEE a highly flexible tool for the evaluation of Ca2+-imaging experiments.  

Since CaFFEE is an in-house software, it can be further developed and tailored to specific 

research questions. An advanced version of CaFFEE, the MultiMovie program, was created 

during the course of this work to allow more detailed characterization of cell cultures 

providing insights into the receptor expression profiles of individual cells. MultiMovie, as 

the name implies, combines multiple (up to five) time-lapse videos recorded on the exact 

same cells, but using different stimuli in each experiment. The MultiMovie program 

allowed confirmation of the similarity between the in vitro PNN cultures used here and ex 

vivo characterized human dorsal root ganglia by quantifying P2X3-, TRPV1-, or double-

responsive cells representing the nociceptor subclasses of peptidergic and non-

peptidergic neurons (Rostock et al. 2018).  
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 Providing robust and accessible information on Ca2+-signaling responses 

For each individual experiment, CaFFEE provides the user with data on numerous 

measurement parameters for hundreds of single cells. These include information about 

the Ca2+-indicator fluorescence intensity at different times of the experiment, as well as 

kinetic information on the increase and decline of [Ca2+]i. Such multidimensional data sets 

open up a wide range of possible features to be studied. However, the extreme example 

of multi-electrode array data containing information on hundreds of features highlights 

the need to focus on specific endpoints or patterns to convey clear messages (Gramowski 

et al. 2006; Scelfo et al. 2012). To allow for clear and accessible data presentation, a binary 

endpoint of “responsive” versus “non-responsive” cells was established based on the 

changes in [Ca2+]i upon stimulus application. A defined thresholding strategy should 

enable the standardized and unbiased identification of reactive cells. Investigations on ten 

independent cell preparations including more than 9,000 individual cells, revealed a 

slight general variability in the noise level, i.e. the increase in Ca2+-indicator fluorescence 

upon application of a negative control stimulus. This might be attributable to technical 

issues, such as an unstable light source, but also to a general shift in baseline excitability 

during development of the neurons (Balmer et al. 2014). To overcome such generally 

encountered problems, a dynamic yet defined thresholding approach based on the 

individual culture’s noise levels was found to be preferable to a fixed threshold.  

The assessment of the “fraction of responsive cells” based on single cell data allowed 

investigation of alterations in cell culture responses even when only a small 

subpopulation expressed the particular ion channel of interest. In manuscript 1, this 

binary readout enabled the comprehensive study of more than 60,000 individual cells, 

and still provided an accessible way to communicate the resulting complex data. 

Moreover, previous studies using single-cell readouts drew conclusions from less than 

100 cells examined (Anand et al. 2010; Xiong et al. 2021). In contrast, each experiment in 

the studies presented here included several hundreds or even thousands of cells lending 

more validity to the data obtained.  

A change in the number of cells responding to a specific stimulus is perhaps the most 

obvious reason for, e.g., altered pain perception. However, it should be noted that there 

are many other parameters that can lead to neuronal dysfunction if altered. Ion channel 

kinetics play an important role in maintaining proper neuronal function. For example, a 
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slowdown of the inactivation kinetics of ion channels leads to a prolongation of ion influx, 

thus, contributing to neuronal hyperexcitation and hypersensitivity (Adelsberger et al. 

2000; Narahashi 1996). Moreover, an increase in ion channel membrane integration may 

also result in increased ion influx (Zhang et al. 2005). CaFFEE provides all quantitative 

data required to study such impairments, which are not necessarily associated with an 

altered number of responsive cells. A curve fit is calculated for every single cell based on 

its fluorescence intensity trace. The respective Hill slopes describing the kinetics of the 

changes in [Ca2+]i can provide information on the opening and closing kinetics of ion 

channels. Therefore, future Ca2+-imaging studies could also investigate additional 

endpoints in order to identify sensitive criteria that, alone or in combination, improve the 

detection of neuronal dysfunction.  

 

 The relevance of PNN as an in vitro model for CIPN 

The successful generation of PNN offered a test system of high biological plausibility for 

studies of chemotherapy-induced peripheral neuropathy (CIPN). The combination of PNN 

with the test endpoint of Ca2+-imaging was intended to allow the investigation of 

functional alterations induced by the exposure to chemotherapeutic agents. Studies on 

such functional impairments of receptors and ion channels are relatively rare, especially 

those using human sensory neurons (Stacey et al. 2018; Xiong et al. 2021). However, they 

are of great importance, as CIPN is not necessarily linked to structural damage but also to 

altered neuronal excitability (Park et al. 2008). Morphology-based test methods might 

therefore miss important functional changes (Loser et al. 2021b). Providing a new human 

cell-based in vitro platform to study CIPN could thus allow for a better understanding of 

the underlying mechanisms and an improved risk assessment of future drug candidates. 

In order to explore the suitability of this new platform for studying CIPN in vitro, case 

studies were performed with chemotherapeutic agents known to induce CIPN in vivo. 

 Platinum compounds and altered neuronal function 

Platinum derivatives such as oxaliplatin, cisplatin, and carboplatin are important 

chemotherapeutic agents used to treat cancer of the colon, head, lung, and testes (Ewertz 

et al. 2015). However, they are frequently associated with the development of persisting 
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CIPN, which is linked to structural damage of sensory neurons most likely induced by 

platinum accumulation in the dorsal root ganglia (Cavaletti et al. 1992; Gregg et al. 1992; 

Miltenburg and Boogerd 2014). Oxaliplatin is known to additionally induce an acute form 

of CIPN in more than 80% of the patients (Ewertz et al. 2015). Acute oxaliplatin-induced 

peripheral neuropathy (OXAIPN) is marked by functional, but not structural impairments, 

and manifests as thermal hyperalgesia, mechanical allodynia, and general neuronal 

hyperexcitability (Adelsberger et al. 2000; Anand et al. 2010; Chen et al. 2015; Chukyo et 

al. 2018; Ferrier et al. 2013; Lehky et al. 2004; Ling et al. 2007; Webster et al. 2005; Wilson 

et al. 2002). As acute OXAIPN occurs within hours after a single treatment, we anticipated 

that oxaliplatin would be a useful tool to examine the suitability of PNN as a CIPN model 

(Ewertz et al. 2015).  

Thermal hyperalgesia in vitro 

Indeed, hyper-responsiveness of oxaliplatin-treated cells to stimulation with capsaicin, a 

compound agonist of the heat-sensing TRPV1 receptor, was found. This was interpreted 

as an in vitro indicator of the thermal hyperalgesia observed in vivo. It should be noted, 

that TRPV1 responses were increased at an oxaliplatin concentration of 5 µM, which is in 

good agreement with the blood concentration of patients receiving oxaliplatin infusion 

(3.6 µM) (Ehrsson et al. 2002). Since TRPV1 is known to exhibit enhanced responsiveness 

to activating stimuli in acidic environments, the cytosolic acidification detected in 

oxaliplatin- but not cisplatin-treated cells may provide a mechanistic explanation for the 

acute hyper-responsiveness observed in PNN (Riva et al. 2018; Tominaga et al. 1998). 

Further studies on this hypothesis may help to understand the unusual acute symptoms 

induced by oxaliplatin and to develop a new generation of platinum-based drugs that do 

not cause, e.g., such pH modulation. 

Mechanical hyperalgesia in vitro 

The addition of a liquid (e.g., a negative control buffer) to the cell culture well during Ca2+-

imaging experiments produces mild shear forces that act on the cells, but do not usually 

elicit cell responses. Strikingly, oxaliplatin-treated PNN exhibited a significant increase in 

the percentage of cells responding with elevated [Ca2+]i to such shear forces, reflecting 

mechanical allodynia-like behaviour in vitro. Inhibition of different types of ion channels 

revealed that NaV channels might play a role in the observed response to mechanical 

stimuli. Yet, whether a specific type of NaV channel accounts for this mechanical 
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hypersensitivity remains unknown. However, this would be an interesting question to 

address with regard to the development of targeted treatments for CIPN. Since NaV 

channels play an important role in general neuronal signaling, targeted interference with 

a single responsible subtype would be advantageous over complete inhibition of NaV 

channel function in the treatment of CIPN. A promising candidate may be the subtype 

NaV1.6 known to regulate the excitability of mechanosensitive sensory neurons, which 

was previously shown to contribute to mechanical allodynia induced by the 

chemotherapeutic agent vincristine (Chen et al. 2020; Deuis et al. 2013; Israel et al. 2019). 

Moreover, the increased expression of NaV1.6 detected in the dorsal root ganglia of rats 

with oxaliplatin-induced neuropathic pain encourages further research on the 

involvement of this channel subtype in mechanical allodynia and general CIPN (Li et al. 

2019). 

Oxaliplatin versus cisplatin 

Oxaliplatin and cisplatin exhibit the highest neurotoxic potential among the platinum 

chemotherapeutic agents (Kanat et al. 2017). However, cisplatin is not known to induce 

acute CIPN symptoms (Staff et al. 2017). Therefore, a direct comparison of the effects of 

both compounds on PNN function was an obvious next step to explore the usefulness of 

PNN as a platform to study CIPN and the underlying mechanisms. Since responses to 

capsaicin and shear forces were not altered in cisplatin-treated cells, this confirmed that 

PNN are not generally impaired in function by compound treatment, but are able to model 

particular effects of different chemotherapeutic agents. 

 Proteasome inhibitors and early CIPN indicators 

Proteasome inhibitors (PIs) are a powerful tool in treating multiple myeloma, however, 

their use is frequently accompanied by CIPN development (Jagannath et al. 2004; Kane et 

al. 2003; Richardson et al. 2003; Richardson et al. 2006). The development of new 

proteasome inhibitors with an improved profile of side effects is therefore of great 

interest, and an advanced strategy to accelerate pre-clinical testing of such new drug 

candidates would be beneficial. To date, studies of bortezomib-induced CIPN have been 

mostly based on animal models or cell lines (Velasco et al. 2019). The only recent study 

using human iPSC-derived peripheral neurons, albeit at an early stage of maturation, 

examined bortezomib-induced proteomic changes (Hrstka et al. 2021). In this study, 
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treatment with 100 nM bortezomib resulted in significant changes in microtubule 

dynamics-associated proteins, which is in good agreement with the impairment of neurite 

growth observed at 34 nM in the PeriTox test. However, in manuscript 2 of this 

dissertation, it could be shown that matured human peripheral neurons exhibit an 

increased sensitivity towards bortezomib treatment. In PNN, distinct impairments were 

detected at concentrations as low as 5 nM, which corresponds to the IC50 value 

determined for the inhibition of the proteasomal subunits β1 and β5, as well as for the 

induction of cytotoxicity in multiple myeloma cell lines (Berkers et al. 2012; Piva et al. 

2008).  

While the integrity of the neurite network remained unchanged, a distinct pattern of 

tubulin reorganization was observed in the somata of PNN exposed to low nanomolar 

bortezomib concentrations. Such cytoskeletal reorganization has previously been linked 

to impaired axonal transport, which is presumably a key mechanism in the development 

of CIPN (Alé et al. 2015; Nicolini et al. 2015; Staff et al. 2013). Moreover, these changes 

were detected exclusively in PI-treated neurons but not when exposed to platinum 

compounds or taxol, suggesting that this distinct cytoskeletal reorganization is a PI-

specific phenomenon.  

Another pivotal factor in abnormal nociception is disturbed Ca2+ homeostasis (Velasco et 

al. 2019). Previous approaches decreasing cytosolic Ca2+ levels have been shown to 

alleviate neuropathic symptoms, even in CIPN models of vincristine and taxol neuropathy 

(Coderre and Melzack 1992; Siau and Bennett 2006; White and Cousins 1998). This 

suggests that increased intracellular Ca2+ levels, which have also been observed in 

proteasome inhibitor-treated PNN, may contribute to CIPN development. Thus, the 

cytoskeletal structure and intracellular Ca2+ concentration that can be studied in PNN in 

vitro represent two endpoints that are very sensitive to PI-induced impairments and are 

highly relevant to CIPN research. 

Concomitantly, a complete blunting of functional P2X3 receptor signaling was detected. 

This impairment of receptor function was specific to P2X3, while TRPV1 signaling and 

general membrane depolarization were not affected. Since P2X3 signaling was also found 

to be affected upon treatment with platinum compounds in manuscript 1, this may be an 

interesting novel candidate to pursue as a sensitive indicator of disturbed neuronal 

function. However, further research on the integration of P2X3 into general pain signaling 
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networks is needed to understand better the implications of attenuated P2X3 signaling 

(Stephan et al. 2018). 

Impairments of tubulin organization, [Ca2+]i, and P2X3 signaling were observed with all 

proteasome inhibitors tested. Alterations always occurred in all three endpoints 

simultaneously, never individually, suggesting a possible common upstream 

dysregulation. Since Ca2+ is an important second messenger involved in the regulation of 

neuronal signaling, but also of the cytoskeleton, the observed altered intracellular Ca2+ 

levels could be causative for concurrent impairments of the two other endpoints (Mattson 

1992). Future studies should address this potentially causal relationship, and could 

further investigate whether influx of extracellular Ca2+, endoplasmatic reticulum stress, 

or mitochondrial dysfunction might account for the observed changes in [Ca2+]i (Chine et 

al. 2019; Tomita et al. 2019; Yousuf et al. 2020). 

 

 Available neurotoxicity assays using human iPSC-derived peripheral 

neurons  

In 2016, the PeriTox test, which was the first test method for neurotoxicity assessment 

using human iPSC-derived peripheral neurons, was published (Hoelting et al. 2016). Since 

2017, the use of this specific neuronal cell type for CIPN research has increased, in part 

due to the availability of commercial human iPSC-derived peripheral neurons, i.e., the 

Peri.4U neurons (Rana et al. 2017; Schinke et al. 2021; Snyder et al. 2018; Wang et al. 

2021; Wing et al. 2017; Xiong et al. 2021). Yet, the development of human cell-based 

peripheral neurotoxicity assays has been slow and lacking in diversity. So far, all these 

assays have been based on measuring the same endpoints, namely cell viability and 

neurite morphology, however, the results vary widely (see table 3.1). Bortezomib can be 

mentioned as an example of the sometimes extreme variability of the different test 

methods. In three studies, effects of bortezomib were noted at low nanomolar 

concentrations, whereas in two other studies effects were detected only at 100 µM or not 

at all. Moreover, the endpoint of neurite morphology is redundant to the cell viability 

readout in most test methods discussed here, as both often decline at similar rates. 
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The PeriTox test is the only test method that was able to distinguish between specific 

neurite effects and general cytotoxicity induction for all chemotherapeutic agents tested. 

Additionally, the PeriTox test features a defined prediction model, which also allows an 

unbiased classification of the test substances into neurite-specific, cytotoxic, or no-effect 

compounds based on their effects on both endpoints (Hoelting et al. 2016; 

Masjosthusmann et al. 2020). Other published assays usually lack such prediction models, 

making them more suitable for exploratory studies than large-scale screening 

approaches.  

 

Table 3.1: Compilation of IC25 values of the respective most sensitive endpoint determined for exemplary 

chemotherapeutic agents in studies using human iPSC-derived peripheral neurons  

Study Endpoint 
Bortezomib 

[nM] 

Cisplatin 

[µM] 

Taxol 

[nM] 

Oxaliplatin 

[µM] 

Schinke et al. 2021 viability (24 h) 5 3 20  

Rana et al. 2017 (IC50) neurites (24 h) >100,000 >100 <1 74 

Snyder et al. 2018 neurites (24 h) 100,000 >10 1,000 >50 

Wing et al. 2017 neurites (72 h) 1 2 8  

Wang et al. 2021 neurites (24 h) 10 0.1   

Xiong et al. 2021 neurites (72 h)   100  

PeriTox test neurites (24 h) 34 5 2 15 

PNN function (24 h) 2.5 20 ≥60 5 

  

As discussed earlier, neurotoxic effects do not necessarily manifest in morphologic 

changes, underscoring the need for the implementation of new test endpoints to ensure 

comprehensive risk assessment. Only the most recently published studies on human iPSC-

derived peripheral neurons used for toxicity testing take a step in this direction (Wang et 

al. 2021; Xiong et al. 2021). The study of Wang et al. examined effects on gene expression 

of nociceptor-characteristic ion channels and neurotransmitter release in addition to 

neurite morphology and cell viability. Xiong et al. additionally studied changes in 

mitochondrial membrane potential and glutamate-induced Ca2+-signaling. The data 

suggest that these additional endpoints may be useful for gaining new mechanistic 

insights. However, due to the small number of compounds and the limited range of 

concentrations tested, it is difficult to evaluate whether these additional endpoints would 

also add value to pre-clinical risk assessment. Subjecting these new endpoints to a larger 

number of test compounds will be necessary to determine their utility for toxicant 
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screening purposes. The generation of concentration-response curves for known CIPN-

inducing agents will further be essential to evaluate the sensitivity of these new 

endpoints. 

Although it has recently been possible to generate sensory neurons with functional 

nociceptor signaling properties, this progress has not yet been used to gain insight into 

toxicant-induced pain signaling perturbations (Schinke et al. 2021; Xiong et al. 2021). This 

gap is now being filled with the novel system of PNN, which has proven to be a useful tool 

for modeling CIPN-related functional alterations at non-cytotoxic concentrations. Testing 

of various concentrations of proteasome inhibitors revealed an increased sensitivity of 

PNN compared to PeriTox test results. However, the performance of PNN has to be further 

validated using a more comprehensive set of test compounds that also include negative 

controls and unspecific toxicants. This would also enable the establishment of a prediction 

model representing the missing building block to complete a functional PNN-based in 

vitro test method. Until then, PNN may still provide valuable mechanistic insights as they 

present the first platform to study pain CIPN-relevant functional impairments in human 

peripheral neurons.  

This thesis, and specifically the comparison of available assays for assessing peripheral 

neurotoxicity in vitro presented here, has also demonstrated that the PeriTox test and the 

biological system of PNN, with the various endpoints they provide, complement each 

other in identifying adverse effects. Thus, a standard combination of these two platforms 

in a peripheral neurotoxicity test battery may provide a powerful and sensitive tool for 

risk assessment in the future. 

  



Concluding discussion and perspectives 

167 

 

 Perspectives for the use of human iPSC-derived peripheral neurons 

in CIPN research  

Most of the current knowledge on chemotherapeutic agents and their side effects is 

derived from studies based on experimental animals. These animals have been used not 

only to evaluate behavioural changes, but often simply to isolate nerves for functional 

studies in vitro (Alé et al. 2015; Chen et al. 2020; Deuis et al. 2013; Israel et al. 2019; Staff 

et al. 2013). The novel biological system of human iPSC-derived PNN presented in this 

thesis proved useful for modeling CIPN-relevant functional impairments in vitro. Thus, in 

the future, PNN may provide a superior alternative to animal-based experimental models, 

such as isolated rodent neurons, and may reduce the number of animals used for toxicity 

testing. PNN represent a new in vitro platform to study peripheral neurotoxicity with 

increased relevance to human pathology, particularly concerning mechanistic studies. 

Research on CIPN mechanisms may be advanced by such in vitro models as they greatly 

facilitate the generation of specific receptor knock-outs, for example, using the CRISPR-

Cas9 technology (Harjuhaahto et al. 2020). Moreover, in vitro systems offer the possibility 

to precisely control the experimental environment, e.g., the pH value. Hence, the use of 

PNN may accelerate the acquisition of new knowledge about CIPN under well-controlled 

experimental conditions while reducing the number of experimental animals needed. 

The use of in vitro test methods for toxicity testing may significantly increase the 

throughput of pre-clinical risk assessment compared to the exclusive testing in in vivo 

models (Fig. 3.1). This is particularly important in the early stages when large substance 

libraries are tested for their (neuro)toxic potential. PNN provide various test endpoints 

that can be assessed simultaneously to detect peripheral neurotoxicity with high 

sensitivity. However, the generation of PNN as well as the analytical method of Ca2+-

imaging are relatively time-consuming and labor-intensive compared to high-throughput 

test methods, such as the PeriTox test. Therefore, using these two assays in a sequential 

testing strategy would be beneficial, starting with screening a wide concentration range 

in the PeriTox test to define appropriate concentrations for targeted follow-up 

experiments in matured PNN. Yet, the PeriTox test should not be used as a selection 

criterion, in this case, to reduce the number of compounds to be followed up in PNN. 

Results derived from the PeriTox test should instead be complemented by functional 
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testing in PNN, as signaling alterations can indeed occur at concentrations that do not 

alter morphology and vice versa. 

 

 

Figure 3.1: Proposed model for integrating in vitro approaches into pre-clinical assessment of peripheral 

neurotoxicity during drug development. 

 

This thesis presents a new platform for studying peripheral neurotoxicity in vitro, 

enabling the investigation of toxicant-induced impairments in pain signaling. Beyond its 

future application in toxicological and mechanistic studies, this platform also provides 

numerous avenues for future advancements. These may include the establishment of 

additional functional endpoints, such as signaling via other sensory receptors or 

neurotransmitter release, to cover as many pain-related functions as possible. Moreover, 

it should be considered that not only nociceptive neurons, but also glial cells and central 

neurons are involved in pain signaling in vivo. Adding complexity to the in vitro cell 

culture, e.g., by co-culturing PNN with Schwann cells, may further increase the relevance 

for CIPN research. However, such developments will also pose new analytical challenges 

that will require further refinement of the CaFFEE software to meet the emerging 

demands. Finally, the newly gained expertise will highly facilitate the further 

development and application of this advanced platform for assessing peripheral 

neurotoxicity in vitro.  
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