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Summary

A. Summary
At present, only a minority of commercially available compounds and chemicals have been
tested for neurotoxicity (NT) and developmental NT (DNT), although some estimations
suggest that almost one third of all chemicals may cause adverse neurological effects. Thus,
there is a need for a better and faster testing of all 'daily-use' chemicals. Human pluripotent
stem cells (hPSCs) have been shown to be a suitable tool for NT/DNT testing, as they can be
differentiated into diverse neuronal cell types in the culture plate and thereby recapitulate
crucial processes of nervous system development and function. Within the scope of this
doctoral thesis we have established three in vitro systems based on hPSCs, which provide
insight into different concepts of in vitro (developmental) neurotoxicity testing.
As first step, we have established an hPSC-based 3-D neurosphere system. Long-term
exposure to non-cytotoxic concentrations of the DNT gold standard methylmercury or welldefined polyethylene nanoparticles induced changes in the expression profile of a select set of
neuronal marker genes. Our data suggest that the system has the potential to detect long-term
DNT effects of nanoparticles on neural differentiation.
In the second step, neurally differentiating hPSCs have been exposed to six histone
deacetylase inhibitors (HDACi) and six mercurials. We used bioinformatics tools to establish
a transcriptome-based classifier to discriminate between these two different groups. The
validations by a 'leave-one out' approach and with legacy data sets showed a correct
prediction of HDACi under conditions relevant for DNT. These findings indicate that this
approach is a suitable tool for DNT assessment to classify groups of compounds according to
the toxicity-inducing changes on the transcriptome.
As a final approach, we have established a differentiation protocol to produce hPSC-derived
dorsal root ganglia-like cells, which meet the needs for toxicity testing. A broad range of more
than 30 compounds was tested by quantifying neurite growth and viability as functional
endpoints. A comparison with a similar test of central neurons showed that specific peripheral
neurotoxicants were correctly detected in the new test system, but not in another test used for
comparison. The results of this comparison suggest the importance of using the correct target
cell type for neurotoxicity testing. The findings contribute to new concepts of in vitro
(developmental) neurotoxicity test system development and highlighted critical points that
have to be considered in test system development.

9

Zusammenfassung

Zusammenfassung
Heutzutage sind erst wenige der kommerziell erhältlichen Substanzen und Chemikalien auf
Neurotoxizität und Entwicklungsneurotoxizität getestet. Aufgrund der Tatsache, dass
schätzungsweise fast ein Drittel aller Chemikalien, die täglich in Gebrauch sind, schwere
neuroglogische Schäden auslösen können, besteht ein dringender Bedarf bessere und
schnellere Methoden zu entwickeln um auf Neurotoxizität und Entwicklungsneurotoxizität zu
testen. Dies hat zur Anwendung von humanen pluripotenten Stammzellen (hpSZ) in der
Toxikologie geführt. Denn hpSZ können in der Zellkulturschale zu wichtigen Zelltypen des
Nervensystems differenziert werden und modelieren dabei wichtige Prozesse in der
Entwicklung und der Funktion des Gehirns. Im Rahmen dieser Doktorarbeit wurden drei
hpSZ basierte in vitro Systeme entwickelt, die verschiedene Konzepte für die in vitro System
Entwicklung im Bereich der (Entwicklungs)neurotoxizität Testung zeigen.
Als erster Schritt wurde ein hpSZ basiertes 3-D Neurosphere Model entwickelt. In diesem
System führt eine Langzeit Belastung von nicht zytotoxischen Konzentration des
Goldstandards der Entwicklungsneurotoxizität, Methyl-Quecksilber, oder der chemisch genau
definierten Polyethylen Nanopartikeln zu einer Änderung des Genexpressionmusters. Diese
Änderung wurde in einer Auswahl von Genen gemessen, die wichtig sind für die Entwicklung
des Gehirns. Diese Ergebnisse deuten darauf hin, dass das 3-D System für die Erfassung von
Langzeit Effekten von Nanopartikeln auf die Gehirnentwicklung genutzt werden kann.
Im zweiten Teil dieser Arbeit wurden Stammzellen während der Differenzierung zu
neuronalen Vorläuferzellen mit sechs verschiedenen Histonen Deactelyse Inhibitoren
(HDACi) und sechs Quecksilberverbindung behandelt. Mit Hilfe von bioinformatischen
Methoden wurde ein Klassifizierer entwickelt, der anhand der Veränderungen im
Transcriptomes die beiden Gruppen voneinander unterscheiden kann. Die Validierung des
Klassifizieres durch das "leave-one-out" Prinzip und anhand großer Datensätze aus der
Literatur ergab eine korrekte Identifizierung von HDACi unter Bedingungen, die relevant für
Entwicklungsneurotoxizität sind. Dieser Ansatz ermöglicht es im Bereich der Erfassung der
Entwicklungsneurotoxizität, Substanzen, anhand durch Toxizität induzierten Veränderungen
des Transcriptome, in verschiedene Gruppen einzuteilen.
Im dritten Teil dieser Arbeit wurde eine Differenzierungsstrategie entwickelt um hpSZbasierte Spinalganglien-ähnliche Zellen herzustellen, die die Anforderungen für die
Anwendung in der Toxizitätstestung erfüllen. Es wurde ein Test entwickelt, der gleichzeitig
10

Zusammenfassung
den Einfluss von Substanzen auf das Wachstum von Neuriten und dessen Zytotoxizität
quantifizieren kann und eine Vielzahl von Substanzen (>30) mit einem großen Spektrum an
Wirkmechanismen getestet. Ein Vergleich der Daten mit den Ergebnissen eines ähnlichen
Tests basierend auf zentralen Nervenzellen, ergab dass spezifisch periphere Giftstoffe nur von
dem neu entwickelten Testsystem aber nicht von dem vergleichenden Test, erkannt wurden.
Dies weist auf die Wichtigkeit der Verwendung des korrekten Zelltyps hin, bei dem die
Toxizität getestet werden soll.
Die Erkenntnisse, die aus dieser Doktorarbeit gewonnen werden konnten, liefern einen
wertvollen Beitrag zu neuen Konzepten im Bereich der Erfassung von Neurotoxizität und
Entwicklungsneurotoxizität und zeigt wichtige Punkte auf, die bei der Entwicklung von
Testsystemen berücksichtigt werden sollen.
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Abbreviations
3-D
BBB
BMP
CNS
CuO-NPs
DLS
DNT
DoD
DoE
DRG
DRGL
EC50
EST
FDR
FGF
GO
HCS
HDACi
hESC
hPSC
HTS
ICM
iPSC
LUHMES
MEA
MeHg
mESC
NCCs
NEP
NPC
NPs
NSC
NT
OECD
PCA
PE-NPs
PeriTox-test
Ph
PN
PNS
qPCR
ROS
SOM
TEM
TF
TFBS
TSA
VPA

Three dimensional
Blood brain barrier
Bone morphogenetic protein
Central nervous system
Copper oxide nanoparticles
Dynamic light scattering
Developmental neurotoxicity
Day of differentiation
Days of exposure
Dorsal root ganglia
DRG-like cells
Half maximal effective concentration
Embryonic stem cell test
False discovery rate
Fibroblast growth factor
Gene ontology
High-content screening
Histone deacetylase inhibitor
Human embryonic stem cell
Human pluripotent stem cell
High-throughput screening
Inner cell mass
Induced pluripotent stem cells
Lund human mesencephalic cells
Microelectrode arrays
Methylmercury
Mouse embronic stem cell
Neural crest cells
Neural epithelial progenitors
Neural progenitor cell
Nanoparticles
Neural stem cell
Neurotoxicity
Organization for economic co-operation and development
Principal component analysis
Polyethylene nanoparticles
Peripheral neurotoxicity test
Phase contrast
Peripheral neuropathies
Peripheral nervous system
Quantitative reverse transcriptase PCR
Reactive oxygen species
Self-organizing map
Transmission electron microscopy
Transcription factor
Transcription factor binding site
Trichostatin A
Valproic acid
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B. General introduction
By taking advantage of the gain in knowledge in the understanding of human nervous system
development and function, in the field of stem cell technology and in the development of
molecular and biochemical techniques, human pluripotent stem cells (hPSC) have been
proven as a suitable tool for human neurotoxicity assessment. Thus the general introduction
will link nervous system development, function and toxicity to toxicological concepts and use
of PSCs in the field of toxicity testing.

Human nervous system
The nervous system is a very complex organ comprising of a heterogeneous population of
billions of cells, with each connection of thousands organized into neural circuits. By
generating a variety of electrical signals it deals with specific kinds of information and
provides the foundation for sensation, behaviour, perception and higher order mental
processes as well as controlling body functions. Anatomically it is divided into the central
nervous system (CNS), consisting of brain and spinal cord and the peripheral nervous system
(PNS) comprising ganglia and peripheral nerves (Kandel 2013).

General human neurodevelopment in vivo
In humans, neurodevelopment starts after the process of gastrulation when endoderm and
mesoderm move inside the embryo through the blastopore during early embryogenesis. The
nervous system develops from a single cell layer into a complex functional neuronal circuit in
young adults. Inhibition of bone morphogenetic protein (BMP) signalling by the neural
inducing factors noggin, follistatin and chordin induces neurodevelopment in a part of the
ectodermal layer (Weinstein and Hemmati-Brivanlou 1997, Massague and Chen 2000, von
Bubnoff and Cho 2001). In combination with the activation of the fibroblast growth factor
(FGF), WNT and insulin-like growth factor (IGF) signalling (Pera, Wessely et al. 2001,
Wilson, Rydstrom et al. 2001), the neural plate is formed and develops further into the neural
groove that folds up into the neural tube at approximately week 4 post fertilization (Smith and
Schoenwolf 1997, O'Rahilly and Muller 2007).
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The neural tube is formed by neuroepithelial progenitor (NEP) cells. These primary neural
stem cells are the origin of nearly all neurons and glial cells of the brain and spinal cord. The
newborn neurons have to migrate from their place of origin to their terminal destination,
undergo neuritogenesis, synaptogenesis and assemble a functional circuit to communicate
with cells both nearby and distant (Gotz and Huttner 2005, Conti and Cattaneo 2010, Brand
and Livesey 2011, Lui, Hansen et al. 2011). The process of neurulation is highly controlled
and has to take place within a critical time window during embryogenesis.
During neural tube closure, another neural stem cell class arises. At the lateral border of the
neural plate, neural crest stem cells (NCC) undergo an epithelial to mesenchymal transition.
They delaminate from the neuroepithelium and start to migrate along stereotypical pathways.
NCCs contribute to a variety of different cell types of neuronal and non-neuronal origin. For
example NCCs give rise to cells of the peripheral nervous system, melanocytes, smooth
muscle cells and cells forming bone and cartilage (Le Douarin and Dupin 2003, SaukaSpengler and Bronner-Fraser 2008).
Due to the inaccessibility of the human embryo, studies of early human development are
limited. Detailed knowledge of human neurodevelopment is not available, or it is only
inferred from studies performed on animals. Even though the human nervous system differs
from that of model organisms, in terms of size, complexity, folding and period of
development, there are also similarities with respect to the highly orchestrated
neurodevelopment. Uncommitted progenitor cells have to proliferate and differentiate in a
temporally and spatially restricted sequence to produce specific neuronal and glial subtypes in
defined quantities at stereotyped positions within the nervous system. One fundamental
principle of neurodevelopment is a progressing differentiation from multipotent neural stem
cells with a broad development potential to distinct lineage-committed cell types, which are
highly specialized. The basic mechanism coordinating these complex developmental
programs relies on time dependent exposure to gradients of different types and concentrations
of growth factors, vitamins, metabolites or soluble or tethered ligands. Within each cell, a
variety of signals are processed, and they activate cognate cascades of transcription factors,
which further trigger defined cellular changes for specific cell fate determinations (Jessell
2000, Briscoe and Novitch 2008).
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Figure 1: Timeline of important processes of human nervous system development. Modified from (Knuesel, Chicha et
al. 2014).

Neurodevelopment takes place over a long period of time, as complete maturation and
synaptogenesis are not finished until young adulthood (Figure 1).

Sensory neurogenesis in vivo
The peripheral nervous system is functionally divided into motor, sensory and autonomic
functions. During neurodevelopment, sensory neurons originate from a subgroup of trunk
NCCs. After neural tube closure, NCCs migrate ventrally between neural tube and
dermamyotome to form dorsal root ganglia (DRG) (Figure 2 left side).
Autonomic
linage

Sensory
linage

Skin

Melanocyte
linage

DRG

Dorsal
root
ganglia
(DRG)
Dermamyotome

Proprioceptive neurons
Mechanoreceptive neurons

Neural
tube

Spinal cord

Nociceptive neurons

Figure 2: Key developmental steps during sensory neurogenesis. Modified from (Marmigere and Ernfors 2007).

Within the DRG, sensory neuron specification arises during three successive waves.
Developing cells receive signals in spatially and temporally coordinated sequences that
determine their further differentiation. Integration of these signals activates specific genetic
cascades that regulate the cellular and molecular characteristics of the sensory neurons.
Sensory neurons can be distinguished by the expression of cell type specific combinations of
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channels and receptors, which enables us to sense either pain, temperature, touch or limb
position and limb movement (Marmigere and Ernfors 2007).
Moreover, they have to establish accurate modality-specific projections from the periphery to
the spinal cord at the right time (Figure 2 middle and right side). Therefore, growth cones, the
motile structures at the tip of extending neurites, receive guiding cues from the environment
leading the growing axons along precise pathways to their target cells. Integrated signals
result in actin cytoskeleton rearrangements, which promote or inhibit axon growth, branching
and adhesion until they have reached their final destination e.g. skin, bones, muscles and
visceral organs (Gordon-Weeks 2004).
The PNS supplies the CNS with information from the external and internal environment of
the body and carries out motor commands produced by the CNS (Kandel 2013).
Understanding processes and mechanism of neurodevelopment and function is a prerequisition to understand the cellular and molecular basis of neurological diseases like autism,
schizophrenia or peripheral neuropathies as well as toxicity-induced pathologies.

Neurotoxicity
Neurotoxicity is defined as ”any adverse effect on the chemistry, structure or function of the
nervous system, during development or at maturity, induced by chemical or physical
influences” (Tilson 1990). Since, these effects can be direct or indirect, permanent or
reversible, various disturbances also depending on time point, duration and concentration of
exposure, result in a broad spectra of nervous system impairment. The United Health Agency
estimated that around 25% of all humans will suffer from neurological disorders during their
life time (WHO 2001). A link between exposure of environmental risk factors such as
pesticides or heavy metals and neurodegenerative diseases such as Alzheimer's Disease and
Parkinson's Disease has been established (OTA 1990, Brown, Lockwood et al. 2005,
Landrigan, Sonawane et al. 2005).

Developmental neurotoxicity (DNT)
Moreover the developing brain is not protected by the blood brain barrier (BBB). Therefore it
is even more sensitive to adverse effects of chemicals than the adult nervous system, since
16
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developing CNS is accessible for many chemicals that cannot enter the mature brain (Rodier
1995). In particular, in utero or post-partum exposures to toxic compounds during sensitive
stages of the development of the nervous system can lead to impaired nervous system
function, even a long time after the removal of the original stimulus (Boyle, Decoufle et al.
1994, Grandjean and Landrigan 2006). Minamata disease is one of the first examples that
linked environmental exposure to neurodevelopmental impairment. It took place in 1960 in
Japan. Reports showed infants born to mothers who ate fish from waters contaminated by
methylmercury suffered from spasticity, blindness and profound mental retardation (Harada
1995). Developmental neurotoxicity (DNT) is still a major concern, with an increasing
prevalence rate. In the United States one in six children is being born with
neurodevelopmental disorders like attention deficit disorders, mental retardation, autism and
cognitive and behaviour alterations (Boyle, Boulet et al. 2011, Grandjean and Landrigan
2014). However, until now only lead, methylmercury, arsenic, polychlorinated biphenyls and
toluene have been identified as being toxic to human neurodevelopment. The challenges of
DNT assessment can be illustrated by the following example of children’s exposure to lead,
which results in IQ deficits and behaviour changes without any clinical symptoms of lead
toxicity (Grandjean and Landrigan 2006). In addition there is major evidence that low
exposure to industrial and environmental chemicals infers with important processes during
brain development that might become detectable only during later life. Thus, the identification
of human DNTs is mostly based on clinical and epidemiological data, as potential
developmental neurotoxic compounds might be missed by the traditional animal based tests.
(Grandjean and Landrigan 2006).

Peripheral neuropathies
As well as the developing brain the peripheral nervous system is also unprotected by the BBB
and therefore is a frequent target of toxicants resulting in peripheral neuropathies (Gregg,
Sorlie et al. 2004). Environmental and occupational exposure to pesticides, chemical and
organic solvents, nutritional ingredients and pharmaceutical drugs has been related to a broad
spectra of peripheral neuropathies (Spencer 2000). Depending on the primary target of the
toxicants, neuropathies can be divided into neuronopathies (target: neuronal cell bodies; for
example: pyridoxine, arsenic, and thallium), axonopathies (axon; organophosphates, carbon
disulfide) and myelinopathies (myelin sheath, Schwann cell; trichloroethylene) (Rao, Jortner
et al. 2014).
17
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The most common form of peripheral neuropathy is disease or drug induced. For example
diabetes and infections (human immunodeficiency virus, hepaptis C and campylobacter
jejuni) induced peripheral neuropathies. They manifest themselves in symptoms such as
sensory impairment, neuropathic pain, weakness and autonomic pain (Christopher and Ahmet
2015). In addition, chemotherapy-induced peripheral neuropathies (CIPN) have become a
major clinical problem since the widespread use of anti-neoplastic agents and its dose-limiting
effect (Seretny, Currie et al. 2014).

Neurotoxicity testing in the 21st century
Common methods to assess neurotoxicity rely on high-dose testing in experimental animals.
Although these test methods are labour- and time-intensive and have uncertainties in their
prediction for human specific toxicity, they are still required and accepted by regulatory
authorities. During the last decades, an immense improvement in the field of molecular
biology, biotechnology and bioinformatics has led to a better understanding of fundamental
molecular and cellular mechanism of human neurodevelopment. However, taking advantage
of this knowledge to improve (developmental) neurotoxicity risk assessment for human health
will be a long lasting process, which has only begun in the past few years (Crofton, Mundy et
al. 2011, Bal-Price, Coecke et al. 2012).
Turning away from the standard "black box" animal experiment, the concept of pathways of
toxicity (PoT) was introduced. According to this concept, and based on the assumption that
cellular and molecular mechanisms and signalling pathways are shared by various biological
processes, screening of chemicals are performed to identify interaction between substances of
interest with pathways controlling important cellular functions. In the case of developmental
neurotoxicity, the perturbation of specific pathways results in altered cellular functions
leading to impaired neurobehavioral or/and neuropathological effects. Alternatively, the
concept of adverse outcome pathways (AOPs) can be used. This concept is built on a link
between an initial interaction between a chemical of interest with a macromolecule resulting
in an altered function, which is relevant for human risk assessment (Ankley, Bennett et al.
2010). A prerequisite for these screening approaches are known pathways of toxicity or
confirmed molecular targets. However, the mode of action of neurotoxicity-causing chemicals
is mostly unknown and toxicity in cellular model systems can also be caused by non-selective
interactions with biomolecules. To address this issue, the concept of toxicity endophenotype
18

General introduction
(TEP) has been developed (Kadereit, Zimmer et al. 2012, Balmer and Leist 2014). In contrast
to the above described concepts, TEP uses a "backward approach". In the case of the nervous
system, neurodevelopment is assumed to have resulted from a set of key developmental
processes which can be recapitulated in vitro. Thus, to assess chemical-induced phenotypic
changes, researchers have established in vitro assays to model such processes. They comprise
of proliferation and apoptosis, differentiation, migration, neuritogenesis, synaptogenesis and
myelination. Also desirable or undesirable functional changes in neuronal excitability or
neuroinflammation can be modelled. Alterations in neurobehavioral functions due to exposure
to xenobiotics can occur in the absence of neuropathological evidence of structural damage.
This challenges the in vitro assessment, but recently the first attempts showed a successful
translation of neurobehavioral endpoints of DNT into in vitro assays and readouts (Robinette,
Harrill et al. 2011, van Thriel, Westerink et al. 2012). To replace the OECD test guideline
TG426 for DNT and respectively TG424 for NT testing, it would require an in vitro test
battery of DNT/NT responses to provide adequate data to predict the adverse effect of
chemicals on human health (Leist, Hasiwa et al. 2012, Leist, Ringwald et al. 2013). In order
to optimize an integrated set of tests as a basis for a reproductive/developmental test battery
with a predictive power for toxicological safety assessment, ReProTect, an Integrated Project
of the EU was funded within the 6th Framework Programme in 2004. At the end of the
project, a blinded testing approach showed that this novel approach for hazard and risk
assessment of reproductive toxicity was feasible (Schenk, Weimer et al. 2010).
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Pluripotent stem cells
Embryonic stem cells (ESCs) are self-renewing pluripotent cells derived from the inner cell
mass (ICM) of blastocysts of the developing embryo (Thomson, Itskovitz-Eldor et al. 1998).
In vitro, ESCs have an indefinite proliferation potential while maintaining the capability to
differentiate into theoretically any cell type in the body (Amit, Carpenter et al. 2000).
Blastocyst
Adult cells
Inner cell mass
(ICM)
Culturing of
undifferentiated
PSCs

Induced
pluripotent stem cells
(iPSCs)

Skin

DIFFERENTIATION
into specialized cells
Blood
Liver

Neurons
Figure 3: Derivation of pluripotent stem cells (PSCs). Pluripotent stem cells can be established in culture either by
derivation from the inner cell mass (ICM) of blastocyst or by reprogramming of adult cells mediated by overexpression of
specific transcription factors Pluripotent stem cells can be cultured indefinitely while retaining their potential to differentiate
into cells of all three germ layers.

During the last 30 years, stem cells have become a promising research tool for disease
modelling and regenerative medicine. Over the years much effort has been spent into
generating disease-pertinent somatic cells to investigate in vitro molecular mechanisms of
disease-specific pathophysiologies and their progressions. Further important progress was
made by the newly achieved success in generating induced pluripotent stem cells (iPSC).
Overexpression of a set of transcription factors (OCT-4, SOX2, KLF4, v-myc) can reprogram
somatic cells into pluripotent stem cells (Takahashi and Yamanaka 2006). Tremendous
improvements have been made in the quality and efficiency of in vitro differentiation and
20

General introduction
numerous protocols have been established to differentiate human ESCs or patient-specific
iPSCs into clinically relevant somatic cell types such as cardiomyocytes (Carvajal-Vergara,
Sevilla et al. 2010, Chow, Boheler et al. 2013, Kaye and Finkbeiner 2013), hematopoetic cells
(Kaufman, Hanson et al. 2001), megakaryocytes (Nakamura, Takayama et al. 2014), insulinproducing cells (Assady, Maor et al. 2001, Lumelsky, Blondel et al. 2001, Segev, Fishman et
al. 2004, Zhang, Jiang et al. 2009) and neurons (Perrier, Tabar et al. 2004, Di Giorgio,
Boulting et al. 2008, Boissart, Poulet et al. 2013).

Application of pluripotent stem cells in the field of neurotoxicology.
In the past few years, hPSC-based models have been developed for mechanistically orientated
DNT/NT safety assessment (Leist, Bremer et al. 2008, Kuegler, Zimmer et al. 2010,
Pistollato, Bremer-Hoffmann et al. 2012, van Thriel, Westerink et al. 2012). There is growing
evidence that cells from human origin improve the predictivity of adverse effects on the
human nervous system (Chapin and Stedman 2009, Gassmann, Abel et al. 2010). Due to their
extensive proliferation potential, hPSCs offer the opportunity for large scale production of
human cells for high-throughput sccreening (HTS) and high-content analysis (HCA) (Cezar
2007). Much work has been spent on comparison of in vitro mouse ESC differentiation with
embryonic and foetal mouse in vivo development (Dubois-Dauphin, Toni et al. 2010). For
example global gene expression analyses have shown similarities between in vitro neuronal
differentiation of embryonic stem cells and in vivo embryonic neural tube development
(Abranches, Silva et al. 2009, Nat and Dechant 2011). Due to a lack of accessibility of human
early development, only very little data is available, comparing in vitro neuronal
differentiation of hESCs with their in vivo counterpart. Recently, it was demonstrated that
hESCs could be differentiated in vitro towards medium - sized spiny neurons by undergoing a
three step protocol composed of induction, regionalization and terminal differentiation. By
means of protein expression analysis, it was shown that these phases resemble in vivo
neurodevelopment of the ventral telencephalon (Carri, Onorati et al. 2013). Considering the
fact that stem cell differentiation in vitro recapitulates crucial neurodevelopmental events in
vivo, they are an ideal tool to assess adverse effects of chemicals on the developing and
mature nervous system (Figure 4) (Pellizzer, Bremer et al. 2005, Elkabetz, Panagiotakos et al.
2008, Conti and Cattaneo 2010, Fasano, Chambers et al. 2010, Lancaster, Renner et al. 2013).
In the following, crucial neurodevelopmental processes and corresponding in vitro models are
explained.
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Proliferation and cell death
During neurodevelopment, the highly coordinated process of neurogenesis and gliogenesis
occurs directly after neural tube closure. The neuroepithelial progenitors (NEPs) of the
ventricular zone undergo symmetric cell division to increase the pool of NEPs. Later, they
convert into radial glia (RG) and basal progenitors that are more restricted in their
differentiation capacity. First RG cells undergo symmetric cell division, followed by
asymmetric cell division to produce neurons or glia (Gotz and Huttner 2005, Conti and
Cattaneo 2010). Independent of their specific role during development, neural progenitor cells
are responsible for the production of the correct number of a defined cell type (glia vs.
neurons; neuronal subtypes) in a spatially and temporally correct manner (Corbin, Gaiano et
al. 2008). Besides proliferation, an enormous wave of cell death contributes to correct brain
development. Thus, 20-80% (dependent on the population) of the developing cells undergo
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programmed cell death (Oppenheim 1991). Since alteration of the cell number, due to
intoxication, may result in nervous system abnormalities, proliferation and cell death are
highly relevant biological endpoints (Adlard, Dobbing et al. 1975, Kuwagata, Takashima et
al. 1998). Both can be modelled in vitro.
In one of the first attempts, an in vitro system based on the immortalized human neural
progenitor cell line (ReNcell CX) was developed to assess chemical effects on proliferation
(BrdU incorporation) and viability (propidium iodide exclusion) using high throughput
approaches. A training set of 16 compounds that included compounds known to cause DNT
and non-cytotoxic chemicals demonstrated the feasibility to screen chemicals for their DNT
potential (Breier, Radio et al. 2008).
Besides 2-D in vitro test systems, a few 3-D human neurosphere systems have been developed
that model key developmental processes like proliferation, differentiation, migration and
apoptosis. Those systems showed that neurotoxicant-induced modulations of these basic
processes were quantifiable in vitro. They are able to assess the effect of potential DNT
compounds on proliferation and apoptosis and provide the possibility to be used for mediumthroughput screenings (Moors, Rockel et al. 2009). For example, an increase in proliferation
potential has been measured in human neurospheres derived from ethanol treated hESCs
(Krishnamoorthy, Gerwe et al. 2013).
However, it has to be considered that compounds that have only an effect on a specific
subgroup of cells cannot be detected by these traditional readouts. For example, neonatal
treatment of rats with the anti-proliferative agent methylazoxymethan inhibited the
proliferation of the neural progenitor cells but simultaneously stimulated the survival of the
new born granular cells, resulting in an overall increase in cell numbers (Ciaroni, Cecchini et
al. 2002).

Differentiation
Although the detailed differentiation mechanism of individual cell fate specification may
differ, they have some general principles in common. In particular, the tremendous diversity
of neural cell types is based on the combination of spatially and temporally regulated lineage
and environmental mechanisms. Once a cell has integrated all extrinsic and intrinsic cues at a
defined time point during differentiation, specific transcriptional cascades are activated that
regulate the corresponding program of differentiation (Vaccarino, Ganat et al. 2001).
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Adverse effects of chemicals on neural differentiation are commonly analysed by gene
expression analysis (Krug, Kolde et al. 2013). Based on these data, alterations associated with
a specific neurodevelopmental disease, can be identified. It has been proven that this approach
is useful to analyse time and concentration effects of chemicals, classify chemicals with
regard to their toxicogenomic response, and to compare in vivo and in vitro data as well as
data among different species. Currently, guidelines are being developed for experimental and
technical set up as well as for bioinformatic and statistical analysis to improve the quality of
toxicogenomic studies. This will contribute to an integration of toxicogenomic approaches in
the field of developmental neurotoxicity (Robinson, Pennings et al. 2012, Krug, Kolde et al.
2013). A smaller subgroup of thoroughly chosen marker genes has the potential to detect
several developmental stages in vitro under physiological and toxic conditions (Kuegler,
Zimmer et al. 2010, Zimmer, Kuegler et al. 2011, Zimmer, Schildknecht et al. 2011).
Moreover, in contrast to normal cell lines, stem cell-based differentiation systems are
dynamic, with continuously differentiating cells. This facilitates the assessment of chemicals
that cause DNT by an "inhibition of a developmental function" in the absence of cytotoxicity
(van Thriel, Westerink et al. 2012). Thus, changes in gene expression may be caused either by
an acute effect of the chemical on biological processes e.g. alteration of signaling pathways or
by impaired differentiation.
To date, several in vitro systems have been established that recapitulate different stages of the
early neural development. In most of the studies methylmercury exposure or other
manipulations (withdrawal of differentiation factors, addition of specific neural pathway
inhibitors) were performed to demonstrate that disturbances of neural differentiation could be
assessed by selected differentiation markers, such as neurite length, the neural transcription
factor OTX2 or expression of neural genes such as TH or TUBB3 (Stummann, Hareng et al.
2009, Balmer, Weng et al. 2012, Hoelting, Scheinhardt et al. 2012). Using two separated
exposure intervals enables the identification of the compound-specific sensitive phase of
neurogenesis (Stummann, Hareng et al. 2009). In addition, differentiating murine ESC into
morphologically and functionally mature neurons and glial-like cells offers the detection of
cell type specific toxicity by analyzing expression levels of cell type specific marker genes.
Even effects on small subpopulations, and potential shifts of populations may be detected by
this approach (Zimmer, Schildknecht et al. 2011). Recently, it was shown that the
differentiation of hESCs towards NEPs was altered upon valproic acid (VPA) treatment. The
observed transcriptional and epigenetic changes were linked to an altered neural development.
Thus, the system might be used as a model to study drug-induced neurodevelopmental
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diseases (Balmer, Weng et al. 2012). Furthermore, an established 3-D hESC-derived in vitro
neurosphere system revealed distorted expression of neural differentiation markers due to
polyethylene nanoparticle exposure. Therefore, the system may be used to investigate chronic
nanotoxicity on developing NPCs and neuronal precursor cells, as the entire differentiation
process takes over 32 days and can be followed based on multiple stage-specific markers
(Hoelting, Scheinhardt et al. 2012). Little attention has been paid to concentration-dependent
effects yet. Several studies by the Piersma group used zebra fish or neurally-differentiating
murine ESC for more than one concentration of a toxic compound, and some statistical
analysis is available (Theunissen, Schulpen et al. 2010, Hermsen, van den Brandhof et al.
2011, Hermsen, Pronk et al. 2012). The first study approaching this phenomenon more
comprehensively used human ESCs exposed to a large range of valproic acid concentrations.
Interestingly, non-toxic, developmentally neurotoxic and cytotoxic concentrations were
clearly separated by gene expression patterns, and a DNT toxicity index was developed on
this basis (Waldmann, Rempel et al. 2014).
Proteomics as well as reporter gene technologies have been used to identify murine molecular
toxicity signatures (Kern, Xu et al. 2013). They may be transferred to a hESC-based system to
screen for embryo- and neurotoxicity in the future (Klemm and Schrattenholz 2004).
Furthermore, metabolomics has entered the field of toxicology. This technology enables the
assessment of instantaneous alterations of cell homeostasis and provides information on
toxicity induced changes (van Vliet, Morath et al. 2008, Ramirez, Daneshian et al. 2013).
Studies in a hESC-based system showed that changes in levels of endogenous molecules due
to teratogen exposures could predict human developmental toxicity (West, Weir et al. 2010,
Kleinstreuer, Smith et al. 2011). Those studies indicate that this technology has the potential
to identify DNT-specific biomarkers during neural differentiation of hESCs in vitro or
primary re-aggregating brain cell cultures.
During differentiation of hESCs towards neurons, the differentiating cells undergo several
developmental stages with unique molecular and cellular characteristics that may contribute to
differential sensitivity to certain compounds. Therefore, chemicals have to be tested during
different developmental stages to facilitate the identification of the susceptible time window
of specific DNT compounds (Zimmer, Kuegler et al. 2011).
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Migration
Newly produced neurons and glia migrate from their place of origin to their final destination
to establish a functional neuronal network and contribute to the architecture of the nervous
system. Thus, specific neuronal populations have to undergo extensive radial or/and tangenital
migration over long distances to their distinct locations (Bayer and Altman 1991, Kriegstein
and Alvarez-Buylla 2009). At the same time, neural crest cells also undergo extensive
migration and follow stereotypical pathways to invade different types of tissues. All these
processes are regulated by a multitude of extrinsic and intrinsic signals. To respond to
guidance cues the expression of appropriate receptors at the right time is required (Marin,
Valiente et al. 2010). For initiation, maintenance and termination of migration, a coordinated
assembly and rearrangement of actin and microtubule cytoskeleton is needed (Lambert de
Rouvroit and Goffinet 2001).
To evaluate potential DNT compounds that impair migration, in vitro hSC-based test systems
were established to observe and quantify neural movement. For example, neurospheres
consisting of fetal human neural stem cells were plated onto a coated cell culture surface to
trigger migration of neural progenitor cells out of the neurosphere. The distance of migration
was determined by measuring the distance between the edge of the neurosphere and the
furthest migrated cell (Moors, Cline et al. 2007). Environmental toxicants and inhibitors of
physiological signalling pathways were also tested in a hESC-based neural crest cell system.
Here migration of the cells was quantified by counting cells in a defined area. The results
indicated a good sensitivity/specificity with regards to DNT compound identification.
Different alternatives to assess migration have been developed to enable the adaptation to
high throughput screenings (Zimmer, Lee et al. 2012).

Neuritogenesis
Correct and effective wiring of the nervous system requires the extension of axons and
dendrites and finally their correct interconnection. After cells have migrated to their
destination, they are exposed to a variety of signals from the extracellular environment that
initiates neuritogenesis. In particular, gradients of guiding cues promote or inhibit neurite
growth, branching and adhesion. The underlining signals have to be transduced correctly into
axonal growth patterns, mainly by cytoskeleton rearrangement. The growth cone, a
specialized structure characterized by a dynamic cytoskeleton at the tip of axons, navigates
the axons along a defined path to their appropriated target (O'Donnell, Chance et al. 2009).
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Alterations in this neurodevelopmental process have for a long time been suggested to be
closely linked to DNT (Choi, Kudo et al. 1981, Alfano and Petit 1982, Grandjean and
Landrigan 2006). In vitro systems based on primary neurons and cell lines have been
established using neurite growth as an endpoint (Radio and Mundy 2008, Harrill, Freudenrich
et al. 2011, Stiegler, Krug et al. 2011, Krug, Balmer et al. 2013). The first approaches to
assess neurite growth in vitro were based on low-density cultures. For example,
teratocarcinoma-derived hNT2 cells were used to measure neurite growth with automated
microscopy (Harrill, Freudenrich et al. 2011). In another approach, SH-SY5Y neuroblastoma
cells were plated onto a specialized surface to standardize the length of the neurite
interconnections and neurite network formation was manually assessed (Frimat, Sisnaiske et
al. 2010). More recent methods enabled the use of high-density cultures to measure neurite
growth in LUHMES human neuronal precursor cells (Lotharius, Falsig et al. 2005, Scholz,
Poltl et al. 2011). They have been used in an assay that simultaneously assessed neurite
growth and viability by automated high-content image analysis. This approach allows the
discrimination of compounds causing unspecific cytotoxicity and neurite-specific toxicity
(Stiegler, Krug et al. 2011, Krug, Balmer et al. 2013). As automated microscopy is the
underlying technique, the described test systems have the potential to be used in highthroughput screenings.

Synaptogenesis and neuronal excitability
As soon as the extending axon has reached an appropriated postsynaptic cell, the growth cone
receives a defined signal to stop growing and to form a presynaptic terminal. At the same
time, the target cell starts to build a postsynaptic site, which enables the establishment of a
specialized connection between the cells, the synapse. Synapses transfer neuronal activity by
transmitting patterns of electrochemical activity into neurotransmitter release (Colon-Ramos
2009). One important feature of the human nervous system is the activity dependent change in
synaptic connectivity, called synaptic plasticity. It describes the mechanism of re-sculpting
and re-wiring of the neuronal network to alter thoughts, feelings and behaviour due to an
experience (Abbott and Nelson 2000). The correct innervation of a given circuit requires that
post- and presynaptic cells express the appropriate guidance receptors and intrinsic effectors
to acquire the specific responsiveness to incoming signals (Polleux, Ince-Dunn et al. 2007).
The process of synaptogenesis includes the expression and the proper recruitment of
specialized proteins for the stabilisation of the initial synaptic contact, scaffold proteins for
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the specialized organisation of both cells and rearrangement of the cytoskeleton and
endosomal tracking of synaptic growth signalling complexes. Disturbances in these processes
result in early synapse loss which are associated with several neuropsychiatric disorders such
as autism, schizophrenia and intellectual disabilities (Ma, Bonaguidi et al. 2009). Moreover,
neurons acquire the complete cellular and molecular equipment for functional activity.
Excitability covers the process of signal reception, converting and transmission. Disturbances,
for example, in the intracellular ion concentrations and in the integrity of ion channels and
receptors, as well as in action potential generation directly results in impaired neuronal
excitability and can appear without other changes in biochemistry or morphology. Thus,
neuronal excitability provides an important functional endpoint to assess (developmental)
neurotoxicity (McConnell, McClain et al. 2012). Traditionally, synaptic plasticity has been
analysed in ex vivo brain slices by measuring electric activity and postsynaptic protein levels
(Hernandez, Navarro et al. 2005, Dingemans, Ramakers et al. 2007). Moreover, Ca2+
signalling is used as a functional endpoint in vitro since intracellular Ca2+ concentrations
regulates neurotransmission in vivo (Westerink and Vijverberg 2002, Dingemans, de Groot et
al. 2008). Recently, an in vitro model based on a co-culture of hESC-derived neural
progenitor cells with cochlear explants has been established to study synaptogenesis by
measuring electric activity and synaptic contact by immunohistochemistry (Nayagam, Edge et
al. 2013). Alternatively, microelectrode arrays (MEAs) are used to assess circuit assembly in
different cell types (van Vliet, Stoppini et al. 2007, Chiappalone, Massobrio et al. 2008,
Hogberg, Sobanski et al. 2011, Robinette, Harrill et al. 2011). As methods have been
developed to assess synaptic plasticity in vitro that have the potential for a higher throughput
format, and hESC-based differentiation protocols have emerged that model synaptogenesis
and synaptic plasticity in vitro, a combination of both fields is expected in the future and will
be beneficial for the establishment of new hSC-based in vitro models to detect DNT.
Furthermore, several studies have shown that MEA-based assays can be used to assess
potential compounds affecting neuronal excitability and network formation with a high
selectivity and sensitivity (Defranchi, Novellino et al. 2011, McConnell, McClain et al. 2012).
The MEA approach enables the simultaneous recording of extracellular field potential in large
populations of neuronal cells, which represents the spatial and temporal spike activities of
multiple single neurons (Stoppini, Duport et al. 1997, Spira and Hai 2013).
Electrophysiological activity is in fact one of the most sensitive and neuronal specific
endpoints. The use of this MEA approach for neurotoxicological studies (Novellino, Scelfo et
al. 2011), allows the distinction between neuronal cytotoxicity (irreversible damage and cell
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loss) and functional neurotoxicity where only the electrical signal propagation is affected by
impaired or blocked transmission leaving cells metabolically intact. A recent study carried out
by the Schafer’s group on rat cortical neural networks shows that MEA data are useful for the
separation of different chemical classes into effect classes (analytical "fingerprinting") of
chemicals on neural networks (Mack, Lin et al. 2014). A first series of neurotoxicological
screening was performed using hESC-derived neuronal cell networks exhibiting spontaneous
electrical activity by the group of Susanna Narkilahti (Yla-Outinen, Heikkila et al. 2010).
Their results show that exposure for 72 h with 500 nM MeHgCl decreases the electrical
signalling and alters the pharmacologic response of hESC-derived neuronal networks in a
delayed manner, whereas these effects could not be detected with qRT-PCR, immunostainings
or proliferation measurements. The authors conclude that human cell-based MEA platform is
a sensitive method for neurotoxicological screening. Human iPSC-derived neurons may also
be effectively used as a method for drug discovery and neurotoxicological studies. However,
compared with rat neurons, hiPSC-derived neurons seem to require longer to mature
functionally (Odawara, Saitoh et al. 2014). Moreover, measuring electric activity in MEAbased assays has been shown to be a suitable endpoint for the detection of DNT causing
compounds after chronic exposure to low concentrations (van Vliet, Stoppini et al. 2007,
Hogberg, Sobanski et al. 2011). The production of multiwell MEAs and development of new
methods for MEA data analysis facilitate screening and prioritization of higher amounts of
compounds for (developmental) neurotoxicity testing (Lefew, McConnell et al. 2013).

Myelination
Oligodendrocytes in the CNS and Schwann cells in the PNS generate myelin to wrap the
axons of the neighbouring neurons with a myelin sheath. This enables a fast and efficient flow
of electrical impulses along myelinated axons and is essential for intact nervous system
functions (Bunge 1968). Interactions between axons and myelin producing cells have several
functions, for example, they control and modulate axonal growth, neuronal survival and
myelination (Miller 2002, Nave and Salzer 2006). As abnormalities in myelination are
associated with several diseases such as multiple sclerosis, psychiatric diseases and diverse
peripheral neuropathies, several hESC-based in vitro protocols have been developed to
generate oligodendrocytes and to model their interaction with neural and glial cells (Moors,
Rockel et al. 2009, Preynat-Seauve, Suter et al. 2009, Erceg, Ronaghi et al. 2010, Martinez,
Dubois-Dauphin et al. 2012). Studies in re-aggregating brain cell cultures have shown that
interactions between the different cell types (neurons, astrocytes and oligodendrocytes)
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provide an environment facilitating neuronal differentiation which leads to the development
of synapses and myelin (Guentert-Lauber, Monnet-Tschudi et al. 1985). Besides one study
that solely investigates the effect of protein kinase C activation on myelination in 3-D cultures
(Pouly, Storch et al. 1997), the cellular composition of the aggregates is usually assessed by
analysing changes in gene expression, as for example, in the ACuteTox project (Zurich and
Monnet-Tschudi 2009). Although human SC-based in vitro test systems exist that cover all
three cell types of the brain, using myelination as an endpoint to assess (developmental)
neurotoxicity in hESC-based in vitro systems is still challenging.
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More than 84,000 chemicals are registered for commercial use with the US Environmental
Protection Agency. Due to high costs of animal studies and low throughput, the potential
neurotoxicity hazard of the majority of compounds is still unknown (Bottini, Amcoff et al.
2007, Kuegler, Zimmer et al. 2010, van Thriel, Westerink et al. 2012). Moreover, speciesspecific differences result in uncertainties in the extrapolation of results based on animal
studies to the in vivo situation in humans (Schardein, Schwetz et al. 1985, Gottmann, Kramer
et al. 2001, Clancy, Finlay et al. 2007). However, estimations based on data from subsets of
chemicals, revealed that around 3-28% of all chemicals are likely to cause adverse
neurological effects (Office of Technology Assessment 1990). In order to improve the quality
and the efficiency of human neurotoxicity risk assessment, alternative test systems are
needed. Human pluripotent stem cells (hPSC) have been suggested as promising tool to build
new for neurotoxicity prediction.
The aims of this thesis were:
•

to develop and to

establish differentiation strategies to model

different

neurodevelopmental stages and cell types in human pluripotent stem cell systems
•

to characterize these in vitro neuro-differentiations according to the needs for a
toxicological test system

•

to use changes in gene expression as an endpoint to test for developmental
neurotoxicity of polyethylene nanoparticles

•

to use bioinformatics tools to identify histone deacetylase inhibitors (HDACi) based
on transcriptional changes

•

to establish a functional endpoint to assess peripheral neurotoxicity and to challenge
the test system with a broad range of test compounds.
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Abstract
Nanoparticles (NPs) have been shown to accumulate in organs, cross the blood brain barrier
and placenta, and have the potential to elicit developmental neurotoxicity (DNT). Here, we
developed a human embryonic stem cell (hESC)-derived 3-dimensional (3-D) in vitro model
which allows for testing of potential developmental neurotoxicants. Early central nervous
system (CNS) PAX6+ precursor cells were generated from hESCs and differentiated further
within 3-D structures. The 3-D model was characterized for neural marker expression
revealing robust differentiation towards neuronal precursor cells, and gene expression
profiling suggested a predominantly forebrain-like development.

Altered neural gene

expression due to exposure to non-cytotoxic concentrations of the known developmental
neurotoxicant methylmercury indicated that the 3-D model could detect DNT. To test for
specific toxicity of NPs, chemically inert polyethylene NPs (PE-NPs) were chosen. They
penetrated deep into the 3-D structures and impacted gene expression at non-cytotoxic
concentrations. NOTCH pathway genes such as HES5 and NOTCH1 were reduced in
expression, as well as downstream neuronal precursor genes such as NEUROD1 and ASCL1.
FOXG1, a patterning marker was also reduced. As loss of function of these genes results in
severe nervous system impairments in mice, our data suggest that the 3-D hESC-derived
model could be used to test for Nano-DNT.
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Introduction
Engineered nanoparticles (NPs) are incorporated into an increasing number of commercial
products, ranging from food constituents and cosmetics to electronics, coatings, paints and
optics, and are explored for medical applications, and soil and water remediation. It can thus
be expected that human exposure will increase. NPs have been shown to be toxic in vivo in
animal models and in vitro cell cultures (Arora, Rajwade et al. 2012). A wealth of data
demonstrates that NPs enter the blood circulation and organs, including the brain, and cross
the placenta. This points towards potential health risks for humans, including cardiovascular
disease, pulmonary diseases, impairment of brain function and developmental toxicity (Buzea,
Pacheco et al. 2007, Wick, Malek et al. 2010). Mechanisms of toxicity are diverse and include
oxidative stress, integration into mitochondria, activation of immune responses, changes in
receptor or channel function by incorporated NPs, and interaction with enzymes. Toxicity
mechanisms differ between the different NPs and depend on their chemical composition,
shape, and surface properties (Buzea, Pacheco et al. 2007).
Developmental neurotoxicity (DNT), i.e. impairment of nervous system development, with
resulting structural or functional defects is difficult to model in animals. The potential of NPs
to cause DNT is suggested by the finding that prenatal exposure to low concentrations of
diesel exhaust containing NPs affected locomotor activity and the monoaminergic system in
mice (Suzuki, Oshio et al. 2010). Furthermore, studies have detected behavioral changes and
alterations in gene expression in the brain of rodents after prenatal exposure to titanium
dioxide (TiO2) NPs. Genes associated with apoptosis, oxidative stress, brain development and
psychiatric disease were altered (Shimizu, Tainaka et al. 2009, Hougaard, Jackson et al.
2010). Therefore, there is an urgent need to assess the potential of engineered NPs to elicit
DNT in humans.
Embryonic stem cells have been shown to faithfully recapitulate stages of early neural
development and are increasingly used to investigate neural development and to assess DNT
(Stummann, Hareng et al. 2009, Colleoni, Galli et al. 2011, Zimmer, Kuegler et al. 2011,
Kadereit, Zimmer et al. 2012). Here, we developed a three-dimensional (3-D) in vitro model
derived from hESCs to evaluate DNT of chemically inert polyethylene NPs (PE-NPs). A 3-D
model has the advantage to provide an environment to the differentiating cells that allows for
3-D cellular interactions, similar to the in vivo situation where developing cells are exposed to
3-D signals and morphogen gradients. Exposure to the known developmental neurotoxicant
methylmercury indicated sensitivity of the model. When exposing the model to non-cytotoxic
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concentrations of PE-NPs we measured a reduction in the expression of neural markers,
suggesting that the 3-D model could be used to assess NP-induced DNT (Nano-DNT).
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Results
Differentiation of human embryonic stem cells (hESCs) along the neural lineage
To model the three dimensional (3-D) situation of early human central nervous system (CNS)
development, we developed a hESC-derived culture system in which CNS progenitor cells
mature in a 3-D neurosphere system. We first differentiated hESC to an almost pure
population of CNS PAX6+ progenitor cells as described (Chambers, Fasano et al. 2009).
Monitoring PAX6 expression by quantitative real-time PCR revealed peak expression on day
8 (d8) of differentiation (Fig. 1a). On d8, cells expressed the neural stem cell marker NES
(nestin) and were highly enriched for PAX6 protein expressing cells (Fig. 1b). As further
differentiation of PAX6+ cells in adherence was inefficient (data not shown), we detached the
cells on d8 and replated them as small clumps into suspension culture (Fig. 1c). Within 24h
the cells formed round spheres (neurospheres). With increasing differentiation time, rosettelike structures became visible within the neurospheres (Fig. 1d, lower panels, arrows),
suggesting progressing differentiation. During the differentiation process, cell numbers per
well were reproducible from experiment to experiment (Fig. 1e).

Transcriptome profiling during differentiation
To characterize the differentiation process within the 3-D neurosphere structures in more
detail, mRNA was prepared and transcriptomes of the differentiating cells were analyzed with
microarrays during the differentiation process. Notably, the transcriptomes of each
differentiation stage differed significantly from each other and clustered readily apart, with
large blocks of genes progressively downregulated, as well as blocks of genes that were
upregulated over time, indicative of progressive changes in gene expression patterns during
differentiation (Fig. 1f, Suppl. 3a). Interestingly, among the top 30 regulated genes, 21
increased during differentiation (Suppl. 4). Among these, marker genes for neural and
neuronal development such as DMRT3 (a transcription factor expressed in the developing
forebrain), RSPO1 (Wnt signalling), GPM6A (neuronal membrane glycoprotein), and TRH
(tri-peptide neurotransmitter and neuromodulator in both central nervous and peripheral
systems), were particularly strongly upregulated. Genes central to neurodevelopment were
also upregulated (Table 1). High expression of patterning markers such as PAX6, EMX2 and
LHX2 suggested the generation of cerebral cortex precursor cells (Monuki, Porter et al. 2001,
Muzio and Mallamaci 2003). Pluripotency factors, on the other hand, such as POU5F1,
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NANOG, UTF1, LEFTY1, DPPA4 and CD24 were strongly downregulated during
differentiation (Suppl. 5, 6).
Table 1. Neurodevelopmental genes significantly upregulated during differentiation within
neurospheres.
Gene
DLL1

Delta-like 1

p-value
5.57E-04

function
neural precursor

Hes5

Hairy and enhancer of split 5

2.26E-04

neural precursor

Ascl1

Mash1, achaete-scute complex homolog

4.16E-06

neuronal precursor

DCX

Doublecortin

1.84E-06

neuronal precursor

FOXG1

Forkhead box G1

1.40E-02

very rostal

EMX2

Empty spiracles homolog 2

3.64E-08

forebrain

GLI3

GLI-Kruppel family member

3.34E-04

dorsal forebrain

NEUROG2

Neurogenin 2

2.88E-03

dorsal forebrain

LHX2

LIM/homeobox protein

3.16E-07

dorsal forebrain

NR2F1

Nuclear receptor subfamily

1.29E-06

ventral forebrain

MSX1

Homeobox msh-like 1

1.55E-04

ventral midbrain

OTX1

Orthodenticie homolog 1

5.65E-07

dorsal fore- and midbrain

OTX2

Orthodenticie homolog 2

3.29E-05

dorsal fore- and midbrain

ATOH1

Math 1 atonal homolog

1.41E-02

hindbrain

NCAN

Neurocan

2.69E-03

neuronal
neurite

adhesion
growth

and
during

development
STX1A

Syntaxin 1A

2.37E-05

synapse-associated

SYP

Synaptophysin

1.44E-02

synaptic

vesicle-

associated
MAPT

Microtuble-associated protein tau

3.62E-06

Alzheimer-associated

TH

Tyrosine hydroxylase

1.71E-02

dopaminergic neurons

TUBB3

Tubulin beta 3

3.45E-03

cytoskeleton protein

When analysing gene expression in unsupervised SOM (self organizing map) analysis, three
distinct clusters of gene expression emerged (Suppl. 3b). Of 4140 genes regulated with high
significance (FDR, false discovery rate < 0,005), 1814 genes were upregulated. Within these
genes, the top 3 gene ontology (GO) categories were ‘nervous system development’, ’neuron
differentiation’ and ‘cell proliferation in forebrain’, indicative of robust differentiation along
the neural lineage (Table 2).
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Table 2. Top 10 GO categories in cluster 1 (upregulated genes).
GO category

Enrichment

Enrichment

% genes that

Score

p-value

are present

Genes in
list/genes in

GO ID #

GO

nervous system development

16.8

5.0E-08

15.5

59/381

7399

neuron differentiation

12.1

5.5E-06

24.3

18/74

30182

cell proliferation in forebrain

11.3

1.3E-05

83.3

5/6

21846

cilium

9.3

8.7E-05

18.4

21/114

5929

negative chemotaxis

9.2

1.0E-04

62.5

5/8

50919

multicellular organismal development

9.1

1.1E-04

10.8

97/900

7275

synaptosome

9.0

1.2E-04

19.0

19/100

19717

inner ear morphogenesis

8.8

1.5E-04

25.0

12/48

42472

central nervous system development

8.4

2.2E-04

18.8

18/96

7417

8.4

2.3E-04

33.3

8/24

7223

Wnt receptor signaling pathway,
calcium modulating pathway
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Fig. 1: Differentiation of hESCs-derived PAX6+ cells to neural progenitors in a three-dimensional neurosphere
system. hESCs were differentiated for 8 days in monolayer cultures to highly enriched Pax6+ cells. On day 8 (d8) cells were
detached and replated as small clumps into suspension cultures to mature further for additional 21 days (d15-29). a) On
indicated days mRNA was prepared and analyzed for expression of PAX6 by qPCR. PAX6 expression in hESC was set
arbitrarily to 1 and expression calculated relative to expression in hESC. Mean values ± SEM, n= 3. b) PAX6 (red) and nestin
(NES) (green) staining of adherent cells on d8. c) Culture scheme to differentiate PAX6+ cells further within neurospheres. d)
Phase contrast images of neurospheres on days of differentiation 15, 22 and 29 (d15, d22, d29). Lower panels show higher
magnifications of neurospheres with visible rosettes (arrows). e) On indicated days, single cell suspensions were made from
neurosphere cultures and cell numbers counted per well. Shown are counts of 6-10 biological replicates (means ± SEM). f)
Hierarchical clustering analysis of genes significantly regulated (p < 0.01) during neural differentiation of hESC to day 25
cells.
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Expression of neural and neuronal markers during differentiation within neurospheres
Next, expression of markers specific for the different stages of neural differentiation was
verified by quantitative RT-PCR. Pluripotency-associated genes such as NANOG and
LEFTY1 became undetectable by d8 while POU5F1 decreased significantly, to remain
expressed at very low levels (Fig. 2a).

[rel. to hESC ± SEM]

gene expression

a

b
1.00
0.75
0.50

0.00

[rel. to hESC ± SEM]

gene expression

[rel. to hESC ± SEM]

gene expression

[in %]

CD133
PAX6

10

8

15

25

29

36

0.1

d

differentiation of hESC to neural cells.
hESC were differentiated as in Fig. 1c and

1
hESC

Fig. 2: Marker expression during

analyzed for marker expression. a-f) At
hESC

8

15

25

29

36

indicated

time

points

mRNA

was

extracted, gene expression quantified by

100000

10000

10000

1000

quantitative RT-PCR and expressed as

100

mean values normalized to expression in

1000
100

1
0.1

10

EMX2
LHX2
FOXG1

10

e

positive cells

EPHA4
NES

1000
100

0.25

c

g

LEFTY1
NANOG
OCT4

hESC

8

15

22

29

36

f

0.1

1000

100

100
10

0.1

hESC

8

15

22

29

15

22

29

36

36

h

0.01

100

75

75

50

SEM, n=4. g-h) Expression of surface
proteins

measured

by

flow

cytometry. Neurospheres were processed

ABAT
KCNJ6
SCL17A6
TUBB3

to single cells on indicated days and
stained. Expression was assessed in viable

0.1

100

cells and expressed as percentage of all
hESC

8

15

22

29

36

viable cells. Mean values ± SEM, n=6.

50

CD133
CXCR4

25
0

8

1

ASCL1
DCX
NEUROD1

1

hESC

marker

1000

10

hESC, set arbitrarily to 1. Mean values ±

DLL1
HES5

1

8

15

22

days of differentiation

A2B5
PSA NCAM

25

29

0

8

15

22

29

days of differentiation

The neural stem cell markers EPHA4 and PAX6 peaked on day 8 of differentiation, and
remained expressed throughout the following 28 days of suspension culture, while CD133 and
NES peaked between 7-14 days of suspension culture (d15-25) (Fig. 2b). Increasing
expression of regional cortical patterning genes such as EMX2, LHX2, FOXG1 and PAX6
underlined the emergence of central nervous system (CNS) precursors (Fig. 2b, c). The neural
progenitor markers HES5 and DLL1 both peaked on d15 and decreased thereafter (Fig. 2b),
confirming the transcriptome data (Suppl. Fig. 3c). Increasing expression of neuronal
precursor cell markers (ASCL1, DCX and NEUROD1) and neuronal cell markers (ABAT,
B3, KCNJ6 and SLC17A6) strongly suggested emergence of neuronal precursor cells and
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further differentiation to more mature neurons (Fig. 2e, f). Surface expression of the neural
progenitor cell markers CXCR4 and CD133 was found highest from d8-15, with peak
expression of 78 ± 6% and 88 ± 6% of cells, respectively (Fig. 2g). A2B5, expressed on glial
progenitors increased rapidly during the first week of suspension culture, to plateau around 80
± 8% of cells on day 22. PSA-NCAM, a marker for neuronal precursors was already
expressed on 58 ± 8% of the cells on d8, to peak on d15 with 84 ± 5% of positive cells,
indicating the presence of a high proportion of neuronal precursor cells within the
neurospheres (Fig. 2h).

Sensitivity of the system to the developmental neurotoxicant methylmercury
Methylmercury is among the few chemicals that are known to elicit DNT in humans
(Grandjean and Landrigan 2006). We and others have shown that ESC derived neural
differentiation systems can detect toxic effects of methylmercury on marker gene expression
already at low, non-cytotoxic concentrations (Stummann, Hareng et al. 2009, Zimmer,
Schildknecht et al. 2011, Kadereit, Zimmer et al. 2012). First, we assessed acute
methylmercury toxicity to delineate the non-cytotoxic range. Cells were exposed three days
after initiation of neurosphere cultures (d11) for 48h and an EC50 value of 5.4 µM was
measured (Fig. 3a). This was comparable to EC50 values obtained in HeLa and HEK cells
(data not shown), indicating that the system, despite its relatively compact 3-D structure
responds similarly to adherent cell lines.
Next, for DNT testing, starting on day 3 of suspension culture (d11), we exposed the
neurospheres for 18 days. We measured an EC50 value of 1 µM (Fig. 3b). To test whether the
presence of methylmercury had an impact on the differentiation process of the cells within the
neurospheres we investigated changes in gene expression after 18 days of exposure. Cells
were exposed to the non-cytotoxic concentration of 50 nM, 1 log below the lowest noncytotoxic concentration measured (500 nM). We chose a set of markers covering the entire
neuronal differentiation process, including markers for neural precursors (PAX6, EPHA4),
early and late neuronal precursors (HES5, NEUROD1, ASCL1, DCX), genes crucial for
neuronal patterning (NOTCH1, FOXG1), as well as neuronal markers (ARX, TUBB3,
KCNJ6, SNAP25, SLC17A6, SLC17A7).
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Analysis of gene expression by quantitative RT-PCR revealed significant decreases in gene
expression in the neuronal precursor marker gene HES5 and NEUROD1 and the neuronal
marker genes TUBB3, KCNJ6 (GIRK2) and SLC17A6 (VGLUT2), suggesting that during
the differentiation to neural cells, the neurosphere model sensitively reacts to non-cytotoxic
concentrations of methylmercury (Fig. 3c).

Sensitivity of the system to toxicity of copper oxide nanoparticles (CuO-NPs)
CuO-NPs are highly toxic nanoparticles eliciting oxidative stress and DNA damage already at
low concentrations (Bondarenko, Ivask et al. 2012). To test whether the neurosphere model
could detect NP toxicity, we exposed the neurospheres to CuO-NPs on d11 for 48h. As
exposure at higher concentrations of NPs interfered with resazurin reduction measurements,
as observed by us and others, we measured intracellular ATP content as an alternative end
point for cytotoxicity. The EC50 value was 35 µg/ml (Suppl. 7), i.e. comparable to an EC50
around 20 µg/ml measured in adherent cell lines such as A549 cells (Karlsson, Cronholm et
al. 2008). However, as CuO-NPs release toxic copper ions over time, they are not an
appropriate validation control to assess long-term exposure effects in DNT measurements.
Furthermore, we observed significant aggregation of CuO-NPs in culture medium which
precluded an accurate determination of concentration-dependent toxicity of non-aggregated
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NPs. We therefore opted to use well defined polyethylene NPs (PE-NPs), synthesized inhouse under defined conditions.

Assessment of acute toxicity of chemically inert polyethylene nanoparticles (PE-NPs)
Polyethylene is an innocuous polymer considered to be biologically and chemically inert
under physiological conditions. Moreover it allows the synthesis of NPs with a defined and
narrow size distribution, and with the capacity to stay non-aggregated in culture medium. PENPs thus allow for the investigation of biological effects of biopersistent nanoparticles upon
chronic exposure. PE-NPs were prepared in an aqueous microemulsion process, generating
narrowly dispersed anisotropic nanocrystals with number average particle sizes of 33 (Fig. 4a,
b) that could be maintained in aqueous dispersion in a stable non-aggregated state for
prolonged periods of time (> 3 months). No aggregation of PE-NPs occurred in cell culture
medium (Fig. 4b, lower panel). To better visualize uptake of PE-NPs we incorporated a
fluorophor during the synthesis process.

To determine the toxicity range, acute toxicity was measured after 48h in HeLa cells, with an
an EC50 value of 450 µg/ml (Fig. 4c). To exclude toxicity of potential synthesis byproducts in
the PE-NP aqueous suspension, toxicity of ultra-filtered PE-NP dispersion (devoid of PENPs, i.e. ‘solvent’ control) was also tested, and no changes in ATP content in cells treated
with PE-NP-free suspension were observed (Fig. 4c, open circle). As toxicity to HeLa cells
may not reflect toxicity to neural cells, we also tested acute toxicity on mature dopaminergic
human neurons (Schildknecht, Poltl et al. 2009). LUHMES cells were incubated for 48h with
increasing concentrations of PE-NPs and an EC50 value of 257 µg/ml was determined (Fig.
4d).
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Incorporation of PE-NPs into neurospheres
Neurospheres were incubated on d11 with increasing concentrations of fluorescence-labelled
PE-NPs and incorporation was analysed by fluorescence imaging and flow cytometry. PENPs were readily incorporated into the neurospheres after 24h (data not shown) and were
easily detected under the microscope at a concentration of 360 µg/ml at 48h (Fig. 5a).
Analysis of single cell suspensions by flow cytometry revealed that despite the 3-D structure
of the neurospheres the PE-NPs had penetrated deep into the neurosphere and incorporated
into most of the cells, with 84 ± 6% of cells positive at the highest concentration used (Fig.
5b). Dose-dependency of incorporation was reflected by increase in cytotoxicity, as assessed
by ATP content measurements, with an acute EC50 value of 696 µg/ml (Fig. 5c). Similar to
other nanoparticles, an increase in oxidative stress, that is, an increase in malondialdehyde,
was measured after 48 h of exposure (Fig. 5d).
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Long-term toxicity of PE-NPs to developing neural cells
Neurospheres were exposed from d11 to PE-NPs for 18 days to determine the cytotoxic range.
After 18 days, PE-NPs accumulation could be observed at 22.5 µg/ml (Fig. 6a). Cell viability
measurements revealed EC50 values of 296 µg/ml and 191 µg/ml, respectively, when
resazurin reduction (Fig. 6b) or ATP content (Fig. 6c) were used as endpoints.
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Fig. 6: Chronic toxicity of PE-NPs in developing neurospheres. Differentiating neurospheres were exposed to PE-NP
from d11-29. a) Phase contrast and fluorescence images on d29. b) Cell viability was measured with resazurin reduction
assay on d29, and expressed as percent ± SEM of untreated (untr.) cells. Open circle: solvent control (n=2-5). c) Cells
were harvested on d29 and intracellular ATP content measured, and expressed as percent ± SEM of untreated (untr.) cells.
Open circle: solvent control, n=3. d) Cells were exposed 18 days to 22.5 µg/ml of PE-NPs, mRNA extracted and gene
expression measured by qPCR. Expression was calculated as fold change compared to solvent (solv.) control which was
arbitrarily set to 1. Mean values ± SEM (n=3), * p< 0.005, ** p< 0.01). Ph, phase contrast; PDI, perylene diimide

46

Results Chapter 1 ─ A 3-dimensional human embryonic stem cell-derived model to detect
developmental neurotoxicity of nanoparticles
Next, we determined the impact of PE-NPs on the differentiation process and on the
maturation of neural precursor cells more precisely. As we noted a slight toxicity of the
filtered PE-NPs suspension (‘solvent’, free of PE-NPs) in longer exposures when assessing
gene expression, we added this control in all following experiments. Neurospheres were
exposed to 22.5 µg/ml of PE-NPs (or equivalent amounts of ‘solvent’), a concentration that
was not cytotoxic. After 18 days of exposure, we measured expression of a focused set of
marker genes by quantitative RT-PCR. Notably, we observed a significant decrease in
expression of HES5, NOTCH1, FOXG1, NEUROD1 and ASCL1 (Fig. 6d). PAX6 expression
however was not affected, suggesting that PE-NP toxicity had an impact on later progenitor
populations. Unlike after methylmercury exposure, none of the tested later neuronal markers
were significantly affected. Interestingly, no increase in gene expression was observed in any
of the markers analysed.
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Discussion
To our knowledge, the effects of engineered NPs on human neural development have not been
investigated. A few human studies have documented adverse health effects following
exposure to environmental NPs, such as combustion-derived NPs in diesel exhausts,
suggesting effects on inflammation, the cardiovascular system and brain activity (Hesterberg,
Long et al. 2010). In prenatally exposed mice, engineered NPs have been detected, with
ensuing neurobehavioral changes and impact on gene expression patterns in the brain
(Yamashita, Yoshioka et al. 2011). Such findings strongly suggest that NPs could, similar to
methylmercury, trigger DNT in humans.
First in vitro reports investigating nanotoxicity during embryonic development are emerging.
Park et al. reported the inhibition of differentiation by silica NPs in the ESC test (EST),
particularly of smaller-sized NPs, at concentrations below the cytotoxic range (Park, Annema
et al. 2009). The EST is currently the only ESC-based in vitro test system validated for
regulatory use. A study by Pietroiusti et al. showed correlation of EST results with in vivo
testing when assessing the toxicity of low-dose single-wall carbon nanotubes (Pietroiusti,
Massimiani et al. 2011). However, as the EST uses murine ESCs it may not reliably detect
human-specific toxicity (Krewski, Acosta et al. 2010). In its original form, it failed to predict
the teratogenicity of Thalidomide (Marx-Stoelting, Adriaens et al. 2009). Moreover, the EST
tests impact on cardiac and not neural development, and is thus not suitable to test for DNT.
Transcriptome analyses in the here described new model revealed downregulation of
pluripotency genes (Suppl. 5) and upregulation of key markers of neural development over
time (Table 1). The differentiation out of PAX6+ CNS precursors and upregulation with high
significance of several forebrain markers supports maturation towards CNS cells. Genes such
as HOXA2 (rostral hindbrain), HOXB1 (rostral hindbrain), HOXB4 (caudal hindbrain) and
HOXB6 (spinal cord), were not upregulated. Other genes upregulated with high significance
during differentiation were represented in neural development-associated gene ontology (GO)
categories such as ‘nervous system development’, ‘neuron differentiation’ and ‘cell
proliferation in forebrain’ (Table 2). Overall, the transcriptome data suggest at a
predominantly forebrain-like development.
Among the top 30 regulated genes, 21 genes were upregulated. All upregulated genes, except
6 of unknown function, were associated with neural development and function (Suppl. 4),
indicating a robust differentiation along neural lineage. Neural stem cell markers such as
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PAX6, EPHA4 and KCNN3 were strongly regulated. The same was observed for genes with a
role in neural/neuronal development such as DMRT3, RSPO1, GPMA6, EVI1/PRDM3,
ENKUR, ABHD14A and GUCY1B3. Genes associated with disease such as MMRN1
(familial Parkinsonism), ABAT (autism) and MAP6 (depression and schizophrenia-like
symptoms) were also upregulated (for gene functions and references see Suppl. 4).
Analysis by quantitative RT-PCR confirmed the expression patterns observed in
transcriptome analyses. Emergence of neuronal precursor cells was corroborated by the
presence of a high percentage of PSA-NCAM protein expressing cells. PSA-NCAM is the
polysialylated form of neural cell adhesion molecule (NCAM) and is expressed on neuronal
precursor cells in association with migrating phenotype, corroborating the increased
expression of DCX, a marker for migrating neuroblasts (Quartu, Serra et al. 2008).
The known DNT substance methylmercury was used to test the performance of the developed
3-D model. Acute cytotoxicity was similar to that observed in standard cell lines such as
HeLa cells, and long-term exposure resulted in an EC50 comparable to values measured by
others in a hESC-derived neural differentiation systems (Stummann, Hareng et al. 2009).
When assessing effects of 50 nM methylmercury exposure on expression of neural marker
genes we detected an effect on expression of the NOTCH target gene HES5. NOTCH1 itself
was, however, not decreased significantly. Similar to Stummann et al., we also detected a
decrease in expression of the early neuronal precursor marker NEUROD1, but no significant
reduction in NEUROD1 target genes ASCL1, DCX and DLL1 (data not shown) suggesting a
loss of certain subpopulations of neuronal precursor rather than a mere block of the
NEUROD1 pathway. Contrary to Stummann et al. however, who detected no impact on
neuronal genes at non-cytotoxic concentrations, we detected an effect on the expression of the
neuronal genes TUBB3, KCNJ6, an ion channel modulating neuronal excitability, expressed
in dopaminergic neurons (Reyes, Fu et al. 2012), and SLC17A6 (vesicular glutamate
transporter). Other neuronal genes such as ARX, SNAP25 and SLC17A7 were not
significantly affected.
Overall, our data suggest the selective loss of subpopulations of neuronal progenitors and
possibly a defect in maturation towards neuronal phenotype in the presence of
methylmercury. It will now be of interest to study the effects of methylmercury in more detail
in this system to possibly delineate more precisely mechanisms of methylmercury toxicity
during neural development. TUBB3, for example, was also affected by methylmercury
exposure in our murine DNT model (Zimmer, Schildknecht et al. 2011). Mutations in the
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TUBB3 gene result in so-called TUBB3 syndromes, which are more or less severe, depending
on the exact type of mutation. Similar to methylmercury-induced poisoning, the spectrum of
nervous system malformations include spasticity, cognitive and behavioral impairments, and
progressive peripheral sensorimotor axonal degeneration, (Tischfield and Engle 2010,
Grandjean and Herz 2011).
For DNT testing with NPs we synthesized polyethylene NPs (PE-NPs) which remained nonaggregated in aqueous solution and cell culture medium over prolonged periods of time. PENP were studied here as a model for surfactant stabilized, shape-persistent NP composed of a
hydrophobic chemically inert material. Similar to other materials where the bulk form is
innocuous and the nanoparticulate form toxic, we observed cytotoxicity of the PE-NP both in
adherent cells and neurospheres within 48h (Figs. 4, 5, 6). PE-NPs penetrated deep into the 3D neurosphere structure and showed a dose-dependent cytotoxicity (Fig. 5b, c, d).
A key finding in this study was that at a concentration as low as 22.5 µg/ml of PE-NPs we
measured altered gene expression in the 3-D model. This concentration was four times lower
than the lowest non-cytotoxic concentration measured. At this concentration, neural
differentiation, as measured by changes in expression of genes important for
neurodevelopment, was perturbed. NOTCH pathway genes NOTCH1 and HES5, as well as
downstream targets such as NEUROD1 and ASCL1 (both markers for neuronal precursor
cells) were reduced in expression. NOTCH pathway plays a key role in both embryonic neural
development and adult brain plasticity in animal models (Lasky and Wu 2005). NOTCH1 and
NOTCH2 knock-out mice die around E11 and HES5 gene deleted mice have a 30-40%
reduction in Müller glial cells (Yoon and Gaiano 2005). NEUROD1 knock-out mice develop
a severe neurological phenotype (Miyata, Maeda et al. 1999). ASCL1 is an important
regulator of neurogenesis in the ventral telencephalon and gene deleted mice have multiple
defects in neurogenesis in the ventral telencephalon, including a severe loss of neurons
(Casarosa, Fode et al. 1999, Castro, Martynoga et al. 2011). Interestingly, expression of
FOXG1, a brain specific transcriptional repressor essential for early development of the
telencephalon, while not significantly affected by methylmercury treatment, was also reduced
by PE-NP exposure. FOXG1 mutant mice die at birth with dramatic hypoplasia of the cerebral
hemispheres, particularly of the ventral telencephalon (Xuan, Baptista et al. 1995). Moreover,
FOXG1 mutations are responsible for the congenital variant of Rett syndrome which, among
other symptoms, includes microcephaly (Mencarelli, Spanhol-Rosseto et al. 2010).
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Our data thus point to a potential impact of PE-NPs on progenitor cells and neuronal
development, and furthermore suggest that NP may affect the complex process of
telencephalon differentiation. However, it is unclear at this point, how a reduction in
expression of these crucial and early neurodevelopmental genes would compare to an in vivo
situation. To our knowledge, no previous study has investigated the impact of NPs on human
neural differentiation. As a proof-of-principle, we have shown that in our 3-D neurosphere
model expression of neurodevelopmental genes was affected upon NP exposure, thus
enabling human-specific nanotoxicity to neural development.
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Materials and Methods
Cells and differentiation cultures
Human embryonic stem cells (hESCs, WA09 line) were obtained from WiCell (Madison, WI,
USA) and cultured according to standard protocol (Thomson, Itskovitz-Eldor et al. 1998).
Import of hESCs and experiments described herein are approved under license # 1710-79-14-27. WA09 cells were differentiated in adherent culture to PAX6+ neural progenitor cells as
described, with slight modifications (Chambers, Fasano et al. 2009). Briefly, differentiation
was initiated on day –3 (labeled 'hESC' in figures) by replating WA09 cells in single cell
suspension onto Matrigel-coated (BD Biosciences, Franklin Lakes, NJ USA) plates. Three
days later, on day 0 of differentiation (d0), neural differentiation was promoted by adding
neural differentiation medium and dual SMAD inhibition. On day 8 (d8) the adherent cells
were digested to small clumps with dispase (Invitrogen, Carlsbad, USA) and transferred to
low adhesion plates (Corning, Corning, USA) in DMEM/F12 medium supplemented with
B27 (Invitrogen, Carlsbad, USA), noggin (42 ng/ml; R&D Systems Minneapolis, USA),
dorsomorphin (600 nM, Tocris Bioscience, Bristol, UK), FGF2 (20 ng/ml, R&D Systems
Minneapolis, USA) and 10 µM ROCK inhibitor (Tocris, Bristol, UK). After three days the
medium was carefully aspirated and replaced by fresh medium without ROCK inhibitor.
Every 3-4 days medium was changed and neurospheres were sheered slightly to prevent large
aggregations.
Transcriptome analyses
mRNA was prepared from replicate (>6) cultures on indicated days from undifferentiated
hESC (day –3), d0, d5, d15, d22, and d25 cells. Replicates were pooled and RNA processing
and probe preparation were as described (Zimmer, Kuegler et al. 2011). For hESC, d0, d5 of
differentiation, biological triplicates were generated. For d15 biological duplicates, and for
d22 and d25 of differentiation biological singletons were produced. Each sample was
hybridized in triplicates to Illumina Sentrix HumanHT-12 BeadChip gene arrays (Illumina,
San Diego, USA). Technical replicates were assigned to each array using a block randomized
design subject to the constraint that each replicate was run on at least two different BeadChips
to eliminate batch effects. The BeadChips were scanned and data was acquired using
BeadStudio software. The average signal intensity values were normalized using quantile
normalization in BeadStudio. Further statistical analyses and data analyses (principal
component analysis (PCA), gene ontology (GO), hierarchical, and self-organizing map
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(SOM) clustering) were performed with Partek Genomic Suite software (Partek, Inc.,
MI,USA) with a false discovery rate (FDR) of 0.01 or 0.005 to identify genes that changed
significantly during the differentiation process. FDR was calculated using Benjamini
Hochberg method. Hierarchical and SOM clustering were unsupervised. The raw microarray
data are deposited in the EBI array express database (accession number E-MTAB-1343).
Immunofluorescence and flow cytometry
Cells were fixed and stained with standard methods as described (Zimmer, Kuegler et al.
2011), using the following antibodies: PAX6 (Covance, Princeton, New Jersey), NES (R&D
Systems, Minneapolis, USA), A2B5, PSA-NCAM, CD133 (Miltenyi Biotech, Bergisch
Gladbach, Germany) and CXCR4 (BD Biosciences, Franklin Lakes, NJ USA). For flow
cytometry, single cell suspensions were prepared on indicated days of differentiation by
accutase (PAA, Pasching Austria) digest and stained as described (Kadereit, Deeds et al.
2002). Fluorescence was acquired on an Accuri flow cytometer C6 (BD Biosciences, Franklin
Lakes, NJ USA) and analyzed with CFlow software (BD Biosciences, Franklin Lakes, NJ
USA). For incorporation of PE-NPs, single cell suspensions were prepared after 24 and 48 h
of exposure, and fluorescence emitted by the PE-NP was acquired on an Aria flow cytometer
(BD Biosciences, Franklin Lakes, NJ USA) and analyzed with Diva software (BD
Biosciences, Franklin Lakes, NJ USA).
Quantitative RT-PCR
mRNA was extracted at indicated time points from pooled duplicate culture wells and
processed as described (Zimmer, Schildknecht et al. 2011). Real-time quantification for each
gene was expressed relative to the amount of the housekeeping gene RPL13A for expression
kinetics and PE-NP toxicity experiments, and the geometric mean of RPL13A and GAPDH
for methylmercury toxicity experiments (Vandesompele, De Preter et al. 2002). Expression
was calculated using the 2^(-delta delta C(t)) method. The list of primers is given in Suppl. 1.
Toxicity testing
All toxicity experiments on neurospheres started on day three after initiation of suspension
cultures (d11). Neurospheres were either treated for 48h in acute testing, or for 18 days in
DNT testing. For DNT, toxicants (methylmercury or PE-NPs) were replenished with each
medium change. LUHMES cells (human neuronal precursors), were cultured and
differentiated as described (Schildknecht, Poltl et al. 2009) for 4 days to neurons and then
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treated for 48h with PE-NPs at the indicated concentrations. As NPs at high concentrations
interfered with the resazurin reduction assay, cell viability was indirectly assessed by
measuring intracellular ATP content as an alternative end-point for cell viability
(Schildknecht, Poltl et al. 2009). Otherwise cell viability was assessed by standard resazurin
reduction assay (Zimmer, Kuegler et al. 2011).
Polyethylene nanoparticle synthesis
Polyethylene nanoparticles (PE-NPs) were prepared in an aqueous microemulsion process,
yielding narrowly dispersed anisotropic nanocrystals with a number average particle size of
typically 33 nm. Between different batches this average varied by 2 nm. For reduction of the
high surfactant (sodium dodecyl sulfate) content necessary in this procedure, the as-obtained
polymer dispersions were extensively dialyzed against water to yield dispersions with a
typical surfactant and polymer content of < 0.2 % and > 1 %, respectively, and a zeta potential
of -30 mV. The high surface tension of > 65 mN m-1 indicated complete removal of free
surfactant. However, colloidal stability of the nanoparticles in culture medium was fully
retained, as was demonstrated by dynamic light scattering (DLS) measurements (see Suppl.
2). As control for synthesis residues, the aqueous PE-NP dispersions were centrifuged with
Macrosep Advance centrifugation units (10 kDa cut-off), to filter out the NPs from the
solvent. This NP-free solution ('solvent') was then used as negative control, compared to the
non-centrifuged PE-NP dispersions. Fluorescently labeled NPs were synthesized as above,
while incorporating a perylene diimide (PDI) dye as fluorescence marker. Covalent linking of
the dye prevented phase separation and undesired release of the dye from the nanoparticles.
For more detail see Suppl. 2.
Statistics
All experiments were performed with at least three biological replicates. Quantitative realRT-PCR experiments were performed in technical duplicates or triplicates. To evaluate
significant changes in gene expression compared to control cells, paired t-tests were performed
in GraphPad Prism software using the log-transformed delta Ct-values to determine
significance of changes in gene expression between the mean delta Ct-values of untreated
cells and methylmercury-treated cells, or between solvent and PE-NPs-treated cells.
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Supplements
Supplement 1. Primers used for qPCR.
Name

Accession no.

Forward sequence

Reverse sequence

ABAT

NM_000663.4

5’-AGGAGGAGGCCCGCTGTCTG-3’

5’-CCAGAACTTGCCCGTGCAGCC-3’

ARX

NM_139058.2

5’-CACTTGGCCCGACGGTTCTG-3’

5’-GGAGGAGGGGCTGCTGAAAC-3’

ASCL1

NM_004316.3

5’-GATGAGTAAGGTGGAGACACTGCG-3’

5’-CCGACGAGTAGGATGAGACCG-3’

CD133

NM_001145852.1

5’-CAGCTACTTGGCTCAGACTGG-3’

5’-AGGAAGGACTCGTTGCTGGTG-3’

DCX

NM_001195553.1

5’- GCGAAATTTTTCAGGACCAC-3’

5’-CACAGAAGCCATCAAACTGG-3’

DLL1

NM_005618.3

5’-CAGGTGCCATGGAGACAGCC-3’

5’-GTGGGGAGCGTGGGGAGAAA-3’

EMX2

NM_004098.3

5’-CCAAGGGAACGACACTAGCC-3’

5’-CCATACTTTTACCTGAGTTTCCGTG-3’

EPHA4

NM_004438.3

5’-CCGTGGAGAGAGCCTTGTAA -3’

5’-GCCAAAAATGTACTGTGGGG -3’

FOXG1

NM_005249.3

5’-AGAAGAACGGCAAGTACGAGA-3’

5’-TGTTGAGGGACAGATTGTGGC-3’

GAPDH

NM_001256799.1

5’-ATGGAGAAGGCTGGGGCTCA-3’

5’-AGTGATGGCATGGACTGTGGTCAT-3’

HES5

NM_001010926

5‘-TTG GAG TTG GGC TGG TG-3‘

5’-CCC AAA GAG AAA AAC CGA-3‘

KCNJ6

NM_002240.2

5’-TTCCTTCCCTCGCCATCCGT-3’

5’-CCACTGGGCTTTCGACGTCC-3’

LEFTY1

NM_020997.3

5’-AATGTGTCATTGTTTACTTGTCCTGTC-3’

5’-CAGGTCTTAGGTCCAGAGTGGTG-3’

LHX2

NM_004789.3

5’-GCTACTACCTGCTGGCGGTG-3’

5’-TCACCATCTCCGAGGCCGAG-3’

NANOG

NM_024865.2

5’-GGTGAAGACCTGGTTCCAGAAC-3’

5’-CATCCCTGGTGGTAGGAAGAGTAAAG-3’

NESTIN

NM_006617.1

5’-GCACCTCAAGATGTCCCTCAGC-3’

5’-GGGAAGTTGGGCTCAGGACTG-3’

NEUROD1

NM_002500.3

5’-GGATGACGATCAAAAGCCCAA-3’

5’-GCGTCTTAGAATAGCAAGGCA-3’

NOTCH1

NM_017617.3

5’-GAGGCGTGGCAGACTATGC-3’

5’-CTTGTACTCCGTCAGCGTGA-3’

POU5F1

NM_001173531.1

5’-GCAAAGCAGAAACCCTCGTGC-3

5’-ACACTCGGACCACATCCTTCTCG-3’

PAX6

NM_000280

5‘-CCGCCTATGCCCAGCTTCAC-3‘

5‘-AAGTGGTGCCCGAGGTGCCC-3‘

RPL13A

NM_012423.2

5’-GGTATGCTGCCCCACAAAACC-3’

5’-CTGTCACTGCCTGGTACTTCCA-3’

SLC17A6

NM_020346.2

Qiagen catalogue #.: 330001PPH14888A

SLC17A7

NM_020309.3

5’-CTGCCCGCGTCCACTATGGC-3’

5’-GCACAAGGACCCCGGCGAGG-3’

SNAP25

NM_003081

5’-CTGTCTTTCCTTCCCTCCCT-3’

5’-GGGTCAGTGACGGGTTTG-3’

TBP

NM_001172085.1

5’-GGGCACCACTCCACTGTATC-3’

5’-GGGCACCACTCCACTGTATC-3’

TUBB3

NM_006086.3

5’-AACTACGTGGGCGACTCGGA-3’

5’-GTTGTTGCCGGCCCCACTCT-3’
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Supplement 2. Synthesis of polyethylene nanoparticles.
Fluorescence labeled as well as unlabeled polyethylene nanocrystals were prepared in an
aqueous catalytic microemulsion polymerization process. In brief, trans-cyclooctene was
subjected to ring opening metathesis polymerization by Grubbs-Hoveyda second generation
catalyst in an aqueous microemulsion (H2O, SDS, pentanol). The resulting dispersion was
hydrogenated exhaustively to yield a PE-NP dispersion. Volume and number weighted
particle size distributions and polydispersity indices were determined via dynamic light
scattering (DLS) on a Malvern Nano-ZS ZEN 3600 particle sizer (173° back scattering). The
autocorrelation function was analyzed using the Malvern dispersion technology software 6.20
algorithm. The anisotropic nanocrystals typically had a number average particle sizes of 33
and a typical polydispersity index of 0.1. Between batches, this average size varied by ± 2 nm.
Covalent fluorescence labeling of the particles was achieved using a labeled rutheniumalkylidene

catalyst.

As

fluorescence

marker

a

perylene

diimide

dye

(N-(2,6-

Diisopropylphenyl)-N’-(3-vinyl-4-isopropoxyphenyl)-1,6,7,12-tetra[4-(1,1,3,3tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide, PDI) was used, for its
high quantum yield and excellent photo stability. The as-obtained polyethylene dispersions
were extensively dialyzed against deionized water for several days to reduce the high
surfactant (sodium dodecyl sulfate, SDS) content necessary in this procedure to yield
dispersions with a surfactant and polymer content of 0.19 ± 0.03 % and 1.21 ± 0.18 %,
respectively, and a zeta potential of –33 ± 4 mV. A high surface tension of 67 ± 3 mN m-1
indicated complete removal of free surfactant.
The quantum yield of the fluorescence labeled polyethylene dispersions typically was 65 %,
with absorption and emission maxima of 568 nm and 604 nm, respectively (see figure).
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Absorption (blue) and emission (red) spectra of a fluorescence labeled polyethylene
dispersion.
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Supplement 3. Transcriptome analysis during differentiation of hESCs to neural
cells. mRNA was extracted from hESCs and from differentiating cells on days 0, 5 (d0, d5,
adherent cultures) and on days 15, 22 and 25 (d15, 22, 25, neurosphere cultures),
hybridized in technical replicates to Illumina Sentrix HumanHT-12 BeadChip gene arrays
and the data analyzed with Partek Genomic Suite. a) Principal component analysis, after
grouping the technical replicates of the individual data sets (3 biological replicates for
hESC-d8, 2 biological replicates for d15, singletons for d22, d25). b) Unsupervised selforganizing map (SOM) clustering analysis of the kinetic profiles of all significantly (FDR
0.005) regulated genes was performed, yielding 3 clusters. Cluster 1 (1814 genes)
contained genes increasing in expression over time, cluster 2 (415 genes) contained genes
with varying regulation patterns, and cluster 3 (1911 genes) contained genes that
decreased over time. c) Expression profiles of individual marker genes graphed over time.
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Supplement 4. Top 30 regulated genes.

Mean Expression

hESC day05

day15

day22

day25

FAM181A
DMRT3

5.0
4.6

4.9
5.4

10.7
10.4

10.2
10.5

6.9
11.2

3.63E-11
2.73E-10

PAX6

6.4

11.1

12.0

11.1

10.6

3.33E-10

RSPO1

5.0

5.1

10.4

10.6

9.7

2.25E-09

EPHA4
ABHD14A

8.1
7.2

11.9
7.8

10.2
8.6

9.9
9.4

8.8
7.1

4.60E-09
4.89E-09

FAM181B
KCNN3

6.7
5.5

5.7
5.6

10.2
6.7

11.3
7.3

8.8
6.4

6.84E-09
1.03E-08

HS.421200
FAM116B
TRH

6.6
7.0
5.0

6.7
7.2
5.0

9.1
9.3
11.9

9.1
9.6
13.0

9.2
8.8
12.9

1.20E-08
1.23E-08
1.32E-08

GPM6A

6.2

6.5

9.0

9.0

9.7

1.47E-08

EVI1/PRDM3

5.5

6.7

11.1

10.7

8.4

1.50E-08

MMRN1

5.5

5.4

10.3

10.5

7.7

1.58E-08

GUCY1B3

6.0

6.8

8.4

7.8

7.7

1.61E-08

LOC338797
KIAA0895
ABAT

5.9
6.3
5.9

5.9
7.4
5.6

7.4
9.2
7.7

7.7
9.1
8.9

7.1
9.0
8.1

1.91E-08
2.03E-08
2.43E-08

CDH10

6.6

6.9

9.8

9.4

8.0

2.66E-08

ENKUR

5.8

5.7

7.1

7.2

5.7

3.07E-08

MAP6

6.2

6.3

9.2

9.6

9.3

3.32E-08

DOWN
LECT1

11.4

8.3

6.4

6.2

6.2

3.12E-09

PNO1

10.2

9.6

8.1

7.7

7.6

5.86E-09

TMEM125

8.9

7.0

5.8

5.8

5.5

6.18E-09

CXCL5
DPPA4
GAL

7.9
13.3
11.3

6.3
11.9
7.0

6.0
9.8
5.0

5.9
8.7
4.9

6.0
6.9
3.7

1.51E-08
1.86E-08
2.77E-08

TMPRSS2

7.8

6.9

6.0

6.0

5.9

3.00E-08

GRPR

9.6

7.1

6.2

6.0

6.1

3.24E-08

LIN28

13.3

13.5

9.7

7.3

6.2

3.37E-08

UP

p value

Function
unknown function
transcription factor, developing forebrain,
neural tube and nasal placodes
very early transcription factor for central
nervous system
activator of the beta-catenin signaling
cascade, ligand for FZD8 and LRP6
required for neural stem cell maintenance
target of ZIC1, expressed in cerebellar
granule neuronal precursors
unknown function
voltage-independent potassium channel
expressed in embryonic NSC
unknown function
unknown function
neurotransmitter/neuromodulator in CNS,
PNS
neuronal membrane glycoprotein, role in
neuronal differentiation
zinc finger transcription factor, role in
development
multimerin, associated with SNCA in
familial Parkinsonism
main receptor for NO, role in neurite
outgrowth and synapse maturation
unknown function
unknown function
4-aminobutyrate aminotransferase, GABA
catabolism, association with autism
blood-brain barrier adhesion molecule in
CNS
adaptor protein for TRPCs, channels with
role in neuronal development
role in synaptic plasticity, depression and
schizophrenia-like symptoms

leukocyte cell derived chemotaxin, role in
cartilage tissue
partner of NOB1, nuclear RNA binding
protein, not expressed in brain
transmembrane protein 125, unknown
function
inflammatory chemokine
pluripotency factor
small neuropeptide, cellular messenger
within the CNS, PNS
transmembrane serine protease,
associated with prostate cancer
gastrin-releasing peptide receptor
in neurons and glioma
hESC stemness marker,
downregulated during ESC
differentiation

CNS, central nervous system; NO, nitric oxide; NPC, neural progenitor cell; NSC, neural stem cell; PNS,
peripheral nervous system
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Supplement 5. Pluripotency genes regulated during differentiation.
mean expression
Gene

hESC

day05

day15

day22

day25

DPPA4

13.3

11.9

9.8

8.7

6.9

1.86E-08

down

LIN28

13.3

13.5

9.7

7.3

6.2

3.37E-08

down

NANOG

10.3

5.7

5.6

5.5

5.5

8.13E-08

down

CD24

14.2

13.1

12.4

11.5

11.7

1.05E-07

down

LEFTY1

13.2

6.3

6.4

6.2

7.5

1.35E-07

down

POU5F1

12.1

8.2

5.9

5.7

5.9

6.59E-07

down

DNMT3B

11.8

9.1

8.1

7.8

6.6

9.93E-07

down

JARID2

11.9

9.9

10.8

11.1

10.4

4.99E-05

down

LEFTY2

11.9

6.4

6.4

6.4

6.2

7.00E-05

down

UTF1

8.8

5.3

5.2

5.0

6.0

1.18E-04

down

DPPA3

8.0

6.5

6.0

6.1

6.0

1.79E-03

down

TERT

6.1

5.2

5.4

5.3

5.1

7.47E-03

down
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Supplement 6. Gene array data was analyzed in Partek Genomic Suite and expression profiles of selected
genes plotted as dot plots. a) Pluripotency genes. b) Neural stem and precursor cell markers and neuronal
precursor markers. c) Neuronal markers.
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Supplement 7. Acute toxicity of copper oxide nanoparticles in neurospheres. Neurospheres on d11 of
differentiation were exposed to copper oxide nanoparticles (CuO-NPs, Sigma Aldrich, cat. #. 544868,
Cu(II)oxide nanopowder, <50 nm particle size ) for 48 h and cell viability assessed by measurement of
intracellular ATP content and expressed as percent of untreated (untr.) cells. Are graphed means ± SEM of
3-4 repeat experiments.
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Supplement 8: Upregulation of neurodevelopmental genes during differentiation within
neurospheres.
Gene

Fold change

(hESC vs day 25)

LHX2
EMX2
Hes5
NR2F1
OTX1
DCX
DLL1
MSX1
STX1A
NEUROG2
GLI3
Ascl1
MAPT
TH
TUBB3

LIM/homeobox protein
Empty spiracles homolog 2
Hairy and enhancer of split 5
Nuclear receptor subfamily
Orthodenticie homolog 1
Doublecortin
Delta-like 1
Homeobox msh-like 1
Syntaxin 1A
Neurogenin 2
GLI-Kruppel family member
Mash1, achaete-scute complex homolog
Microtuble-associated protein tau
Tyrosine hydroxylase
Tubulin beta 3

FOXG1
OTX2
SYP
NCAN

Forkhead box G1
Orthodenticie homolog 2
Synaptophysin
Neurocan

2
1.6
1.4
1.3

ATOH1

Math 1 atonal homolog

1.2

Fold changes of the neurodevelopmental genes from Table 1.
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113.1
87.8
51.1
34.1
25
18.6
8.1
6.8
6
3.7
3.5
3.4
2.9
2.4
2.3
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Supplement 9: Significantly regulated transcription factors and regulators and their
downstream target
transcription
factor/regulator

ASB9
CTNNB1

p-value
d0

d5
d15
1.1E-02 4.2E-02
1.5E-02
2.7E-03

downstream target
d22

1.7E-03

E2F3
E2F5
FLI1
FOSL1
FOXL2
FOXP3
GLI1
HDAC7
HIC1

HMGA1
HOXA10
HOXA13
LYL1
MBD1
MLL2
MTA1
MXI1
MYBL1
NANOG

2.8E-02
3.1E-02
9.7E-03
4.9E-02
2.9E-02
8.1E-04

3.7E-02
3.4E-02
4.9E-02

3.0E-02
4.4E-03

2.8E-02 4.4E-02
2.3E-02
1.7E-04 1.5E-04

4.5E-02

1.5E-02

4.9E-02
3.7E-02
2.4E-02

NEUROD1
NFIC
NFYA
NOTCH1

9.3E-03 3.4E-02
4.6E-02

NOTCH2

1.9E-02

NOTCH4
NRF1
NRIP1
PKNOX1
POU5F1

9.3E-03

PROX1
SIX1
SMAD2
SNAI1
SNAPC2
SNAPC4
SOX2

2.2E-02

SOX5
SOX9
SPDEF

SRY
STAT2
TWIST2
WWTR1
ZNF217

1.2E-02

4.2E-02
2.0E-02

7.4E-03

7.9E-04 1.9E-03

1.1E-02 4.2E-02
4.2E-02

4.3E-03

1.2E-03 2.8E-03

1.1E-02 4.2E-02
2.4E-02 3.3E-02
3.4E-04

6.2E-03
2.2E-02

1.9E-03 5.4E-03

2.4E-02 3.3E-02

3.4E-02
1.5E-02
1.2E-02 4.5E-02
3.5E-03

4.3E-02
3.1E-03
3.1E-03

4.2E-02

1.2E-02
1.5E-04

3.5E-04 1.2E-03
4.2E-02

9.4E-03

8.3E-03

d25
4.2E-02 CKB
CDH11,CTNNA2,FGF9,GAD1,POU3F2
ALDH1A1,BCL2,CDH11,CTNNA2,EPHB3,FGF9,HTRA1,LMO2,
MSX1,MSX2,PDE4B,POU3F2,RCN1
ALDH1A1,BCL2,CDH11,CTNNA2,ENO2,EPHB3,FGF9,HTRA1,
IL10, LMO2,MSX1,MSX2,POU3F2,RCN1,SERPINA5
1.8E-02 BCL2,CDH11,EPHB3,FGF9,HTRA1,IL10,LMO2,MSX1,MSX2,
POU3F2,RCN1
BMI1,CCNA1
CCNA1,VEGFB
ID2
SPARC
RSPO3,SMAD6
ID2
ID2,MAF,PDCD4
CMBL,ID2
RPRM
CXCR7,ID4,SOX9
CA2,CDKN1C,CDO1,CXCR7,ID4,RIN2,SNAP25,SOX9
CA2,CDKN1C,CDO1,CXCR7,ID4,RIN2,SNAP25,SOX9
7.8E-04 CA2,CDKN1C,CDO1,RIN2,SNAP25,SNAPC1,SOX9
1.5E-02 IDI1,INSIG1,KRT10,MVD
EMX2
WNT5A
ID4
PTPRM
1.5E-02 CRIP2,ENO3,GPR56,NPR3
CXCR7
ID2
4.2E-02 BCL2
LHX2,OTX1,PAX6
IER5L,LHX2,MEIS1,OTX1,PAX6,PDCD4,TBC1D3,ZFHX3
7.4E-03 LHX2,MEIS1,OTX1,PAX6,PDCD4,TBC1D3,ZFHX3
4.2E-02 SLIT2
FABP7
COL11A1
ASCL1,EFNB2,HEY1,NR2F2
ASCL1,EFNB2,ENO2,HEY1,NR2F2
HEY1
ASCL1,HEY1
HEY1
CD47
SMAD6
FABP7
LHX2,OTX1,PAX6
IER5L,LHX2,MEIS1,OTX1,PAX6,ZFHX3
5.0E-03 LHX2,MEIS1,OTX1,PAX6,ZFHX3
HEY1
4.2E-02 CCNA1
CCNG2,TIMP3
SPARC
4.2E-02 RN7SK
4.2E-02 RN7SK
LHX2,OTX1,PAX6
IER5L,LHX2,MEIS1,OTX1,PAX6,ZFHX3
6.8E-03 LHX2,MEIS1,OTX1,PAX6,ZFHX3
4.2E-02 SPAG6
2.4E-02 COL2A1,GAS7
COL5A2,WNT5A
CDH11,COL5A2,LAMB2,LEF1,VEGFB
3.4E-04 CDH11,COL4A5,COL4A6,COL5A2,DKK3,LAMB2,LEF1,SMAD3
WNT5A
SOX9
4.2E-02 IFI27,IFI6
BMI1,ZEB2
ID2
CXXC4,GAD1,LMO3,PAX6,WNT5B,ZHX2
CXXC4,IGDCC3,LMO3,LYPD1,PAX6,RAB22A,SHC4,WNT5B
CXXC4,IGDCC3,LMO3,LYPD1,PAX6,RAB22A,SEC14L2,SHC4,
WNT5B
2.7E-03 CXXC4,IGDCC3,LMO3,LYPD1,PAK3,PAX6,RAB22A,WNT5B,
ZHX2
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The list of differentially expressed genes was imported into Ingenuity Pathways Analysis
(IPA) to analyze, which of the transcription factors regulated during differentiation showed
also an over-representative number of regulated target genes in our system. The table shows
the list of transcription factors/regulators with their corresponding downstream target(s) that
were significantly regulated at day 0, day 5, day 15, day22 of differentiation of hESCs in our
system.
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Supplement 10. Abbreviations.
3-D

Three dimensional

ATP

Adenosine-5'-triphosphate

CNS

Central nervous system

CuO-NPs

Copper oxide nanoparticles

DLS

Dynamic light scattering

DNT

Developmental neurotoxicity

EC50

Half maximal effective concentration

EST

Embryonic stem cell test

FDR

False discovery rate

GO

Gene ontology

hESC

Human embryonic stem cell

LUHMES

Lund human mesencephalic

mESC

Mouse embronic stem cell

NEP

Neural epithelial progenitors

NO

Nitric oxide

NPC

Neural progenitor cell

NPs

Nanoparticles

NSC

Neural stem cell

PCA

Principal component analysis

PDI

Perylene diimide

PE-NPs

Polyethylene nanoparticles

Ph

Phase contrast

PNS

Peripheral nervous system

qPCR

Quantitative reverse transcriptase PCR

ROS

Reactive oxygen species

SOM

Self-organizing map

TEM

Transmission electron microscopy

TiO2

Titanium dioxide
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Abstract
Test systems to identify developmental toxicants are urgently needed. A combination of
human stem cell technology and transcriptome analysis was used here to provide proof-ofconcept that toxicants with a related mode of action can be identified, and grouped for readacross. We chose a test system of developmental toxicity, related to the generation of
neuroectoderm from pluripotent stem cells (UKN1), and exposed cells for six days to the
histone deacetylase inhibitors (HDACi) valproic acid, trichostatin-A, vorinostat, belinostat,
panobinostat and entinostat. To provide insight into their toxic action, we identified HDACi
consensus genes, assigned them to superordinate biological processes, and mapped them to a
human transcription factor network constructed from hundreds of transcriptome data sets. We
also

tested

a

heterogeneous

group

of

‘mercurials’

(methylmercury,

thimerosal,

mercury(II)chloride, mercury(II)bromide, 4-chloromercuribenzoic acid, phenylmercuric
acid). Microarray data were compared at the highest non-cytotoxic concentration for all 12
toxicants. A support vector machine (SVM)-based classifier predicted all HDACi correctly.
For validation, the classifier was applied to legacy data sets of HDACi, and for each exposure
situation, the SVM predictions correlated with the developmental toxicity. Finally,
optimization of the classifier based on 100 probe sets showed that eight genes (F2RL2,
TFAP2B, EDNRA, FOXD3, SIX3, MT1E, ETS1, LHX2) are sufficient to separate HDACi
from mercurials. Our data demonstrate, how human stem cells and transcriptome analysis can
be combined for mechanistic grouping and prediction of toxicants. Extension of this concept
to mechanisms beyond HDACi would allow prediction of human developmental toxicity
hazard of unknown compounds with the UKN1 test system.
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Introduction
Classification and grouping of toxicants is a major goal of toxicological risk assessment, next
to the de novo prediction of hazard for entirely new compounds (Gocht, Berggren et al.
2015). The testing of reproductive and developmental toxicity has a particular need for such
methods due to i) a large backlog of substances to be evaluated, ii) an especially high demand
in resources and animals, and iii) the difficult issue of data interpretation in this field.
Moreover, it is well-established that the developing central nervous system is particularly
susceptible to chemicals (van Thriel, Westerink et al. 2012, Smirnova, Hogberg et al. 2014).
Currently, developmental neurotoxicity is tested by particularly labor-intensive in vivo
experiments according to OECD test guidelines TG 426, which requires exposure of animals
during gestation and lactation, and the offspring are analyzed for histopathalogical, functional
and behavioral abnormalities. As this in vivo test is too expensive to allow the analysis of
thousands of untested but marketed chemicals, alternative tests are urgently needed to
prioritize test compounds for further analysis by more extensive studies (Leist, Hasiwa et al.
2014, Bal-Price, Crofton et al. 2015).
To reach this goal, human embryonic stem cell (hESC)-based test systems have recently been
developed (Leist, Bremer et al. 2008, Colleoni, Galli et al. 2011, Harrill, Freudenrich et al.
2011, Jagtap, Meganathan et al. 2011, Bal-Price, Coecke et al. 2012, Meganathan, Jagtap et
al. 2012, van Thriel, Westerink et al. 2012, Zimmer, Lee et al. 2012, Krug, Kolde et al. 2013,
Pallocca, Fabbri et al. 2013, Efthymiou, Shaltouki et al. 2014, Zimmer, Pallocca et al. 2014,
Wheeler, Wing et al. 2015). These test systems recapitulate different critical phases of
embryonic development during which the differentiating cells can be exposed to chemicals.
A particularly intensively studied phase is neural induction, when neural ectodermal
progenitor cells are formed. This critical phase is recapitulated e.g. by the cell system UKN1,
which recently has been optimized for transcriptomics approaches (Balmer, Weng et al. 2012,
Krug, Kolde et al. 2013, Balmer, Klima et al. 2014). In this in vitro system the known
developmental neurotoxicants valproic acid (VPA) and methylmercury have been shown to
induce specific and reproducible gene expression patterns that can easily be distinguished
from negative control compounds. Moreover, the system revealed concentration progression
principles with i) tolerated, ii) teratogenic but non-cytotoxic and iii) finally cytotoxic ranges,
at similar concentrations as in humans (Waldmann, Rempel et al. 2014).

70

Results Chapter 2 ─ A transcriptome-based classifier to identify developmental toxicants by
stem cell testing: design, validation, and optimization for histone deacetylase inhibitors
A next challenge in the UKN1 test system development is the establishment of gene
expression-based classifiers for compounds acting by similar mechanisms. Histone
deacetylase inhibitors (HDACi) have been chosen as a model compound in the present stud,
as they are known to cause neural tube defects in animals and humans (Nau, Hauck et al.
1991, Balmer, Weng et al. 2012, Kadereit, Zimmer et al. 2012). Inhibition of histone
deacetylases triggers large changes of the cellular transcriptome at in vivo relevant
concentrations (Jergil, Kultima et al. 2009, Werler, Ahrens et al. 2011, Theunissen, Robinson
et al. 2012, Krug, Kolde et al. 2013, Smirnova, Block et al. 2014, Waldmann, Rempel et al.
2014). Since VPA acts as a reversible inhibitor of enzyme activity, changes of the
transcriptome can in principle be reversible. Indeed it has been shown that up- or downregulated genes in developing neuronal precursor cells can return to control levels after shortterm exposure of 6 h. However, a longer exposure period of 4 days, which covered critical
time windows of development, led to transcriptional changes that were irreversible after
washout of the toxicant (Balmer, Klima et al. 2014). Besides VPA, five further HDACi were
studied, namely belinostat (PXD101), entinostat (MS-275), panobinostat (LBH589),
vorinostat (SAHA) and trichostatin A (TSA). Although these compounds differ in their
isoenzyme specificity (Khan, Jeffers et al. 2008), they all show potent inhibition of major
members of the HDAC family (HDAC-1, 2, 4, 6), and have all been developed for a similar
indication (tumor chemotherapy). Therefore, the six HDACi can be considered as a relatively
homogeneous group with respect to their mode of action.
As a second group, mercurial compounds (‘mercurials’) were studied, defined by the
commonality of having one mercury atom in their chemical structure: methylmercurychloride
(MeHg), thimerosal,

mercury(II)chloride

(HgCl2),

mercury(II)bromide (HgBr2),

4-

chloromercuribenzoic acid (PCMB), and phenylmercuric acetate (PMA). These compounds
form a more heterogeneous group than the aforementioned HDACi. They span from
inorganic salts (HgCl2) with ionized Hg2+, over small charged organomercurial ions (MethylHg+; Ethyl- Hg+ from thimerosal) to completely organic structures (PCMB). All mercury
compounds have a tendency to react with thiol, and therefore, they can modify proteins with
free cysteine groups (Bahr and Moberger 1954, Halsey 1955, Pekkanen and Sandholm 1971).
This can then lead to e.g. oxidative stress, inhibition of protein synthesis, and disruption of
calcium homeostasis (Suppl. Fig. S1). The most studied compound of the mercurials, MeHg,
is known from the catastrophic endemic diseases caused by contaminated food (Choi 1989,
Harada 1995, Ekino, Susa et al. 2007). It is also known to cause neural tube defects and other
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developmental disturbances. Therefore, it is considered a ‘gold standard’ compound of
human developmental toxicity (Grandjean and Herz 2011, Robinson, Theunissen et al. 2011).
The goal of the present work was to study whether i) the six HDACi can be recognized as a
homogeneous group based on gene array data, ii) whether they can be differentiated from the
mercurials, and iii) whether a classifier can be constructed based a support vector machine.
Finally, the gene set required for correct classification was optimized and reduced to a
minimum to facilitate routine testing. We report that an eight gene-based classifier correctly
identifies all tested HDACi. With this classifier, it should be possible to predict with a high
probability for any unknown compound if it acts as an HDACi.
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Results
Data structure of transcriptome changes triggered by histone deacetylase inhibitors (HDACi)
and mercurials
All experiments were performed under standard UKN1 test conditions, as described earlier
(Krug, Kolde et al. 2013). The twelve test compounds were tested under toxicologically
comparable conditions, i.e. at their respective highest non-cytotoxic concentrations. This
benchmark concentration (BMC) was determined experimentally within the UKN1 test
system. The concentrations used for microarray analysis reduced resazurin reduction of the
stem cells after 6 days incubation by≤ 10 % (Fig. 1A, suppl. Fig. S2). This anchoring of the
BMC, which was then used for gene expression analysis, to the respective cytotoxicity of
each toxicant correlated well with the biochemical mode of action within the group of
HDACi. The BMC overlapped with the known IC50 values for HDAC inhibition. A similar
mechanistic correlation was not possible for the group of mercurials due to their
heterogeneous and less-defined mode of action (Suppl. Fig. S1).
Four independent experiments (except for TSA (n= 5) and MeHg (n=5), and controls (n =
35)) were performed for each compound and one Affymetrix chip was analyzed per
experiment, resulting in four genome-wide expression profiles per compound. To obtain an
overview over the data structure (six HDACi, six mercurial and corresponding controls) of
the 85 microarray data sets, the raw data were normalized and used for a principal component
analysis (PCA). Visualization of the data along the first two principal components (PC)
indicated two distinct clusters. These correlated with the data of measurement of the
microarrays, and thus represented a typical batch effect in this type of experiment. The two
batches were differentiated along PC1, while the toxicant effect was mainly along PC2 (Fig.
1C). This was a favorable situation for use of batch correction algorithms, and accordingly,
the batch effect was perfectly removed by the ComBat algorithm. Visualization of the
corrected data set showed that all HDACi were shifted to the lower right-hand side of the
PCA plot (relative to controls). The position of the mercurials was more heterogeneous.
Three of them clustered close to the controls, while the others shifted to the upper right (Fig.
1D). As alternative data correction, we used an approach found earlier to be very helpful for
this type of experiments with microarrays from developing stem cells: the corresponding
untreated controls were subtracted from each treatment data set (Krug, Kolde et al. 2013).
After this procedure the PCA diagram showed a similar picture as after ComBat correction
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(Fig. 1E). Therefore, only control-subtracted data sets, without further batch correction, were
used for all further analysis of toxicants.
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Fig. 1: Data structure of transcriptome changes triggered by histone deacetylase inhibitors (HDACi) and mercurials
in human stem cells differentiating to neuroectoderm. Stem cells were differentiated towards neuroectodermal progenitor
cells within six days of differentiation (DoD6) as indicated on top. (A) The highest non-cytotoxic concentration
(corresponding to EC10(cytotoxicity)) of all test compounds was determined in a viability assay. This “benchmark
concentration” (BMC) was used for obtaining transcriptome data of HDACi and mercurials in this study. The BMC were
calculated, based on concentration-response curves of three independent experiments. (B) EC50 data for inhibition of HDAC
isoforms 1, 2, 4, 6 were retrieved from the literature (Khan et al., 2008). They are indicated by a black line, and the
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respective BMC in our study is indicated as red dot. (C) The data structure of all transcriptome data sets was dimensionalityreduced and presented in form of a 2D-Principle Component Analysis (PCA) diagram. Data show a typical batch effect
(offset of controls) which segregated with measurements from different sets of biological samples. (D) The ComBat batch
correction algorithm perfectly aligned the controls, and led to compound-wise clustering on the PCA diagram. (E)
Alternatively, respective control values were subtracted from treated samples. This simple manipulation also led to a
satisfying batch correction and clustering of data points according to toxicants. Each point represents one experiment (= data
from one microarray), and the color coding (labelled in E for data in C-E) indicates the compound used in the experiment.

Overview of transcriptional changes induced by HDACi and mercurials
For a first comparison, the probe sets (PS) with the highest variability across all toxicants
(after subtraction of controls) were determined and used for cluster analysis. Two groups
each of mercurials (weak / strong gene regulators) and HDACi (TSA and VPA / the other
four) emerged. The data indicated that HDACi can be separated from mercurials, and that
more powerful statistical approaches should be able to separate the toxicant groups in an
unbiased way (Fig. 2A). As a basis for such follow-up work, all differentially expressed
genes (DEG) were identified (Fig. 2B). Amongst the HDACi, belinostat and SAHA
deregulated clearly less genes (about 350-500) than the other four members of the group
(1000 – 3500 genes). Amongst the mercurials, HgCl2 and thimerosal hardly affected the
transcriptome, MeHg, HgBr2, and PCMB deregulated about 400-900 genes, and PMA about
2800 genes. Thus, the quantitative extent of transcriptome deregulation was very
heterogeneous within the toxicant groups, did overlap between HDACi and mercurials, and
did not correlate with the clustering of compounds. This pre-condition was ideal to examine
the specific transcript changes that were common to all HDACi, and that distinguished
mercurials from the former group.
It was particularly striking, that hardly any gene deregulation occurred for some mercurials,
even though the toxicant concentrations reached the limit of cytotoxicity. This may be due to
the fact that mercurials can react with sulfur center enzymes pivotal for survival, and thus
quickly lead to cell death. In order to get an indication, whether the cytotoxicity thresholds
for these compounds are related to the inhibition of enzymes carrying e.g. an active cysteine
in their catalytic center, we chose the cysteine protease caspase-3 as model system. For all six
mercurials, we observed enzyme inhibition at concentrations below the BMC selected here,
and full inhibition of caspase-3 occurred close to the concentration used in our study for
microarray analysis (Fig. 2C). Parallel experiments with HDACi showed that no caspase
enzyme inhibition at all occurred in the range relevant for this study. Thus, while HDACi
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alter transcription as part of their primary mode of action, they indirectly halt the cell cycle,
or kill cells if dysregulation gets too large. In contrast to this, mercurials rather inhibit
enzymes as primary mode of action. This may directly kill cells without allowing new
transcription to occur, if a certain threshold is exceeded. Alternatively, this may lead to cell
stress, associated with altered transcription.
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Fig. 2: Characterization of transcriptional changes induced by HDACi and mercurials. (A) Differentiating cells were
treated for six days by toxicants (four samples per compound; as in Fig 1) before RNA was prepared and gene expression
was measured on Affymetrix microarrays. The 50 genes with highest variance between all samples were selected for
clustering (= clustering set). Then, all samples were clustered (Euclidean distance) on the basis of gene expression values for
this set. The results are represented as heatmap with each row representing one gene, and the colour of each square
indicating the absolute gene expression level (blue: low; green: middle; yellow: high). (B) Number of differentiallyexpressed genes (DEG) after exposure to toxicants compared to untreated controls (detailed data are shown in supplemental
material). (C) Recombinant active caspase-3 was incubated for 30 min with respective mercurials at indicated
concentrations. Then, the enzymatic activity was determined by a fluorometric assay. The caspase activity is represented in
percentage relative to untreated control enzyme. The BMC of the respective mercurial (used in this study for microarray
analysis) is indicated by a red line; data are means ± SEM; n = 3.
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Identification of HDACi consensus genes.
As we had obtained information on transcriptional changes triggered by six compounds, all
linked by their capacity to inhibit HDACs, we asked the question whether a common
(signature) effect of HDACi on neuro-differentiation of human stem cells can be identified.
We determined for each DEG the number of HDACi and of mercurials that regulated it. For
instance, 64 genes were up-regulated by all six HDACi; 17 were down-regulated. Amongst
these, 18 were regulated by all HDACi, but no mercurial; 24 genes were regulated by at least
5 HDACi and at least 4 mercurials (of those 20 up and down). The latter group may be used
as general developmental toxicity indicators. In this way, different consensus regulation
groups were identified, and we defined the genes that were regulated by at least 4 HDACi as
the HDAC consensus group (independent of being co-affected by mercurials or not). We
identified 405 up-regulated and 190 down-regulated “HDACi consensus genes”. On the other
hand, we defined in the same way 53 up-regulated and 12 down-regulated mercurial
consensus genes (Suppl. Fig. S3).

Characterization of the HDACi consensus transcriptome effect in neurally-differentiating
stem cells
The top 20 transcripts up-regulated by HDACi comprised neural crest transcription factors
(TFAP2A, FOXD3; > 10-fold regulation) and transcripts that are expressed in the
mesodermal lineage (TFAP2B, ENDRA, DACT1). Moreover, the pluripotency gene Nanog
was 5-fold less down-regulated in the presence of HDACi than observed usually in the UKN1 system (Balmer, Weng et al. 2012). Among the top 20 down-regulated HDACi consensus
transcripts, a broad array of neuronal transcription factors was found (with relative fold
changes of 2-3) (Fig. 3A).
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Fig. 3: Characterization of the HDACi consensus transcriptome effect in neurally-differentiating stem cells.
Differentiating cells were treated as indicated in Fig. 1 and used for whole transcriptome analysis. From the differentially
expressed genes (DEG) we identified 405 up-regulated and 190 down-regulated “consensus genes”, each of them regulated
by at least four HDACi; (cut off: FC > 1.5). For each consensus gene, the mean fold change (FC) of all 6 HDACi was
calculated and used for further analysis (detailed data are shown in supplemental material). (A) The top 20 up- and downregulated consensus genes are displayed. (B) The gene ontology (GO) categories overrepresented amongst up- and downregulated consensus genes (p < 0.05) were classified into 7 superordinate cell biological processes: neuro(nal development),
mesoderm(al development), general development, migration/adhesion, neural crest, general cellular function/signalling and
uncategorized) and presented as ring diagram to visualize the relative distribution. The number of GO categories in each
group is indicated. (C) The top 30 up- and down- regulated consensus genes were classified into 7 superordinate cell
biological processes. (D) KEGG pathways overrepresented amongst consensus genes were identified and the 5 with the
lowest p-values are displayed. The numbers of total genes and the numbers of HDACi consensus genes are shown for each
pathway.
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To obtain an overview over the main biological processes affected by HDACi, the gene
ontology terms (GOs) overrepresented amongst up- and down-regulated consensus genes
(p < 0.05) were grouped into 7 superordinate cell biological processes (e.g. neuro(nal
development), mesoderm(al development)) and the number of GOs in each category was
counted. More than 50% of the up-regulated GO categories were associated with mesoderm /
mesodermal development (18 categories; e.g. cartilage development), migration/adhesion (4
categories; e.g. positive regulation of cell migration) and neural crest (4 categories; e.g.
neural crest development, neural crest cell migration). This was indicative of erroneous
development away from central nervous system /forebrain formation usually observed in
UKN1 (Balmer, Weng et al. 2012, Balmer, Klima et al. 2014). This was well-consistent with
the observation that the GO categories overrepresented amongst down-regulated DEG were
mainly associated with neuronal development (7 out of 9 categories; e.g. brain development,
forebrain patterning and glia cell fate commitment) (Fig. 3B). This pattern was confirmed by
the top 30 most-highly regulated individual gens: the group of up-regulated genes contained
neural crest markers and transcripts that are expressed in the mesodermal lineage. Among the
top 30 down-regulated HDACi consensus transcripts we identified crucial markers for
neurodevelopment such as LHX2, HES5, SIX3 (homeobox protein SIX3; crucial for
forebrain development; mutations: holoprosencephaly) and ARX (aristaless related
homeobox; mutations are associated with neurological and neurodevelopmental disorders
such as lissencephaly, epilepsy, mental retardation) (Fig. 3C). The KEGG pathways
overrepresented amongst up-regulated genes (cell adhesion molecules, ECM-receptor
interaction, melanogenesis) and down-regulated genes (WNT signaling, axon guidance)
largely confirmed above findings on altered cell differentiation / function (Fig. 3D).
Altogether, the biological response of HDACi leads to a loss in efficient neuroectoderm
differentiation and induced a shift in differentiation towards neural crest/mesoderm linage.

Detection and visualization transcription factor (TF) networks affected by HDACi
To study the changes triggered by HDACi in a systems biology context, we examined
whether they may be explained by some coordinated action of defined transcription factors or
transcription factor networks.
As first approach, TF binding sites (TFBS) were identified, that were overrepresented in the
promoters of the HDACi consensus genes. Amongst the up-regulated genes, binding sites for
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109 TF were overrepresented, and the particularly significant (p-value < 10-16) ones included
SOX9, FOXD3 and LHX3. Overrepresented TFBS amongst the down-regulated consensus
genes suggested regulations by SOX2, TBP, PAX6 and SRY (all p-values < 10-9). Notably,
many TFBS were overrepresented amongst up- and down-regulated genes (e.g. SOX9,
FOXD3) (Suppl. Fig. S4).
As second approach, we mapped the changes triggered by HDACi to the human TF network.
As platform for this, such a network had to be constructed: the CellNet data base (Cahan, Li
et al. 2014) was used (2839 microarray sets from all major tissues) to build a generic human
TF network based on statistical co-expression information. The predicted network exhibited a
modular structure that was analyzed by defining clusters of TF with increased connectivity.
Each cluster was examined for overrepresentation of GO terms, in order to identify biological
processes predominantly controlled by the genes in the respective cluster. The clusters were
assigned names according to the most prominent overrepresented GO terms (Fig. 4A). This
extensive human TF network was used first to visualize main processes relevant to the UKN1
test system as such. For this purpose, all TF that were significantly up-regulated during the
normal differentiation of human stem cells towards NEP were identified and labelled on the
TF map. They were found predominantly in only few clusters: this localization of TF
important for UKN1 in sub-networks related to ‘forebrain development’, and ‘neuronal
development’ suggested a biological relevance of the mapping. Moreover, localization of
many of the remaining TF in ‘general cellular function/signaling’, ‘cell growth/cell division’,
and in the mixed cluster named ‘muscle/proliferation’ (constituted of TF coding for these
diverse biological processes) reflected the active and dynamic developmental processes going
on in the UKN1 system (Fig. 4B).
Having probed the relevance of the TF map and its reflection of important regulation within
the UKN1 system, we used it to map the HDACi consensus genes. These were highly
localized to few clusters: ‘forebrain development’, ‘neuronal development’, ‘neuronal fate’,
‘muscle/proliferation’, and ‘response to external stimulus’ (Fig. 4C). This indicated that
HDACi may share a developmental toxicity mode-of-action, which involves dysregulation of
few TF-subnetworks pivotal to neuronal development.
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Fig.4: Detection and visualization transcription factor (TF) networks affected by HDACi. (A) The CellNet database
(2839 microarray sets from all major tissues) was used to construct a generic human TF network, based on statistical coexpression information and graph-theoretical design principles. Each node represents a TF gene, and each edge suggests coregulation. The edge lengths is driven by the number of edges on neighbouring nodes, not by the strength of co-regulation.
Nodes are placed according to the Fruchterman-Reingold algorithm. Clusters (coded by same colours) were defined by an
optimization algorithm that tries to maximize the modularity of the division of the graph into clusters. Then GO term
overrepresentation analysis was performed for each cluster to identify its biological role, and naming of the 16 clusters is
based on these findings. (B) The set of genes significantly up-regulated on DoD6 vs DoD0 (p < 0.05; FC ≥ 2.0) was
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retrieved from Balmer et al., 2014, and the TF of this gene set were marked (red dots) in the TF network (see large, scalable
version in supplemental material). (C) All TF were identified amongst the HDACi consensus genes, and marked in the TF
network (blue: down-regulated; red: up-regulated). This diagram indicates, together with information from (A), which parts
of the TF network are affected by at least 4 of the 6 HDACi used here.

Instead of the above direct mapping of the TF found within the HDACi consensus genes, we
used also a second bioinformatics approach that may more comprehensively cover this whole
set of genes: TFBS that were overrepresented amongst the consensus genes were identified in
order to identify the TF that would be responsible for the regulation of the HDACi consensus
genes. These TF were then marked on the TF map to study the underlying networks. Again, a
relatively selective localization in the clusters of ‘neuronal fate and neurodevelopment’
became evident (Suppl. Fig. S6).
In addition, we calculated tissue specificity of all TF in the TF network, and produced thus a
list of tissue-specific TF (Suppl. Fig. S9). We found that in the UKN1 system, mostly
neuronal TF were up-regulated on DoD6. When HDACi consensus genes were examined,
neuronal TF were most highly represented amongst down-regulated consensus genes, while
skin and ESC TF were most highly represented amongst up-regulated genes (Suppl. Fig.
S9B, C).

Establishment of a classifier for identification of HDACi
After the characterization of the set of HDACi consensus genes, we assumed that the
relatively stereotypic response triggered by HDACi on the transcript level should form a
good basis for the identification of a gene expression-based classifier. A support vector
machine (SVM) approach was used to identify weight factors for the 100 probe sets (PS) with
the highest variance across all samples (Suppl. Fig. S7). The resulting SVM allowed for
discrimination of the 6 HDACi from the 6 mercurials (Fig. 5). As initial validation of the
classifier, a ‘leave-one-out’ approach was used, and 46 out of 48 predictions (12 compounds
x 4 replicates) were correct (Fig. 5A).
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Fig. 5: Design of a transcriptome-based classifier to identify HDACi. The scheme on top illustrates the setup of a support
vector machine (SVM) based classifier for HDACi. The numbers denote data sets for the 12 toxicants used in this study.
Colours denote a grouping in mercurials (blue) and HDACi (orange). Below, the principles of leave-one-out (left) and leavetwo-out classification are shown. For instance, when chemical-4 is “left out”, this means that the other 11 compounds are
used to build a classifier according to the rules specified above. Then it is tested, how well the classification applies to
chemical-4. For leave-two-out, the procedure is similar, in that a classifier is built from 10 remaining chemicals to predict
one of the compounds left out (e.g. chemical-8). (A) The classifier was validated by a leave-one-out procedure. The
calculated probabilities for a toxicant to be an HDACi are shown for each of the four replicate samples and the overall
prediction is shown in the last column. (B) Validation of the SVM classifier by a leave-two-out procedure. The rows indicate
which compound was left out in addition to the predicted one. The probabilities (prediction) to be an HDACi are presented
(for the 144 combinations) as mean of four independent experiments in a cross table. Probabilities > 0.5 predict for a
compound to be an HDACi (red) and < 0.5 predict for a mercurial (blue). Incorrect predictions are indicated by a red frame.
(C) The SVM-based classifier was used for leave-one-out, leave-two-out, leave-3-out, and leave-4-out prediction of
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belinostat being an HDACi. Predictions were performed for each of the 4 replicates and each prediction is represented by a
single dot. To demonstrate the role of entinostat for the correctness of the prediction, cases in which entinostat was amongst
the left-out compounds are marked in red.

In a second step, a ‘leave-two-out’ scenario was considered. For this, two of the compounds
were left out to be predicted by the ten remaining substances. After averaging of the four or
five replicates per compound, this resulted in 132 classifications, with 129 being correct.
Belinostat was incorrectly classified as a mercurial, when entinostat was left out, and vice
versa. PMA was classified as HDACi when mercury(II)bromide was left out (Fig. 5B). The
prediction of belinostat as HDACi seemed to represent the most difficult case, and we used
this example to study the role of entinostat being included in the classifier or not. In a leavetwo-out approach, 44 predictions were made for belinostat being an HDACi (Fig. 5C). While
42 were correct, two false ones were observed when entinostat was left out in addition to
belinostat. In a ‘leave-three-out’ simulation, 220 predictions were made, and most of the
incorrect ones occurred when entinostat was amongst the left out compounds. The fraction of
false classifications increased in a ‘leave-four-out’ approach, and more than 80% of these
false classifications occurred when entinostat was left out. Therefore, correct classification of
belinostat requires that the data of entinostat are available for classifier building. A similar
pair of dependent compounds was also found amongst the mercurials. Here the omission of
HgBr2 leads to a wrong classification of PMA (Fig. 5B). The reason why pairs of compounds
depend on each other becomes plausible considering their specific position in the PCA (Fig.
1E). Entinostat and belinostat are the two HDACi closest to the three mercurials in the lower
left of the PCA plot. It is plausible that omission of either entinostat or belinostat will render
classification of the second compound more difficult. Similarly, the mercurial PMA is
relatively close to the HDACi valproic acid (Fig. 1E). This explains why omission of its
closest neighbor among the mercurials, HgBr2, will render the classification of PMA
unstable.
Validation of the transcriptome-based classifier to identify HDACi.
After the internal validation by leave-n-out approaches had suggested that the full classifier
(all 12 compounds) works with good predictivity, we preceded to independent validation
approaches based on external data sets. For this we used published data obtained from the
UKN1 system.

85

Results Chapter 2 ─ A transcriptome-based classifier to identify developmental toxicants by
stem cell testing: design, validation, and optimization for histone deacetylase inhibitors
Fig. 6: Validation of the transcriptome-based
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First, we used a data set on the effect of different VPA concentrations, for which we had
earlier identified the range at which developmental toxicity is observed in the UKN1 test
(Waldmann, Rempel et al. 2014). The eight concentrations ranged from 25 µM to 1000 µM,
and the different conditions mapped to largely different positions on the PCA plot used above
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to show the 12 test compounds of the present study (Fig. 6A). The classifier did not recognize
VPA as an HDACi at the two lowest tested concentrations of 25 µM and 150 µM. At
concentrations of 350 µM and higher, classification was excellent, with probabilities close to
100%. This classification correlated with clinical observations on concentrations that trigger
developmental toxicity and with our previous results suggesting that VPA is not affecting
neurodevelopment of UKN1 at these low concentrations (Fig. 6A). Thus, the classifier
appeared to be specific for concentrations of an HDACi relevant for developmental toxicity,
and not just any HDACi concentration. Good sensitivity of the classifier was suggested by
the fact that VPA concentrations of 350 µM were classified with a probability of 97% as
HDACi, although such a concentration triggered a much smaller transcriptome effect than
e.g. 600 µM or 800 µM of the compound (Waldmann, Rempel et al. 2014).
As second approach, we used a data set based on exposure of UKN1 to HDACi for various
time periods. We employed these legacy data, as previous studies had identified conditions
(e.g. short exposure for 24 h) that did not cause developmental effects, vs other conditions
(e.g. 4-6 day exposure) that were associated with toxicity. Short exposures triggered a
pronounced transcriptome response, but the regulated genes were different from the ones
found after prolonged exposure (Balmer, Weng et al. 2012, Balmer, Klima et al. 2014). We
assume that mRNA changes triggered shortly after drug exposure reflected direct actions of
HDACi on the cells at the given developmental stage, while longer exposure changed the
overall developmental track, and thus affected many genes indirectly. Therefore it is
important to consider also the timing of treatment when using a classifier approach as
described here (Fig. 6B). Exposure to VPA for 6 h or 1 day triggered a high number of
deregulated genes (Balmer, Klima et al. 2014), but this pattern of transcriptome change did
not allow classification as HDACi (Fig. 6C). In contrast to this, exposure for 4 and 6 days
resulted in an excellent classification with probabilities close to 100%. Similar findings were
obtained for TSA, a second HDACi. In this case, time window of exposure was varied in
even more conditions, and in all cases that led to developmental toxicity, the classifier had a
high value. Conditions that led to other types of transcriptome changes (reversible, and not
associated with developmental toxicity) resulted in a low probability value from the classifier
(Fig. 6D).
In conclusion, correct classification required both a relevant concentration and a relevant
exposure period and time window. These two requirements render the classifier relatively
specific for developmental toxicity of HDACi, as opposed to other biological effects common
to this group of drugs.
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Establishment of an optimized classifier based on 8 genes
For routine testing it would be more practical, if compound classification could be achieved
by analyzing a smaller number (< 100) of genes than the one used for our classifier.
Therefore, the PS used for classification were sorted according to their variance across all
compounds (Suppl. Fig. S7), and then this list of 100 PS was sequentially (starting at the one
with lowest variance) reduced in steps of one. Each new classifier was validated by the
‘leave-one-out’ approach to determine how many of the 12 compounds are correctly
predicted. This analysis illustrates that all 12 compounds still remain correctly predicted
when the number of PS is reduced down to 49. Further reduction to 48 PS and lower led to
some false predictions. However, the proportion of false predictions was small (< 10%) and a
10-PS classifier predicted all compounds correctly for the ‘leave-one-out’ concept (Fig. 7A).
The apparently discontinuous change of predictivity (e.g. 10-PS classifier better than 48-PS
classifier) is due to the procedure chosen here of sequentially leaving out PS from an ordered
pre-defined list. In this list, the weight given to individual PS depended on all other PS in the
respective classifier and changed with each step. This explains for instance that, leaving out
member 48 plus 49 produced a better classifier than leaving out only member 49. Each of the
100 classifiers obtained above was also validated by the leave-two-out approach. The three
false predictions displayed in Fig 5B led to an initial predictivity of 97.7%. This remained
constant up to a reduction to a 58-PS classifier (threshold of maximum predictivity), and then
slowly decreased. For the 10-PS classifier, 96.2% predictivity was obtained, and afterwards
the quality deteriorated rapidly. Thus, 10 PS were considered as the limit for building a
classifier of acceptably high AND robust predictivity (Fig. 7A). The quality of the 100- and
the 10-PS-based classifiers was compared in detail for all leave-one-out and leave-two-out
predictions (Fig. 7B). While both classifiers worked well for the leave-one-out approach, the
100-PS classifier was superior for some of the leave-two-out predictions. The three
compounds in the upper left square of Fig. 7B were only correctly predicted by the 100 PS
classifier, while three false predictions were the same for both classifiers. Overall the
correlation was high enough for further use of the small classifier in further studies and
additional validation experiments.
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Fig. 7: Establishment of an optimized classifier based on 8 genes. (A) Initially, 100 PS were used for the SVM classifier.
For further optimization, the number of PS was continuously reduced by one PS (selected randomly) and for each step the
proportion of correct prediction for a toxicant being an HDACi was calculated using the leave-one-out strategy (red dots)
and leave-two-out strategy (black dots). The thresholds for "acceptable predictivity" and "maximum predictivity" are
indicated by a dashed line. (B) The results of probability predictions for a toxicant being an HDACi determined by a 100 PSbased SVM classifier (as described in Fig. 3) was compared with a 10 PS-based SVM classifier (derived from A) in a
correlation scatter plot. Note: When an HDACi was predicted to be an HDACi, with p = 0.7, the data point was logged at
0.7. When a mercurial was predicted to be an HDACi, with 0.3, the data point was logged at 0.7 (with HDACi prediction as
reference point). The results under leave-one-out conditions are presented as large dots and under leave-two-out conditions
as small dots. For the three leave-two-out wrong predictions, the respective compound pairs are listed. (C) For the genes
constituting the minimal HDACi classifier (10 PS, corresponding to 8 genes), function, role and regulation (mean fold
change (FC) of all 6 HDACi) are listed (for references see suppl. Fig. S7). (D) The changes in expression of the 8 HDACi
classifier genes (from the 10-PS classifier) induced by HDACi (red) and mercurials (blue) are graphed.
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The 10 PS of the optimized classifier correspond to 8 genes (Fig. 7C), five of which are
transcription factors. Three of the genes are down-regulated by HDACi, and 4 are strongly
up-regulated. In general, the behavior of each of these genes differed between HDACi and
mercurials, although some heterogeneity was evident also within each group of toxicants
(Fig. 7D). Relatively little intra-group variation was e.g. observed for FoxD3. This gene
would ‘on first sight’ have been sufficient alone to classify HDACi and mercurials (all of the
HDACi showed higher expression levels than the mercurials). However, such a simplified
approach would neglect the problem of multiplicity-of-testing, and statistical variation
associated with each measurement. This means that when testing 50,000 PS as potential
classifiers for 12 compounds, there is a certain chance to obtain a profile such as the one of
FoxD3 by chance. In contrast to this, an 8-gene classifier will be more robust and provides a
statistically sound basis for classification under real-life conditions and with additional
compounds being measured.
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Discussion
The present study was performed with the stem cell based test system UKN1 that
recapitulates neural induction during a six-days process. For the classification study we used
six histone deacetylase inhibitors (HDACi), because they can be expected to act by a similar
molecular mechanism (Khan, Jeffers et al. 2008). The goal of the classification study was to
test whether the HDACi can be identified, and whether they can be differentiated from six
compounds containing mercury (‘mercurials’), and known to act by heterogeneous
mechanisms. The lack of overlap between the transcriptome changes of mercurials (only 2 PS
altered by > 4 compounds) gives evidence that the six analyzed mercurials do not represent a
homogeneous group of compounds all acting by similar mechanisms; this corresponds to the
information from the PCA plots, where the mercurials cluster at two distinct positions in the
principle component space (Fig. 1B). The main finding of the study was that a support vector
machine-based algorithm correctly predicted each of the 12 compounds. The robustness of
the classification is underlined by the fact that not only the prediction of each compound defined by the mean value of the four to five biological replicates per compound – but also
the prediction of 46 of 48 individual replicate (represented by a chip) was correct.
A second outcome of our study was the identification and characterization of HDACi
consensus genes for UKN1 standard test conditions. All six HDACi deregulated altogether 81
genes, and nearly six hundred were deregulated by at least four HDACi (405 up; 190 down).
However, in this context, it is important to revisit the concept of such consensus genes. In
earlier studies, an overlap in the response to HDACi has been interpreted as evidence for the
existence of an HDACi response pattern (Jergil, Kultima et al. 2009, Kultima, Jergil et al.
2010) Such ‘HDAC genes’ were also confirmed upon short exposure to VPA in an
embryonic stem cell test system (Theunissen, Robinson et al. 2012). However, it became
clear that HDACi can change up to 10-20% of the genes of the genome, and it was shown
earlier that closely related hESC-based systems responded very differently to VPA (Krug,
Kolde et al. 2013). Moreover, the response triggered by VPA in the UKN1 system showed
hardly any overlap with HDACi responses in mESC or tumor systems (Copp, Greene et al.
2003, Harris and Juriloff 2007). Thus, the concept of ‘consensus genes’ needs to be refined:
(i) they are specific to the cell type studied; (ii) they are specific (with a given cell type and
drug) for the exposure time at which they are measured (Balmer, Klima et al. 2014); (iii) they
change with drug concentrations, at least when the drug reaches a cytotoxic level
(Waldmann, Rempel et al. 2014), and (iv) they mainly reflect the changed differentiation
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state of the cells after long-term exposure. The high number of HDACi consensus genes
identified here gives thus a good description of the altered cellular state, which deviated from
the normal endpoint of UKN1, and which is diverted in similar ways by all HDACi.
This is an extension of our previous findings that TSA and VPA (HDACi with a >10,000fold difference in potency and with little structural similarity) shared a large proportion
(about 70%) of their regulated probe sets. Analysis of the overlap of the genes up-regulated
by the two HDACi TSA and VPA had suggested that HDACi trigger the differentiation of
UKN1 cells to several other (unwanted) cellular lineages, such as the cardiovascular system,
neural crest, skeletal system, and glands, instead of neuroectoderm. Such assumptions were
corroborated here. Our new data provide a more solid basis for HDACi consensus genes in
the UKN1 system than older data obtained with VPA. Of the six marker genes used
previously to further characterize the effects of VPA, only two (Pax6 and Nanog) are in the
new set of consensus genes. For instance OTX2, used in our previous studies on VPA and
TSA (Balmer, Klima et al. 2014) was here indeed down-regulated VPA and TSA and PMA,
but not by the others HDACi.
With respect to developmental defects modelled by the UKN1 system, we examined whether
any of the HDACi consensus genes are known for disturbances of neural tube formation from
mouse knock out studies and other experimental evidence. We found that 2 (GLI3 and NF1)
of the down-regulated consensus genes, and several of the upregulated ones are indeed
associated with neural tube formation pathology (Copp, Greene et al. 2003, Harris and
Juriloff 2007, Harris and Juriloff 2010).
Concerning the specificity of the consensus genes, 151 (121 + 30) of them were not regulated
by any mercurial, and 185 additional ones were only affected by one of the mercurials. This
indicates a distinct difference between developmental dysregulation triggered by the group of
HDACi and other chemicals. On the other hand, there were also few genes that were
regulated by all HDACi and at least four mercurials. This small group of genes may be robust
indicators of a generally disturbed development in the UKN1 system and could be considered
as compound-independent biomarker candidates. The up-regulated ones comprised: BAG2,
COL1A2, GABRB3 (link to several neurodevelopmental diseases), GREM1 (control of
organogenesis, BMP antagonist), PHLDA2 (placenta growth, imprinted, tumor suppressor),
TFAP2A (neural crest development), NQO1 (oxidative stress). The two down-regulated ones
were NCALD (neurocalcin delta, neuronal calcium sensor), PRSS23 (ovarian serine
protease).
92

Results Chapter 2 ─ A transcriptome-based classifier to identify developmental toxicants by
stem cell testing: design, validation, and optimization for histone deacetylase inhibitors
Assignment of identified genes to superordinate biological processes, and if possible to key
events of adverse outcome pathways (Bal-Price, Crofton et al. 2015) or other toxicological
mechanisms (Grinberg, Stober et al. 2014) is an important step from data generation to
increased toxicological information. We used here common approaches such as the analysis
of gene groups for overrepresented GOs and KEGG pathways. However, we also went one
step further by aligning the identified transcript changes with a human transcription factor
network constructed specifically for this purpose. Until now, KEGG pathways cover TF
networks only to a limited extent, and further refinement of this approach (Rahnenfuhrer and
Leist 2015) may lead to the identification of subnetworks as regulatory principles explaining
waves of transcript changes and windows of sensitivity to toxicants during defined
developmental phases (Kuegler, Zimmer et al. 2010, Zimmer, Kuegler et al. 2011).
An important question is at which concentration the cells of the UKN1 test system should be
exposed to test compounds to guarantee correct classification. Previous studies have shown
that relatively small increases in concentrations may have massive consequences on the
numbers of deregulated genes (Krug, Kolde et al. 2013). Moreover, additional cell death
associated genes become deregulated when cells are exposed to cytotoxic concentrations
(Waldmann, Rempel et al. 2014). Theoretically, cell death associated genes may compromise
classification when exposure is performed with cytotoxic concentrations. On the other hand
critical genes may not yet be deregulated at too low concentrations which might lead to false
negatives. To avoid such problems it is current practice to perform a concentration range
finding study to identify a concentration of just beginning cytotoxicity (benchmark
concentration, (Krug, Kolde et al. 2013)). However, this procedure is technically challenging,
because the cytotoxic range may vary from experiment to experiment. Variability of the
benchmark concentration of 25% or even more is possible. For steep concentration response
curves this may lead to substantial differences in the number of deregulated genes. Due to
experimental variability it may, for instance, occur that a concentration identified as
benchmark in the concentration finding test causes a higher or lower cytotoxicity in the main
study for the gene expression analysis. Should such data be discarded? So far it has been
unclear whether testing at higher concentrations than the benchmark concentration has
consequences for hazard identification. To systematically address this question we used a set
of concentration dependent gene array data where VPA has been tested at eight
concentrations between 25 and 1000 µM. In previous comprehensive studies it has been
shown that 25-125 µM VPA corresponds to a concentration range of ‘tolerance’ where only
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weak gene expression responses occur and the development of the cells is not compromised
(Waldmann, Rempel et al. 2014). Concentrations between 150 and 550 µM represent the
‘teratogenic’ range with clear phenotypical alterations. Concentrations of 800 µM and higher
are cytotoxic, and 1000 µM represents the highest concentration where RNA of sufficient
quality still could be harvested. As expected, VPA was correctly predicted as an HDACi by
the here-established classifier only in the ‘teratogenic’ concentration range. Interestingly, the
classifier was negative in the concentration range of ‘tolerance’ where the predicted
probability of the classifier decreased from almost 0.97 (350 µM) to 0.10 (25 µM). A
surprising result was the correct prediction in the cytotoxic range. VPA at 800 and even 1000
µM lead to a classifier of 0.99 and was therefore equivalent compared to the ‘teratogenic’
range. Obviously, a ‘dilution effect’ by cytotoxicity associated genes did not occur to a
relevant extent. This result may be of high practical relevance, because it supports the
recommendation to perform the exposure for gene array experiments at relatively high
concentrations; exceeding the benchmark concentration may not be as critical as hitherto
expected. On the other hand too low concentrations, where less than 300 genes are
deregulated, should be interpreted with caution. It should, however, be considered that a
systematic concentration resolved classification study has so far only been performed for a
single compound (VPA) and further analyses are required before general conclusions can be
drawn.
The UKN1 test system includes a six days period for exposure to test compounds. For routine
testing shorter exposure periods would be convenient. Therefore, we performed compound
washout studies where the UKN1 cell system was exposed only during the first 6 or 24 h to
HDACi, followed either by direct analysis or an incubation period without test compound up
to day 6. In both cases the classifier did not recognize the compounds as HDACi. Also
exposures during the last 24 or 6 h of the 6-days differentiation period were insufficient. Only
4 days exposure followed by 2 days washout resulted in sufficient irreversible expression
alterations to correctly classify the test compounds. In conclusion, critical developmental
time windows occur during DoD 1 - 4. This period must be covered by compound exposure
to guarantee a sufficient sensitivity.
Stepwise reduction of the number of PS demonstrates that a classifier based on only 10 PS
still correctly predicts all 12 compounds if the ‘leave-one-out concept’ is used. These 10 PS
correspond to only 8 genes, because the classifier selected two PS for each of the genes
transcription factor AP-2 beta (TFAP2B) and endothelin receptor type A (EDNRA). At a first
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glance it may be surprising that only one gene (FOXD3) is in the overlap of the eight-gene
classifier (Suppl. Fig. S7) and the HDACi consensus signature (Fig. 3, suppl. Table S2).
However, this is a well-known phenomenon of high dimensional data (Fan 2006). Several
classifiers can be constructed that are based on completely different sets of genes but
nevertheless perform equally well. It should also be considered that the eight-gene classifier
was obtained by a multivariate algorithm and preselection of probe sets based on individual
variances, whereas the consensus list is based on simple overlap analysis of all gene up- or
down-regulated by all HDACi. Differentiation between HDACi and mercurials is relatively
easy in the present set of data and could even be achieved on the basis of only single genes,
such as for example FOXD3 (Fig. 7). However, the eight-gene based algorithm guarantee
more stability when additional compounds are tested.
In conclusion, an eight-gene based classifier allows the identification of HDACi in a human
stem cell based in vitro system. In future, it will be of interest to study whether further
signatures can be identified that can be linked to specific mechanisms of developmental
neurotoxicity.
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Materials and Methods
Materials
Gelatine, putrescine, selenium, progesterone, apotransferin, glucose and insulin, were
obtained from Sigma (Steinheim, Germany). Accutase was from PAA (Pasching, Austria).
FGF-2 (basic fibroblast growth factor), noggin and sonic hedgehog were obtained from R&D
Systems (Minneapolis, MN, USA). Y-27632, SB-43154 and dorsomorphin dihydrochloride
were from Tocris Bioscience (Bristol, UK). MatrigelTM was from BD Biosciences
(Massachusetts, USA). All cell culture reagents were from Gibco/Invitrogen (Darmstadt,
Germany) unless otherwise specified.
Neuroepithelial differentiation
The human pluripotent stem cell line H9 (Thomson, Itskovitz-Eldor et al. 1998) was cultured
according to standard protocols and differentiated into neuroepithelia progenitors (NEP) as
described earlier (Balmer, Weng et al. 2012, Krug, Kolde et al. 2013) as shown in Fig.1. The
H9 hESC line (WA09 line) was obtained from WiCell (Madison, WI, USA) and import of
cells and experiments were authorized under license # 170-79-1-4-27 (Robert Koch Institute,
Berlin, Germany). Differentiation of H9 towards NEP was based on dual SMAD inhibition
(Chambers, Fasano et al. 2009) by using the combination of 35 µM noggin and 600 nM
dorsomorphine together with 10 µM SB-431642. This was used to prevent BMP and TGF
signaling, and thus to achieve a highly selective neuroectodermal lineage commitment. For
handling details, see supplemental methods of (Balmer, Weng et al. 2012).
Experimental exposure and resazurin viability assay
During differentiation, cells were treated with respective HDACi and mercurials as indicated
in Fig. 1. On DoD0, medium was prepared as indicated in (Balmer, Weng et al. 2012) and
supplemented with the indicated concentrations of the respective HDACi or mercurials. All
concentrations were prepared from a respective stock solution. Medium, supplemented with
the toxicant was changed on DoD1, 2 and 4. In order to determine cytotoxicity, a resazurin
assay was performed on DoD6 exactly as described previously (Stiegler, Krug et al. 2011,
Krug, Kolde et al. 2013). A detailed list of the 6 HDACi and 6 mercurials and their tested
concentration range is shown in the table below.
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Compound

Stock

Solvent

Catalog #

concentration

Provider

Trichostatin A (TSA)

DMSO

5 mM

T1952

Sigma

Valproic acid (VPA)

Water

600 mM

P4543

Sigma

Vorinostat (SAHA)

DMSO

50 mM

SML 0061

Sigma

Belinostat (PXD101)

DMSO

100 mM

S1085

Selleckchem

Panobinostat (LBH589)

DMSO

100 mM

S1030

Selleckchem

Entinostat (MS-275)

DMSO

50 mM

Cay-13284-25

Biomol

Methylmercury (MeHg)

10% ethanol

10 mM

442534

Sigma

Thimerosal

Water

100 mM

T4687

Sigma

Mercury(II)chloride (HgCl2)

Water

200 mM

203777

Sigma

Mercury(II)bromide (HgBr2)

Water

10 mM

437859

Sigma

Phenylmercuric acetate (PMA)

Water

10 mM

P27127-25G

Sigma

4-chloromercuribenzoic acid (PCMB)

Water

100 mM

C5913-5G

Sigma

For determination of the benchmark concentration (BMC), each toxicant was tested at
multiple concentrations (exemplified in Supplementary Fig. S2) above and below the BMC.
Specific software was used, for curve fitting and BMC calculation. For microarray
experiments only single concentrations were used. In these experiments, the practical
procedure was as follows: incubations were performed until DoD6. Then cell viability was
controlled by visual inspection and by a resazurin assay. After sampling for resazurin
measurement, the medium was removed and RNA preparation started.
Affymetrix DNA microarray analysis
Cells were lysed in 500 µl RNA protect solution (Quiagen). RNA was extracted and
Affymetrix chip-based DNA microarray analysis (Human Genome U133 plus 2.0 arrays) was
performed exactly as described earlier (Krug, Kolde et al. 2013).
The corresponding raw CEL files of the Affymetrix chips are publicly available under GEO
[to be supplied at acceptance of the manuscript]. The differentially expressed probe sets for
each compound, including fold-changes and p-values of the Limma t test are given in
supplementary tables provided in an Excel file format.
Support vector machine-based classification
A Support Vector Machine (Cortes 1995) algorithm with linear kernel was used for the
discrimination between histone deacetylase inhibitors (HDACi) and mercurials gene array
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data sets (R-package 'e1071', functions 'tune.svm', 'svm' and 'predict.svm'). After subtracting
the corresponding controls, the number of variables was reduced as follows. For every
classification analysis, the 100 probe sets (PS) with highest variance within the training set
were selected from the original 54,000 PS. Then the function 'tune.svm' was applied for the
optimization of hyperparameters (with C = 2i with i = -5,-4, ... 1,2), the function 'svm' with
the option 'probability=TRUE' was used for building the classification model, and the
function 'predict.svm' was used for obtaining for each replicate of the compounds in the test
set the probabilities to belong to mercurials or HDACi. First, the SVM optimized the decision
boundary between the classes. Then a logistic regression with direction orthogonal to the
decision boundary was applied to calculate the probabilities.
In order to avoid over-fitting and to analyze the generalization properties of fitted models, we
split the original set of 12 compounds in training and test sets. For each split we used the
training set to build the classifier that includes 1) reduction of the variables, 2) optimization
of a hyperparameter C and 3) determination of a classification rule. Then we assessed the
accuracy on the test set with a ‘leave-out concept’ as follows. We performed a stability
analysis by choosing different sets of compounds as test set. The number of compounds in the
test set assumed values from 1 to 4, where a value of 1 corresponds to leave-one-out crossvalidation. The analysis with larger numbers (e.g. 3 for leave-three-out) helps identifying
compounds that are essential for a correct classification.
Construction of a transcription factor network
We downloaded raw data for the microarray samples referenced in the manually curated
CellNet tissue atlas (Cahan, Li et al. 2014), and combined them with data from test systems
UKN1 and UKK (Krug, 2013, Balmer 2014, Waldmann 2014). To obtain the expression
matrix, the samples were normalized together using RMA implemented in the R package
oligo. The co-expression network was constructed in two steps using functions from the
parmigene package for R. First, the mutual information matrix was computed by applying the
function knnmi.all with parameter k=9 on the expression matrix. Then we applied the clr
function from the parmigene package which implements the CLR algorithm. The coexpression network was subsequently restricted to genes annotated as transcription factors
(TFs)

in

the

Animal

Transcription

Factor

Database

(ATFDB,

[http://www.bioguo.org/AnimalTFDB/index.php]). The overlap of the genes detected by the
Affymetrix array and the ATFDB was 1300 genes. Links were drawn only for pairs of TFs
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with a score in the top 0.1% of all scores of co-expression. This yielded 1690 predicted
interactions between 847 TFs. Nodes were arranged in the network according to the
Fruchterman and Reingold's force directed placement algorithm provided by the R package
sna with area parameter area = 109.
Representation of UKN1 genes and HDAC consensus genes on the TF network
Communities of network nodes were determined by the fastgreedy.community function of the
R package igraph. Only the top 16 largest communities (= clusters) were analyzed for
enrichment of GO biological process annotations. The enrichment analysis was performed
with the R package topGO using the classic method and fisher test statistic. We selected
representative terms for each community from the top enriched terms with an unadjusted pvalue < 0.05. The clusters annotated in this way were overlayed with HDAC consensus genes
or TF genes known to be upregulated on DoD6 vs DoD0. Alternatively, all HDACi
consensus genes were pooled (up + down), and overrepresented TF binding sites TFBS were
determined (see below). Overrepresented TF were overlayed with the generic TF network.
Caspase-3 inhibition assay by mercurials
Recombinant human caspase-3 (Millipore; CC-119) (0.25 U/ 200 µl reaction volume) in 50
mM Hepes, pH 7.4 containing 1 % sucrose and 0.1 % Chaps was treated with the respective
mercurials at 37°C for 20 min. Caspase-3 activity was then determined by the addition of the
substrate N-Acetyl-Asp-Glu-Val-Asp-7-amido-4-trifluoromethyl-coumarin (NAc-DEVD-afc)
(50 µM). Formation of free afc was assessed by fluorescence detection (λex 385 nm; λem 505
nm) at 1 min intervals over 20 min.
Statistical analyses
The following analyses were performed using the statistical programming language 'Rversion 3.1.1'. For the normalization of the entire set of 85 Affymetrix gene expression
arrays, the Extrapolation Strategy (RMA+) algorithm (Harbron, Chang et al. 2007) was used
that applies background correction, log2 transformation, quantile normalization, and a linear
model fit to the normalized data in order to obtain a value for each probe set (PS) on each
array. As reference the normalization parameters obtained in earlier analyses (Krug, Kolde et
al. 2013) were used. After normalization, the difference between gene expression and
corresponding controls was calculated (paired design). Differential expression was calculated
using the R package limma (Smyth, Michaud et al. 2005). Here, the combined information of
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the complete set of genes is used by an empirical Bayes adjustment of the variance estimates
of single genes. This form of a moderated t-test is abbreviated here as 'Limma t test'. The
resulting p-values were multiplicity-adjusted to control the false discovery rate (FDR) by the
Benjamini-Hochberg procedure (Benjamini 1995). As a result, for each compound a gene list
was obtained, with corresponding estimates for log fold change and p-values of the Limma t
test (unadjusted and FDR-adjusted).
Correction of batch effects. Non-biological experimental variation is known as batch effect
and commonly observed across batches of microarray experiments. For batch correction
various approaches have been suggested in the literature (Scherer 2009). In this analysis we
used ComBat (Johnson, Li et al. 2007) that was shown to be superior over other approaches
(Chen, Grennan et al. 2011). ComBat estimates parameters for location and scale adjustment
for each batch and for each probe set (PS). For the adjustment of the values of a specific
gene, the algorithm uses information of all genes on the array according to an Empirical
Bayes framework (R-package 'sva', function 'ComBat').
Identification of consensus genes. A gene was defined as significantly deregulated by a
specific compound if at least one annotated probe set was significantly deregulated (foldchange > 1.5 and adjusted p-Value of Limma t test < 0.05). A gene was defined as
“consensus” gene if it was significantly up- or down-regulated by at least 4 compounds of
HDAC inhibitors or mercurials.
Gene set enrichment analysis. The Gene Ontology group enrichment analysis was
performed using 'R-version 3.1.1' with the 'topGO' package (Alexa 2010), and only results
from the "biological process" ontology were kept. Transcription factor binding site (TFBS)
enrichment analysis was performed using the oPOSSUM web tool (Ho Sui, Fulton et al.
2007) and based on JASPAR database (Portales-Casamar, Thongjuea et al. 2010).
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Supplementary Figure S2
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Suppl. Fig. S2: Determination of the benchmark concentration (BMC) used for toxicant testing on microarrays.
Compounds (here exemplified for the HDACi SAHA and the mercurial thimerosal) were tested at multiple dilutions in the
standard UKN1 setup for 6 days. On DoD6, the viability was measured by a resazurin reduction assay, and data were
normalized to untreated control samples. Experiments were performed in 3-4 cell preparations (each indicated by a different
colour of data point and curves). An average curve (black) was calculated to determine the concentration at which viability
was reduced to 90% (=BMC). Then the lower 95% confidence interval of this concentration was calculated (=BMCL). This
value was used for all compounds to obtain microarray data (and is referred to as “BMC” in the text).
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Suppl. Fig. S3: Identification of HDACi consensus genes. The UKN1 test system was exposed to 6 HDACi and 6
mercurials (as in Fig. 1) and DEG were identified (see Fig 2B). (A) The genes that were up-regulated by 4, 5, or 6 HDACi
were counted (see “sum” line). The gene lists were further differentiated as to whether genes did not affect any mercurial
(top line) or they were affected by the indicated numbers of mercurials. (B) The same procedure as in A was applied to
down-regulated genes. (C) For a complete overview, the genes up- or down-regulated by at least 3 mercurials were
compiled. For the gene list see suppl. Table S2.
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Suppl. Fig. S4: Transcription factor binding sites (TFBS) overrepresented amongst up- and down-regulated HDACi
consensus genes. The UKN1 test system was exposed to 6 HDACi (as in Fig. 1) and amongst the DEG, up- and downregulated HDACi consensus genes were identified (see Fig. S3). The overrepresented TFBS in these sets of genes were
determined by using oPOSSUM web tool and JASPAR database.
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Suppl. Fig. S5: Visualization of a transcription factor (TF) network. (A) The CellNet database (2839 microarray sets
from all major tissues) was used to construct a generic human TF network, based on statistical co-expression information
and graph-theoretical design principles. Each node represents a TF gene, and each edge suggests co-regulation. Nodes are
placed according to the Fruchterman-Reingold algorithm. Clusters (coded by same colours) were defined by an optimization
algorithm that tries to maximize the modularity of the division of the graph into clusters. Then GO term overrepresentation
analysis was performed for each cluster to identify its biological role, and naming of the 16 clusters is based on these
findings.The figure is similar to Fig. 4A, but it allows better reading of all node names.
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Suppl. Fig. S6: Identification of transcription factors (TF) with HDACi consenus genes enriched among targets. An
enrichment analysis was performed using the interaction scores generated by the CLR algorithm. For each TF, the scores
with the HDACi consensus genes were compared to the distribution of the scores of all genes using Wilcoxon's rank-sum
test. TFs with an enrichment p-value less than10-20 were marked red in the network.
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Supplementary Figure S7
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Suppl. Fig. S7: Transcriptome-based classifier. To calculate classifier value the fold change (FC) of each PS is multiplied
with the weighting coefficient γ and summed up over all classifier components. The offset 0.896 is added.
𝟖

𝐱 = �(𝜸𝒊 ∗𝑭𝑪𝒊 ) + 𝟎. 𝟖𝟗𝟔
Afterwards, a logistic transformation was applied.
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𝒍𝒐𝒈𝒊𝒕(𝒙) =

𝟏
𝟏 + 𝐞𝐱𝐩(𝑨𝒙 + 𝑩)

with A = -2.57 and B = 0.03. The result is the probability of a compound to represent an HDACi. For the genes constituting
the minimal HDACi classifier (10 PS, corresponding to 8 genes), the regulation (of all 6 HDACi) and the weighting factor
are listed. Weighting factors of the 100-PS classifier is given in suppl. Table S2.
1.
2.
3.
4.
5.
6.
7.
8.

Zhang, H. and I.G. Macara, (2006) The polarity protein PAR-3 and TIAM1 cooperate in dendritic spine morphogenesis. Nat Cell
Biol, 8 227-237.
Damberg, M., (2005) Transcription factor AP-2 and monoaminergic functions in the central nervous system. J Neural Transm,
112 1281-1296.
Lehmann, L.H., D.A. Stanmore, and J. Backs, (2014) The role of endothelin-1 in the sympathetic nervous system in the heart.
Life Sci, 118 165-172.
Fairchild, C.L., J.P. Conway, A.T. Schiffmacher, L.A. Taneyhill, and L.S. Gammill, (2014) FoxD3 regulates cranial neural crest
EMT via downregulation of tetraspanin18 independent of its functions during neural crest formation. Mech Dev, 132 1-12.
Lagutin, O.V., C.C. Zhu, D. Kobayashi, J. Topczewski, K. Shimamura, L. Puelles, H.R. Russell, P.J. McKinnon, L. SolnicaKrezel, and G. Oliver, (2003) Six3 repression of Wnt signaling in the anterior neuroectoderm is essential for vertebrate forebrain
development. Genes Dev, 17 368-379.
Ito, Y., H. Tanaka, and H. Hara, (2013) The potential roles of metallothionein as a therapeutic target for cerebral ischemia and
retinal diseases. Curr Pharm Biotechnol, 14 400-407.
Gao, Z., G.H. Kim, A.C. Mackinnon, A.E. Flagg, B. Bassett, J.U. Earley, and E.C. Svensson, (2010) Ets1 is required for proper
migration and differentiation of the cardiac neural crest. Development, 137 1543-1551.
Marcos-Mondejar, P., S. Peregrin, J.Y. Li, L. Carlsson, S. Tole, and G. Lopez-Bendito, (2012) The lhx2 transcription factor
controls thalamocortical axonal guidance by specific regulation of robo1 and robo2 receptors. J Neurosci, 32 4372-4385.

108

Results Chapter 2 ─ A transcriptome-based classifier to identify developmental toxicants by
stem cell testing: design, validation, and optimization for histone deacetylase inhibitors
Supplementary Figure S8
ID
230147_at
214451_at
204463_s_at
204464_s_at
1553394_a_at
241612_at
242054_s_at
212859_x_at
224833_at
206140_at
208581_x_at
206461_x_at
213139_at
229125_at
238878_at
221086_s_at
204326_x_at
203789_s_at
209160_at
220184_at
217165_x_at
212185_x_at
216336_x_at
227238_at
233972_s_at
210302_s_at
226213_at
204653_at
209875_s_at
239205_s_at
204273_at
203665_at
206634_at
1555801_s_at
205523_at
243555_at
223044_at
206801_at
240055_at
214920_at
228347_at
221950_at
202454_s_at
213629_x_at
209723_at
213894_at
1552521_a_at
1554012_at
221245_s_at
213943_at

Symbol
F2RL2
TFAP2B
EDNRA
EDNRA
TFAP2B
FOXD3
SIX3
MT1E
ETS1
LHX2
MT1X
MT1H
SNAI2
KANK4
ARX
FEZF2
MT1X
SEMA3C
AKR1C3
NANOG
MT1F
MT2A
NA
MUC15
FEZF2
MAB21L2
ERBB3
TFAP2A
SPP1
NA
EDNRB
HMOX1
SIX3
ZNF385B
HAPLN1
NA
SLC40A1
NPPB
NA
THSD7A
SIX1
EMX2
ERBB3
MT1F
SERPINB9
THSD7A
TMEM74
RSPO2
FZD5
TWIST1

Weights γ

ID
206588_at
236359_at
204745_x_at
230895_at
230204_at
205113_at
228875_at
214265_at
235666_at
219179_at
201468_s_at
237056_at
1555800_at
206018_at
209199_s_at
205430_at
215729_s_at
228658_at
1554314_at
209200_at
208096_s_at
211456_x_at
219054_at
1556378_a_at
210524_x_at
201012_at
237435_at
243611_at
206029_at
230493_at
230008_at
237322_at
210729_at
204932_at
229004_at
210519_s_at
205923_at
228367_at
219197_s_at
204058_at
227241_at
242193_at
204112_s_at
209735_at
216235_s_at
210303_at
1561101_at
237449_at
203324_s_at
205286_at

2.12
-2.17
-1.06
-1.61
-2.66
-4.18
1.94
1.54
-2.64
1.33
0.998
1.07
-1.39
-1.47
0.1
1.22
0.282
0.0657
3.03
-10.3
1.37
1.69
0.631
-1.23
0.695
1.18
-0.835
-4.28
1.28
-7
-2.71
-1.19
3.03
1.06
-0.91
-1.54
-1.08
3.02
-0.423
0.92
-0.744
-1.53
-2.41
1.3
-4.99
-0.888
0.6
1.52
1.55
-0.0731

Symbol

Weights γ

DAZL
SCN4B
MT1G
HAPLN1
HAPLN1
NEFM
FAM162B
ITGA8
ITGA8
DACT1
NQO1
INSC
ZNF385B
FOXG1
MEF2C
BMP5
VGLL1
MIAT
C6orf141
MEF2C
COL21A1
MT1HL1
NPR3
LOC440896
NA
ANXA1
NA
MICALCL
ANKRD1
SHISA2
THSD7A
MIAT
NPY2R
TNFRSF11B
ADAMTS15
NQO1
RELN
ALPK2
SCUBE2
ME1
MUC15
MIR124-2HG
HNMT
ABCG2
EDNRA
MAB21L2
JAKMIP2-AS1
SP8
CAV2
TFAP2C

5.17
-1.72
0.692
-1.25
-1.36
0.768
-5.85
0.078
-0.571
-2.37
2.82
-1.57
0.63
-1.52
-0.714
-2.44
1.13
2.89
0.592
-0.755
-0.0831
1.53
-0.845
0.755
2.06
1.48
-1.5
-7.71
-0.257
0.722
2.17
4.29
0.902
-2.57
-3.8
3.77
-1.04
2.93
-0.141
4.33
1.47
0.228
1.75
1.27
-3.25
4.66
-3.27
0.75
2.74
-5.4

Suppl. Fig. S8: Transcriptome-based 100 PS classifier. To calculate the classifier value, the foldchange of each PS is
multiplied with the respective weighting coefficient γ (=weight/100), summed up and further processed as described in
suppl. Fig. S7.

109

Results Chapter 2 ─ A transcriptome-based classifier to identify developmental toxicants by
stem cell testing: design, validation, and optimization for histone deacetylase inhibitors
Supplementary Figure S9
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Suppl. Fig. S9: Regulation of tissue specific transcription factors (TF). (A) Tissue-specific TF were determined as
follows. First, the CellNet tissue data was used to calculate the average expression of each TF in each tissue. Subsequently,
the average expression was binned into 10 quantiles from 0 (lowest) to 9 (highest). To determine TF with preferential
expression in one tissue, we computed the tissue specificity index t proposed in (Yanai et al. 2005).
𝒕𝒋 =

∑𝑵
𝒊=𝟏 𝟏 − 𝒙𝒊𝒋 ⁄𝒎𝒂𝒙𝒊 (𝒙𝒊𝒋 )
𝑵−𝟏

In the above formula, i runs over all tissues, N is the number of tissues, xij is the expression quantile of TF j in tissue i. The
top 50% TF with the highest specificity index (t) were then assigned to the tissue in which they were expressed most highly.
This resulted in 671 TF with ‘tissue specific expression’. The absolute number for five tissues are listed. (B) The percentage
of tissue specific TF, which were up-regulated at DoD6 vs DoD0 in untreated cells was determined. (C) The percentage of
tissue-specific TF found in up- and down-regulated HDACi consensus genes was counted.

110

Results Chapter 3 ─ Stem cell-derived human dorsal root ganglia-like cells to identify
peripheral neurotoxicants

E. Results Chapter 3

Stem cell-derived human dorsal root ganglialike cells to identify peripheral neurotoxicants
Lisa Hoelting1, 2, Stefanie Klima1, Christiaan Karreman1, Marianna Grinberg3, Johannes
Meisig4, 5, Margit Henry6, Tamara Rotshteyn6, Jörg Rahnenführer3, Nils Blüthgen,4, 5,
Agapios Sachinidis6, Tanja Waldmann1 and Marcel Leist1

Affiliation:

1

: Doerenkamp-Zbinden Lab for in vitro toxicology and biomedicine, University of Konstanz,
78457 Konstanz, Germany,
2

: Konstanz Graduate School Chemical Biology KORS-CB, University of Konstanz, 78457
Konstanz, Germany,
3

: Faculty of Statistics, TU Dortmund University, 44221 Dortmund, Germany

4

: Institute of Pathology, Charité-Universitätsmedizin, 10117 Berlin, Germany

5

: Integrative Research Institute for the Life Sciences and Institute for Theoretical Biology,
Humboldt Universität, 10115 Berlin, Germany
6

: Institute of Neurophysiology and Center for Molecular Medicine Cologne (CMMC),
University of Cologne, Cologne, Germany

Submitted for publication and currently under review at Stem Cells Translational Medicine.

111

Results Chapter 3 ─ Stem cell-derived human dorsal root ganglia-like cells to identify
peripheral neurotoxicants

Abstract
Safety sciences and the identification chemical hazard have been seen as one of the most
immediate practical applications of human pluripotent stem cell technology. Protocols for the
generation of many desirable human cell types have been developed, but optimization of
neuronal models for toxicological use has been astonishingly slow, and the wide, clinicallyimportant field of peripheral neurotoxicity is still largely unexplored. Here, a 2-step protocol
to generate large lots of identical peripheral human neuronal precursors was characterized
and adapted to the measurement of peripheral neurotoxicity. High content imaging allowed
an unbiased assessment of cell morphology and viability. The computational quantification of
neurite growth as functional parameter highly sensitive to disturbances by toxicants was used
as endpoint reflecting specific neurotoxicity. The differentiation of cells towards dorsal root
ganglia-like neurons was tracked in relation to a large background data set based on gene
expression microarrays. On this basis, a peripheral neurotoxicity (PeriTox) test was
developed as first toxicological assay that harnesses the potential of human pluripotent stem
cells to generate cell types/tissues that are not otherwise available for prediction of human
systemic organ toxicity. Testing of more than 30 chemicals showed that human
neurotoxicants, as well as neurite growth enhancers, were correctly identified. Various
classes of chemotherapeutics causing human peripheral neuropathies were identified, while
they were missed when tested on human central neurons. The PeriTox-test established here
shows the potential of human stem cells for clinically-relevant safety testing of drugs in use
and of new emerging candidates.
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Introduction
Peripheral neurotoxicity is a major issue in drug development and environmental medicine.
For instance, chemical-induced axonopathies play an important role in the toxicity of drugs
and environmental chemicals (Spencer 2000, LoPachin and Gavin 2014), and test systems for
this pathological endpoint are in high demand. Moreover, the growth of neurites during
development has been considered a key biological processes that may be targeted by
chemicals (Kuegler, Zimmer et al. 2010). Therefore, the testing of neurotoxicity on the basis
of human cells is an emerging research field in safety sciences. Generation of the relevant
target cell populations from human pluripotent stem cells has aroused great hopes in
biomedical research and safety sciences (Bouvier d'Yvoire, Bremer et al. 2012, Kolaja 2014,
Knudsen, Keller et al. 2015) that model systems will be established to identify neurotoxicity
hazard and to devise countermeasures.
Currently used methods to test for neurotoxicity are all based on experimental animals
according to e.g. OECD test guideline 424. These tests cover all relevant target cell types, but
are expensive, labor-intensive and associated with uncertainties in the extrapolation of results
to humans (Hartung and Leist 2008, Bouvier d'Yvoire, Bremer et al. 2012, Bal-Price, Crofton
et al. 2015). Therefore, the US National Research Council and major regulatory agencies
have recommended new strategies for toxicity testing (Tox21) based on in vitro high
throughput testing and on cell-based systems, ideally of human origin (Collins, Gray et al.
2008, Tice, Austin et al. 2013). For this reason, in vitro neurotoxicity and developmental
neurotoxicity assays are required that can ultimately be assembled into a test battery covering
all relevant cell types and endpoints (Bal-Price, Crofton et al. 2015).
The first newer approaches to establish test systems for neurite integrity and growth used
rodent primary neural cultures and immortalized human and non-human clonal cell lines to
measure neurite length or to quantify the number of neurites and dendrites in low density
cultures (Howard, Bucelli et al. 2005, Kim, Gonsiorek et al. 2009, Radio, Freudenrich et al.
2010). The effect of chemicals on neurite network formation and function has also been
assessed by manual counting of neurite interconnections (Frimat, Sisnaiske et al. 2010) or by
recording spontaneous network activity (Valdivia, Martin et al. 2014). More recently, more
physiological high density cultures have been used for quantification of neurite growth and
viability by automated high-content image analysis, which enables a better separation
between specific neurite toxicity and general cytotoxicity (Stiegler, Krug et al. 2011, Krug,
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Balmer et al. 2013). Human neurons have also been generated from pluripotent stem cells
(PSC) for neurite toxicity testing and this approach showed the potential of the use of stem
cells to generate target cell types not otherwise accessible (Harrill, Freudenrich et al. 2011).
However, most work has focused on mechanistic case studies, while broad applications for
unbiased comparisons across many compound classes have been extremely sparse. Moreover,
it has proven surprisingly difficult to generate a system that distinguishes neurotoxicity from
general cytotoxicity, that allows sufficient throughput for realistic application (most
published studies deal with only≤ 3 specific neurotoxicants), and that is technically robust
enough, concerning cell differentiation and its toxicological readout.
An in vitro test system based on human peripheral neurons appears to be best suited to
identify potentially hazardous compounds affecting the peripheral nervous system in man, as
molecules modulating axonal degeneration show specific expression patterns (Oyebode,
Hartley et al. 2012). As primary human peripheral cells are hardly available, we have
generated human stem cell-derived dorsal root ganglia-like cells (DRGL) for use in neurite
toxicity testing. Past experience in the field has shown that it is challenging to measure
neurite toxicity independent from general cytotoxicity. Such specificity can be obtained if a
function only found in neurites (e.g. outgrowth) is required in the model system. In cell
culture, growing neurites are often more susceptible to neurite-damaging toxicants than
established neurites, and the growth can therefore be inhibited without necessarily
compromising cell survival (Krug, Balmer et al. 2013). To establish a new method to assess
peripheral neurotoxicity, we used immature stem cell-derived dorsal root ganglia-like cells
(DRGL). To test for cell-type specific effects we compared a broad range of compounds in
this new peripheral neurotoxicity test (PeriTox-test) with the LUHMES neurite-test (using
central neurons) and clearly different hit patterns were revealed.
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Results
Two-step dorsal root ganglia-like cell (DRGL) differentiation from pluripotent stem cells
To provide a sustainable supply of human peripheral neurons, we made use of a recently
established protocol that allows conversion of human pluripotent stem cells (hPSC) to
differentiated sensory neurons (Chambers, Qi et al. 2012). A cryopreservation step was
introduced on day 8 of differentiation (DoD8’) to allow production of large cell lots,
available after thawing as a population of rapidly differentiating neurons (Fig. 1 top).
Immunostaining showed that cells had different differentiation states on the day of freezing: a
large (desired) subpopultion was Sox10+ (neural crest marker, precursors of peripheral
nervous system (PNS)), few (un-desired) cells were PAX6+ (neuroepithelial marker for
central nervous system precursors) (Fig. 1A left), and a minority of cells expressed TUJ1+, an
early neuronal marker (Fig. 1A right). A more homogeneous population was obtained after
thawing. At 24 h after thawing, the developing early neurons were all TUJ1+, and had lost the
precursor markers SOX10 (Fig. 1B) and PAX6 (not shown). An up-regulation of NeuN in
TUJ1+ cells indicated the generation of fully postmitotic neurons at DoD4 (Fig. 1C).
Quantification of EdU incorporation showed that already at DoD1, only few proliferating
cells (15%) were present; on DoD4 proliferation had virtually stopped (Fig. 1D). At 24 h
after thawing (DoD1), the neuronal marker TUJ1 indicated pronounced formation of early
neurites. At DoD4 these formed a dense network. Strong and homogeneous expression of the
transcription factor BRN3A (Fig. 1E) and positivity of all neurites for peripherin (not shown)
indicated that virtually all cells developed towards peripheral neurons. A differentiation
similar to the one of hESC was also observed for a line of induced pluripotent stem cells
(iPSC) (Supporting Information Fig. S1A-C). Our findings are in line with a recent
characterization of a 1-step protocol to generate human dorsal root ganglia-like cells (DRGL)
(Chambers, Qi et al. 2012, Young, Gutteridge et al. 2014).
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Fig. 1: Generation of human DRG-like (DRGL) cells for toxicity testing. Pluripotent stem cells were differentiated in a
2-step procedure as indicated; DoD, day of differentiation; GDNF, glia-derived neurotrophic factor; BDNF, brain-derived
neurotrophic factor; NGF, nerve growth factor. (A-C) Immunocytochemical characterisation of hESC-derived cells. Labels
are color-keyed to images. (D) Proliferating cells (EdU+) were quantified; mean ± SEM. n = 3. (E) Immunostaining of
BRN3A transcription factor. Scale bars, 100 µm (A) and 50 µm (B, C, E,).

Functional characterization of DRG-like cells (DRGL)
We investigated some functional properties of our DRGL at relatively early stages after
thawing. First, the cellular response to depolarization was studied. Intracellular free calcium
([Ca2+]i) was measured after the addition of K+ (50 mM) to the extracellular medium, or after
the opening of voltage-dependent Na+-channels by veratridine. On DoD7, virtually all
neuronal cells derived from hESC or iPSC showed a depolarization-induced increase of
[Ca2+]i (Fig. 2A and Supporting Information Fig. S1D). The intracellular Ca2+ response
was blocked by verapamil (Verap), and nifedipine (Nifed), inhibitors of voltage-dependent
Ca2+ channels (Fig. 2B). Thus, the cells obtained by our 2-step protocol were bona fide
neurons, that expressed voltage dependent Ca-channels after 4-7 days.
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Fig. 2: Quantification of calcium signaling of

B
200

***

***
n=528

n=807

150
100

n=478

n=427

50
0

HBSS KCl NaCl Verat
50 [mM]

[% rel. to KCl alone]

250

DRGL.

Free intracellular Ca2+

[∆ signal intensity]

Free intracellular Ca2+

A

120
100
80
60
40
20
0

***

***

***

(A).

Intracellular

calcium

levels

measured on DoD7 after depolarization. Each
cell is depicted by a circle; *** p<0.001; HBSS,
Hank’s buffered salt solution; Verat, veratridine
(100 µM) (B) Prior to depolarization by KCl,

HBSS DMSO Verap Nifed
+ KCl [50 mM]

cells were pretreated with verapamil (verap,
100 µM), or nifedipine (nifed, 100 µM); n = 3.
*** p < 0.001.

Differentiation track of early DRG-like cells (DRGL)
In order to provide a full characterization of cell identity at different stages (hESC, DoD8’,
DoD1, DoD4, DoD7) of the 2-step differentiation procedure, we used transcriptome
profiling. A principal component analysis (PCA) showed that replicates from four
differentiations clustered closely together, and that each differentiation state had clearly
distinct characteristics (Fig. 3A). The large number of 5000–8800 probesets were
significantly altered, when differentiating cells were compared to hESC (Fig. 3B). To put
these changes into a defined general context, we generated a PCA ‘cell feature map’ by
plotting our data together with a large set of legacy data. As robust calibration points, we
used CellNet (Cahan, Li et al. 2014) data from human liver (n = 252) and brain (n = 335).
Moreover, we added data on primary human dorsal root ganglia (DRG), hESC, various
hPSC-derived cells (Zimmer, Lee et al. 2012, Krug, Kolde et al. 2013, Young, Gutteridge et
al. 2014), and fetal human neural precursors (LUHMES Lu0), sequentially differentiating
(Lu3) to post-mitotic central neurons in vitro (Lu6) (Scholz, Poltl et al. 2011, Krug, Kolde et
al. 2013). This novel approach of PCA mapping within a biological context showed that all in
vitro neuro-differentiations caused a transcriptome shift from hESC towards brain samples.
Our 2-step protocol and the older 1-step protocol followed the same track (visualized by red
arrows) to get closer to human DRG. The DoD4 of our 2-step protocol (i.e. 13 days of
differentiation from hESC) was closer to DRG than DoD16* of the 1-step protocol. This
suggests that the additional freezing and thawing step actually accelerated the DRGL
differentiation. The LUHMES differentiation pointed in the same direction, but showed a
clear separation from the DRGL differentiation (Fig. 3A).
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Fig. 3: Differentiation tracking by transcriptome analysis of DRGL. (A) Samples were obtained at different
developmental stages for whole transcriptome analysis; data are displayed as principle component analysis (PCA) map,
together with legacy data from cell cultures or those from human dorsal root ganglia, brain and liver tissue. The red arrow
indicates the cell differentiation track of the 2-step DRGL differentiation protocol. Note: DoD7 of the 2-step protocol is 16
days older than hESC, i.e. roughly corresponds to DoD16* of the 1-step protocol in differentiation time. (B) Number of
regulated genes over time. (C) Top 20 significantly up- (red) and down- (blue) regulated genes. (D) Relative gene expression
during differentiation; n = 4-6.

Having found this distinct and clear overall differentiation track of the DRGL, we examined
functionally linked groups of genes. Gene ontology terms (GOs) that were most
overrepresented among the genes up-regulated at DoD1 (vs hESC) were e.g. ‘neuron
migration’, ‘nervous system development’, and ‘dendrite morphogenesis’. The top GOs
overrepresented amongst down-regulated transcripts comprised of ‘somatic stem cell
maintenance’, or ‘endodermal cell fate specification’. This data confirmed neurodifferentiation paralleled by inhibition of non-neuronal lineage maintenance/differentiation
(Supporting Information Fig. S2A). The top 20 individual transcripts up-regulated at DoD1
comprised of the neurogenic differentiation factors NeuroD1, SIX1, and EBF1, as well as the
peripheral neuron subtype specifiers POU4 (=BRN3A) and ISL1 (Fig. 3C and Supporting
Information Fig. S2B). Also when the transcriptome difference was measured between
DoD8’ and DoD7, there was still a significant overrepresentation of neuronal GO terms
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amongst up-regulated genes (7 of the Top10), while 9 of the top 10 overrepresented GOs
amongst down-regulated genes dealt with DNA replication and other DNA-related processes
(Supporting Information Fig. S2B, S2C). This is well in line with the neuronal
differentiation and the mitotic exit of the cells during that time period. The expression of a
broad range of differentiation markers was confirmed by quantitative RT-qPCR (qPCR).
Markers of sensory neurons, i.e. peripherin, ISL1, runt-related transcription factor 1
(RUNX1), the vesicular glutamate transporter 2 (VGLUT 2) and the receptor tyrosin kinase
RET were up-regulated. Also, the purinergic receptor P2RX3, and nociceptive markers like
TRPM8 or the sodium channels SCN9A and SCN10A were up-regulated during
differentiation (Fig. 3-D).

Toxicant sensitivity of early neurite growth
In accordance with the neuronal gene expression pattern, cells had already developed distinct
neurites at DoD1 after thawing. The growth cones showed the characteristic distribution of
microtubules (more towards the somata) and F-actin (at the tip) (Fig. 4A). The neurite area,
quantified by automated microscopy (Supporting Information Fig. S3A), continuously
increased from few hours after plating until DoD4 (Fig. 4B). As destruction of developed
neurites frequently leads to secondary cell death in vitro (Stiegler, Krug et al. 2011, Krug,
Balmer et al. 2013), we explored, whether the increase in neurite area in freshly plated DRGL
(no pre-existing neurites) could be used to identify peripheral neurotoxicants. The work flow
we used was based on live cell microscopy, differential staining of nuclei and the entire
cytosol, followed by fully automated identification and quantification of the cellular parts
(neurites) not belonging to the cell soma area (Supporting Information Fig. S3A). In
addition to the neurite area per imaging field, this algorithm also yielded the number of viable
cells by quantifying the ratio of cell bodies that were positive or negative for the viability dye
calcein. For a technical assessment of the test performance, we used rotenone (10 µM) as a
positive control, as this compound has been shown in many other systems to affect neurites
(Borland, Trimmer et al. 2008, Sanchez, Gastaldi et al. 2008, Krug, Balmer et al. 2013,
Persson, Kim et al. 2013). Inhibition of neurite growth was quantified in ten different cell
preparations. The data suggested a sufficient signal to noise ratio of the test, as expressed by
an average z’ factor of 0.7 (Supporting Information Fig. S3B). To study concentrationdependent changes in detail, we used cytoskeletal toxicants as mechanism-focused positive
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controls. The microtubule toxicants vincristine and colchicine as well as the actin
polymerization inhibitor cytochalasin D reduced neurite growth with high potency, without
affecting general cell viability. (Fig. 4C and Supporting Information Fig. S3C, S1E). In
summary, these data suggest that specific toxicant effects on neurites can be assessed in
DRGL and be separated from general cytotoxicity.
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Fig. 4: Characterization and quantification of neurite growth of early DRGL. (A) Immunocytochemical
characterization of early neurites; labels are color-keyed to images. (B) Quantification of neurite area over time;
mean ± SEM; n = 5 (C) Effects of vincristine, colchicine and cytochalasin D on neurite area and viability under PeriToxtest conditions; mean ± SEM; n = 3-4; and examplary sample images; ** p < 0.01, *** p < 0.001. Scale bars, 20 µm (A,
left) and 50 µm (B, right, C).

Characterization of the human neurite-based peripheral neurotoxicity (PeriTox)-test
Two types of negative controls were tested. The first subgroup comprised of compounds not
(<20% of control) assumed to affect any test endpoint. Indeed, acetylsalicylic acid (data not
shown) and mannitol (Fig. 5A) showed such behavior at concentrations up to the mM range.
The second subgroup comprised of compounds that affected viability and neurites in the
same concentration range (unspecific controls). The detergents sodium dodecyl sulfate (SDS)
and triton X-100 showed this behavior as expected (Fig. 5B). As a signaling pathway-specific
control for the PeriTox-test performance, we used the guanylyl cyclase inhibitor ODQ, which
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is known to disrupt human neurite growth (Lee, Kim et al. 2009). This drug was confirmed to
affect neurites without other cellular toxicity (Fig. 5C and Supporting Information Fig.
S1F). It was therefore used as an acceptability control for further test runs (neurite
reduction>40%). To test more stringently whether the neurite effects detected in the PeriToxtest could be fully uncoupled from cytotoxicity, we performed drug washout/recovery
experiments. The standard test was run with 200 µM ODQ (for 24 h). Then the drug was
washed out, and we observed complete recovery, i.e. re-growth of the neurites up to the level
of untreated controls (Fig. 5D). The ROCK inhibitor Y-27632 was used as a second pathwayspecific control (for accelerated growth pathways) to explore the dynamic range of the assay.
The PeriTox-test data suggested that indeed growth-accelerating compounds can also be
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After these basic assay controls, we explored the sensitivity for clinically-used drugs that are
known to cause peripheral neuropathies in man (Spencer 2000, McDonald, Randon et al.
2005, Argyriou, Iconomou et al. 2008, LoPachin and Gavin 2014, Miltenburg and Boogerd
2014): cisplatin and bortezomib significantly affected the neurites at concentrations showing
no effect on viability (Fig. 5F). Moreover, acrylamide was found to affect neurites in the
standard PeriTox-test conditions (Fig. 6A, 7A). Thus, the PeriTox-test fulfilled all basic
requirements of a cellular toxicological assay.

PeriTox-test prediction model
To design a prediction model for the PeriTox-test, we took the following steps: i) use of the
‘ratio’ of EC50(viability)/EC50(neurites) as the primary endpoint; ii) measurement of this
value for ‘unspecific toxicants’ (the uncoupler CCCP, SDS, triton-X100, and the
topoisomerase inhibitor etoposide). The average ratio was 1.37±0.39; iii) definition of a
‘noise band’ (4 SD from the average of the ratios of these compounds); iv) definition of
compounds with a ratio outside the noise band (EC50 ratio of >3) as ‘neurite specific’.
This test definition was used to screen 3 dozen chemicals, preselected for their potential
interest for neurite toxicity. Altogether, 21 positive hits were identified. For instance, all
microtubule drugs and proteasome inhibitors were classified as positive hits. Interestingly,
several histone deacetylase (HDAC) inhibitors (MS275, SAHA, and TSA) showed neurite
toxicity. Among the ROCK pathway modulators, the Rho activator narciclasine was toxic to
neurites (Fig. 6A, 6B) and inhibitors, like blebbistatin, accelerated neurite growth (not
shown).
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Application of PeriTox-test to environmental toxicants
Neurotoxicity testing of environmental chemicals is particularly challenging, as their effects
on neurites in vivo often requires prolonged exposure. Toxicity might be due to combinations
of several poorly-defined modes of action, and to damage accumulation that shows large
species variations. We explored the hypothesis that the particular requirements of neurites
that are still growing ‘sensitize’ cells to neurotoxicants, and that this allows detection of
toxicity in the PeriTox-test, although it is a short term assay. Indeed, 24 h exposure to
acrylamide significantly reduced neurites at concentrations ≥875
of

µM, whereas viability

was reduced at≥4.7 mM (Fig. 7A). This concentration range, and the EC50 ratio of 3.2
(=positive hit) are similar to that found in human neuroblastoma cells after 72 h exposures
(Nordin-Andersson, Walum et al. 2003, Frimat, Sisnaiske et al. 2010). The structurallyrelated negative control acrylic acid showed hardly any effect on neurites or viability (Fig.
7B). Immunostaining for the microtubule marker TUJ1 showed that acrylamide treated cells
still had elaborate cytoskeletal structures, but shortened neurites (Fig. 7C). Moreover, the
partial reversibility of the acrylamide-induced effect on neurites suggested that the cells
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remained viable in the presence of the drug: after a washout, the neurons significantly
accelerated their neurite growth compared to cells that continued to be treated with the
chemical (Fig. 7D). Thus, good specificity and sensitivity were obtained in the PeriTox-test
for neurite effects compared to other test systems (Sisnaiske, Hausherr et al. 2014).
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Arsenic is another environmental toxicant that is known to induce neuropathies. Exposure to
sodium arsenate resulted in an EC50 ratio (viability/neurites) of >7. This large offset led to its
classification as a neurotoxicant in the PeriTox-test (Fig. 7E). For the related compound
arsenic trioxide, some concentrations (0.6 µM–2.5 µM) significantly affected neurites
without cytotoxicity. As the EC50 ratio was only 2.3, this chemical would not be classified as
a neurite toxicant (Fig. 7F). Finally, the pesticide rotenone was clearly predicted as a neurite
toxicant by our prediction model (EC50 ratio >50) (Fig. 7G). A recovery experiment showed
that cells started growing neurites again after rotenone (0.4-2 µM) washout, and could nearly
completely catch up with untreated controls by 24 h after washout (Fig. 7H).
PeriTox-test performance versus established LUHMES neurite assay
To obtain data on test specificity, we first compared the results of the PeriTox-test with
published data from the LUHMES neurite test (Krug, Balmer et al. 2013). Several
compounds with diverse modes of actions behaved similarly in the two assays. However, e.g.
acrylamide, bortezomib, cisplatin, and taxol, all known for human peripheral neuropathies,
were only detected by the PeriTox-test (Fig. 6B). Our new method made full use of the
potential of human stem cell technology to generate entirely new model systems. It identified
a large number of human-relevant peripheral neurotoxicants not identified in the LUHMES
assay (Supporting Information Fig. S4). Therefore, we consider it an important addition to
the battery of existing in vitro tests able to alert for potential neurotoxic hazard of drugs and
environmental chemicals.
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Discussion
Despite the large incidence of peripheral neuropathies (PN), there is a dearth of studies on
relevant human cells. Diabetic PN reaches a 2-digit incidence in the US population (Davies,
Brophy et al. 2006); >60% of chemotherapy patients develop PN (Seretny, Currie et al.
2014), and several other drug classes (Cashman and Hoke 2015) have also been associated
with PN. Moreover, several environmental chemicals either trigger PN, or may affect neurites
during development (Stiegler, Krug et al. 2011). For example acrylamide causes axonal
degeneration of exposed workers by affecting the microtubules of the neurites without
causing cell death (Spencer 2000). Moreover, most chemotherapeutic agents are known to
induce specific axonal neuropathies (LoPachin and Gavin 2014, Miltenburg and Boogerd
2014). As a method to evaluate such toxicity on human peripheral neurons has not been
available, the PeriTox-test is a pivotal progress towards filling this gap.
The first important step was the optimization of a protocol that allowed the generation of
DRGL at the amounts, and with the quality and reproducibility required for a quantitative
toxicological assay. The second pivotal step was identification and use of a functional
endpoint that allowed sufficient throughput, unbiased quantification and development of a
prediction model to distinguish specific neurite toxicity from general cytotoxicity. The
PeriTox-test reacted correctly (sensitivity=86.4%) to many known human PN toxicants, and
it discriminated (specificity=100%) between peripheral neurotoxicants and chemicals not
expected to cause PN.
The successful establishment and evaluation of the PeriTox-test builds on a test development
research line that have become increasingly more important in the field: transition from
rodent primary cells or from transformed human cells to non-transformed human stem cellderived specialized cells with characteristics of the relevant target tissue. In the past, rodent
sensory neurons/DRG have allowed important studies of the mechanisms of peripheral
neurotoxicity/degeneration (Gerdts, Summers et al. 2013, Staff, Podratz et al. 2013), but the
overwhelming majority of papers in this area focussed on underlying mechanisms, and never
compared more than three toxicants. While stem cell technology has paved the way towards
the use of human non-transformed cells, past assays have been built on central neurons, and
never worked for more than 3 specific toxicants (Harrill, Freudenrich et al. 2011, Wheeler,
Wing et al. 2015). The LUHMES system (using conditionally-immortalized central neuronal
precursor cells) was the first assay in the field identifying >20 toxicants and systematically
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examining the relation of neurite growth, neurite toxicity and cytotoxicity (Krug, Balmer et
al. 2013). However, LUHMES are central neurons, and derived from conditionallyimmortalized cells. It was assumed that the most relevant target cell type (i.e. peripheral
neurons to test for peripheral neurotoxicity) would produce the most reliable results, as there
are many examples of cell-type dependent toxicity: the chemotherapeutic drug cisplatin
accumulates faster in primary sensory neurons than in PC12 cells (McDonald, Randon et al.
2005), toxicant effects on neural crest cell migration differs from effects of the same
chemical on neural precursor cells or tumor cells (Zimmer, Lee et al. 2012), and even
subtypes of dopaminergic neurons showed different sensitivity in their vulnerability to the
toxicant MPTP (Chung, Seo et al. 2005). The PeriTox-test has taken a large step from the
LUHMES assay, by using non-engineered DRGL cells that detected several known PN
toxicants missed by LUHMES.
The fact that we observed reversibility of some toxicant action (e.g. rotenone) may be
important for future applications in risk assessment. Moreover, this feature will allow screens
for recovery enhancing compounds, and the use of a panel of iPSC for the PeriTox-test would
even take individual genetic determinants of toxicity/recovery (Wheeler, Wing et al. 2015)
into account.
The test results from a mixed group of toxicants used here showed that not only well-known
hazardous drugs and environmental compounds were identified, but also potentially
neuroprotective drugs (ROCK inhibitors), and so-called ‘alerts’ (HDACi) were marked for
further follow-up. The thorough characterization of the developmental stage of the neurons
was given particular attention here. On the one hand, the PeriTox-test was designed as a
neurotoxicity assay that makes use of the fact that growing neurites of cultured cells are
particularly sensitive to neurotoxicants. This approach allowed us to overcome the biggest
problem of in vitro assays in this field (Krug, Balmer et al. 2013), i.e. the separation of
specific neurite effects from unspecific cell death. On the other hand, an added benefit may
be that also some developmental toxicants can be identified (Bal-Price, Crofton et al. 2015,
Bal-Price, Crofton et al. 2015). This may be the reason that the PeriTox-test produced an alert
on the emerging class of HDACi-based chemotherapeutics (and known developmental
toxicants) as potential peripheral neurotoxicants. Further patient observations will be required
to decide whether such predictions hold true for the clinical situation (Supporting
Information Fig. S4).
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Conclusion
Generation of dorsal root ganglia-like peripheral neurons from human pluripotent stem cells
provided the basis for a drug and chemical safety evaluation assay on cells not otherwise
available. Testing of more than 30 chemicals showed that human neurotoxicants, as well as
neurite growth enhancers, were correctly identified. The adaptations of protocols described
here, e.g. the introduction of a freeze-thaw step and the strong focus on the initial neurite
growth phase, resulted in an assay that was specific for neurotoxicants (as opposed to
cytotoxicants) and that was very robust across different operators and assay runs. Various
classes of chemotherapeutics causing human peripheral neuropathies were identified, while
they were missed when tested on human central neurons. The PeriTox-test established here
shows the potential of human stem cells for clinically-relevant safety testing of drugs in use
and of new emerging candidates.
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Materials and Methods
Cell culture and neural differentiation
Human pluripotent stem cell lines were cultured according to standard protocols (Thomson,
Itskovitz-Eldor et al. 1998) and differentiated into dorsal root ganglia-like cells as described
earlier (Chambers, Qi et al. 2012), with modifications as shown in Fig.1. In detail the H9
hESC line (WA09 line) was obtained from WiCell (Madison, WI, USA) and mc-iPSC
(Minicircle induced pluripotent stem cell) from System Biosciences (#SC301A-1; Mountain
View, CA, USA). Import of cells and experiments were authorized under license # 170-79-14-27 (Robert Koch Institute, Berlin, Germany). Differentiation of the pluripotent stem cell
lines hESC-H9 and mc-iPSC to DRGL was prepared on day of differentiation (DoD) –3’ by
replating hPSCs in a single cell suspension onto Matrigel-coated (BD Biosciences, Franklin
Lakes, NJ USA) plates (30,000 cells/cm²) in “conditioned” (KCM) medium. This KCM
medium has been conditioned for 24 h on mitomycin C-inactivated mouse embryonic
fibroblasts. It was freshly supplemented with 10 ng/ml fibroblast growth factor 2 (FGF2;
R&D Systems Minneapolis, USA) and ROCK inhibitor Y-27632 (10 μM; Tocris Bioscience,
Bristol, UK). On DoD0’, neural differentiation was started by adding neural differentiation
medium KSR-S (Knockout DMEM medium with 15% serum replacement, 1 x Glutamax, 1 x
non-essential amino acids (NEAA) and 50 µM beta-mercaptoethanol, (all ingredients from
Invitrogen, Darmstadt, Germany) and the combination of six small molecule pathway
inhibitors. In detail, noggin (35 ng/ml; R&D Systems Minneapolis, USA) dorsomorphin
(600 nM; Tocris Bioscience, Bristol, UK) and SB-431642 (10 μM; Tocris Bioscience,
Bristol, UK) were added on DoD0’-5’ and CHIR99021 (1.5 µM; Axon Medchem, Vienna,
USA), SU5402 (1.5 µM; Tocris Bioscience, Bristol, UK) and DAPT (5 µM; Merck,
Darmstadt, Germany) were added on DoD2’-8’. From DoD4’ onwards, medium was
gradually replaced by N2-S medium (DMEM/F12 medium with 2 mM Glutamax, 0.1 mg/ml
apotransferin, 1.55 mg/ml glucose, 25 µg/ml insulin, 100 µM putrescine, 30 nM selenium and
20 nM progesterone). On DoD8’, cells were cryopreserved. After thawing, the obtained
neuronal precursors were cultured in 25% KSR-S and 75% N2-S medium supplemented with
CHIR99021 (1.5 µM), SU5402 (1.5 µM) and DAPT (5 µM) and seeded at a density of
0.1x106 cells/ml onto matrigel coated wells. For further differentiation, one half of the
medium was changed on DoD1 and again on DoD2. From DoD3 on, cells were grown in the
presence of BDNF, GDNF and NGF (25 ng/ml; R&D Systems Minneapolis, USA) to
facilitate further differentiation and maturation into peripheral neurons.
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Transcriptome analysis
RNA was extracted at indicated days of differentiation (DoD) (hESC, DoD8’, DOD1, DOD4,
DOD7) from four independent differentiations and prepared for microarray hybridization on
Affymetrix Human_Genome U133_plus_2.0 as described earlier (Zimmer, Lee et al. 2012,
Krug, Kolde et al. 2013). Data analysis was performed as described in Supporting
Information Methods.
Immunocytochemistry
At the indicated days of differentiation (DoD) cells were fixed in 4% paraformaldehyde
(PFA) / 2% sucrose prior to permeabilization in 0.5% triton X-100. After blocking in 5%
bovine serum albumin/phosphate-buffered saline (BSA/PBS) for 1 h, cells were incubated
with primary antibodies for 1 h at room temperature (RT) and stained with the appropriated
secondary antibody for 30 min. DNA was stained with H-33342 (1 µg/ml) and coverslips
were mounted in FluorSaveTM reagent (Merk Millipore, Billerica, MA, USA). Imaged on a
Zeiss LSM 510Meta confocal microscope equipped with a Plan-Apochromat 40x, NA 1.3 oil
lens. Alternative images were taken on an Olympus IX81 inverted epifluorescence
microscope (Olympus, Hamburg,Germany), equipped with a 20x air objective or 40x oil
objective, as described earlier (Weng, Zimmer et al. 2012). The list of antibodies is given in
Supporting Information Methods.
Peripheral neurotoxicity test (PeriTox-test)
For the peripheral neurotoxicity test (PeriTox-test), DoD8’ cells were thawed and seeded at a
density of 0.1*106 cells/cm² in 50 µl differentiation medium on matrigel-coated 96-well
dishes. Test chemicals were serially diluted in differentiation medium, and 50 µl were added
to the cells, one hour after seeding. All analyses were performed 24 h after treatment. Neurite
area and viability were assessed as described in Supporting Information Methods. Briefly,
cells were loaded with 1 µM calcein-AM and 1 µg/ml H-33342 for 1 h at 37°C. For image
acquisition, an Array-Scan VTI HCS (high contenting imaging microscope) (Cellomics,
Waltham, MA USA) was used. In an automated procedure, all H-33342+/calcein+ cells were
analyzed as viable cells. The sum of fields evaluated for one data point contained 1489 ± 485
healthy cells with a neurite area of 16100 ± 4000 pixels.
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Quantitative RT-PCR (qPCR)
RNA was extracted at indicated DoD and 1 µg of RNA was reversed transcribed (iScript,
BioRad, München Germany). For quantitative reverse-transcriptase real time PCR SsoFast™
EvaGreen® Supermix was used on a BioRad Light Cycler (BioRad, München, Germany).
Real time quantification for each gene was normalized to the amount of RPL13A mRNA and
expressed relative to the transcript level in hESC using the 2(-∆∆C(t)) method (Livak and
Schmittgen 2001) as described in detail earlier (Balmer, Weng et al. 2012). The list of
primers is given in Supporting Information Methods.
Statistic and data mining
All experiments were repeated at least three times. Reference to replicates always means data
from different cell preparations (thawings), i.e. biological replicates. Data is presented, using
Graph-Pad Prism_5.0 (Graphpad Software, La Jolla, USA) and statistical differences were
tested by ANOVA with post hoc tests as described inSupporting Information.
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Supporting information
1. Materials
Detailed list of compounds used in this study
Compound
2,5-Hexanedione
Acetylsalicylic acid
Acrylamide
Acrylic acid
Antimycin A
Arsentrioxide
BDNF
BIS I
Blebbistatin
Bortezomib
Calcein-AM
CCCP
Chir99021
Cisplatin
Colchicine
Cytochalasin D
DAPT
D-Mannitol
Dorsomorphin
Etoposide
FGF2 (differentiation)
FGF2 (hESC culture)
GDNF
H-33342
IDPN
Locostatin
MG 115
MG 132
MS275
Narciclasine
NGF
Nocodazole
Noggin
ODQ
Okadaic acid
Oligomycin
Rotenone
SAHA
SB431542
SDS
Sodium arsenate
SP600125
SU5402
Taxol (Paclitaxel)
Triton-x100
TSA
U0126
Valproic acid (VPA)
Vincristine
Y-27632

Conc. (range)
5 - 0.16 mM
100 - 0.032 µM
10 -0.1094 mM
5 - 0.1563 µM
200 - 0.823 µM
100 - 0.0781 µM
100-12 µg/ml
10 - 0.3125 µM
6 - 0.025 µM
2 - 0.00064 µM
1 µM
200 - 6.25 µM
1.5 µM
50 - 1.56 µM
80 - 0.04nM
10 - 0.313 µM
5 µM
4000 - 16 µM
600 nM
500 - 2 nM
20 ng/ml
10 ng/ml
100-12 µg/ml
1 µg/ml
5- 0.16 mM
50 - 1.56 µM
10 - 0.003 µM
10 - 0.003 µM
5 - 0.2058 µM
1 - 0.0003 µM
100-12 µg/ml
500 - 2 nM
35 ng/ml
200 - 6.25 µM
50 - 0.206 nM
100 - 0.4115 µM
10 - 0.0001 µM
5 - 0.2058 µM
10 µM
500 - 0.0156 µM
100 - 0.4115 µM
50 - 1.56 µM
1.5 µM
100 - 0.03 µM
125 - 3.9 µM
1 - 0.0041 µM
25 - 0.1029 µM
10 - 0.3125 mM
20 - 0.08 nM
10 - 0.04 µM

Solvent
m-H2O
m-H2O
m-H2O
m-H2O
DMSO
m-H2O
0.1%BSA in PBS
DMSO
DMSO
DMSO
DMSO
DMSO
DMSO
m-H2O
m-H2O
DMSO
DMSO
m-H2O
m-H2O
DMSO
0.1%BSA in PBS
wash medium
0.1%BSA in PBS
m-H2O
m-H2O
DMSO
DMSO
DMSO
DMSO
DMSO
0.1%BSA in PBS
DMSO
0.1%BSA in PBS
DMSO
DMSO
DMSO
DMSO
DMSO
EtOH
m-H2O
m-H2O
DMSO
DMSO
DMSO
m-H2O
DMSO
DMSO
m-H2O
m-H2O
m-H2O
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Catalog #
165131
A5376
A-9099
147230
A8674
11099
248-BD/CF
203290
B0560
S1013
11783
C2759
Axon 1386
C2210000
C-9754
C8273
565784
M1902
3093
E1383
233-FB/CF
13256-029
212-GD/CF
14533
317306
219470
SCP0005
S2619
Cay-13284-25
N9789
256-GF/CF
M-1404
719-NG
495320
O7760
4876
R-8875
SML 0061
1614
1057.1
A6756
S5567
3300/1
1097
X-100
T1952
662005
P4543
V-8388
1254

Provider
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
R&D
Calbiochem
Sigma
Selleckchem
Sigma
Sigma
Axon Medchem
Sigma
Sigma
Sigma
Millipore
Sigma
Tocris
Sigma
R&D
Invitrogen
R&D
Fluka
Sigma
Calbiochem
Sigma
Selleckchem
Biomol
Sigma
R&D
Sigma
R&D
Calbiochem
Sigma
Sigma
Sigma
Sigma
Tocris
Carl Roth
Sigma
Sigma
R&D
Tocris
Sigma
Sigma
Calbiochem
Sigma
Sigma
Tocris
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Abbreviation:
BDNF, Brain derived neurotrophic factor; BIS1, Bisindolylmaleimide I;Calcein-AM, Calcein acetoxymethyl;
CCCP, Carbonyl cyanide m-chlorophenyl hydrazine; Chir99021, GSK-3 inhibitor; DAPT, γ-secretase inhibitor;
FGF2, Fibroblast growth factor 2; GDNF, Glia derived neurotrophic factor; IDPN, Iminodipropionitrile; NGF,
Nerve growth factor; ODQ, 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one; SAHA, Suberoylanilide hydroxamic
acid; SDS, sodium dodecyl sulfate; SP6001215, c-Jun N-terminal kinase inhibitor; TSA, Trichostatin A; Y27632, ROCK inhibitor
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2. Quantification of peripheral neurotoxicity (PeriTox)
Neurite area and viability were assessed as described

1-3

. In detail, cells were loaded with

1 µM calcein-AM and 1 µg/ml H-33342 for 1 h at 37°C. For image acquisition, an ArrayScan VTI HCS (high contenting imaging microscope) (Cellomics, Thermo Scientific,
Waltham, MA, USA) with a Hamamatsu ORCA-ER camera was used. A 10 x magnification
(2 x 2 pixel binning) was used, and nine fields per well were imaged in two channels. In
channel 1, H-33342+ nuclei were detected according to their size, area, shape and intensity at
excitation/emission wavelengths of 365 ± 50 / 535 ± 45. The nuclei borders were expanded
radially by 3.2 µm to define a virtual cell soma area (VCSA). In channel 2 (at
excitation/emission wavelengths of 474 ± 40 / 535 ± 45) all calcein+ pixels were identified as
viable cell structures (VCS). An algorithm was applied that used the VCSA as a filter in the
calcein channel and subtracted it from the VCS. The remaining pixels (VCS-VCSA) in the
calcein channel were defined as neurite area and were represented relative to the untreated
control. In an automated procedure, all H-33342+/calcein+ cells were analyzed as viable cells.
The sum of fields evaluated for one data point contained 1489 ± 485 healthy cells with a
neurite area of 16100 ± 4000 pixels. Statistical differences were tested as described earlier3.
Briefly, they were tested by ANOVA followed by Dunnett’s post hoc test. To test for
statistical differences between neurite area and viability two-way ANOVA was used. The
same was done for recovery experiments. The concentration-response-curves were used to
determine the concentration resulting in a half-maximal reduction in viability (EC50
viability) and neurite area (EC 50 neurite area) respectively. For neurite growth accelerating
compounds (Y-27632, blebbistatin) the concentration resulting in a 150% increase in neurite
area was used and referred to as "EC 50 neurite area". For compounds that showed no halfmaximal reduction in viability, the highest tested concentration was used to calculate the
EC50 ratio. To define non-specific effects of the PeriTox-test, we chose a set of cytotoxic
compounds according to the following rule: they induce cell death, and due to their mode of
action it is unlikely that they specifically affect neurites. Compounds that affected viability
and neurite area less than 20% (EC20) at the highest tested concentration were defined as no
effect compounds.
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3. Statistical analysis of gene array data
Data were obtained for 5 time points (hESC, DoD8’, DoD1, DoD4, DoD7) from four
independent differentiations (=20 arrays). All analyses were performed using open source
packages of the statistical programming language R (version 3.1.1). For the normalization,
RMA algorithm was used for background correction, log2 transformation, quantile
normalization, and a linear model fit to the normalized data in order to obtain a value for each
probe set (PS) on each array. Normalization parameters for frozen RMA were datasets of 200
arrays used4. The difference between gene expression at each time point and the
corresponding controls (either hESC or DoD8’) was calculated (paired design) and
statistically evaluated using the limma package5. This form of a moderated t-test is
abbreviated here as the limma t-test. The resulting p-values were multiplicity-adjusted to
control the false discovery rate (FDR) by the Benjamini−Hochberg procedure 6, so that a gene
list was obtained for each time point with corresponding estimates for fold change (FC) and
p-values. Expression changes of at least 2-fold (adjusted p-value ≤ 0.001) were considered as
differentially expressed and referred to in the text as differentially expressed genes (DEG).
All microarray raw data and results have been deposited in a public database (GEO).
[reference number to be added after manuscript acceptance]
Gene Set Enrichment Analysis
The gene ontology group enrichment analysis was performed using the topGO package7.
Only results from the “biological process” ontology were considered. The resulting p-values
were multiplicity-adjusted by the Benjamini−Hochberg procedure6. The cut-off for the
adjusted enrichment p-value was set to 0.001.
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4. Principle component analysis (PCA)
We downloaded a subset of the raw data for the microarray samples referenced in the
manually curated tissue atlas8, using only the samples based on the Affymetrix Human
Genome U133 Plus 2.0 Array. The samples comprised 252 data sets for liver tissue and 335
for brain tissue. We normalized these samples together with samples generated from the 2step sensory neuron differentiation protocol, neuro-differentiation of LUHMES dopaminergic
neurons4, 9, hESC-derived neural crest cells (NCC)10 and hESC-derived CNS neural
precursors (NEP)4. Raw data corresponding to the sensory neuron samples (1-step-protocol)
and dorsal root ganglia samples, generated using Illumina HumanHT-12 v3.0 Expression
BeadChips, were downloaded from Array Express ([http://www.ebi.ac.uk/arrayexpress/]),
accession number E-MTAB-303111. The Illumina microarray based data was logarithmized
and quantile normalized. Since the Illumina microarray based and Affymetrix microarray
based data could not be normalized together, we computed the fold change relative to
embryonic stem cell samples for both platforms. For the Illumina platform, the samples
annotated as DoD0* embryonic stem cells in the Array Express annotation were used and for
the Affymetrix platform, the hESC samples were used. We then joined the fold change
vectors for both platforms to form a matrix. We finally computed a principal component
analysis on this matrix using the top 20% of genes with the highest variance across the tissue
atlas and the in vitro neuro-differentiation samples.

136

Results Chapter 3 ─ Stem cell-derived human dorsal root ganglia-like cells to identify
peripheral neurotoxicants
5. Calcium [Ca2+]i measurement
Cells were loaded with Fluo-4AM solution (10 µM) supplemented with probenecid (10 µM;
both Molecular Probes®, Darmstadt, Germany), and H-33342 (1 µg/ml) for 20 min at 37°C.
Changes of free intracellular Ca2+ concentration [Ca2+]i were monitored using an Array-Scan
VTI HCS Reader (Cellomics, Thermo Scientific, Waltham, MA, USA) equipped with a
Hamamatsu ORCA-ER camera in humidified atmosphere of 5% CO2 at 37°C. Calcium flux
was monitored for every second for 120 s with 0.6 s exposure time in channel 2
(excitation/emission wavelengths of 474 ± 40 / 535 ± 45). Neuronal nuclei in the same field
were identified according to their size, area, shape and intensity in channel 1
(excitation/emission wavelengths of 365 ± 50 / 535 ± 45). To monitor stimulation by KCl
(50 mM), or veratridine (100 µM; Sigma, St. Louis, MO, USA), the solutions were added by
a robotic needle after 8 s of recording (at 10 x concentration, in a volume of 10 µl and a speed
of 2 µl/s) directly to the cells in Hank's Balanced Salt Solution (HBSS) medium, and images
were continuously taken. For experiments using the Ca2+ channel modulators verapamil
(100 µM) and nifendipine (100 µM; all Sigma, St. Louis, MO, USA), the compounds were
added to the cells 15 min before calcium imaging. Analysis of image stacks first identified
the nuclei in channel 1. All nuclei that showed constant localization and intensity over time
were used to define the cell body area in channel 2. The fluorescence of this area (average
intensity per pixel) was recorded over time. The baseline signal was calculated from the first
8 data points. The ∆“ signal intensity” was defined as the maximum fluorescent intensity
after addition of the stimulus minus baseline signal. To quantify the effect of Ca2+ channel
modulators on calcium signaling, mean values of∆ signal intensity of technical replicates
were expressed in % relative to KCl stimulated cells. KCl was set arbitrary to 100%.
Statistical differences were tested by ANOVA followed by Dunnett’s post hoc test.

137

Results Chapter 3 ─ Stem cell-derived human dorsal root ganglia-like cells to identify
peripheral neurotoxicants
6. Immunocytochemistry
Detailed list of antibodies used in this study
Target protein/antibody
name

Dilution

catalog #

Provider

TUJ1

1:1000

MMS-435P

Covance

BRN3A

1:200

AB5945

Millipore

NeuN

1:200

MAB377

Millipore

Phalloidin-568 (actin)

1:1000

A12380

Invitrogen

PAX6

1:200

PRB-278P

Covance

SOX10

1:500

sc-17342

Santa Cruz Biotech.

Nanog

1:200

9656

Cell signaling

OCT4

1:200

9656

Cell signaling

Tra-81

1:200

9656

Cell signaling

Tra-60

1:200

9656

Cell signaling

To test for cell proliferation we used the Click-iT EdU imaging assay as described by the
manufactures (Life Technologies, Darmstadt, Germany). We analyzed two different time
points of proliferation. One hour after seeding, EdU (10 µM) was added to the medium and
after 24 h (at DoD1) cells were directly fixed in 4% PFA / 2% sucrose. For the second time
point cells were incubated with EdU at DoD3 for 24 h and afterwards fixed and analyzed
(DoD4). The total cell number (H-33342+ cells) and EdU positive cells were automatically
assessed by Array-Scan VTI HCS (high contenting imaging microscope) (Cellomics, Thermo
Scientific, Waltham, MA, USA) live cell microscopy and analyzed by an algorithm.
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7. Quantitative RT-PCR (qPCR)
Detailed list of primers used in this study
Name

Accession
nr.

Forward sequence

Reverse sequence

ISL1

NM_002202.2

5'-TTGGAATGGCATGCGGCATG-3'

5'-AGGCCACACAGCGGAAACAC-3'

P2RX3

NM_002559.3

5'-TGACGCCACCTCAGGGCACC-3'

5'-AGGTCCGGAGCACAGAGCTG-3'

PAX6

NM_000280

5‘-CCGCCTATGCCCAGCTTCAC-3‘

5‘-AAGTGGTGCCCGAGGTGCCC-3‘

PRPH

NM_006262.3

5'-GAGAGCTGGAGCTGTTGGGC-3'

5'-AGGCGGGACAGAGTGGCATC-3'

RET

NM_020630.4

5'-GGTCTTTTGGTGTCCTGCTGTGG-3'

5'-GCATCAGGCGGTACATCTCCT-3'

RPL13A

NM_012423.2

5’-GGTATGCTGCCCCACAAAACC-3’

5’-CTGTCACTGCCTGGTACTTCCA-3’

RUNX1

NM_001001890.2

5'-TCGGCTGAGCTGAGAAATGC-3'

5'-GGTTCTCGGGGCCCATCCAC-3'

SCN10A

NM_001293306.2

5'-GTGGGCCTGCATGGAAGTTG-3'

5'-GGGCCACCTGCAGGTTGTTC-3'

SCN9A

NM_002977.3

5'-GCCGGTGAACGGGAAAATGC-3'

5'-GCCGGTGAACGGGAAAATGC-3'

SLC17A6

NM_020346.2

Qiagen catalogue #.: 330001PPH14888A

TRPM8

NM_024080.4

5'-TGGGAGCCAGCAAGCTTCTG-3'

5'-CCGCCAGCTCCAGACAGTTG-3'

TRPV1

NM_018727.5

5'-TCCTGGACACGGAGAAGAGC-3'

5'-CTTGACGCCCTCACAGTTGC-3'
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Supporting Information Figure S1.
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Supporting
Information
Fig.Fig.
S1:S(A)
Supplementary
Information
1 Schematic representation of the generation of minicircle induced pluripotent stem
cells (mc-iPSC) from adipocytes12 and their further differentiation into DRG-like cells (DRGL). Human mc-iPSCs were
purchased from System Biosciences (#SC301A-1; Mountain View, CA, USA). (B-C) Immunocytochemical characterization
of mc-iPSC. Labels are color-keyed to images. (B) Cells were stained for the pluripotency markers Nanog, OCT4, Tra-81
and Tra-60. (C) Cells were differentiated according to the 2-step PeriTox-test protocol. At day of differentiation 7 (DoD7)
cells were stained for BRN3A and TUJ1. (D) Intracellular calcium levels measured on DoD7 after depolarization. Each cell
is depicted by a circle; *** p < 0.001; HBSS, Hank’s buffered salt solution; Verat, veratridine (100 µM). (E-F) Effects of
vincristine, rotenone and ODQ on neurite area and viability under standard PeriTox test conditions (DoD0
→ 1); The
viability curve in e is for rotenone but looked essential similar for vincristine; mean ± SEM; n=3; * p < 0.05, *** p < 0.001.
Scale bars, 200µm (B) and 100µm (C).
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Supporting Information Fig. S2: Transcriptome analysis during differentiation of hESCs to DRGL. (A) Top 10 GO
terms significantly overrepresented among the genes up-regulated (UP) or down-regulated (DOWN) on DoD1 compared to
hESC (B) Top 10 GO terms significantly overrepresented among the genes up-regulated (UP) or down-regulated (DOWN)
on DoD7 compared to DoD8’. (C) DEG were determined with different reference points to obtain information on main
transcriptional changes at different stages of the process. Top 20 significantly up- (red) and down- (blue) regulated genes.
hESCDoD8’ (left side); DoD8’DoD1 (middle); DoD8’DoD7 (right side).Cut off: Fold change (FC) >2, p-value <
0.001, Benjamini Hochberg corrected. DoD, day of differentiation, DEG, differentially expressed genes.
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Supporting Information Fig. S3: Quantification of neurite area of hESC-derived DRG-like cells. (A) Basic principle of
the imaging algorithm used for neurite area quantification. Untreated hESC-derived DRGL were stained with H-33342 and
calcein. The nuclei were detected by their H-33342 staining in channel 1 (i); they were automatically identified and marked
(indicated by a blue circle) (ii). All viable cells were stained by calcein, which was detected in channel 2 (iii). The algorithm
automatically expanded the nuclar outline to define a “virtual soma area”. All calcein-positive pixels outside the virtual soma
area were defined as neurite area (shown in red) and they were automatically quantified (iv). (B) Measurement of neurite
area of cells treated with 10 µM rotenone (black circle) and DMSO control (white square) in 6 independent cell lots (left
side). Calculation of the z’ factor (with respect to rotenone as positive control) of 10 independent experiments (middle).
Effect of colchicine on neurite area, measured by the standard PeriTox-test test by 3 different operators, represented by 3
different colors (right side). (C) Exemplary images of the neurite area detected automatically by the imaging algorithm of
untreated cells (i), cells treated with 2.2 nM vincristine (ii), 8.9 nM colchicine (iii) and 1.3 µM cytochalsin D (iv).
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Supporting Information Figure S4.
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Blocks actin polymerization in growth cones (b)

17, 24

Proteasome inhibitor (related to bortezomib)

25, 26

Soluble guanylyl cyclase (sGC) inhibitor

27-30

Inhibits mitochondrial ATP synthesis (c)

31, 32

HDAC inhibitor, similar mode of action as MS275 (d)

33, 34

Rock pathway inhibitor (downstream)

15, 35, 36

Microtuble polymerization inhibitor, clinical evidence

33, 37

RhoA kinase activatorgrowth cone collapse;

15, 36, 38-41

Mechanism like colchicine, vincristine

42-44

Human evidence (c)

39-41

Microtuble polymerization inhibitor, clinical evidence

45, 46

RhoA pathway inhibitor

17, 24

Proteasome inhibitor (related to bortezomib)

17, 24

Proteasome inhibitor (related to bortezomib)

31, 32

Clinical evidence (d)

31, 32, 47-49

HDAC inhibitor, similar mode of action as MS275 (d)

15, 50

Human evidence (epidemiology)

41, 51, 52

Clinical evidence

2, 53

Cell type specific

2, 54, 55

Cell type specific
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Respiratory chain dysfunction, oxidative stress (c)

56, 57

Mitochondrial uncouplerenergy dissipation (c)

58, 59

Apoptosis inducer
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63-71

No in vivo evidence of PN (e)
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73, 74
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31, 32

HDAC, similar mode of action as MS275 (d)

15, 50

Human evidence (epidemiology)

c-jun kinase inhibitor, cell-dependent

(a)
Inhibitor of raf kinase inhibitor protein; no PN

15

Metabolite of hexane, which causes human PN

15

PN in dogs and rats but no clinical data

15, 75-77

Polychlorinated biphenyl, no PN

15, 75-77

Polychlorinated biphenyl, no PN

15

Human evidence for delayed PN (f)

10, 78, 79

Developmental toxicant

Supporting Information Fig. S4: Comparison of hits in the PeriTox-test with literature data from the LUHMES test
and in vivo data. For all test compounds, the potency for neurite effects (EC50 (neurite)) and for general cytotoxicity (EC50
(cytotoxicity)) was determined, and the ratio was calculated. The effect was considered specific, when the ratio was≥ 3 (red
box). Compounds were considered not to affect neurites specifically under the given test conditions, when the ratio was < 3
(blue box), or when no toxicity was measured up to the concentrations indicated (black box). Similar data sets were obtained
for LUHMES cells (central nervous system-derived human neurons) from Krug et al., 2013.
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Group I: Specific neurite effect in PeriTox-test but not in LUHMES-test.
Group II: Specific neurite effect in PeriTox-test and LUHMES-test.
Group III: Specific neurite effect in PeriTox-test but not tested in LUHMES-test.
Group IV: No specific neurite toxicity in PeriTox-test but specific neurite effect in LUHMES-test.
Group V: No specific neurite toxicity or no effect in PeriTox-test and LUHMES-test or not tested in LUHMES-test (grey
box).
The PeriTox-test predictions were compared with the published literature to judge the predictive value. We used following
categories:
(+) neurite effect confirmed by in vivo data,
(#) neurite effect is likely due to mode of action of compound
(±) and inconsistent or insufficient literature information,
(-) in vivo data consistent with absence of peripheral neurite toxicity
(=) absence of effect consistent with known mechanism of action
(0) confirmed low acute toxicity.
(a) Acrylamide is an established peripheral neurotoxicant. The toxic activity has been linked to inhibition of axonal transport
and the reactivity towards thiol groups. This reactivity is shared by acrolein and crotonaldehyde (both affecting neurites)80,
81

, but not by acrylic acid. Acrylic acid is one of acrylamids in vivo metabolites, not sharing its effects on axonal transport or

PN.
(b) Cytochalasins depolarize F-actin. F-actin is required for growth cone function of fetal neurons, where cytochalsin leads
to growth cone collapse and neurite retraction. In developed neurites, F-actin is involved in specialized types of transport
(e.g. neurofilaments) essential for neurite maintenance.
(c) Mitochondrial inhibitors (CCCP, oligomycin, antimycin A, rotenone). The different “mitochondrial inhibitors” have
largely distinct cellular effects. Oligomycin inhibits mitochondrial ATP synthesis, without swelling mitochondria in neurites.
Mitochondria have a very high membrane potential (due to glycolytic ATP). This affects local neurite function, without
necessarily causing cell death29. Antimycin A, leads to mitochondria swelling and strong (reactive oxygen species) ROS
production, and therefore general cell death. Rotenone has repeatedly shown amazing selectivity for neurites, for brain
regions, as it still allows some respiratory chain function. It may also affect mitochondrials in neurites43, just like MPP+,82 a
drug with similar targets. CCCP leads to uncoupling, mitochondria swelling and general cellular ATP depletion, which leads
to general cell death also in peripheral neurons57.
(d) HDACi are an emerging class of chemotherapeutics that target the HDAC isoenzymes with varying affinity ratios. Their
effects are cell type-specific, since they broadly alter the epigenetic state, and thus the transcriptome. They can e.g. lead to
cell cycle arrest or apoptosis in tumor cells, affect autophagy or alter neurodifferentiation. The clinical consequences are still
under intensive investigation. The neuromodulatory effects have been associated with neuroprotection and fostering of
neurite growth, but e.g. the new HDACi JNJ-26481585 caused peripheral neuropathy in mice83, TSA can promote
experimental sensory neuropathy under chemotherapy conditions84, and data from two clinical trials with MS-27531,

32

suggest some neurosensory side effects in patients. HDACi can have largely different side effects, and e.g. VPA can affect
(positive) neurite growth cones independent of HDAC inhibition85. This latter finding may explain that VPA, a drug that has
been used as antiepileptic for decades, does not cause PN (‘true negative’ in PeriTox-test). The effects observed in the
PeriTox-test for SAHA, TSA and MS-275 may either predict a potential clinical problem (‘true positive’), that gets more
evident with more wide-spread or prolonged use (possibly in combination with other drugs), or it may be a test model
specific finding (e.g. alteration of neuronal differentiation). In the latter case it would rather be judged as ‘false positive’
with respect to human prediction.
(e) Okadaic acid (OA) is a protein phosphatase inhibitor that can affect neurites by increasing tau phosphorylation and by
altering outgrowth signaling70. However OA also causes neuronal apoptosis71. In some cell cultures (rodent, frog), neurite
outgrowth may be inhibited by OA65-67, 69 but effects on adult neurites (human, mouse) are accompanied by cell death67, 68, 70.
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The window between neurite effect general cytotoxicity is small for this compound, and neurite degeneration has therefore
not been described in vivo.
(f) Belongs to the known organophosphates that causes organophosphate-induced delayed peripheral neuropathy (OPIDP),
because they inhibit neurotoxic esterase (NTE) in addition to acetylcholine esterase. Effect in vivo is delayed (< 2 weeks
after dosing).
PN, peripheral neuropathy; U.S. EPA, United States Environmental Protection Agency; HDAC, histone deacetylase; Ref,
reference
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F. Concluding discussion
This thesis contains three experimental chapters, each based on a publication manuscript. In
the results chapter (C, D and E) the main results are discussed in detail. Therefore, the
following concluding discussion chapter will describe the overarching issues of the individual
publications, and put them into a general context of developing human pluripotent stem cell
(hPSC)-based in vitro neurotoxicity test systems. Moreover, it will discuss some important
aspects which need to be considered when using in vitro neurotoxicity test systems in the
future.

Need for new in vitro neurotoxicity test systems
Nowadays, with certain exceptions such as pesticides which are used in agriculture and affect
the food industry, a full toxicological profile of only relatively few commercially available
chemicals is known. Especially in the field of neurotoxicity, the majority of substances has
not been tested specifically (EPA 1998, Grandjean and Landrigan 2006, Judson, Richard et
al. 2009, Grandjean and Landrigan 2014). Due to this, there is a high demand for evaluating
the neurotoxicity potential of ‘daily life chemicals’. Presently, the assessment of
neurotoxicity and developmental neurotoxicity (DNT) is based on high dose animal testing
according to e.g. OECD test guideline (TG) 426 and TG 424 (OECD 1997, OECD 2007). In
the field of toxicity assessment, neurotoxicity and in particular DNT are some of the most
challenging disciplines (Leist, Hasiwa et al. 2012, Krause, van Thriel et al. 2013). Adverse
effects on neurodevelopment could, among others, result in altered neuronal cell populations
in the absence of cell death and thus may not be detected by routine screens. Moreover, there
are differences in the brain development of humans and animals. For instance, the human
nervous system development at the end of the second trimester of gestation correlates to the
brain developmental stage of a new born rat (Clancy, Finlay et al. 2007). Thus, uncertainty
factors have to be included into human health risk assessment based on animal data.
Additionally, due to time-, cost- and labour intensive animals studies, which allow only a low
throughput, a rethinking in the field of toxicology has been fulfilled. Triggered by the release
of the Tox21 vision document (NRC 2007) in 2007, a lot of effort has been spent in the
development of new mechanistically orientated human in vitro cell-based assays. However, it
has to be considered that several requirements need to be fulfilled until a biological model
system can be used as an in vitro test system (Leist, Efremova et al. 2010, Crofton, Mundy et
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al. 2011, Leist, Hasiwa et al. 2012). To replace the traditional animal-based tests, the new in
vitro test systems should meet the following requirements:
•

Human specificity

•

Cell type specificity

•

Model the in vivo situation as closely as possible

•

Presence of a relevant endpoint that could be potentially disrupted by toxicants

•

Reproducibility, technical robustness, easy quantification

•

Performance (fast, cheap, easy)

•

Suitable for sufficient throughput (adaptable to high throughput screening (HTS),
high content analysis (HCA))

•

Sensitivity and specificity of the alternative in vitro methods has to be higher than the
classical in vivo test according to the guideline TG426 and TG424 respectively.

Human pluripotent stem cells (hPSC) have been shown to be a suitable tool for neurotoxicity
assessment, since they fulfil these criteria. The new approach has the advantage to gain
knowledge about the toxicity mode of action of the respective compounds and it enables a
fast evaluation of all commercially available substances for their potential of causing
neurotoxicity, resulting in improved human health risk assessment. Thus, the aim of this
thesis was to use hPSCs and their progeny to develop in vitro models for neurotoxicity testing
(Figure 5).
Create a full toxicological profile
of chemicals
?

?
?
?

?

?

?

?

?
?

?

?

?

?

?

?
?

?

Improve human risk assessment

in vitro
test systems

AIM:
Development of in vitro neurotoxicity test systems
Figure 5: General concept of in vitro neurotoxicity assessment. New in vitro neurotoxicity test systems are needed to
create a full toxicological profile of commercially available chemicals and drugs (indicated by color geometrical forms) to
improve human health risk assessment (sorting into ‘good’ and ‘bad’ bins).
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A 3-D neurogenesis model to assess nanoparticle DNT
In the first publication resulting from this thesis (C results chapter 1), we developed a 3-D in
vitro neurosphere system to test for developmental neurotoxicity of nanoparticles (NP).
Recent advances in the understanding of molecular mechanisms and identification of key
regulators in cell fate determination has improved the efficiency of in vitro neural
differentiation towards a dominant cell type (Yan, Yang et al. 2005, Li, Hu et al. 2008). Since
this does not reflect general neurodevelopment, we combined the efficient neural
differentiation from hPSCs towards an almost pure population of CNS Pax6+ progenitor cells
by dual SMAD inhibition (Chambers, Fasano et al. 2009), with a neurosphere culture system.
One large advantage of the neurosphere system over 2-D models mostly containing one cell
type, is that it comprises many different cell types in different stages of differentiation and
allows for a dynamic, 3-D cell model with communication between cells thus mimicking the
in vivo situation. Moreover, toxicant exposure can be long term (> 18 days), thus modeling
natural exposure to accumulating toxicants in the environment. Whole transcriptome analysis
showed that the 3-D neurosphere system covered a broad neurodevelopmental period and was
dynamic, with continuously ongoing differentiation processes within the cells that closely
emulates the in vivo situation. Moreover, in the 3-D system, important neurodevelopmental
genes were up-regulated during differentiation. Since several studies have indicated a DNT
potential of nanoparticle (NP), we asked the question whether we could detect DNT of
nanoparticles in this system. As proof of principle, we chose two types of compounds. The
first compound was the well-known developmental neurotoxicant methylmercury (MeHg)
(Harada 1995, Grandjean and Landrigan 2006, Grandjean and Landrigan 2014), and as a
second compound chemically-inert polyethylene (PE)-NP was selected. We showed that both
compounds induced cytotoxicity at very high concentrations. Moreover, the system was able
to detect impaired neuronal differentiation upon exposure to MeHg and Pe-NP at noncytotoxic concentrations. This was detected by measuring changes in the expression of a
selected set of marker genes, which comprised crucial neurodevelopmental genes. Alterations
in expression of these genes during development are known to induce neurological
impairment. For example, we could identify that exposure to low concentrations of PE-NP
reduced the expression of genes (Hes5, Notch1, NeuroD1, ASCL1 and FOXG1) which play
an important role during telencephalon development. Mutations in these genes are associated
with impaired neurogenesis and telencephalon development in mice (Xuan, Baptista et al.
1995, Mencarelli, Spanhol-Rosseto et al. 2010).
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Cytotoxicity

No cytotoxicity

False
neuronal
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Correct
neuronal
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Figure 6: Schematic presentation of the 3-D neurosphere system to assess DNT of nanoparticles in the absence of
cytotoxicity. 3-D neurospheres were exposed to tool compounds (methylmercury and polyethylene nanoparticles
represented by a black triangle and a square) for 18 days. Afterwards, cell viability assays were used to distinguish between
cytotoxic and non-cytotoxic effects of the tested compounds. Under non-cytotoxic concentrations an effect of the compound
on neuronal differentiation was assessed by using a selected set of markers to analyze changes in gene expression.

Although this 3-D neurosphere system is relatively labor intensive and time consuming (29
days of differentiation) it has scale-up potential. As a proof of principle we showed that the 3D neurosphere system was able to detect MeHg and PE-NP induced changes in
differentiation, suggesting that it is a promising in vitro model to assess the adverse effect of
chronic exposure to potential (nano-) neurotoxicants (Figure 6).
Bioinformatics tools to identify specific groups of DNT compounds based on
transcriptomics
In utero exposure to the antiepileptic drug valproic acid (VPA) may cause neural tube defects
resulting in severe neurodevelopmental disorders such as spina bifida, cleft symptom, autismspectrum disorder or reduced IQ score (also known as fetal valporate syndrome) (Meador,
Baker et al. 2009, Jentink, Loane et al. 2010). It has been shown that such drug and chemical
induced neurodevelopmental disorders can be modeled in vitro by differentiating hPSC
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towards neuroepithelia progenitors (NEP) in the presence of the histone deacetylase
inhibitors (HDACi) VPA or trichostatin A (TSA) (Balmer, Weng et al. 2012, Balmer, Klima
et al. 2014). In addition, VPA and MeHg induced neurodevelopmental impairment can be
discriminated on the basis of their transcriptome profile (Krug, Kolde et al. 2013). Based on
this knowledge we ask the following questions, resulting in the second publication (D results
chapter 2) of this thesis: (1) whether this system is able to yield information about a common
mechanism of HDACi causing neurodevelopmental disturbances based on changes of their
transcriptome profile and (2) whether transcriptome analysis and bioinformatics tools are
suitable for a mechanistic grouping of two compound classes and the identification of
HDACi compounds.
To answer these questions we chose two distinct groups: HDACi and mercurials each with
six compounds. The first class of HDACi comprised of VPA, TSA, vorinostat, belinostat,
panobinostat and entinostat. The second class contained chemicals acting by different
mechanisms but had a mercurial atom in common and therefore were named 'mercurials':
methylmercury,

thimerosal,

mercury(II)chloride,

mercury(II)bromide,

4-

chloromercuribenzoic acid and phenylmercuric acid. During differentiation of hPSCs towards
NEPs, cells were exposed to the respective compound for 6 days. Among the DEG, we
identified 405 up- and 190 down-regulated transcripts, which were at least regulated by 4
HDACi independent from mercurial regulation and were therefore named as consensus
genes. To yield more information about a common biological mechanism of HDACi based on
their transcriptome profile, we took several approaches. Firstly, we grouped gene onthologies
(GO) which were overrepresented among the up- regulated and respectively down- regulated
consensus genes into 7 superordinated cell biological processes (e.g. neuronal development,
mesodermal development, neural crest). Secondly, we identified KEGG pathways which
were overrepresented amongst up-regulated genes and down-regulated genes. As a third
approach we constructed a transcription factor network (TF) to study the changes triggered
by HDACi in a systems biological context. Altogether these analyses indicated a disrupted
neuronal differentiation and the simultaneous induction of a differentiation shift towards
neural crest and mesoderm linage. Based on this approach we identified a common
mechanism of a related group of compounds, which is specific for this cell system as well as
time, period and concentration of exposure to the HDACi. Furthermore the results confirmed
former studies evaluating DNT potential of single HDACi by analyzing changes in the gene
expression profile of a selected set of markers and by transcriptome changes (Balmer, Weng
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et al. 2012, Krug, Kolde et al. 2013, Balmer, Klima et al. 2014, Waldmann, Rempel et al.
2014).
To answer the second question, whether we could discriminate HDACi and mercurials based
on their transcriptome, we used the following bioinformatics tools: to create a transcriptomebased classifier, a support-vector-machine (SVM) approach was used and 100 probe sets (PS)
were determined based on their regulation and their individual weight factor to identify
HDACi. By leaving one compound out, the other 11 compounds build the classifier which
was able to calculate the probability of the leave-out compound being an HDACi. The
classifier was applied to a large legacy dataset of HDACi, which varied in their exposure
situation and in their potential to cause DNT. For concentrations and exposure times relevant
for causing DNT the classifier predicted correctly the unknown compound as an HDACi.
Furthermore, we showed that a classifier based on the following 8 genes: F2RL2, TFAP2B,
EDNRA, FOXD3, SIX3, MT1E, ETS1 and LHX2 was sufficient to correctly discriminate
between HDACi and mercurials (Figure 7).
Figure 7: Schematic representation of the transcriptome-based classifier
to discriminate between HDACi and mercuricals in a human stem cellbased system. During differentiation towards neuroectoderm, hPSCs were
treated with 2 different groups (HDACi (black forms) and mercurials (white
forms) with 6 compounds per group. Bioinfomatics tools were used to create
a classifier. The validation by ‘leave-one-out’ approach and by legacy data
sets showed a correct discrimination of HDACi and mercurials based on the

CLASSIFIER

HDACi

changes on the transcriptome.

Mercurials

In summary, this study showed a proof of concept how bioinformatics tools can be used to
deal with large amounts of data (85 microarrays) to answer relevant questions for NT/DNT
prediction and thereby providing useful information for other studies in the field, since this
unbiased approach has the potential to be transferable to other cell systems as well as to be
applicable for classification of other specific groups of compounds. Since NT/DNT is often
initiated by minor changes of the transcriptome resulting in severe impairment of the nervous
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system during later time points, this approach is a good starting point to explore further the
common toxicity initiating events of groups of compounds.

Neurite growth as a functional endpoint to assess cell type specific neurotoxicity
During the last years peripheral neurotoxicity has become of major concern especially in the
field of drug development for chemotherapy. In the third manuscript (E results chapter 3)
included in this thesis we addressed the medically important field of peripheral neuropathies
and the demand for methods to test for such neurotoxicity. By establishing a test system
based on the differentiation of hPSCs towards dorsal root ganglia-like cells (DRGL), we
could generate cells in high quantities which were otherwise not available. Therefore, we
optimized the differentiation process to generate a pure population of peripheral neurons. We
showed that a 2-step differentiation strategy which included a freezing and thawing step of
hPSC-derived neuronal progenitor cells had three major advantages. Firstly, this approach
enabled the generation of big lots of identical cells, which could be cryopreserved for the
individual experiments and after thawing were ready to use for toxicity testing. Secondly, the
cryopreservation step lead to a homogenous neuronal cell population, which allowed the
study of toxic effects on one particular cell type. Thirdly, the 2-step differentiation strategy
accelerated the neuronal differentiation towards dorsal root ganglia (DRG).
We found that neurite growth was a suitable endpoint to identify peripheral neuropathyinducing agents, since our new PeriTox-test (test for peripheral neurotoxicity) correctly
identified several chemotherapeutic drugs like cisplatin and bortezomib as well as
acrylamide, which is well-known from literature for causing peripheral neuropathies (Spencer
2000). It has been shown in former studies using central neurons (Stiegler, Krug et al. 2011,
Krug, Balmer et al. 2013), that a simultaneous assessment of viability and neurite growth by
life cell microscopy, was of a great advantage compared to the first attempts of neurotoxicity
tests that did not distinguish between cytotoxicity and neurotoxicity (Frimat, Sisnaiske et al.
2010, Harrill, Freudenrich et al. 2011). We confirmed the benefit of this approach in the
PeriTox-test, since the test showed a good discrimination between generally cytotoxic
compounds and compounds that specifically effect the neurites. This neurite specificity was
additionally confirmed by reversibility upon washout. By comparision of the data obtained in
the PeriTox-test with human in vivo data a good specificity and sensitivity, two important
quality criteria of a toxicity test, were determined. Additionally, in the study we confirmed a
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sufficient throughput and robustness (concerning cell differentiation and toxicological
readout) of the PeriTox-test. In combination with all these important criteria, we can also
measure an increase in neurite growth, which could be very beneficial for future applications.
For example, the application of the PeriTox-test in a screening approach for recovery
enhancing compounds, which could facilitate new therapy options, in particular in the field of
cancer therapy.
Broad range of compounds

Specific
peripheral neurotoxic

Specific
central neurotoxic

General
neurotoxic

No effect

Figure 8: Schematic representation of the PeriTox-test to assess peripheral neurotoxicity. Human pluripotent stem cells
were differentiated towards dorsal root ganglia-like cells before they were treated with a broad range of compounds
(indicated by the different geometric forms (different shape, size, color)). Afterwards, life-cell imaging was used to
simultaneously quantify neurite growth and viability. Based on these endpoints a prediction model was designed that was
used to distinguish between specific neurotoxic effect, unspecific neurotoxic effect and no effect. A comparison with a
similar in vitro system based on central neurons (LUHMES-test, represented by neurons with short projections in diagram)
identified specific peripheral neurotoxic compounds (specific neurotoxic effect only in the PeriTox-test, indicated by
neurons with long projections in diagram), specific central neurotoxic compounds (specific neurotoxic effect in the
LUHMES-test), general neurotoxic compounds (specific effect in both tests), no effect compounds (no effect in both test).

One important step in developing a toxicity test systems is the design of a prediction model
for data interpretation. We found that the ratio of EC50(viability)/EC50(neurites) = 3 was a
suitable threshold to classify compounds with a ratio ≥ 3 as specific neurotoxic and < 3 as
non specific neurotoxic. Moreover, we showed that the PeriTox-test was able to identify
specific peripheral neurotoxic compounds (Figure 8). A comparison with literature data from
the LUHMES-test (a similar test based on central neurons) (Stiegler, Krug et al. 2011, Krug,
Balmer et al. 2013) showed a clear difference in the pattern of toxicity. In particular,
compounds that are known to cause peripheral neuropathies (acrylamide, bortezomib,
cisplatin, oligomycin, proteasome inhibitor MG132) were correctly identified in the PeriTox156
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test but not in the LUHMES-test. This clearly points out that it is of high importance to use
the appropriate cell type, relevant for the in vivo situation. Especially in the field of safety
assessment this key finding has to be given more consideration to avoid examples of drug fail
in clinical trials because of false positive results in preclinical studies based on testing on
non-target cell types (Mertens, Stuber et al. 2013). Besides a fast screening procedure, the use
of pathway specific neurite growth inhibitors/accelerators to reduce/induce neurite growth
and cell type specific toxicants, the PeriTox-test provides a good starting point to analyze the
relevant targets of toxicity of the exposed compounds and to detect possible differences
between central and peripheral neurons.
In summary, we have established the first neurotoxicity test method based on human
pluripotent stem cell-derived peripheral neurons. The strategies exemplified in our study, of
reproducible cell generation, cell-function-based test system establishment, and assay
validation, provide the basis for a drug safety assessment on cells not available otherwise.
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Three different concepts of in vitro test system development
All three manuscripts resulting in this thesis dealt with the development of in hPSC-based in
vitro systems to answer different essential questions in the field of NT/DNT prediction. To
highlight the key points of the individual in vitro systems, we analyzed them regarding the
following parameters: biological model system, endpoint, exposure time, readout,
compounds, throughput, validation and acceptance criteria. A summary of the key points is
given in the following:
Key parameter
Biological model
system

3-D neurosphere (N)
3-D, recapitulates
developmental stage after
neural tube closure

Endpoint

Differentiation, changes
in gene expression profile
based on a selected set of
marker genes
21 DoE / 39 DoD

Days of Exposure
(DoE) /
differentiation
(DoD)
Readout

Compounds

Throughput
Quality/Validation

Classifier (C)
2-D, recapitulates
developmental stage of
neuroectoderm formation,
generation of
neuroepithelia
progenitors (NEP), before
neural tube closure
Differentiation, changes
in whole transcriptome
profile
6 DoE / 9 DoD

Selected set of 14 marker
genes, real time qPCR;
viability
assessment;
concentration-response
curve; based on this
selected concentrations
were used for gene
expression analysis
2 (Methylmercury,
polyethylenenanoparticle)

Whole transcriptomics,
affymetrix chip;
viability
assessment:
concentration-response
curve;
benchmark
concentration was used
for transcriptome analysis

Low
Developmental
neurotoxicant
methylmercury as a gold
standard

Low/Medium
Classifier was applied to
different exposure
conditions; Prediction by
the classifier was
compared to DNT data
from literature

12 (6 HDACi, 6
mercurials)

PeriTox (P)
2-D, peripheral neurons

Neurite
growth
and
viability as functional
endpoints for peripheral
neurotoxicity
1 DoE / 1 DoD
(independent from
toxicity testing + 11 DoD
before freezing)
Calcein-AM and Hoechst
33342
stained
cells,
analysed in automated
life cell microscopy;
concentration-response
curve
for
every
compound
> 40, broad range of
drugs and chemicals (e.g.
tubulin interacting
compounds, HDACi,
environmental and
industrial chemicals,
pathway modulators,
proteasome inhibitors)
Medium/High
Quantification, creation
of a prediction model
with good sensitivity and
specificity, z'factor = 0.7;
Comparison with human
in vivo literature data

In the general introduction chapter the requirements for an in vitro test system have been
described. As the key parameters of in vitro systems are interconnected, not all needs can be
fulfilled by the new test system and compromises of expense of one parameter must be made.
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For example a test system that recapitulate the in vivo situation as close as possible is often
very complex as well as time-, cost- and labor-intensive and therefore not suitable for high
throughput screening. Thus, one challenge in the field of in vitro test system development is
focusing on identifiying and monitoring the parameters that are crucial for the biological
question.
For example the exposure time of the 3-D neurosphere system (N) was very long, since the
cells were exposed up to 18 days, whereas the retrieved information value was very low,
because only gene expression of a selected set of markers was analyzed. In contrast, the
classifier (C) had a shorter exposure time (6 days) but had a very high information value,
since the changes on the whole transcriptome were analyzed. The exposure time in the
PeriTox-test (P) was the shortest. Although this test is very specific for peripheral neurons,
information about a functional endpoint can be ranked higher than changes of gene
expression level since their biological relevance might be more directly extrapolatable
(Figure 9A). To analyze long-term chronic effects of toxicants, the 3-D neurosphere system
would be the suitable test system, as it enables such long exposure times in contrast to the

P
C
N
Time of exposure

C
P
C
N

Cell-cell communication

Information volume

B
Throughput

A

Information value

other two systems.

C
N
P
Specificity

Figure 9: Analysis and comparison of the 3-D neurosphere system (N), classifier (C) and PeriTox-test (P) with respect
to important parameters in test system development. The three in vitro system, which have been developed during this
thesis were analyzed and ranked each time regarding (A) their information value of the data resulting from the test and
possible time of exposure to the toxicant in the system, (B) the throughput of compounds and emulating in vivo-like cell-cell
communication in the system, (C) the volume of information resulting from the test and the specificity of the test.

Regarding the parameters cell-cell communication and throughput, P and C had a lower cellcell communication than N, since both differentiation protocols were intend to generate one
particular homogenous cell population, whereas the 3-D structure of N facilitates an
environment similar to the neurogenic niche, composed of neural stem cells (NSCs) and
several differentiated cell types, which plays an important part in self-renewal and also
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differentiation (Fuchs, Tumbar et al. 2004, Lund, Yener et al. 2009). However the throughput
of P was much higher (Figure 9B). Thus, P would be the optimal choice to screen a broad
range of compounds to identify specific peripheral neurite modulating compounds.
Regarding the parameters information volume and specificity, P had the highest specificity,
since the biologically relevant endpoint was directly read out and specific for peripheral
neurons. Additionally, P had the lowest data volume, since only viability and neurite growth
were quantified. In contrast, N had the lowest specificity and a medium information volume,
since compounds could be identified that effect the expression of a selected set of markers.
The specificity and information volume of C was higher than N, due to its classification
based on transcriptome changes into two groups of compounds: HDACi and mercurials
(Figure 9C). Thus, C would be the suitable test system to analyze the initial event of
neurotoxicity and to gain information about the differences and similarities between different
groups of compounds regarding their initial event of toxicity.
Taken together, all three manuscripts resulting in this thesis showed different concepts of in
vitro neurotoxicity testing. The previously described test system comparision emphasizes that
several different systems are necessary to cope with the challenges of a broad spectrum of
NT/DNT. Thus, this thesis is a valuable contribution to the new approach of in vitro NT/DNT
hazard identification by combining different in vitro test systems.

The future of neurotoxicity testing: Incorporation of in vitro systems into test batteries
Since the recommendation of the US National Research Council Report to develop
mechanistically orientated human in vitro cell-based assays to improve the quality and
efficiency of human risk assessment in 2007 (NRC 2007) the field of in vitro NT/DNT has
developed rapidly. To meet the needs of this paradigm shift, experts in the field of NT/DNT
have developed strategies on how to improve in vitro neurotoxicity test systems on the
scientific as well as on the regulatory level in order to accelerate a regulatory acceptance of
the new in vitro systems (Leist, Hasiwa et al. 2014, Bal-Price, Crofton et al. 2015). Important
recommendations were for instance: improving existing methods rather than designing new
methods, combining hazard testing with toxicokinetics prediction, incorporating new high
content endpoints to classical assays and evaluating test validation procedures. Since none of
the existing in vitro systems can address the challenges in the field of NT/DNT alone, one
approach is the implementation of integrated test strategies (ITS) (Leist, Hasiwa et al. 2014,
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Rovida, Alepee et al. 2015). In simple terms, ITS has been defined as 'combinations of tests
in a battery covering relevant mechanistic steps organized in a logical, hypothesis-driven
decision scheme, which is required to make efficient use of generated data and to gain a
comprehensive information basis for making decisions regarding hazard or risk' (Jaworska
and Hoffmann 2010). In the field of reproductive toxicology, first attempts of ITS have
already been successfully made. For example, within the ReProTect project ten blinded
chemicals with a well-defined toxicological profile were tested in 14 in vitro assays (Schenk,
Weimer et al. 2010). Another example is the local lymph node assay (LLNA) in the area of
skin sensitization (Jaworska, Harol et al. 2011).
Turning away from the standard "black box" animal experiment, using in vitro systems for
NT/DNT assessment has the huge advantage of focusing on one endpoint and thereby gaining
knowledge about the understanding of the cellular and molecular mechanism that trigger
neurological impairment in this particular way. The development and function of the nervous
system is very complex, highly organized and regulated, therefore several crucial processes
can be disturbed by chemicals leading to NT/DNT without necessarily affecting cell viability.
Since an in vitro system can only give information about its specific endpoint, we can only
create a partial toxicological profile of the unknown compound. In order not to lose
information that might lead to a missclassification of the toxicity potential of the tested
compounds, a test battery consisting of a large number of different assays is needed. The test
battery ideally combines assays that cover all relevant endpoints of development/function of
the nervous system. As illustrated in Figure 10A, the output of a single in vitro system has a
specific relevance and information value. The combination of several in vitro systems with a
defined relevance and information value into a test battery will increase the information value
and the relevance, resulting in a gain of knowledge about the toxicological profile of the
unknown compound.
One point which has to be considered is the fact that in vitro NT/DNT test systems lack
metabolic activation, thus only the primary toxic effect of a compound can be assessed.
While in vivo, metabolism of xenobiotics by non-neural tissue (e.g. liver) or in the brain (e.g.
astrocytes) may result either in a detoxification or in a bioactivation of the foreign compound.
Thus, the in vivo metabolism of foreign compounds has to be carefully checked to avoid an
underestimation or an overestimation of toxicity (Harry, Billingsley et al. 1998). For
example, in vivo n-hexane is biotransformed into the neurotoxic metabolite 2,5-hexanedione
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(Perbellini, Brugnone et al. 1981). To overcome this limitation in vitro systems that model
liver metabolism (astrocyte metabolism) have to be included into a NT/DNT test battery.
In the following example, we have made the assumption that first all compounds are tested in
general cytotoxicity tests and only compounds which show no effect in these tests are used
for further testing in the in vitro systems (IVS) for NT/DNT. In a figurative way the
toxicological profile of an unknown compound is composed of the shape, size and color of a
geometrical form. By testing the unknown compound, IVS 1 can only predict information
about the shape (triangle, circle, square), IVS 2 gives only information about the size (small,
medium, large) and in addition IVS 3 can only classify the compounds according to its color
(red, green, blue). By integrating these data into a test battery we obtain information whether
the compound is a red medium triangle or a small green square. For data interpretation a
prediction model is designed. In order to point out the importance of the prediction model,
the here presented example shows two possible prediction models which lead to completely
different results. Prediction model 1 determines a compound (represented by a geometrical
form) as specific neurotoxic if it shows a specific effect in all three test systems. According to
that, a red medium size triangle or a blue large circle are specific neurotoxic (Figure 10C). In
contrast prediction model 2 determines a compound as specific neurotoxic if it shows a
specific effect in at least one of the tests (either triangle, circle (IVS 1), medium size, large
(IVS 2) or red, blue (IVS 3)). Accordingly, more geometrical forms are specific neurotoxic
(e.g. red, medium size triangle; blue medium size square, red medium size circle) (Figure
10D). Although this example is very simple, several combinations are possible to determine a
compound as specific neurotoxic. It has to be considered how many specific effects are
needed to classify the compound as specific neurotoxic? Furthermore, to design a good
prediction model it has to be consindered whether all in vitro test systems are equal in their
prediction capacity or whether weight factors have to be included. Therefore, it is important
to determine concentration-response curves of the tested compounds, which allow a
comparison of sensitivity between the different in vitro systems.
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Figure 10: Schematic presentation of the principle of a test battery for in vitro neurotoxicity assessment. (A) An in
vitro system has a specific value of information and relevance. The combination of different in vitro systems (IVS) into a test
battery results in an increase in information value and relevance. (B) In vitro systems have the advantage of a
mechanistically-orientated toxicity assessment. Thus, such test systems can only focus on one defined endpoint. The tested
compound shows either a specific effect or no effect in the particular IVS and thereby the test provides only partial
information on the toxicological profile of the tested compound. For example, the toxicological profile of a compound is
defined by a well defined shape (triangle, circle, square), size (small, medium, large) and color (red, blue, green). By using
IVS1 we only obtain information about the shape of the compound. Triangles and circles show a specific effect whereas
squares have any effect on the respecitive endpoint. IVS2 provides information about the size and IVS3 provides
information about the color. Since in the field of NT/DNT compounds can induce neurological impairment by disturbing
only one or several crucial processes of the nervous system, using only one particular IVS would might result in a
misclassification of the toxicity potential of the compound due to an incomplete toxicological profile. The combination of
test systems covering different important endpoints into a test battery provides more information resulting in a more
complete toxicological profile of the tested compound, indicated by e.g. a red medium size triangle, a green small square or a
red medium size circle. To interpret the outcome of the test battery an prediction model has to be designed. (C) The here
designed prediction model 1 determines a compound as specific neurotoxic if it is specific in all three IVS, indicated by the
Venn diagram. Accordingly, red medium size triangles and blue large circles are classified as specific neurotoxic. (D)
Alternatively, prediction model 2 determines a compound as specific neurotoxic if it is specific in at least one IVS.
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Accordingly, much more compounds are classified as specific neurotoxic, represented e.g. by the red medium size squre, the
blue medium size square, or the red medium size circle.

The ReProTect feasibility study gave an example of how to deal with more complex
information. The results of the ten chemicals tested in 14 different in vitro assays were
analyzed by a nearest neighbor analysis coupled with a weight of evidence approach. Hazard
prediction based on this data has been proven to be correct when compared with the whole
animal data (Schenk, Weimer et al. 2010). Another approach was taken in the field of skin
sensitization for the LLNA. Here, a Bayesian network was used to establish an ITS
(Jaworska, Gabbert et al. 2010, Jaworska and Hoffmann 2010, Jaworska, Harol et al. 2011).
Both studies will give helpful advice for a successful establishment of ITS in the field of
NT/DNT in the future.
In the last step, extrapolation to in vivo and to man including kinetic studies, amongst other,
are required for risk assessment to improve human safety. This last step focuses on the
relevance of the concentration associated with toxic effects obtained in in vitro systems for in
vivo conditions. It is assumed that only concentrations that are in the same order of magnitude
as the concentrations causing adverse effects in vivo are relevant for human risk assessment
(Krug, Kolde et al. 2013). Therefore, in vitro to in vivo extrapolation (IVIVE) approaches
have been developed and integrated into ITS to determine exposure of human to chemical
inducing adverse effects equivalent to a concentration (e.g. EC50, benchmark concentration)
associated with a specific toxic effect obtained by in vitro testing (Blaauboer 2010, Yoon,
Campbell et al. 2012).
Although a lot of progress has been made in the field of alternative in vitro testing during the
last years, there is still some work to be done before we completely replace animal based in
vivo experiments for NT/DNT assessment with in vitro testing. One step towards this
direction will be the use of ITS for the prioritizing of chemicals and only positive hits will
then be tested in in vivo tests in the near future. Thereby the throughput of chemicals will be
accelerated and the use of animals for toxicity testing reduced and refined (Judson, Houck et
al. 2010, Leist, Hasiwa et al. 2014). Since March 2013, due to the 7th amendment to the EU
Cosmetics Directive, only cosmetics which ingredients have not been tested in animals can be
on sale (Pauwels and Rogiers 2004, Safety 2012). Due to this legislative regulation a lot of
effort has been spent in the development of in vitro models relevant for cosmetic product
safety assessment. For example the epidermis models EpiDerm, EpiSkin and SkinEthic have
been developed in order to test for potential dermal corrosives. These alternative in vitro
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systems are accepted on the regulatory level (OECD 2010, OECD 2014) and exemplified that
a replacement of animal in vivo experiments by in vitro testing is possible.
We feel very confident, also in the field of NT/DNT that the in vivo tests will be successfully
replaced by in vitro ITS in the future.

165

Bibliography

G. Bibliography
Abbott LF and Nelson SB (2000). "Synaptic plasticity: taming the beast." Nat Neurosci 3
Suppl: 1178-1183.
Abranches E, Silva M, Pradier L, Schulz H, Hummel O, Henrique D, et al. (2009).
"Neural differentiation of embryonic stem cells in vitro: a road map to neurogenesis in the
embryo." PLoS One 4(7): e6286.
Adlard BP, Dobbing J and Sands J (1975). "A comparison of the effects of cytosine
arabinoside and adenine arabinoside on some aspects of brain growth and development in the
rat." Br J Pharmacol 54(1): 33-39.
Alexa AR, J. (2010). topGO: Enrichment Analysis for Gene Ontology, R package 2.14.10. .
http://bioconductor.wustl.edu/bioc/html/topGO.html.
Alfano DP and Petit TL (1982). "Neonatal lead exposure alters the dendritic development of
hippocampal dentate granule cells." Exp Neurol 75(2): 275-288.
Amit M, Carpenter MK, Inokuma MS, Chiu CP, Harris CP, Waknitz MA, et al. (2000).
"Clonally derived human embryonic stem cell lines maintain pluripotency and proliferative
potential for prolonged periods of culture." Dev Biol 227(2): 271-278.
Ankley GT, Bennett RS, Erickson RJ, Hoff DJ, Hornung MW, Johnson RD, et al.
(2010). "Adverse outcome pathways: a conceptual framework to support ecotoxicology
research and risk assessment." Environ Toxicol Chem 29(3): 730-741.
Argyriou AA, Iconomou G and Kalofonos HP (2008). "Bortezomib-induced peripheral
neuropathy in multiple myeloma: a comprehensive review of the literature." Blood 112(5):
1593-1599.
Arora S, Rajwade JM and Paknikar KM (2012). "Nanotoxicology and in vitro studies:
The need of the hour." Toxicol Appl Pharmacol 258(2): 151-165.
Assady S, Maor G, Amit M, Itskovitz-Eldor J, Skorecki KL and Tzukerman M (2001).
"Insulin production by human embryonic stem cells." Diabetes 50(8): 1691-1697.
Bahr GF and Moberger G (1954). "Methyl-mercury-chloride as a specific reagent for
protein-bound sulfhydryl groups; electron stains II." Exp Cell Res 6(2): 506-518.
Bal-Price A, Crofton KM, Leist M, Allen S, Arand M, Buetler T, et al. (2015).
"International STakeholder NETwork (ISTNET): creating a developmental neurotoxicity
(DNT) testing road map for regulatory purposes." Arch Toxicol 89(2): 269-287.
Bal-Price A, Crofton KM, Sachana M, Shafer TJ, Behl M, Forsby A, et al. (2015).
"Putative adverse outcome pathways relevant to neurotoxicity." Crit Rev Toxicol 45(1): 8391.
Bal-Price AK, Coecke S, Costa L, Crofton KM, Fritsche E, Goldberg A, et al. (2012).
"Advancing the science of developmental neurotoxicity (DNT): testing for better safety
evaluation." ALTEX 29(2): 202-215.
Balmer NV, Weng MK, Zimmer B, Ivanova VN, Chambers SM, Nikolaeva E, et al.
(2012). "Epigenetic changes and disturbed neural development in a human embryonic stem
cell-based model relating to the fetal valproate syndrome." Hum Mol Genet 21(18): 41044114.
Balmer NV, Klima S, Rempel E, Ivanova VN, Kolde R, Weng MK, et al. (2014). "From
transient transcriptome responses to disturbed neurodevelopment: role of histone acetylation
and methylation as epigenetic switch between reversible and irreversible drug effects." Arch
Toxicol 88(7): 1451-1468.
Balmer NV and Leist M (2014). "Epigenetics and Transcriptomics to Detect Adverse Drug
Effects in Model Systems of Human Development." Basic Clin Pharmacol Toxicol,
10.1111/bcpt.12203.

166

Bibliography
Bayer SA and Altman J (1991). "Development of the endopiriform nucleus and the
claustrum in the rat brain." Neuroscience 45(2): 391-412.
Benjamini YH, Y. (1995). "Controlling the false discovery rate: a practical and powerful
approach to multiple testing." J. R. Stat. Soc. Ser. B Stat. Methodol. 57: 289–300.
Blaauboer BJ (2010). "Biokinetic modeling and in vitro-in vivo extrapolations." J Toxicol
Environ Health B Crit Rev 13(2-4): 242-252.
Boissart C, Poulet A, Georges P, Darville H, Julita E, Delorme R, et al. (2013).
"Differentiation from human pluripotent stem cells of cortical neurons of the superficial
layers amenable to psychiatric disease modeling and high-throughput drug screening." Transl
Psychiatry 3: e294.
Bondarenko O, Ivask A, Kakinen A and Kahru A (2012). "Sub-toxic effects of CuO
nanoparticles on bacteria: Kinetics, role of Cu ions and possible mechanisms of action."
Environ Pollut 169: 81-89.
Borland MK, Trimmer PA, Rubinstein JD, Keeney PM, Mohanakumar K, Liu L, et al.
(2008). "Chronic, low-dose rotenone reproduces Lewy neurites found in early stages of
Parkinson's disease, reduces mitochondrial movement and slowly kills differentiated SHSY5Y neural cells." Mol Neurodegener 3: 21.
Bottini AA, Amcoff P and Hartung T (2007). "Food for thought ... on globalisation of
alternative methods." Altex 24(4): 255-269.
Bouvier d'Yvoire M, Bremer S, Casati S, Ceridono M, Coecke S, Corvi R, et al. (2012).
"ECVAM and new technologies for toxicity testing." Adv Exp Med Biol 745: 154-180.
Boyle CA, Decoufle P and Yeargin-Allsopp M (1994). "Prevalence and health impact of
developmental disabilities in US children." Pediatrics 93(3): 399-403.
Boyle CA, Boulet S, Schieve LA, Cohen RA, Blumberg SJ, Yeargin-Allsopp M, et al.
(2011). "Trends in the prevalence of developmental disabilities in US children, 1997-2008."
Pediatrics 127(6): 1034-1042.
Brand AH and Livesey FJ (2011). "Neural stem cell biology in vertebrates and
invertebrates: more alike than different?" Neuron 70(4): 719-729.
Breier JM, Radio NM, Mundy WR and Shafer TJ (2008). "Development of a highthroughput screening assay for chemical effects on proliferation and viability of immortalized
human neural progenitor cells." Toxicol Sci 105(1): 119-133.
Briscoe J and Novitch BG (2008). "Regulatory pathways linking progenitor patterning, cell
fates and neurogenesis in the ventral neural tube." Philos Trans R Soc Lond B Biol Sci
363(1489): 57-70.
Brown RC, Lockwood AH and Sonawane BR (2005). "Neurodegenerative diseases: an
overview of environmental risk factors." Environ Health Perspect 113(9): 1250-1256.
Bunge RP (1968). "Glial cells and the central myelin sheath." Physiol Rev 48(1): 197-251.
Buzea C, Pacheco, II and Robbie K (2007). "Nanomaterials and nanoparticles: sources and
toxicity." Biointerphases 2(4): MR17-71.
Cahan P, Li H, Morris SA, Lummertz da Rocha E, Daley GQ and Collins JJ (2014).
"CellNet: network biology applied to stem cell engineering." Cell 158(4): 903-915.
Carri AD, Onorati M, Lelos MJ, Castiglioni V, Faedo A, Menon R, et al. (2013).
"Developmentally coordinated extrinsic signals drive human pluripotent stem cell
differentiation toward authentic DARPP-32+ medium-sized spiny neurons." Development
140(2): 301-312.
Carvajal-Vergara X, Sevilla A, D'Souza SL, Ang YS, Schaniel C, Lee DF, et al. (2010).
"Patient-specific induced pluripotent stem-cell-derived models of LEOPARD syndrome."
Nature 465(7299): 808-812.
Casarosa S, Fode C and Guillemot F (1999). "Mash1 regulates neurogenesis in the ventral
telencephalon." Development 126(3): 525-534.
167

Bibliography
Cashman CR and Hoke A (2015). "Mechanisms of distal axonal degeneration in peripheral
neuropathies." Neurosci Lett, 10.1016/j.neulet.2015.01.048.
Castro DS, Martynoga B, Parras C, Ramesh V, Pacary E, Johnston C, et al. (2011). "A
novel function of the proneural factor Ascl1 in progenitor proliferation identified by genomewide characterization of its targets." GENE DEV 25(9): 930-945.
Cezar GG (2007). "Can human embryonic stem cells contribute to the discovery of safer and
more effective drugs?" Curr Opin Chem Biol 11(4): 405-409.
Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M and Studer L
(2009). "Highly efficient neural conversion of human ES and iPS cells by dual inhibition of
SMAD signaling." Nat Biotechnol 27(3): 275-280.
Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M and Studer L
(2009). "Highly efficient neural conversion of human ES and iPS cells by dual inhibition of
SMAD signaling." Nat Biotech 27(3): 275-280.
Chambers SM, Qi Y, Mica Y, Lee G, Zhang XJ, Niu L, et al. (2012). "Combined smallmolecule inhibition accelerates developmental timing and converts human pluripotent stem
cells into nociceptors." Nat Biotechnol 30(7): 715-720.
Chapin RE and Stedman DB (2009). "Endless possibilities: stem cells and the vision for
toxicology testing in the 21st century." Toxicol Sci 112(1): 17-22.
Chen C, Grennan K, Badner J, Zhang D, Gershon E, Jin L, et al. (2011). "Removing
batch effects in analysis of expression microarray data: an evaluation of six batch adjustment
methods." PLoS One 6(2): e17238.
Chiappalone M, Massobrio P and Martinoia S (2008). "Network plasticity in cortical
assemblies." Eur J Neurosci 28(1): 221-237.
Choi BH, Kudo M and Lapham LW (1981). "A Golgi and electron-microscopic study of
cerebellum in methylmercury-poisoned neonatal mice." Acta Neuropathol 54(3): 233-237.
Choi BH (1989). "The effects of methylmercury on the developing brain." Prog Neurobiol
32(6): 447-470.
Chow MZ, Boheler KR and Li RA (2013). "Human pluripotent stem cell-derived
cardiomyocytes for heart regeneration, drug discovery and disease modeling: from the
genetic, epigenetic, and tissue modeling perspectives." Stem Cell Res Ther 4(4): 97.
Christopher CR and Ahmet H (2015). "Mechanisms of distal axonal degeneration in
peripheral neuropathies." Neurosci Lett, 10.1016/j.neulet.2015.01.048.
Chung CY, Seo H, Sonntag KC, Brooks A, Lin L and Isacson O (2005). "Cell typespecific gene expression of midbrain dopaminergic neurons reveals molecules involved in
their vulnerability and protection." Hum Mol Genet 14(13): 1709-1725.
Ciaroni S, Cecchini T, Ferri P, Ambrogini P, Cuppini R, Lombardelli G, et al. (2002).
"Postnatal development of rat dentate gyrus: effects of methylazoxymethanol administration."
Mech Ageing Dev 123(5): 499-509.
Clancy B, Finlay BL, Darlington RB and Anand KJ (2007). "Extrapolating brain
development from experimental species to humans." Neurotoxicology 28(5): 931-937.
Colleoni S, Galli C, Gaspar JA, Meganathan K, Jagtap S, Hescheler J, et al. (2011).
"Development of a neural teratogenicity test based on human embryonic stem cells: response
to retinoic acid exposure." Toxicol Sci 124(2): 370-377.
Collins FS, Gray GM and Bucher JR (2008). "Toxicology. Transforming environmental
health protection." Science 319(5865): 906-907.
Colon-Ramos DA (2009). "Synapse formation in developing neural circuits." Curr Top Dev
Biol 87: 53-79.
Conti L and Cattaneo E (2010). "Neural stem cell systems: physiological players or in vitro
entities?" Nat Rev Neurosci 11(3): 176-187.
168

Bibliography
Copp AJ, Greene ND and Murdoch JN (2003). "The genetic basis of mammalian
neurulation." Nat Rev Genet 4(10): 784-793.
Corbin JG, Gaiano N, Juliano SL, Poluch S, Stancik E and Haydar TF (2008).
"Regulation of neural progenitor cell development in the nervous system." J Neurochem
106(6): 2272-2287.
Cortes CV, V. (1995). "Support-vector networks." Machine learning 20: 273-297.
Crofton KM, Mundy WR, Lein PJ, Bal-Price A, Coecke S, Seiler AE, et al. (2011).
"Developmental neurotoxicity testing: recommendations for developing alternative methods
for the screening and prioritization of chemicals." ALTEX 28(1): 9-15.
Davies M, Brophy S, Williams R and Taylor A (2006). "The prevalence, severity, and
impact of painful diabetic peripheral neuropathy in type 2 diabetes." Diabetes Care 29(7):
1518-1522.
Defranchi E, Novellino A, Whelan M, Vogel S, Ramirez T, van Ravenzwaay B, et al.
(2011). "Feasibility Assessment of Micro-Electrode Chip Assay as a Method of Detecting
Neurotoxicity in vitro." Front Neuroeng 4: 6.
Di Giorgio FP, Boulting GL, Bobrowicz S and Eggan KC (2008). "Human embryonic
stem cell-derived motor neurons are sensitive to the toxic effect of glial cells carrying an
ALS-causing mutation." Cell Stem Cell 3(6): 637-648.
Dingemans MM, Ramakers GM, Gardoni F, van Kleef RG, Bergman A, Di Luca M, et
al. (2007). "Neonatal exposure to brominated flame retardant BDE-47 reduces long-term
potentiation and postsynaptic protein levels in mouse hippocampus." Environ Health Perspect
115(6): 865-870.
Dingemans MM, de Groot A, van Kleef RG, Bergman A, van den Berg M, Vijverberg
HP, et al. (2008). "Hydroxylation increases the neurotoxic potential of BDE-47 to affect
exocytosis and calcium homeostasis in PC12 cells." Environ Health Perspect 116(5): 637643.
Dubois-Dauphin ML, Toni N, Julien SD, Charvet I, Sundstrom LE and Stoppini L
(2010). "The long-term survival of in vitro engineered nervous tissue derived from the
specific neural differentiation of mouse embryonic stem cells." Biomaterials 31(27): 70327042.
Efthymiou A, Shaltouki A, Steiner JP, Jha B, Heman-Ackah SM, Swistowski A, et al.
(2014). "Functional screening assays with neurons generated from pluripotent stem cellderived neural stem cells." J Biomol Screen 19(1): 32-43.
Ekino S, Susa M, Ninomiya T, Imamura K and Kitamura T (2007). "Minamata disease
revisited: an update on the acute and chronic manifestations of methyl mercury poisoning." J
Neurol Sci 262(1-2): 131-144.
Elkabetz Y, Panagiotakos G, Al Shamy G, Socci ND, Tabar V and Studer L (2008).
"Human ES cell-derived neural rosettes reveal a functionally distinct early neural stem cell
stage." Genes Dev 22(2): 152-165.
EPA (1998). "Chemical hazard data availability study. What do we really know about the
safety of high production volume chemicals?" U.S. Environmental Protection Agency,
Washington, DC
Erceg S, Ronaghi M, Oria M, Rosello MG, Arago MA, Lopez MG, et al. (2010).
"Transplanted oligodendrocytes and motoneuron progenitors generated from human
embryonic stem cells promote locomotor recovery after spinal cord transection." Stem Cells
28(9): 1541-1549.
Fan JR, L. (2006). "Statistical Challenges with High Dimensionality: Feature Selection in
Knowledge Discovery." Mathematics Subject Classification.

169

Bibliography
Fasano CA, Chambers SM, Lee G, Tomishima MJ and Studer L (2010). "Efficient
derivation of functional floor plate tissue from human embryonic stem cells." Cell Stem Cell
6(4): 336-347.
Frimat JP, Sisnaiske J, Subbiah S, Menne H, Godoy P, Lampen P, et al. (2010). "The
network formation assay: a spatially standardized neurite outgrowth analytical display for
neurotoxicity screening." Lab Chip 10(6): 701-709.
Fuchs E, Tumbar T and Guasch G (2004). "Socializing with the neighbors: stem cells and
their niche." Cell 116(6): 769-778.
Gassmann K, Abel J, Bothe H, Haarmann-Stemmann T, Merk HF, Quasthoff KN, et al.
(2010). "Species-specific differential AhR expression protects human neural progenitor cells
against developmental neurotoxicity of PAHs." Environ Health Perspect 118(11): 1571-1577.
Gerdts J, Summers DW, Sasaki Y, DiAntonio A and Milbrandt J (2013). "Sarm1mediated axon degeneration requires both SAM and TIR interactions." J Neurosci 33(33):
13569-13580.
Gocht T, Berggren E, Ahr HJ, Cotgreave I, Cronin MT, Daston G, et al. (2015). "The
SEURAT-1 approach towards animal free human safety assessment." ALTEX 32(1): 9-24.
Gordon-Weeks PR (2004). "Microtubules and growth cone function." J Neurobiol 58(1):
70-83.
Gottmann E, Kramer S, Pfahringer B and Helma C (2001). "Data quality in predictive
toxicology: reproducibility of rodent carcinogenicity experiments." Environ Health Perspect
109(5): 509-514.
Gotz M and Huttner WB (2005). "The cell biology of neurogenesis." Nat Rev Mol Cell
Biol 6(10): 777-788.
Grandjean P and Landrigan PJ (2006). "Developmental neurotoxicity of industrial
chemicals." Lancet 368(9553): 2167-2178.
Grandjean P and Herz KT (2011). "Methylmercury and brain development: imprecision
and underestimation of developmental neurotoxicity in humans." Mt Sinai J Med 78(1): 107118.
Grandjean P and Herz KT (2011). "Methylmercury and Brain Development: Imprecision
and Underestimation of Developmental Neurotoxicity in Humans." MT SINAI J MED 78(1):
107-118.
Grandjean P and Landrigan PJ (2014). "Neurobehavioural effects of developmental
toxicity." Lancet Neurol 13(3): 330-338.
Gregg EW, Sorlie P, Paulose-Ram R, Gu Q, Eberhardt MS, Wolz M, et al. (2004).
"Prevalence of lower-extremity disease in the US adult population >=40 years of age with
and without diabetes: 1999-2000 national health and nutrition examination survey." Diabetes
Care 27(7): 1591-1597.
Grinberg M, Stober RM, Edlund K, Rempel E, Godoy P, Reif R, et al. (2014).
"Toxicogenomics directory of chemically exposed human hepatocytes." Arch Toxicol 88(12):
2261-2287.
Guentert-Lauber B, Monnet-Tschudi F, Omlin FX, Favrod P and Honegger P (1985).
"Serum-free aggregate cultures of rat CNS glial cells: biochemical, immunocytochemical and
morphological characterization." Dev Neurosci 7(1): 33-44.
Halsey YD (1955). "The reaction of methyl mercury nitrate with the sulfhydryl groups of
yeast glyceraldehyde-3-phosphate dehydrogenase." J Biol Chem 214(2): 589-593.
Harada M (1995). "Minamata disease: methylmercury poisoning in Japan caused by
environmental pollution." Crit Rev Toxicol 25(1): 1-24.
Harbron C, Chang KM and South MC (2007). "RefPlus: an R package extending the
RMA Algorithm." Bioinformatics 23(18): 2493-2494.
170

Bibliography
Harrill JA, Freudenrich TM, Machacek DW, Stice SL and Mundy WR (2011).
"Quantitative assessment of neurite outgrowth in human embryonic stem cell-derived hN2
cells using automated high-content image analysis." Neurotoxicology 31(3): 277-290.
Harris MJ and Juriloff DM (2007). "Mouse mutants with neural tube closure defects and
their role in understanding human neural tube defects." Birth Defects Res A Clin Mol Teratol
79(3): 187-210.
Harris MJ and Juriloff DM (2010). "An update to the list of mouse mutants with neural
tube closure defects and advances toward a complete genetic perspective of neural tube
closure." Birth Defects Res A Clin Mol Teratol 88(8): 653-669.
Harry GJ, Billingsley M, Bruinink A, Campbell IL, Classen W, Dorman DC, et al.
(1998). "In vitro techniques for the assessment of neurotoxicity." Environ Health Perspect
106 Suppl 1: 131-158.
Hartung T and Leist M (2008). "Food for thought ... on the evolution of toxicology and the
phasing out of animal testing." ALTEX 25(2): 91-102.
Hermsen SA, van den Brandhof EJ, van der Ven LT and Piersma AH (2011). "Relative
embryotoxicity of two classes of chemicals in a modified zebrafish embryotoxicity test and
comparison with their in vivo potencies." Toxicol In vitro 25(3): 745-753.
Hermsen SA, Pronk TE, van den Brandhof EJ, van der Ven LT and Piersma AH
(2012). "Concentration-response analysis of differential gene expression in the zebrafish
embryotoxicity test following flusilazole exposure." Toxicol Sci 127(1): 303-312.
Hernandez RV, Navarro MM, Rodriguez WA, Martinez JL, Jr. and LeBaron RG
(2005). "Differences in the magnitude of long-term potentiation produced by theta burst and
high frequency stimulation protocols matched in stimulus number." Brain Res Brain Res
Protoc 15(1): 6-13.
Hesterberg TW, Long CM, Lapin CA, Hamade AK and Valberg PA (2010). "Diesel
exhaust particulate (DEP) and nanoparticle exposures: What do DEP human clinical studies
tell us about potential human health hazards of nanoparticles?" Inhal Toxicol 22(8): 679-694.
Ho Sui SJ, Fulton DL, Arenillas DJ, Kwon AT and Wasserman WW (2007).
"oPOSSUM: integrated tools for analysis of regulatory motif over-representation." Nucleic
Acids Res 35(Web Server issue): W245-252.
Hoelting L, Scheinhardt B, Bondarenko O, Schildknecht S, Kapitza M, Tanavde V, et
al. (2012). "A 3-dimensional human embryonic stem cell (hESC)-derived model to detect
developmental neurotoxicity of nanoparticles." Arch Toxicol 87(4): 721-733.
Hogberg HT, Sobanski T, Novellino A, Whelan M, Weiss DG and Bal-Price AK (2011).
"Application of micro-electrode arrays (MEAs) as an emerging technology for developmental
neurotoxicity: evaluation of domoic acid-induced effects in primary cultures of rat cortical
neurons." Neurotoxicology 32(1): 158-168.
Hougaard KS, Jackson P, Jensen KA, Sloth JJ, Loschner K, Larsen EH, et al. (2010).
"Effects of prenatal exposure to surface-coated nanosized titanium dioxide (UV-Titan). A
study in mice." Part Fibre Toxicol 7: 16.
Howard AS, Bucelli R, Jett DA, Bruun D, Yang D and Lein PJ (2005). "Chlorpyrifos
exerts opposing effects on axonal and dendritic growth in primary neuronal cultures." Toxicol
Appl Pharmacol 207(2): 112-124.
Jagtap S, Meganathan K, Gaspar J, Wagh V, Winkler J, Hescheler J, et al. (2011).
"Cytosine arabinoside induces ectoderm and inhibits mesoderm expression in human
embryonic stem cells during multilineage differentiation." Br J Pharmacol 162(8): 17431756.
Jaworska J, Gabbert S and Aldenberg T (2010). "Towards optimization of chemical
testing under REACH: a Bayesian network approach to Integrated Testing Strategies." Regul
Toxicol Pharmacol 57(2-3): 157-167.
171

Bibliography
Jaworska J and Hoffmann S (2010). "Integrated Testing Strategy (ITS) - Opportunities to
better use existing data and guide future testing in toxicology." ALTEX 27(4): 231-242.
Jaworska J, Harol A, Kern PS and Gerberick GF (2011). "Integrating non-animal test
information into an adaptive testing strategy - skin sensitization proof of concept case."
ALTEX 28(3): 211-225.
Jentink J, Loane MA, Dolk H, Barisic I, Garne E, Morris JK, et al. (2010). "Valproic
acid monotherapy in pregnancy and major congenital malformations." N Engl J Med 362(23):
2185-2193.
Jergil M, Kultima K, Gustafson AL, Dencker L and Stigson M (2009). "Valproic acidinduced deregulation in vitro of genes associated in vivo with neural tube defects." Toxicol
Sci 108(1): 132-148.
Jessell TM (2000). "Neuronal specification in the spinal cord: inductive signals and
transcriptional codes." Nat Rev Genet 1(1): 20-29.
Johnson WE, Li C and Rabinovic A (2007). "Adjusting batch effects in microarray
expression data using empirical Bayes methods." Biostatistics 8(1): 118-127.
Judson R, Richard A, Dix DJ, Houck K, Martin M, Kavlock R, et al. (2009). "The
toxicity data landscape for environmental chemicals." Environ Health Perspect 117(5): 685695.
Judson RS, Houck KA, Kavlock RJ, Knudsen TB, Martin MT, Mortensen HM, et al.
(2010). "In vitro screening of environmental chemicals for targeted testing prioritization: the
ToxCast project." Environ Health Perspect 118(4): 485-492.
Kadereit S, Deeds LS, Haynesworth SE, Koc ON, Kozik MM, Szekely E, et al. (2002).
"Expansion of LTC-ICs and maintenance of p21 and BCL-2 expression in cord blood
CD34(+)/CD38(-) early progenitors cultured over human MSCs as a feeder layer." Stem
Cells 20(6): 573-582.
Kadereit S, Zimmer B, van Thriel C, Hengstler JG and Leist M (2012). "Compound
selection for in vitro modeling of developmental neurotoxicity." Front Biosci (Landmark Ed)
17: 2442-2460.
Kadereit S, Zimmer B, van Thriel C, Hengstler JG and Leist M (2012). "Compound
selection for in vitro modeling of developmental neurotoxicity." Front Biosci 17: 2442-2460.
Kandel ERS, J.H.; Jessell, T.M.; Siegelbaum, A.J.; Hudspeth, A.J. (2013). "Principles of
Neuroscience." New York, USA, The McGrew-Hill Companies.
Karlsson HL, Cronholm P, Gustafsson J and Möller L (2008). "Copper Oxide
Nanoparticles Are Highly Toxic: A Comparison between Metal Oxide Nanoparticles and
Carbon Nanotubes." Chemical Research in Toxicology 21(9): 1726-1732.
Kaufman DS, Hanson ET, Lewis RL, Auerbach R and Thomson JA (2001).
"Hematopoietic colony-forming cells derived from human embryonic stem cells." Proc Natl
Acad Sci U S A 98(19): 10716-10721.
Kaye JA and Finkbeiner S (2013). "Modeling Huntington's disease with induced
pluripotent stem cells." Mol Cell Neurosci 56: 50-64.
Kern I, Xu R, Julien S, Suter DM, Preynat-Seauve O, Baquie M, et al. (2013).
"Embryonic stem cell-based screen for small molecules: cluster analysis reveals four
response patterns in developing neural cells." Curr Med Chem 20(5): 710-723.
Khan N, Jeffers M, Kumar S, Hackett C, Boldog F, Khramtsov N, et al. (2008).
"Determination of the class and isoform selectivity of small-molecule histone deacetylase
inhibitors." Biochem J 409(2): 581-589.
Kim WY, Gonsiorek EA, Barnhart C, Davare MA, Engebose AJ, Lauridsen H, et al.
(2009). "Statins decrease dendritic arborization in rat sympathetic neurons by blocking RhoA
activation." J Neurochem 108(4): 1057-1071.
172

Bibliography
Kleinstreuer NC, Smith AM, West PR, Conard KR, Fontaine BR, Weir-Hauptman AM,
et al. (2011). "Identifying developmental toxicity pathways for a subset of ToxCast
chemicals using human embryonic stem cells and metabolomics." Toxicol Appl Pharmacol
257(1): 111-121.
Klemm M and Schrattenholz A (2004). "Neurotoxicity of active compounds--establishment
of hESC-lines and proteomics technologies for human embryo- and neurotoxicity screening
and biomarker identification." Altex 21 Suppl 3: 41-48.
Knudsen TB, Keller DA, Sander M, Carney EW, Doerrer NG, Eaton DL, et al. (2015).
"FutureTox II: in vitro data and in silico models for predictive toxicology." Toxicol Sci
143(2): 256-267.
Knuesel I, Chicha L, Britschgi M, Schobel SA, Bodmer M, Hellings JA, et al. (2014).
"Maternal immune activation and abnormal brain development across CNS disorders." Nat
Rev Neurol 10(11): 643-660.
Kolaja K (2014). "Stem cells and stem cell-derived tissues and their use in safety
assessment." J Biol Chem 289(8): 4555-4561.
Krause KH, van Thriel C, De Sousa PA, Leist M and Hengstler JG (2013).
"Monocrotophos in Gandaman village: India school lunch deaths and need for improved
toxicity testing." Arch Toxicol 87(10): 1877-1881.
Krewski D, Acosta D, Jr., Andersen M, Anderson H, Bailar JC, 3rd, Boekelheide K, et
al. (2010). "Toxicity testing in the 21st century: a vision and a strategy." J Toxicol Environ
Health B Crit Rev 13(2-4): 51-138.
Kriegstein A and Alvarez-Buylla A (2009). "The glial nature of embryonic and adult neural
stem cells." Annu Rev Neurosci 32: 149-184.
Krishnamoorthy M, Gerwe BA, Scharer CD, Sahasranaman V, Eilertson CD, Nash RJ,
et al. (2013). "Ethanol alters proliferation and differentiation of normal and chromosomally
abnormal human embryonic stem cell-derived neurospheres." Birth Defects Res B Dev
Reprod Toxicol 98(3): 283-295.
Krug AK, Balmer NV, Matt F, Schonenberger F, Merhof D and Leist M (2013).
"Evaluation of a human neurite growth assay as specific screen for developmental
neurotoxicants." Arch Toxicol 87(12): 2215-2231.
Krug AK, Kolde R, Gaspar JA, Rempel E, Balmer NV, Meganathan K, et al. (2013).
"Human embryonic stem cell-derived test systems for developmental neurotoxicity: a
transcriptomics approach." Arch Toxicol 87(1): 123-143.
Kuegler PB, Zimmer B, Waldmann T, Baudis B, Ilmjarv S, Hescheler J, et al. (2010).
"Markers of murine embryonic and neural stem cells, neurons and astrocytes: reference
points for developmental neurotoxicity testing." Altex 27(1): 17-42.
Kultima K, Jergil M, Salter H, Gustafson AL, Dencker L and Stigson M (2010). "Early
transcriptional responses in mouse embryos as a basis for selection of molecular markers
predictive of valproic acid teratogenicity." Reprod Toxicol 30(3): 457-468.
Kuwagata M, Takashima H and Nagao T (1998). "A comparison of the in vivo and in vitro
response of rat embryos to 5-fluorouracil." J Vet Med Sci 60(1): 93-99.
Lambert de Rouvroit C and Goffinet AM (2001). "Neuronal migration." Mech Dev 105(12): 47-56.
Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME, et al. (2013).
"Cerebral organoids model human brain development and microcephaly." Nature 501(7467):
373-379.
Landrigan PJ, Sonawane B, Butler RN, Trasande L, Callan R and Droller D (2005).
"Early environmental origins of neurodegenerative disease in later life." Environ Health
Perspect 113(9): 1230-1233.
173

Bibliography
Lasky JL and Wu H (2005). "Notch signaling, brain development, and human disease."
Pediatr Res 57(5 Pt 2): 104R-109R.
Le Douarin NM and Dupin E (2003). "Multipotentiality of the neural crest." Curr Opin
Genet Dev 13(5): 529-536.
Lee HG, Kim SY, Kim du S, Seo SR, Lee SI, Shin DM, et al. (2009). "1H[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one inhibits neurite outgrowth and causes neurite
retraction in PC12 cells independently of soluble guanylyl cyclase." J Neurosci Res 87(1):
269-277.
Lefew WR, McConnell ER, Crooks JL and Shafer TJ (2013). "Evaluation of
microelectrode array data using Bayesian modeling as an approach to screening and
prioritization for neurotoxicity testing." Neurotoxicology 36: 34-41.
Leist M, Bremer S, Brundin P, Hescheler J, Kirkeby A, Krause KH, et al. (2008). "The
biological and ethical basis of the use of human embryonic stem cells for in vitro test systems
or cell therapy." Altex 25(3): 163-190.
Leist M, Efremova L and Karreman C (2010). "Food for thought ... considerations and
guidelines for basic test method descriptions in toxicology." ALTEX 27(4): 309-317.
Leist M, Hasiwa N, Daneshian M and Hartung T (2012). "Validation and quality control
of replacement alternatives - current status and future challenges." 1(1): 8-22.
Leist M, Hasiwa N, Daneshian M and Hartung T (2012). "Validation and quality control
of replacement alternatives - current status and future challenges." Toxicol. Res. 1(1): 8-22.
Leist M, Ringwald A, Kolde R, Bremer S, van Thriel C, Krause KH, et al. (2013). "Test
systems of developmental toxicity: state-of-the art and future perspectives." Arch Toxicol
87(12): 2037-2042.
Leist M, Hasiwa N, Rovida C, Daneshian M, Basketter D, Kimber I, et al. (2014).
"Consensus report on the future of animal-free systemic toxicity testing." ALTEX 31(3): 341356.
Li XJ, Hu BY, Jones SA, Zhang YS, Lavaute T, Du ZW, et al. (2008). "Directed
differentiation of ventral spinal progenitors and motor neurons from human embryonic stem
cells by small molecules." Stem Cells 26(4): 886-893.
Livak KJ and Schmittgen TD (2001). "Analysis of relative gene expression data using realtime quantitative PCR and the 2(-Delta Delta C(T)) Method." Methods 25(4): 402-408.
LoPachin RM and Gavin T (2014). "Toxic neuropathies: Mechanistic insights based on a
chemical perspective." Neurosci Lett, 10.1016/j.neulet.2014.08.054.
Lotharius J, Falsig J, van Beek J, Payne S, Dringen R, Brundin P, et al. (2005).
"Progressive degeneration of human mesencephalic neuron-derived cells triggered by
dopamine-dependent oxidative stress is dependent on the mixed-lineage kinase pathway." J
Neurosci 25(27): 6329-6342.
Lui JH, Hansen DV and Kriegstein AR (2011). "Development and evolution of the human
neocortex." Cell 146(1): 18-36.
Lumelsky N, Blondel O, Laeng P, Velasco I, Ravin R and McKay R (2001).
"Differentiation of embryonic stem cells to insulin-secreting structures similar to pancreatic
islets." Science 292(5520): 1389-1394.
Lund AW, Yener B, Stegemann JP and Plopper GE (2009). "The natural and engineered
3D microenvironment as a regulatory cue during stem cell fate determination." Tissue Eng
Part B Rev 15(3): 371-380.
Ma DK, Bonaguidi MA, Ming GL and Song H (2009). "Adult neural stem cells in the
mammalian central nervous system." Cell Res 19(6): 672-682.
Mack CM, Lin BJ, Turner JD, Johnstone AF, Burgoon LD and Shafer TJ (2014). "Burst
and principal components analyses of MEA data for 16 chemicals describe at least three
effects classes." Neurotoxicology 40: 75-85.
174

Bibliography
Marin O, Valiente M, Ge X and Tsai LH (2010). "Guiding neuronal cell migrations." Cold
Spring Harb Perspect Biol 2(2): a001834.
Marmigere F and Ernfors P (2007). "Specification and connectivity of neuronal subtypes in
the sensory lineage." Nat Rev Neurosci 8(2): 114-127.
Martinez Y, Dubois-Dauphin M and Krause KH (2012). "Generation and applications of
human pluripotent stem cells induced into neural lineages and neural tissues." Front Physiol
3: 47.
Marx-Stoelting P, Adriaens E, Ahr HJ, Bremer S, Garthoff B, Gelbke HP, et al. (2009).
"A review of the implementation of the embryonic stem cell test (EST). The report and
recommendations of an ECVAM/ReProTect Workshop." Altern Lab Anim 37(3): 313-328.
Massague J and Chen YG (2000). "Controlling TGF-beta signaling." Genes Dev 14(6):
627-644.
McConnell ER, McClain MA, Ross J, Lefew WR and Shafer TJ (2012). "Evaluation of
multi-well microelectrode arrays for neurotoxicity screening using a chemical training set."
Neurotoxicology 33(5): 1048-1057.
McDonald ES, Randon KR, Knight A and Windebank AJ (2005). "Cisplatin
preferentially binds to DNA in dorsal root ganglion neurons in vitro and in vivo: a potential
mechanism for neurotoxicity." Neurobiol Dis 18(2): 305-313.
Meador KJ, Baker GA, Browning N, Clayton-Smith J, Combs-Cantrell DT, Cohen M,
et al. (2009). "Cognitive function at 3 years of age after fetal exposure to antiepileptic drugs."
N Engl J Med 360(16): 1597-1605.
Meganathan K, Jagtap S, Wagh V, Winkler J, Gaspar JA, Hildebrand D, et al. (2012).
"Identification of thalidomide-specific transcriptomics and proteomics signatures during
differentiation of human embryonic stem cells." PLoS One 7(8): e44228.
Mencarelli MA, Spanhol-Rosseto A, Artuso R, Rondinella D, De Filippis R, BahiBuisson N, et al. (2010). "Novel FOXG1 mutations associated with the congenital variant of
Rett syndrome." J Med Genet 47(1): 49-53.
Mertens J, Stuber K, Wunderlich P, Ladewig J, Kesavan JC, Vandenberghe R, et al.
(2013). "APP processing in human pluripotent stem cell-derived neurons is resistant to
NSAID-based gamma-secretase modulation." Stem Cell Reports 1(6): 491-498.
Miller RH (2002). "Regulation of oligodendrocyte development in the vertebrate CNS."
Prog Neurobiol 67(6): 451-467.
Miltenburg NC and Boogerd W (2014). "Chemotherapy-induced neuropathy: A
comprehensive survey." Cancer Treat Rev 40(7): 872-882.
Miyata T, Maeda T and Lee JE (1999). "NeuroD is required for differentiation of the
granule cells in the cerebellum and hippocampus." Genes & Development 13(13): 16471652.
Monuki ES, Porter FD and Walsh CA (2001). "Patterning of the Dorsal Telencephalon and
Cerebral Cortex by a Roof Plate-Lhx2 Pathway." Neuron 32(4): 591-604.
Moors M, Cline JE, Abel J and Fritsche E (2007). "ERK-dependent and -independent
pathways trigger human neural progenitor cell migration." Toxicol Appl Pharmacol 221(1):
57-67.
Moors M, Rockel TD, Abel J, Cline JE, Gassmann K, Schreiber T, et al. (2009). "Human
neurospheres as three-dimensional cellular systems for developmental neurotoxicity testing."
Environ Health Perspect 117(7): 1131-1138.
Muzio L and Mallamaci A (2003). "Emx1, Emx2 and Pax6 in Specification,
Regionalization and Arealization of the Cerebral Cortex." Cereb. cortex 13(6): 641-647.
Nakamura S, Takayama N, Hirata S, Seo H, Endo H, Ochi K, et al. (2014). "Expandable
Megakaryocyte Cell Lines Enable Clinically Applicable Generation of Platelets from Human
Induced Pluripotent Stem Cells." Cell Stem Cell, 10.1016/j.stem.2014.01.011.
175

Bibliography
Nat R and Dechant G (2011). "Milestones of directed differentiation of mouse and human
embryonic stem cells into telencephalic neurons based on neural development in vivo." Stem
Cells Dev 20(6): 947-958.
Nau H, Hauck RS and Ehlers K (1991). "Valproic acid-induced neural tube defects in
mouse and human: aspects of chirality, alternative drug development, pharmacokinetics and
possible mechanisms." Pharmacol Toxicol 69(5): 310-321.
Nave KA and Salzer JL (2006). "Axonal regulation of myelination by neuregulin 1." Curr
Opin Neurobiol 16(5): 492-500.
Nayagam BA, Edge AS, Needham K, Hyakumura T, Leung J, Nayagam DA, et al.
(2013). "An in vitro model of developmental synaptogenesis using cocultures of human
neural progenitors and cochlear explants." Stem Cells Dev 22(6): 901-912.
Nordin-Andersson M, Walum E, Kjellstrand P and Forsby A (2003). "Acrylamideinduced effects on general and neurospecific cellular functions during exposure and
recovery." Cell Biol Toxicol 19(1): 43-51.
Novellino A, Scelfo B, Palosaari T, Price A, Sobanski T, Shafer TJ, et al. (2011).
"Development of micro-electrode array based tests for neurotoxicity: assessment of
interlaboratory reproducibility with neuroactive chemicals." Front Neuroeng 4: 4.
NRC (2007). "Toxicity Testing in the 21st Century. A Vision and a Strategy. The National
Research Council Committee on Toxicity Testing and Assessment of Environmental Agents."
The National Academies Press,
O'Donnell M, Chance RK and Bashaw GJ (2009). "Axon growth and guidance: receptor
regulation and signal transduction." Annu Rev Neurosci 32: 383-412.
O'Rahilly R and Muller F (2007). "The development of the neural crest in the human." J
Anat 211(3): 335-351.
Odawara A, Saitoh Y, Alhebshi AH, Gotoh M and Suzuki I (2014). "Long-term
electrophysiological activity and pharmacological response of a human induced pluripotent
stem cell-derived neuron and astrocyte co-culture." Biochem Biophys Res Commun 443(4):
1176-1181.
OECD (1997). "Test No. 424: Neurotoxicity Study in Rodents."
OECD (2007). "Test guideline 426. OECD guidline for testing of chemicals developmental
neurotoxicity study 2007."
OECD (2010). "Test No. 439: In vitro Skin Irritation - Reconstructed Human Epidermis Test
Method. 21."
OECD (2014). Test No. 431: In vitro Skin Corrosion: Reconstructed Human Epidermis
(Rhe) Test Method.
Office of Technology Assessment O (1990). "Neurotoxicity: identifying and controlling
poisons of the nervous system." Government Printing Office., Washington, DC: U.S.
Oppenheim RW (1991). "Cell death during development of the nervous system." Annu Rev
Neurosci 14: 453-501.
OTA OoTA (1990). "Neurotoxicity: identifying and controlling poisons of the nervous
system. U.S. Congress, Office of Technology Assessment (OTA-BA-436). Washington, DC:
U.S. Government Printing Office." Government Printing Office., Washington, DC: U.S.
Oyebode OR, Hartley R, Singhota J, Thomson D and Ribchester RR (2012).
"Differential protection of neuromuscular sensory and motor axons and their endings in
Wld(S) mutant mice." Neuroscience 200: 142-158.
Pallocca G, Fabbri M, Sacco MG, Gribaldo L, Pamies D, Laurenza I, et al. (2013).
"miRNA expression profiling in a human stem cell-based model as a tool for developmental
neurotoxicity testing." Cell Biol Toxicol 29(4): 239-257.

176

Bibliography
Park MV, Annema W, Salvati A, Lesniak A, Elsaesser A, Barnes C, et al. (2009). "In
vitro developmental toxicity test detects inhibition of stem cell differentiation by silica
nanoparticles." Toxicol Appl Pharmacol 240(1): 108-116.
Pauwels M and Rogiers V (2004). "Safety evaluation of cosmetics in the EU. Reality and
challenges for the toxicologist." Toxicol Lett 151(1): 7-17.
Pekkanen TJ and Sandholm M (1971). "The effect of experimental methyl mercury
poisoning on the number of sulfhydryl (SH) groups in the brain, liver and muscle of rat."
Acta Vet Scand 12(4): 551-559.
Pellizzer C, Bremer S and Hartung T (2005). "Developmental toxicity testing from animal
towards embryonic stem cells." Altex 22(2): 47-57.
Pera EM, Wessely O, Li SY and De Robertis EM (2001). "Neural and head induction by
insulin-like growth factor signals." Dev Cell 1(5): 655-665.
Perbellini L, Brugnone F and Faggionato G (1981). "Urinary excretion of the metabolites
of n-hexane and its isomers during occupational exposure." Br J Ind Med 38(1): 20-26.
Perrier AL, Tabar V, Barberi T, Rubio ME, Bruses J, Topf N, et al. (2004). "Derivation
of midbrain dopamine neurons from human embryonic stem cells." Proc Natl Acad Sci U S A
101(34): 12543-12548.
Persson AK, Kim I, Zhao P, Estacion M, Black JA and Waxman SG (2013). "Sodium
channels contribute to degeneration of dorsal root ganglion neurites induced by mitochondrial
dysfunction in an in vitro model of axonal injury." J Neurosci 33(49): 19250-19261.
Pietroiusti A, Massimiani M, Fenoglio I, Colonna M, Valentini F, Palleschi G, et al.
(2011). "Low doses of pristine and oxidized single-wall carbon nanotubes affect mammalian
embryonic development." ACS Nano 5(6): 4624-4633.
Pistollato F, Bremer-Hoffmann S, Healy L, Young L and Stacey G (2012).
"Standardization of pluripotent stem cell cultures for toxicity testing." Expert Opin Drug
Metab Toxicol 8(2): 239-257.
Polleux F, Ince-Dunn G and Ghosh A (2007). "Transcriptional regulation of vertebrate
axon guidance and synapse formation." Nat Rev Neurosci 8(5): 331-340.
Portales-Casamar E, Thongjuea S, Kwon AT, Arenillas D, Zhao X, Valen E, et al.
(2010). "JASPAR 2010: the greatly expanded open-access database of transcription factor
binding profiles." Nucleic Acids Res 38(Database issue): D105-110.
Pouly S, Storch MK, Matthieu JM, Lassmann H, Monnet-Tschudi F and Honegger P
(1997). "Demyelination induced by protein kinase C-activating tumor promoters in
aggregating brain cell cultures." J Neurosci Res 49(2): 121-132.
Preynat-Seauve O, Suter DM, Tirefort D, Turchi L, Virolle T, Chneiweiss H, et al.
(2009). "Development of human nervous tissue upon differentiation of embryonic stem cells
in three-dimensional culture." Stem Cells 27(3): 509-520.
Quartu M, Serra M, Boi M, Ibba V, Melis T and Del Fiacco M (2008). "Polysialylatedneural cell adhesion molecule (PSA-NCAM) in the human trigeminal ganglion and brainstem
at prenatal and adult ages." BMC Neuroscience 9(1): 108.
Radio NM and Mundy WR (2008). "Developmental neurotoxicity testing in vitro: models
for assessing chemical effects on neurite outgrowth." Neurotoxicology 29(3): 361-376.
Radio NM, Freudenrich TM, Robinette BL, Crofton KM and Mundy WR (2010).
"Comparison of PC12 and cerebellar granule cell cultures for evaluating neurite outgrowth
using high content analysis." Neurotoxicol Teratol 32(1): 25-35.
Rahnenfuhrer J and Leist M (2015). "From smoking guns to footprints: mining for critical
events of toxicity pathways in transcriptome data." Arch Toxicol 89(5): 813-817.
Ramirez T, Daneshian M, Kamp H, Bois FY, Clench MR, Coen M, et al. (2013).
"Metabolomics in toxicology and preclinical research." Altex 30(2): 209-225.
177

Bibliography
Rao DB, Jortner BS and Sills RC (2014). "Animal models of peripheral neuropathy due to
environmental toxicants." ILAR J 54(3): 315-323.
Reyes S, Fu Y, Double K, Thompson L, Kirik D, Paxinos G, et al. (2012). "GIRK2
expression in dopamine neurons of the substantia nigra and ventral tegmental area." J. Comp.
Neurol 520(12): 2591-2607.
Robinette BL, Harrill JA, Mundy WR and Shafer TJ (2011). "In vitro assessment of
developmental neurotoxicity: use of microelectrode arrays to measure functional changes in
neuronal network ontogeny." Front Neuroeng 4: 1.
Robinson JF, Theunissen PT, van Dartel DA, Pennings JL, Faustman EM and Piersma
AH (2011). "Comparison of MeHg-induced toxicogenomic responses across in vivo and in
vitro models used in developmental toxicology." Reprod Toxicol 32(2): 180-188.
Robinson JF, Pennings JL and Piersma AH (2012). "A review of toxicogenomic
approaches in developmental toxicology." Methods Mol Biol 889: 347-371.
Rodier PM (1995). "Developing brain as a target of toxicity." Environ Health Perspect 103
Suppl 6: 73-76.
Rovida C, Alepee N, Api AM, Basketter DA, Bois FY, Caloni F, et al. (2015). "Integrated
Testing Strategies (ITS) for safety assessment." ALTEX 32(1): 25-40.
Safety SCoC (2012). "THE SCCS'S NOTES OF GUIDANCE FOR THE TESTING OF
COSMETIC SUBSTANCES AND THEIR SAFETY EVALUATION." European
Commission, Brussels - Belgium
Sanchez M, Gastaldi L, Remedi M, Caceres A and Landa C (2008). "Rotenone-induced
toxicity is mediated by Rho-GTPases in hippocampal neurons." Toxicol Sci 104(2): 352-361.
Sauka-Spengler T and Bronner-Fraser M (2008). "Evolution of the neural crest viewed
from a gene regulatory perspective." Genesis 46(11): 673-682.
Schardein JL, Schwetz BA and Kenel MF (1985). "Species sensitivities and prediction of
teratogenic potential." Environ Health Perspect 61: 55-67.
Schenk B, Weimer M, Bremer S, van der Burg B, Cortvrindt R, Freyberger A, et al.
(2010). "The ReProTect Feasibility Study, a novel comprehensive in vitro approach to detect
reproductive toxicants." Reprod Toxicol 30(1): 200-218.
Scherer A (2009). "Batch effects and noise in microarray experiments: sources and
solutions." John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex,
PO19 8SQ, United Kingdom, A John Wiley and Sons, Ltd., Publication.
Schildknecht S, Poltl D, Nagel DM, Matt F, Scholz D, Lotharius J, et al. (2009).
"Requirement of a dopaminergic neuronal phenotype for toxicity of low concentrations of 1methyl-4-phenylpyridinium to human cells." Toxicol Appl Pharmacol 241(1): 23-35.
Scholz D, Poltl D, Genewsky A, Weng M, Waldmann T, Schildknecht S, et al. (2011).
"Rapid, complete and large-scale generation of post-mitotic neurons from the human
LUHMES cell line." J Neurochem 119(5): 957-971.
Segev H, Fishman B, Ziskind A, Shulman M and Itskovitz-Eldor J (2004).
"Differentiation of human embryonic stem cells into insulin-producing clusters." Stem Cells
22(3): 265-274.
Seretny M, Currie GL, Sena ES, Ramnarine S, Grant R, MacLeod MR, et al. (2014).
"Incidence, prevalence, and predictors of chemotherapy-induced peripheral neuropathy: A
systematic review and meta-analysis." Pain 155(12): 2461-2470.
Shimizu M, Tainaka H, Oba T, Mizuo K, Umezawa M and Takeda K (2009). "Maternal
exposure to nanoparticulate titanium dioxide during the prenatal period alters gene expression
related to brain development in the mouse." Part Fibre Toxicol 6: 20.
Sisnaiske J, Hausherr V, Krug AK, Zimmer B, Hengstler JG, Leist M, et al. (2014).
"Acrylamide alters neurotransmitter induced calcium responses in murine ESC-derived and
primary neurons." Neurotoxicology 43: 117-126.
178

Bibliography
Smirnova L, Block K, Sittka A, Oelgeschlager M, Seiler AE and Luch A (2014).
"MicroRNA profiling as tool for in vitro developmental neurotoxicity testing: the case of
sodium valproate." PLoS One 9(6): e98892.
Smirnova L, Hogberg HT, Leist M and Hartung T (2014). "Developmental neurotoxicity challenges in the 21st century and in vitro opportunities." ALTEX 31(2): 129-156.
Smith JL and Schoenwolf GC (1997). "Neurulation: coming to closure." Trends Neurosci
20(11): 510-517.
Smyth GK, Michaud J and Scott HS (2005). "Use of within-array replicate spots for
assessing differential expression in microarray experiments." Bioinformatics 21(9): 20672075.
Spencer PSS, H.H. (2000). "Experimental and clinical neurotoxicology." New York, Oxford
University Press.
Spira ME and Hai A (2013). "Multi-electrode array technologies for neuroscience and
cardiology." Nat Nanotechnol 8(2): 83-94.
Staff NP, Podratz JL, Grassner L, Bader M, Paz J, Knight AM, et al. (2013).
"Bortezomib alters microtubule polymerization and axonal transport in rat dorsal root
ganglion neurons." Neurotoxicology 39: 124-131.
Stiegler NV, Krug AK, Matt F and Leist M (2011). "Assessment of chemical-induced
impairment of human neurite outgrowth by multiparametric live cell imaging in high-density
cultures." Toxicol Sci 121(1): 73-87.
Stoppini L, Duport S and Correges P (1997). "A new extracellular multirecording system
for electrophysiological studies: application to hippocampal organotypic cultures." J Neurosci
Methods 72(1): 23-33.
Stummann TC, Hareng L and Bremer S (2009). "Hazard assessment of methylmercury
toxicity to neuronal induction in embryogenesis using human embryonic stem cells."
Toxicology 257(3): 117-126.
Suzuki T, Oshio S, Iwata M, Saburi H, Odagiri T, Udagawa T, et al. (2010). "In utero
exposure to a low concentration of diesel exhaust affects spontaneous locomotor activity and
monoaminergic system in male mice." Part Fibre Toxicol 7: 7.
Takahashi K and Yamanaka S (2006). "Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors." Cell 126(4): 663-676.
Theunissen PT, Schulpen SH, van Dartel DA, Hermsen SA, van Schooten FJ and
Piersma AH (2010). "An abbreviated protocol for multilineage neural differentiation of
murine embryonic stem cells and its perturbation by methyl mercury." Reprod Toxicol 29(4):
383-392.
Theunissen PT, Robinson JF, Pennings JL, de Jong E, Claessen SM, Kleinjans JC, et al.
(2012). "Transcriptomic concentration-response evaluation of valproic acid, cyproconazole,
and hexaconazole in the neural embryonic stem cell test (ESTn)." Toxicol Sci 125(2): 430438.
Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, et
al. (1998). "Embryonic Stem Cell Lines Derived from Human Blastocysts." Science
282(5391): 1145-1147.
Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, et
al. (1998). "Embryonic stem cell lines derived from human blastocysts." Science 282(5391):
1145-1147.
Tice RR, Austin CP, Kavlock RJ and Bucher JR (2013). "Improving the human hazard
characterization of chemicals: a Tox21 update." Environ Health Perspect 121(7): 756-765.
Tilson HA (1990). "Neurotoxicology in the 1990s." Neurotoxicol Teratol 12(4): 293-300.

179

Bibliography
Tischfield MA and Engle EC (2010). "Distinct alpha- and beta-tubulin isotypes are required
for the positioning, differentiation and survival of neurons: new support for the 'multi-tubulin'
hypothesis." Biosci Rep 30(5): 319-330.
Vaccarino FM, Ganat Y, Zhang Y and Zheng W (2001). "Stem cells in neurodevelopment
and plasticity." Neuropsychopharmacology 25(6): 805-815.
Valdivia P, Martin M, LeFew WR, Ross J, Houck KA and Shafer TJ (2014). "Multi-well
microelectrode array recordings detect neuroactivity of ToxCast compounds."
Neurotoxicology 44: 204-217.
van Thriel C, Westerink RH, Beste C, Bale AS, Lein PJ and Leist M (2012). "Translating
neurobehavioural endpoints of developmental neurotoxicity tests into in vitro assays and
readouts." Neurotoxicology 33(4): 911-924.
van Vliet E, Stoppini L, Balestrino M, Eskes C, Griesinger C, Sobanski T, et al. (2007).
"Electrophysiological recording of re-aggregating brain cell cultures on multi-electrode
arrays to detect acute neurotoxic effects." Neurotoxicology 28(6): 1136-1146.
van Vliet E, Morath S, Eskes C, Linge J, Rappsilber J, Honegger P, et al. (2008). "A
novel in vitro metabolomics approach for neurotoxicity testing, proof of principle for methyl
mercury chloride and caffeine." Neurotoxicology 29(1): 1-12.
Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. (2002).
"Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of
multiple internal control genes." Genome Biol 3(7): RESEARCH0034.
von Bubnoff A and Cho KW (2001). "Intracellular BMP signaling regulation in vertebrates:
pathway or network?" Dev Biol 239(1): 1-14.
Waldmann T, Rempel E, Balmer NV, Konig A, Kolde R, Gaspar JA, et al. (2014).
"Design principles of concentration-dependent transcriptome deviations in drug-exposed
differentiating stem cells." Chem Res Toxicol 27(3): 408-420.
Waldmann T, Rempel E, Balmer NV, Konig A, Kolde R, Gaspar JA, et al. (2014).
"Design Principles of Concentration-Dependent Transcriptome Deviations in Drug-Exposed
Differentiating Stem Cells." Chem Res Toxicol, 10.1021/tx400402j.
Weinstein DC and Hemmati-Brivanlou A (1997). "Neural induction in Xenopus laevis:
evidence for the default model." Curr Opin Neurobiol 7(1): 7-12.
Weng MK, Zimmer B, Poltl D, Broeg MP, Ivanova V, Gaspar JA, et al. (2012).
"Extensive transcriptional regulation of chromatin modifiers during human
neurodevelopment." PLoS One 7(5): e36708.
Werler MM, Ahrens KA, Bosco JL, Mitchell AA, Anderka MT, Gilboa SM, et al.
(2011). "Use of antiepileptic medications in pregnancy in relation to risks of birth defects."
Ann Epidemiol 21(11): 842-850.
West PR, Weir AM, Smith AM, Donley EL and Cezar GG (2010). "Predicting human
developmental toxicity of pharmaceuticals using human embryonic stem cells and
metabolomics." Toxicol Appl Pharmacol 247(1): 18-27.
Westerink RH and Vijverberg HP (2002). "Toluene-induced, Ca(2+)-dependent vesicular
catecholamine release in rat PC12 cells." Neurosci Lett 326(2): 81-84.
Wheeler HE, Wing C, Delaney SM, Komatsu M and Dolan ME (2015). "Modeling
chemotherapeutic neurotoxicity with human induced pluripotent stem cell-derived neuronal
cells." PLoS One 10(2): e0118020.
WHO WHO (2001). The World health report : 2001 : Mental health : new understanding,
new hop. Haden AC, B. Geneva, Switzerland, World Health Organization.
Wick P, Malek A, Manser P, Meili D, Maeder-Althaus X, Diener L, et al. (2010).
"Barrier capacity of human placenta for nanosized materials." Environ Health Perspect
118(3): 432-436.
180

Bibliography
Wilson SI, Rydstrom A, Trimborn T, Willert K, Nusse R, Jessell TM, et al. (2001). "The
status of Wnt signalling regulates neural and epidermal fates in the chick embryo." Nature
411(6835): 325-330.
Xuan S, Baptista CA, Balas G, Tao W, Soares VC and Lai E (1995). "Winged helix
transcription factor BF-1 is essential for the development of the cerebral hemispheres."
Neuron 14(6): 1141-1152.
Yamashita K, Yoshioka Y, Higashisaka K, Mimura K, Morishita Y, Nozaki M, et al.
(2011). "Silica and titanium dioxide nanoparticles cause pregnancy complications in mice."
Nat Nanotechnol 6(5): 321-328.
Yan Y, Yang D, Zarnowska ED, Du Z, Werbel B, Valliere C, et al. (2005). "Directed
differentiation of dopaminergic neuronal subtypes from human embryonic stem cells." Stem
Cells 23(6): 781-790.
Yla-Outinen L, Heikkila J, Skottman H, Suuronen R, Aanismaa R and Narkilahti S
(2010). "Human cell-based micro electrode array platform for studying neurotoxicity." Front
Neuroeng 3.
Yoon K and Gaiano N (2005). "Notch signaling in the mammalian central nervous system:
insights from mouse mutants." Nat Neurosci 8(6): 709-715.
Yoon M, Campbell JL, Andersen ME and Clewell HJ (2012). "Quantitative in vitro to in
vivo extrapolation of cell-based toxicity assay results." Crit Rev Toxicol 42(8): 633-652.
Young GT, Gutteridge A, Fox HD, Wilbrey AL, Cao L, Cho LT, et al. (2014).
"Characterizing human stem cell-derived sensory neurons at the single-cell level reveals their
ion channel expression and utility in pain research." Mol Ther 22(8): 1530-1543.
Zhang D, Jiang W, Liu M, Sui X, Yin X, Chen S, et al. (2009). "Highly efficient
differentiation of human ES cells and iPS cells into mature pancreatic insulin-producing
cells." Cell Res 19(4): 429-438.
Zimmer B, Kuegler PB, Baudis B, Genewsky A, Tanavde V, Koh W, et al. (2011).
"Coordinated waves of gene expression during neuronal differentiation of embryonic stem
cells as basis for novel approaches to developmental neurotoxicity testing." Cell Death Differ
18(3): 383-395.
Zimmer B, Schildknecht S, Kuegler PB, Tanavde V, Kadereit S and Leist M (2011).
"Sensitivity of dopaminergic neuron differentiation from stem cells to chronic low-dose
methylmercury exposure." Toxicol Sci 121(2): 357-367.
Zimmer B, Lee G, Balmer NV, Meganathan K, Sachinidis A, Studer L, et al. (2012).
"Evaluation of developmental toxicants and signaling pathways in a functional test based on
the migration of human neural crest cells." Environ Health Perspect 120(8): 1116-1122.
Zimmer B, Pallocca G, Dreser N, Foerster S, Waldmann T, Westerhout J, et al. (2014).
"Profiling of drugs and environmental chemicals for functional impairment of neural crest
migration in a novel stem cell-based test battery." Arch Toxicol 88(5): 1109-1126.
Zurich MG and Monnet-Tschudi F (2009). "Contribution of in vitro neurotoxicology
studies to the elucidation of neurodegenerative processes." Brain Res Bull 80(4-5): 211-216.

181

Record of contribution

Record of contribution
Results Chapter 1:
I conceived, designed, performed and analyzed the major part of the experiments. The
nanoparticle synthesis and transmission electron microscope pictures were done by Benjamin
Scheinhardt and Stefan Mecking. The whole genome transcriptome analysis was performed
by Vivek Tanavde, Betty Tan and Qian Yi Lee in Singapore. Olesja Bondarenko and Marion
Kapitza helped with evaluation of nanoparticle toxicity testing and stem cell differentiation.
Stefan Schildknecht performed the malondialdehyde synthesis assay. I wrote the manuscript
in collaboration with Suzanne Kadereit and Marcel Leist.
The chapter is published in Archives of Toxicology.
Results Chapter 2:
The experiments were performed by Nina Vera Balmer. The whole genome transcriptome
analysis was performed by John Antony Das Gaspar, Vaibhav Shinde and Agapios Sachinidis
at the University of Cologne. Data analysis was performed by Eugen Rempel, Marianna
Grinberg, Regina Stoeber, Rosemarie Marchan, Christopf van Thriel, Julia Liebing, Stefan
Schildknecht, Johannes Meisig, Niels Blühtgen and myself. Eugen Remple and me prepared
the figures. I further edited all figures and the supplementary tables. Marcel Leist and I wrote
the manuscript in collaboration with Tanja Waldmann, Jörg Rahnenführer, Agapios
Sachinidis and Jan G. Hengstler.
The chapter is submitted for publication to Archives of Toxicology.
Results Chapter 3:
I conceived, designed, performed and analyzed the major part of the experiments .Stefanie
Klima and Tanja Waldmann gave experimental support for Fig. 1 and Supplementary Figure
1 and contributed with useful ideas during 2 weeks meetings. Christiaan Karreman wrote the
software to analyse calcium signalling data. Marianna Grinberg performed statistical analysis
of gene array data. Johannes Meisig. performed principle component analysis. Magrit Henry
and Agapios Sachinidis performed microarray analysis at University of Cologne. I designed
the figures and wrote the manuscript in collaboration with Marcel Leist.
The chapter is submitted for publication and currently under review at Stem Cells
Translational Medicine.
182

Danke

Danke
Zunächst möchte ich mich ganz herzlich bei meinem Doktorvater Prof. Marcel Leist für die
Möglichkeit bedanken an diesem spannenden Thema arbeiten zu dürfen. Ich habe das eigenständige
wissenschaftliche Arbeiten genossen und bin gleichzeitig dankbar über Deine Unterstützung und die
vielen hilfreichen Diskussionen. Danke auch für die vielen Möglichkeiten mein Wissen auf
Konferenzen zu vertiefen und mit anderen Wissenschaftlern zu teilen.
Bei Herrn Prof. Daniel Dietrich bedanke ich mich herzlich für die Übernahme des Zweitgutachtens.
Vielen Dank an mein Thesis Komitee, Herrn Prof. Stefan Mecking und Frau Prof. Suzanne Kadereit.
Suzanne, vielen Dank für die gute und intensive Betreuung während der ersten Hälfte meiner
Doktorarbeit, wie auch für Deine Begeisterung für die Stammzellforschung.
Besonders Bedanken möchte ich mich auch bei der ganzen Stammzellgruppe, für die tolle
Atmosphäre, die hilfreiche Unterstützung und das tolle Arbeiten mit Euch. Vielen Dank Marion, für
die tolle Qualität der Stammzellen Woche für Woche - ohne die die ganzen Versuche nicht möglich
gewesen wären und vielen Dank für Deine Hilfe während meiner Arbeit.
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