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Abstract

1. Abstract

There is an urgent scientific and regulatory need for development and implementation of
new approach methods (NAM), such as cell culture test methods. NAM can give infor-
mation about mechanisms of toxicity and about pathways disturbed after test compound
exposure. Such knowledge plays an increasingly larger role in modern toxicology. Partic-
ularly, in the field of developmental neurotoxicity (DNT), in vitro test methods can model
different stages of neurodevelopment and thereby inform on stage-specific toxicities.
However, there is not yet a suitable test system available for every stage of neurodevel-
opment. This thesis addresses this gap in two different ways: first, by investigating mech-
anisms of neurotoxicity at various stages of neurodevelopment, and second, by establish-
ing new test methods for stages not covered so far. In the first part of this thesis, human
pluripotent stem cells (hPSC) were differentiated into neuroepithelial precursors (NEP)
to investigate transcriptome changes triggered by the well-known teratogen valproic acid
and other histone deacetylase inhibitors (HDACi) during very early neurodevelopment.
Short exposures (up to 24 h) altered histone acetylation and the transcriptome only tran-
siently. Transcriptome changes after drug exposure both reflected the mode of action
(MoA) of a compound and described an altered differentiation state. Altered differentia-
tion was observed after longer HDACi exposures (at least three days) accompanied by
altered histone methylation. This study showed that epigenetic modifications can have
neuroteratogenic effects by changing the chromatin state. In the second part of this work,
it was examined in how far neurotoxicology of complex toxins could be evaluated with
human neuronal cultures. To explore the neurotoxicity hazard of microcystins (MC) in
humans, two mature neuronal cell types (LUHMES and peripheral neurons) were exposed
to MC-LF. Clear neurotoxic effects were identified at low uM concentrations. In this study,
the hazard data obtained in vitro were combined with literature exposure data for a gen-
eral risk assessment. In the final part of this thesis, a novel test system was developed to
close an obvious gap in the available neurotoxicity test battery: identification of toxicants
interfering with ionotropic glutamate receptors. An hPSC-based differentiation protocol
was established yielding a mixed cortical culture (MCC) with about 50% N-methyl-D-as-
partate receptor (NMDA-R) expressing neurons. Toxicants known to interfere with gluta-
mate receptors, like ibotenic acid and domoic acid, triggered changes in intracellular free

calcium ion concentration which could be inhibited by antagonists like ketamine and
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Abstract

phencyclidine. Hence, MCC contribute to the currently available test systems for investi-
gation of compounds affecting important neuronal receptors. The studies presented in
this thesis led to the development of novel in vitro test systems that allow the study of
mode of action (MoA) of toxicants during different stages of neurodevelopment and the

screening of unknown compounds of potential neurotoxicity.

VII



Zusammenfassung

2. Zusammenfassung

Es gibt einen dringenden wissenschaftlichen und regulatorischen Bedarf an Entwicklung
und Implementierung von Methoden, die einem neuen Ansatz folgen (NAM), wie auf
Zellkulturen  basierende  Testmethoden. NAM  konnen  Aufschluss iiber
Toxizitaitsmechanismen und gestorte Prozesse nach Substanzexposition geben. Dieses
Wissen spielt in der modernen Toxikologie eine immer grofiere Rolle. Gerade im Feld der
Entwicklungsneurotoxizitat (DNT), kdnnen in vitro Testmethoden verschiedene Stadien
der Neuroentwicklung modellieren und dadurch stadiumspezifische Toxizitat aufdecken.
Allerdings ist bisher nicht fiir jedes Neuroentwicklungsstadium ein geeignetes
Testsystem verfligbar. Diese Dissertation setzt an diesem Bedarf auf zweierlei Weise an:
zum einen durch die Untersuchung von Neurotoxizititsmechanismen in verschiedenen
Neuroentwicklungsstadien und zum anderen durch die Entwicklung neuer Testmethoden
fir derzeit nicht erfasste Stadien. Im ersten Teil der Doktorarbeit wurden humane
pluripotente Stammzellen (hPSC) zu neuroepithelialen Vorlauferzellen (NEP)
differenziert, um die Transkriptomverdanderungen, ausgelost durch das bekannte
Teratogen Valporinsdure und andere Histondeacetylase Inhibitoren (HDACi), in der
friihen Neuroentwicklung zu untersuchen. Kurze Expositionen (bis zu 24 h) verdndern
die Histonacetylierung und das Transcriptom nur voribergehend. Eine veranderte
Differenzierung wurde nach langerer HDACi Exposition (mindestens 3 Tage) beobachtet
und ging mit einer verdanderten Histonmethylierung einher. Diese Studie zeigte, dass
epigenetische  Veridnderungen durch eine Anderung des Chromatinstatus
neuroteratogene Effekte hervorrufen kénnen. Im zweiten Teil der Dissertation wurde
untersucht inwieweit die Neurotoxizitit komplexer Toxine mit humanen, neuronalen
Kulturen untersucht werden kann. Um die neurotoxikologische Gefahr von Microcystin
(MC) im Menschen zu untersuchen, wurden zwei reife, neuronale Zelltypen (LUHMES und
periphere Neuronen) MC ausgesetzt. Klare neurotoxische Effekte wurde bei niedrigen uM
Konzentrationen identifiziert. In dieser Studie wurden die in vitro erhaltenen Daten mit
Expositionsdaten aus der Literatur fiir eine Risikoabschiatzung kombiniert. Im letzten Teil
der Dissertation wurde ein neues Testsystem entwickelt, um eine offensichtliche Liicke in
der verfiigbaren Testbatterie flir Neurotoxizitat zu schliefien: die Identifizierung von
Giftstoffen welche mit ionotropischen Glutamatrezeptoren interagieren. Ein hPSC-
basiertes Differenzierungsprotokoll, das gemischte kortikale Kulturen (MCC)

hervorbringt, welche zu ungefahr 50% N-Methyl-D-Aspartat-Rezeptoren (NMDA-R)
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exprimieren, wurde etabliert. Giftstoffe, wie Ibotensdaure und Domoinsdure, die
bekannterweise mit Glutamatrezeptoren interagieren, losten Verdnderungen in der
intrazelluldren freien Kalziumionenkonzentration aus. Diese konnten durch Antagonisten
wie Ketamin und Phencyclidin inhibiert werden. Deshalb tragen MCC zu den zurzeit
verfligbaren Testsystemen zur Untersuchung von Substanzen, die neuronale Rezeptoren
beeinflussen, entscheidend bei. Die Studien, welche in dieser Dissertation prasentiert
wurden, tragen zur Entwicklung neuer in vitro Testsysteme, mit denen sowohl der
Wirkmechanismus von Giftstoffen in verschiedenen Stadien der Neuroentwicklung also
auch die Untersuchung unbekannter Stoffe auf ihr neurotoxikologisches Potenzial

untersucht werden konnen, bei.
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General introduction

3. General introduction

Neurodevelopment is very sensitive and therefore needs special attention in risk assess-
ment. It starts early in embryonic development and continues far beyond birth. During
the whole process compounds can interfere with the tightly regulated processes involved
in neurodevelopment and thereby disturb them with long-lasting consequences. To pre-
vent this, it is crucial to apply robust and reliable test systems with a high predictive
power for humans to identify such compounds. In the past, it became more and more
questionable, whether animal experiments should be considered the best course of action
to address developmental neurotoxicity. Therefore, this thesis points out alternative test

systems for certain questions in the field of (developmental) neurotoxicity.

3.1. General neurodevelopment

Neurodevelopment comprises four fundamental processes: proliferation, migration, dif-
ferentiation and network formation. First, neural stem cells (NSC) as well as different pro-
genitor cells like neuronal progenitors, radial glia cells and glial progenitors are generated
in the proliferation phase. These progenitors then migrate to their target sites of the de-
veloping nervous system and differentiate into mature cells like neurons (and various
subtypes thereof), astrocytes and oligodendrocytes. The cells of the nervous system do
not only differentiate, they also form a functional network that transmits signals in an
organized manner and thereby transfers, transduces and integrates information. There-
fore, synaptogenesis and myelination as well as network formation play a critical role. An

overview of the involved processes is given in Fig. 3.1.

3.1.1. Invivo neurodevelopment

In more detail, embryonic development starts with the fertilization of the oocyte, result-
ing in the zygote. The zygote undergoes several cell divisions and cleavages, passing the
stadium of the morula followed by further differentiation into the blastocyst. The blasto-
cyst consists of an outer layer developing the placenta (trophoblast) and an inner part the
inner cell mass (ICM), which develops into the embryo (Houghton 2006). During gastru-
lation the gastrula is formed comprising the three germ layers ectoderm, mesoderm and

endoderm. Each of the three germ layers gives rise to different tissues and organs in the
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embryonic body. While the mesoderm gives rise to muscle cells, bones, and connective
tissue, the endoderm gives rise to epithelium of gut and lung, and to liver and pancreas
and the ectoderm gives rise to epidermis, nervous system, and neural crest (Elshazzly et

al. 2020).

The ectoderm can be further subdivided into the non-neural ectoderm, the neural
crest and the neural tube (neuroectoderm). The neural tube is formed during neurulation
(Gammill et al. 2003), which can be roughly divided into four steps. (i) Neural plate for-
mation: Morphological changes of the neuroectoderm give rise to the neural plate. (ii)
Shaping of the neural plate: By proliferation the neural plate becomes longer and the cells
elongate, resulting in a thicker and narrower neural plate, which starts to bend upwards
and form the neural groove. (iii) Bending of the neural plate: during this process furrow-
ing and folding shapes the neural groove into the neural tube. (iv) Neural tube closure:
The tips of the neural plate merge and close the neural tube (Nikolopoulou et al. 2017). At
the neural tube border neural crest cells undergo epithelial-to-mesenchymal transition,
migrate to their target sites and differentiate further e.g. into peripheral neurons and mel-
anocytes (Gammill et al. 2003). The process of neural tube closure is very susceptible to
disruptions, which can be caused by exposure to pharmaceuticals or other chemicals. This
can lead to so called neural tube closure defects (Greene et al. 2014, Nikolopoulou et al.

2017).

After neural tube closure, patterning takes place (Kandel et al. 2013). Time-depend-
ent and concentration-dependent exposure to signals, such as growth factors, morpho-
gens and cytokines, determines the activation of specific transcription factors thereby es-
tablishing a precise spatial order. The cells of the neural tube undergo patterning along
the dorso-ventral axis, mostly driven by sonic hedgehog for ventral patterning and TGF13-
signaling for dorsal patterning (Ribes et al. 2009). The specific combination of signals
along the neural tube leads to neural progenitors of different neuronal classes (Jessell

2000).

Neurogenesis itself occurs in two waves (Agirman et al. 2017). In the first and early
wave, neuroepithelial progenitors (NEP) form the neural tube and undergo symmetrical
divisions, which thereby leads to an increase of the cell layers of the neural tube. During
this first phase of neurogenesis only few neurons differentiate by asymmetric division of

NEP, the vast majority divides symmetrically and forms more NEP (Kriegstein et al. 2009).
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The epithelium thickens, the NEPs elongate and convert into radial glia cells (RG). The RG
are the main class of neural stem cells in the developing brain (Dimou et al. 2014). First,
RG also divide symmetrically to enlarge the number of RG and thereby build up a pool of
RG. These cells then undergo further asymmetrical divisions and develop directly into
neurons or neural intermediate progenitor cells (nIPC), which differentiate into more
nlPC and neurons. These multiple rounds of divisions lead to a massive thickening of the
brain (Kriegstein et al. 2009) and a further elongation of RG provides a migration scaffold
for newly derived neurons (Allen et al. 2018). The numerous divisions provide also the
basis for the enlarged human neocortex. In a later phase of neurodevelopment, RG also
generate glial progenitors which differentiate further into oligodendrocytes and astro-

cytes (Kessaris et al. 2006).

In order to transmit information across distances, neurite outgrowth as well as con-
necting of neurite endings and formation of functional signaling networks is crucial. Syn-
apses are formed during synaptogenesis to transmit signals from one cell to another
(Stiidhof 2018). A synapse is a subcellular structure composed of a presynaptic and a
postsynaptic part. In the presynaptical membrane a lot of synaptic vesicles cluster
(Stidhof 2012) and the postsynaptic membrane is mainly characterized by the presence
of ion channels and signal transduction molecules (Sheng et al. 2011). Most synapses are
formed during embryonic and early postnatal life by an initial contact followed by the
expression and assembly of pre- and postsynaptic structures (Siidhof 2018). Until the age
of twenty years, synapses pruning occurs and the persisting synapses are strengthened
(Petanjek et al. 2011). The strengthening of synapses is closely associated with learning
and on a molecular level with long-term-potentiation, involving the NMDA receptor
(Studhof 2018). Stimulation of the NMDA receptor is followed by a Ca?* influx into the
postsynaptic cell (Balu 2016). This Ca?*influx triggers a number of secondary signals such

as BDNF excretion, which strengthens the synapse (Papadia et al. 2007).
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Fig. 3.1: Overview of neurodevelopmental processes
Scheme of the development of a pluripotent stem cell (PSC) passing through different progenitor states, differentiating
into specified cells (like neurons, astrocytes and oligodendrocytes) and forming functional. The main processes in-

volved in neurodevelopment are depicted in blue boxes. Figure adopted from Bal-Price et al. 2018.

3.1.2. Neurodevelopment can be modeled in vitro by pluripotent stem cells model

Stem cells have two major features: First, they are self-renewing and second, they can
differentiate into every cell type of the human body. In 1998, the first human embryonic
stem cell lines were isolated from the ICM of blastocysts (Thomson et al. 1998). This
breakthrough changed the research of embryonic development fundamentally. Thus, it
was possible to understand and model the very early stages of human development in
vitro. Also the field of regenerative medicine evolved a lot with the help of this new tech-
nique. However, there are also ethical concerns about the use of embryonic material for
research. This issue could be circumvented by the discovery of induced pluripotent stem
cells (iPSC) (Takahashi et al. 2007). With this groundbreaking technique it is possible to
reintroduce the pluripotent state in every adult cell of the human body. Therefore, the
transcription factors OCT3/4, SOX2, KLF4 and C-MYC are overexpressed in adult differ-
entiated cells. Now, patient derived iPSC cells can be generated and gene corrected, to
investigate the underlying mechanisms of disease (Oksanen et al. 2017, Guo et al. 2019).

But also for the field of developmental (neuro)toxicity iPSC are very useful as it is possible
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to differentiate iPSC into many different cell types of various developmental stages (Wang
et al. 2013, Lemoine et al. 2017, Nagoshi et al. 2018, Zimmer et al. 2018) and thereby
model development without ethical concerns. This bears a huge potential in many re-

search areas including toxicology.

3.2. Developmental neurotoxicity (DNT)

The development of the nervous system relies on very complex and precisely tuned bio-
logical processes. This processes bear a high potential for disturbances e.g. during prolif-
eration, differentiation, apoptosis, neurite outgrowth, migration, patterning, synaptogen-
esis, myelination and neurotransmitter release (Kadereit et al. 2012). Therefore, the term
developmental neurotoxicity (DNT) subsumes all long lasting adverse effects linked to
exposure to xenobiotics during neurodevelopment resulting in neurobehavioral altera-
tions and malformations (Kuegler et al. 2010, van Thriel et al. 2012). The effects of DNT
result in many different characteristics like motor and mental retardation, learning disa-

bilities, attention-deficit hyperactivity disorder, and spina bifida (Hass 2006).

In the US, about 10 to 15% of all newborns show developmental neurobehavioral dis-
orders with increasing propensity (Grandjean et al. 2014). While there are several possi-
ble causes, DNT has received the least attention within the field of toxicology (Makris et
al. 2009, Kadereit et al. 2012). As testing for DNT is not mandatory in chemical registra-
tion, DNT guideline studies are available only for about 120 substances (Crofton et al.
2012, Kadereit et al. 2012, Tsuji et al. 2012, van Thriel et al. 2012). According to the cur-
rent regulatory guidelines (OECD TG 426 and OECD TG 443), DNT testing is very time,
labor and cost intensive and completely relies on rodents. Testing one chemical takes
three month, costs approx. $ 1.4 million and needs around 1000 rat pups (Smirnova et al.
2014). Even if DNT is assessed, the data interpretation is often demanding and therefore

difficult for regulatory use (Beronius et al. 2013).

Additionally, for regulatory purposes only reproductive toxicity (reprotox) is in-
cluded in primary testing but not DNT testing. Testing for adult neurotoxicity (NT) is only
required if the compound shows a neurotoxic potential, e.g. organophosphates or pesti-
cides or if structural similarities to known neurotoxicants are observed. Only after the

results of the NT studies and the reprotox studies have been assessed, it is decided,
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whether a DNT study is required (Smirnova et al. 2014). All these factors have contributed
to the small number of compounds being tested for DNT. Furthermore, compounds induc-
ing DNT are often neurotoxicants at the same time. Yet, the thresholds which are defined
after NT testing are not the same as needed to prevent DNT, because the developing brain
is more vulnerable and susceptible to toxicant exposure as the adult brain (Rodier 1995,
Bondy et al. 2005). The blood brain barrier is not fully established (Leist et al. 2008), the
embryo has decreased metabolic detoxification abilities, caused by a different expression
pattern of cytochrome P450 enzymes, compared to adult organisms (Chazaud et al. 2006)
and the embryo shows an increased absorption due to the lower bodyweight (Landrigan
et al. 2004). Therefore, lower doses can already trigger harmful events in a developing
organism compared to an adult organism (Hass 2006). Moreover, the degree of reversi-
bility is smaller, e.g. if the network formation is slightly disturbed or even interrupted

there might be life-long consequences, as the network was not able to form properly.

3.3. The need of a new testing strategy in toxicology

As the majority of DNT testing is performed in animals, mostly rodents, it is questionable
to which degree these data are relevant for human risk assessment. The biology and phys-
iology of animals and humans differ concerning toxicokinetics and toxicodynamics as well
as development itself (Hartung 2008). Many questions have to be addressed: Often it re-
mains unknown whether rodents express receptors for chemical absorption and excre-
tion similar to humans. Or whether they have the same enzymes, with the same binding
affinity as humans, and thereby produce the same metabolites. It is already known, that
human neurodevelopment differs significantly from rodent neurodevelopment. In hu-
mans, the neocortex is larger, which results from more radial glia cells. In line with the
bigger size, the human neocortex is also much more complex, which results in different
neuronal structures and networks. Furthermore, the timing of neurodevelopment is dif-
ferentin rodents and humans (Zhao et al. 2018). Another problem with animal based test-
ing becomes obvious when looking at the endpoints in the respective measurements. Not
all endpoints relevant for human health and disease, like psychosomatic relationships or
higher cognitive functions can be measured in rodents. Furthermore, animal models are
used for diseases that have been introduced artificially in animals, as they do not occur in

animals naturally (Smirnova et al. 2014, Terron et al. 2018). However, it is difficult to in-
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vestigate the underlying disease mechanisms or the causative chemical exposure of a dis-
ease that does not reflect the authentic human situation (Seok et al. 2013). Overall, the
suitability of animal models is not always verified and in some cases more than question-
able. With pharmaceuticals like biologicals entering the market, it becomes more and
more difficult to test for the tolerability of new drugs in animals. Furthermore, in guideline
studies, the tested dosing is often too high and thereby does not reflect realistic human
exposure scenarios (Hartung 2008). These examples show, that predicting human health
and disease as well as human risk assessment is not always feasible with data obtained

from animals.

With regards to the legal requirements of testing many chemicals for registration and
risk assessment it is also important to note that animal-free test methods are less time-
and resource-consuming, as they have a higher throughput, than animal based test sys-
tems. Albeit ethical concerns are ignored, the number of needed animal testing capabili-
ties exceeds the number of available animal testing capabilities by far (Terron et al. 2018).
Even more alarming, data produced in line with OECD test guidelines have high variability
and low reproducibility and do not provide new insights in mechanistic understanding of

underlying effects (Bal-Price et al. 2018).

Another aspect of animal testing is more ethical and societal. Already in the late
1950s, Russell and Burch introduced the concept of three R’s with respect to ethical as-
pects of animal testing (Russell et al. 1959). In principal, it describes the ideal use of ani-
mals in science. The three R’s stand for replace, reduce, and refine, which means whenever
possible animal experiments should be replaced by animal-free methods or other systems
like tissue slices and perfused organs should be considered. If this is not possible, animal
numbers must be reduced to the minimal needed number to gain scientific knowledge
and the methods must be refined resulting in least pain, stress and suffering for the ani-
mals. The three R’s concept is not only about banning animal testing, it also provides a
basis for better scientific understanding and quality together with improved animal wel-

fare.

Taken together, all these arguments point to the need for new testing strategies in
DNT. The consideration of animal-free test methods must become a fundamental part to

identify DNT alerts and prioritize substances for further testing.
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3.4. New approach methods in DNT

Today many different animal-free alternative test methods are available, including in sil-
ico approaches, computational models, in vitro cell-based test systems and combinations
thereof. All these non-animal methods and technologies used to provide information on
chemical hazard for risk assessment without using animals are summarized as new ap-
proach methodologies (NAMs) (ICCVAM 2018, USEPA 2018). The development and appli-
cation of these NAMs is driven by different stakeholders like test developers in industry,
academic researchers, public institutions, and regulator decision makers, but most of the
NAMs have never been validated (Bal-Price et al. 2018). In order to implement the devel-
oped NAMs in a regulatory context, it is essential that they fulfill certain standards. These
standards are compiled and provide an assistance on the performance necessary for in
vitro test methods to be ready to use for implementation in regulatory toxicity. Therefore,
different stakeholders assembled 13 different categories of readiness criteria and vali-
dated 17 existing in vitro test methods according to these readiness criteria (Bal-Price et
al. 2018). The number of chemicals not yet assessed on their DNT potential is tremendous
(Grandjean et al. 2006, Raffaele et al. 2010, van Thriel et al. 2012, Fritsche et al. 2017).
Therefore, the in vitro test systems with high readiness scores provide a promising op-
portunity to obtain information on potential hazard and to prioritize chemicals for further
testing. The 17 in vitro test methods validated there cover most of the neurodevelopmen-
tal processes, ranging from test systems investigating neural precursor differentiation
(UKN1 (Balmer et al. 2012, Dreser et al. 2020)), proliferation (NPC1 (Baumann et al.
2014)), migration (UKN2 (Nyffeler et al. 2017, Nyffeler et al. 2017)), oligodendrocyte dif-
ferentiation (NPC5 (Baumann et al. 2014)), neurite outgrowth (UKN4 (Stiegler et al. 2011,
Delp et al. 2018) and UKN5 (Hoelting et al. 2016, Delp et al. 2018)), 3D astrocyte differen-
tiation and myelination (3Dh (Pamies et al. 2017)) synaptogenesis (Syn (Hogberg et al.
2011)) to neural network formation and function (Nnff (Strickland et al. 2018, Tukker et
al. 2018)) as depicted in Fig. 3.2. They all have different cellular origins, exposure scenar-
ios and endpoints, but contribute to the gain of information in their specific applicability
domain. This set of in vitro test methods does by far not include all available in vitro test
methods. Yet, it is already quite comprehensive and shows that e.g. test methods for neu-
rite outgrowth and neural precursor differentiation are already ready for application in a

regulatory context. However, there are also missing parts of neurodevelopment, e.g. the
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development of neuronal test systems expressing specific ionotropic receptors or den-

drite formation.

NPC3
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Fig. 3.2: Neurodevelopmental processes and respective available in vitro test systems

Some available in vitro test systems (red) for single neurodevelopmental processes (blue) are depicted. The selection
of test systems does not include all test systems available, but rather includes test systems examined for their readiness
in Bal-Price et al. 2018. More detail, about the individual test systems and their readiness is given in the original paper.
Abbreviations: UKN1, PSC differentiation into NPC/NSC embryonic phase differentiation; NPC1, hNPC proliferation;
NPC2, hNPC migration; NPC3, hNPC neuronal differentiation; NPC4, hNPC differentiated neurons; NPC5, hNPC oligoden-
drocyte differentiation; NPC6, hNPC oligodendrocyte maturation and TH disruption; UKN2, NCC proliferation and mi-
gration; MESn, Morphological ESC to neurons; 3Dr, astrocytes, oligodendrocytes, myelination, microglia in 3D rat; 3Dh,
astrocytes, oligodendrocytes, myelination, microglia in 3D human, foetal phase; UKN4 (NeuriTox), neurite outgrowth
of central neurons; UKN5 (PeriTox), neurite outgrowth of peripheral neurons; NSR, neuronal subtype ratio, neuronal

maturation; Syn, synaptogenesis; Nnff, neuronal network formation and function

3.4.1. Transcriptome analysis as powerful readout

Transcriptomics became an important endpoint in the field of DNT and it is a useful alter-
native to readouts addressing cell morphological endpoints (Balmer et al 2012,
Waldmann et al. 2014, Rempel et al. 2015, Hoelting et al. 2016, Shinde et al. 2017, de
Leeuw et al. 2020, Dreser et al. 2020). Transcriptomics data can be used to gain compre-
hensive information on a molecular level and thereby link the mode of action of com-
pounds to transcriptomic changes (Vojnits et al. 2012, Hermsen et al. 2013). Information
on the molecular level provide the possibility to identify pathways involved in cell biolog-
ical endpoints, identify modes of action and to understand applicability domains of the
underlying test system (Waldmann et al. 2017). In the field of DNT, new approaches with
a higher throughput than animal testing provides, are needed for better risk assessment.
Here, transcriptomics represent a sensitive endpoint allowing to identify different devel-
opmental stages and to distinguish between normal and disturbed development. Tran-

scriptomics are also suitable to assess alterations in patterning of a differentiating culture
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(Leist et al. 2012), as the transcriptome of all cells can be analyzed and thereby reflects
the transcriptional state of the whole cell population, which might change its cell compo-
sition after drug exposure. The transcriptional state of a culture reveals spatial and tem-

poral information about it, which are similar in vitro and in vivo (Zimmer et al. 2012).

Furthermore, it is possible to identify new biomarkers with the help of transcriptom-
ics data, which can then be further used as a more simplified and cheaper readout for DNT

testing (Kuegler et al. 2010, Rempel et al. 2015).

The change of the fingerprint of a culture is a good indicator for altered (neuronal)
differentiation. However, if whole transcriptome analysis is applied in a compound
screen, the risk of false negatives might be decreased, as all genes are included in the anal-
ysis and not only genes which were defined as maker genes. Unknown compounds might
have effects on genes not included in the marker genes set, but also disturb neurodevel-

opment.

The compounds tested in a screen can also be grouped based to their transcriptome
pattern (Rempel et al. 2015). Yet, changes in gene expression in a developing test system
can originate from to two different reasons: (i) an acute compound effect on a biological
process, indicating a pathway of toxicity or (ii) an altered differentiation and thereby a
change of the fingerprint of the culture (Leist et al. 2012). In (i), the compound interferes
with a pathway and thereby induces toxicity, in (ii) the compound changes the differenti-
ation of the culture. Especially in developing systems the investigation of transcriptomics
need special consideration and experimental designs. The baseline changes even without
a toxic stimulus. Thus, there is no stable baseline. This already results in transcriptional
changes, which have to be distinguished from transcriptional changes induced by a com-
pound. As some toxicants only have an effect during a certain time of gene regulation
(Zimmer et al. 2012), it is crucial to consider the window of sensitivity to choose the right

exposure in transcriptomics experiments.

3.4.2. Epigenetics drive transcriptome changes

To answer the question which processes are governing the transcriptome changes in DNT,

it is worth including epigenetic endpoints in DNT testing. Epigenetics describe the altera-
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tion in gene expression caused by structural chromatin changes (Allis et al. 2007). Post-
translational histone modifications are one of five epigenetic mechanisms (Dulac 2010).
Some of them are clearly associated with one or another chromatin state. Trimethylation
of histone H3 at lysine 4 (H3K4me3) is associated with a transcriptionally accessible and
open chromatin called euchromatin (Bannister et al. 2011). The same is true for the acet-
ylation of histone H3 at lysine 9 (H3K9ac), whereas the trimethylation of histone H3 at
lysine 27 (H3K27me3) is associated with a more condensed and transcriptionally silent
chromatin called heterochromatin (Bannister et al. 2011). Not only the epigenetic marks
itself can alter the gene expression, also interference of compounds with the machinery
that sets epigenetic marks and the genes coding for them are potential targets for com-
pounds. Thereby, they induce transcriptomic changes (Smirnova et al. 2012, Weng et al.
2012, Waldmann et al. 2013), e.g. for histone deacetylase inhibitors (HDACI) it is known,
that they modify epigenetic marks.

As epigenetics are directly interfering with gene expression, it is an important ques-
tion, whether epigenetic changes are caused by transcriptional changes after compound
exposure or whether they are a consequence of the compound exposure itself. Next, epi-
genetics could be a sensitive measure to investigate the exposure threshold of a com-
pound, which induces an (irreversible) adverse outcome (Bose et al. 2012, Senut et al
2012).

The Barker hypothesis claims that the period of gestation has an impact on the health
in later life. (Osmond et al. 2000) It can also be applied for neurodevelopment and de-
scribes that diseases in later life may have a developmental origin. There are some exam-
ples like early life pesticide exposure and a linkage to Parkinson’s disease (Landrigan et
al. 2005), developmental lead exposure contributing to Alzheimer’s disease (Bihaqi et al.
2012), and mice exposed to methyl mercury during pregnancy showing disturbed learn-
ing and depressive behavior in the offspring (Onishchenko et al. 2007). Here, epigenetic
mechanisms could represent the key event, which leads to manifestation of the transcrip-
tional changes during development, and as a consequence the induction of diseases later

in life.
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3.4.3. Neuronal integrity as endpoint for neurotoxicity testing

Disturbances occur not only during early neurodevelopment but also in later stages and
affect e.g. more mature neuronal networks. Therefore, changes in the formation or signal-
ing of neuronal networks should be addressed. This can be performed with more func-
tional endpoints. To this end, the integrity of neuronal networks could serve as an appro-
priate endpoint. The outgrowth of neurons is a precisely controlled process, which can be
modelled very well in vitro, and a lot of test systems are available for this neurodevelop-
mental process (Harrill et al. 2010, Krug et al. 2013, Hoelting et al. 2016, Ryan et al. 2016).
If the neurite outgrowth is disturbed, the neuronal network is not able to form properly
and consequently, the neuronal signaling is disturbed. But even if neuronal network de-
velops properly, it can be impaired afterwards. The corrosion of an intact neuronal net-
work is called degeneration. There are many reasons for network degeneration, e.g. dis-
eases like Alzheimer’s (Jeong 2017) or amyotrophic lateral sclerosis (Kiernan et al. 2011),
but also compounds like rotenone and cisplatin can induce it (Landowski et al. 2016,
Richardson et al. 2019). Therefore, the integrity of a neuronal network is an important
endpoint in (D)NT. Neuronal integrity can be measured by high content imaging methods
with high throughput. For evaluation, the neuronal network can imaged by an automated
microscope and neurite area and viability are determined (Stiegler et al. 2011). The com-
parison of neurite area and viability between treated and untreated networks allows the
investigation of neurite integrity and thereby of neurotoxicity. As a consequence, not only
neurite outgrowth can be assessed, but also morphological changes in more mature neu-

ronal networks.

Therefore, the use of homogenous and fast developing neuronal cultures, like
LUHMES or pluripotent stem cell (pSC) derived neurons is of advantage. LUHMES were
isolated from embryonic mesencephalic tissue and can be differentiated within six days
into fully mature neurons with typical neuronal structure (Lotharius et al. 2005, Scholz et
al. 2011). Differentiation protocols are also available for pSC derived neurons that gener-
ate a homogenous neuronal network suitable for examination of neuronal integrity within
seven days (Hoelting et al. 2016). As neurotoxic effects of cyanobacterial toxins like mi-
crocystin (MC) were found in animal models (Fischer et al. 2000, Feurstein et al. 2009, Hu
et al. 2016, Herrera et al. 2018, Hinojosa et al. 2019), and MC is discussed, to also have
neurotoxic effects in humans, the endpoint of neuronal integrity is well suited to test the

neurotoxic effects of MC in human neuronal cultures.
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Microcystins are small cyclic heptapeptides produced by different cyanobacterial
genera (Svircev et al. 2019). The main exposure route is via drinking water and food. MCs
are well known to induce severe hepatotoxicity in humans (Carmichael 1992). Therefore,
the World Health Organization (WHO) introduced a safe value of 1 pg/1 (1 nM) for drink-
ing water and derived from this a tolerable daily intake (TDI) for humans of 0.04 ug MC-
LRequivalents/ kg BW/day (= 40 pmol/kg BW/day) (World Health Organization. Water et al.
2004).

3.4.4. Alternatives for neuronal receptors mediated neurotoxicity testing

Neuronal integrity is an appropriate endpoint to test for general neurotoxicity, but it is
not possible to gain information about the function of neuronal receptors with this end-
point. In drug development and toxicology, test systems with functional neuronal net-
works allowing studies on glutamate signaling are needed, as glutamate is the main excit-

atory neurotransmitter in the human brain (Maycox et al. 1988, Fukaya et al. 2003).

Glutamate receptors can be divided in ionotropic and metabotropic receptors. The
ionotropic receptors can be further subdivided in N-methyl-D-aspartate (NMDA) recep-
tors (NMDA-R), AMPA receptors and kainate receptors (Traynelis et al. 2010). At the mo-
ment, different strategies are followed to identify compounds interfering with glutamate
receptors: (i) pharmacological binding assays (Berger et al. 2012, Pottel et al. 2020) which
are uncoupled from a their physiological environment, (ii) cellular and tissue based mod-
els (Hondebrink et al. 2016, Nehme et al. 2018) and (iii) animal testing, in which problems
occur regarding target definition, throughput and species correlation. Therefore, it is of
advantage to develop test systems modeling the human brain with its cellular variety as
close as possible without having the problem of species extrapolation. The NMDA-R is in-
volved in many diseases (DiFiglia 1990, Lipton 1999, Cohen et al. 2015, Liu et al. 2019),
therefore potentially interfering compounds need to be identified as they could be a major
health concern. A suitable in vitro test system addressing all these issues would be com-
posed of human cells with an endpoint measuring physiological changes of ionotropic glu-
tamate receptors. Therefore, excitatory and inhibitory neurons with different neuronal
receptors and glia cells, like astrocytes as important modulators of neuronal signaling,
should be included. Especially, test systems containing NMDA-R have been difficult to set
up, as NMDA-R activity leads to excitotoxicity (Leist et al. 1998, Nicotera et al. 1999). Usu-
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ally, the systems are inhibited by NMDA-R antagonists which have been washed out be-
fore the conduction of the experiments. In these systems, follow-up studies and investiga-
tion of downstream targets are not possible. Therefore, the differentiation of pSC into

mixed cortical cultures (MCC) is a promising approach.

As endpoint for neurotoxicity, the afore-mentioned Ca?* signaling is well established
(Leist et al. 1997, Leist et al. 1998, Volbracht et al. 2006). The effects of agonists and an-
tagonists of NMDA-R can be investigated as a direct response of their administration. Fur-
thermore, pre-incubation with compounds is also possible. The advantage of assessing
Ca?* signaling is the possibility to gain information on single cell level, which enables to
distinguish between different cell populations within one culture, as it is true for MCC.
Another common method is the cultivation of cells on microelectrode arrays (MEA). To
measure electric activity of neuronal networks, the extracellular field potential is rec-
orded. This gives a comprehensive picture of the complete neuronal network of the cul-
tured neurons (Hofrichter et al. 2017, Strickland et al. 2018, Shafer 2019, Nimtz et al.
2020). Besides the network information, they also provide the opportunity to follow net-
work formation and performance of cell cultures over long time periods. The cells can be
measured multiple times (e.g. every day) in the MEA device or they can even be cultured
there. During this time period, the cells can also be manipulated and measured in parallel.
Even multiple compound additions and washouts can be performed with increasing con-
centration, whereby the same well serves as baseline control. These infinite combinations
of treatment and washout in different time frames constitute promising opportunities in
in vitro neurotoxicology. However, the potential of this fascinating technology can only be
exploited if a robust cell system composed of excitatory and inhibitory neurons is present,
e.g. MCC. These cultures provide the basis for a functional neuronal network which can be
manipulated by the addition of agonists and antagonist of e.g. NMDA-R or be used to test
the effects of compounds of interest on neuronal networks and specific neuronal recep-

tors.

3.4.5. Combination of NAMs in test batteries

In the sections above, different test systems and cell systems used in this thesis have been
described together with their individual endpoints, applicability domains and unique
characteristics. Yet, none of these systems is a stand-alone method, covering the whole

range of DNT. Therefore, it is beneficial to combine them in a test battery of assays and
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thereby capture information across different neurodevelopmental processes (Leist et al.
2012, Bal-Price et al. 2018). In a DNT test battery, NAMs can be complemented by behav-
ioral studies with alternative species like C. elegans or zebrafish, as they have an intact
nervous system and add another level of complexity (Leist et al. 2012, Bal-Price et al.
2018). Also for the implementation of NAMs in regulatory toxicity, the combination of sin-
gle tests in test batteries has been proposed and included in concepts like adverse out-

come pathway or integrated approaches to testing and assessment.

3.5. Implementation of NAMs in regulatory toxicology

Recently, international (regulatory) agencies proposed the integration of NAMs to accel-
erate their risk assessment (ECHA 2016, USEPA 2018). Still, there are debates of how the
integration of NAMs from many different sources with different data structures and read-
outs can be accomplished. Several approaches, their pitfalls and respective resolutions,
are vividly discussed in academia, agencies, industry and research associations (Leist et
al. 2008, Escher et al. 2019, Harrill et al. 2019, Avila et al. 2020, Fischer et al. 2020, Moné

et al. 2020). In the following section some of the proposed concepts are summarized.

3.5.1. Adverse outcome pathways (AOP)

The concept of adverse outcome pathways (AOP) was initially introduced in 2010 to sup-
port risk assessment in ecotoxicology (Ankley et al. 2010) and is nowadays also applied
to regulatory toxicology. Therefore, AOP integrate the mechanistical knowledge of differ-
ent biological levels and thereby provide a tool for knowledge management in toxicology
and ecotoxicology (Leist et al. 2017). The basic structure of an AOP can be described as a
molecular initiating event (MIE) followed by a variable amount of measureable key events
(KE) with structural, cellular or functional changes finally resulting in a human adverse
outcome (AO). All the single components of an AOP are connected by so-called key event
relationships (KER) (Villeneuve et al. 2014). The anchoring point for every AOP is the AO
and each KE is considered regarding its relevance to the AO (Bal-Price et al. 2017). The
KEs integrate information from different sources like in vivo studies, in vitro test methods,
(Q)SAR and read across and can originate from different biological levels, like molecular,
sub-cellular, cellular, organs or organisms (Bal-Price et al. 2017). As an example, the AOP

“Binding of antagonist to NMDARs impairs cognition” is given in Fig. 3.3 (Sachana et al.
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2018). It is known, that NMDARs are important for synaptogenesis and synaptic plasticity
and binding of antagonists during this processes lead to problems of learning and memory
(Traynelis et al. 2010). The AOP starts with the MIE “binding of antagonists to NMDAR”
followed by six KE connected by KER resulting in the AO “impaired learning and memory”.
Importantly, every AOP needs to be evaluated concerning its weight of evidence for bio-
logical plausibility of the KER and the essentiality of the KE for the AO. For the shown AOP,
this was done in great detail in Sachana et al. (Sachana et al. 2018). AOP are meant to be
a pragmatic simplification of complex biological pathways with the intention of applica-
bility for regulatory decision-making (Bal-Price et al. 2017). Here, it is important to note
that AOP do not represent the mode of action of a specific chemical, nor do they include
information about toxicokinetics. Therefore, they cannot be directly used for risk assess-
ment (Villeneuve et al. 2014). Nevertheless, they provide a comprehensive tool to de-
scribe potential hazard when information about a given specific compound and its rele-
vant concentrations at a target site are known to trigger a MIE (Bal-Price et al. 2017). As
AOP often do not provide information only on molecular level but also on superordinate
processes, it is possible to apply simple and easily accessible test methods to gain confi-
dence in the specific AOP. Especially in the field of (D)NT, it is challenging to develop AOPs
as the brain is an extremely complex organ with many specialized neuronal and glial cell
types. The function of these cells differ between brain regions and stages of brain devel-
opment (Rice et al. 2000). Furthermore, there is still a lack of understanding molecular
and cellular characteristics of the brain and thereby its interaction with potential toxi-
cants. Nevertheless, the AOP concept provides a powerful tool to integrate mechanistical

understanding into risk assessment.
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Fig. 3.3: Graphical representation of the AOP “Binding of antagonist to NMDARs impairs cognition”The molecular
initiating event (MIE in blue), the key events (KE in green), the adverse outcome (AO in red) and the key event relation-
ships (KER black arrows) are given for AOP number 13 (Sachana et al. 2018). The thickness of the KER arrows represent
the evidence of the respective KER: thick arrow - strong weight of evidence, middle arrow - strong/mediate weight of

evidence, thin arrow - moderate weight of evidence.

3.5.2. Pathways of toxicity (PoT)

Another knowledge-driven approach that relies on the understanding of molecular mech-
anisms and their integration in a more complex cellular context are pathways of toxicity
(PoT). They can be described as “a sequence of intracellular events which regulate normal
biology which, when sufficiently perturbed by a xenobiotic, leads to an adverse outcome
at the level of the cell, and possibly the whole organism” (Whelan et al. 2013). PoT try to
depict all changes which are triggered by a chemical in a certain cell. Therefore, it is im-
portant to understand the complete biology of a cell with all the signaling pathways, me-
tabolites, genes and processes involved. PoT may help to shift from a “black box” approach
of testing a compound in an animal, determining the ECso and extrapolating toxicological
thresholds for human exposure towards a system wide understanding by integrating re-
sults from high-content high-throughput technologies (Leist et al. 2008). An important
assumption in the concept of PoT is, that they are finite and once the whole network of
PoT is explored and understood toxicity can be assessed very precisely (Kleensang et al.
2014). In classical toxicology, an ECso is determined after animal exposure to a limited
number of doses and by addition of different security factors and a point of departure
(PoD) is determined for different exposure scenarios. In in vitro assays, more concentra-
tions can be tested and thereby the PoD can be determined more accurate. PoDs are then
extrapolated by in vitro in vivo extrapolation depending on the PoT involved (Rotroff et
al. 2010, Wetmore et al. 2012). Thereby, dose and dynamics can be better integrated and
safe doses are easier to estimate resulting in fewer uncertainties in decision making
(Kleensang et al. 2014). It is also possible to determine concentrations were no PoT is
triggered. This does not mean that the triggering of a PoT automatically indicates a risk,
but a potential hazard. PoT are not only single events connected and resulting in an ad-
verse outcome, they are also interconnected and thereby influence each other in a net-
work of different PoT (Leist et al. 2008). Together with the fact that also kinetics and to

some extent also quantitative models should be included, this results in a very ambitious
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but also comprehensive concept for modern toxicology and will enable a more precise

and knowledge based toxicological assessment in the future.

3.5.3. Integrated approaches to testing and assessment (IATA)

One of the most comprehensive approaches in the area of NAMs and regulatory toxicity is
the concept of integrated approaches to testing and assessment (IATA). Here, information
from different areas of biology, toxicology and computer science are combined in a prag-
matic science-based approach for toxicological decision making (OECD 2017, OECD
2017). Therefore, defined questions in a specific regulatory context are addressed in a
sequential process. In a first step, existing data from different lines of evidence ((Q)SAR;
read-across, in vivo, in vitro, in chemico, ex vivo, -omics technologies) are collected and
combined. This is followed by a weight of evidence evaluation. In this second step, infor-
mation gaps are identified, which are, in a third step, filled by a targeted testing strategy
that generates new data (Casati 2018). Bal-Price et al. developed an IATA for DNT screen-
ing and prioritization purposes shown in Fig. 3.4. As data from many different sources are
taken into account some rules had to be installed for their integration. For this purpose,
so-called defined approaches were introduced: for a fixed set of information sources a
fixed data interpretation procedure was established (OECD 2017). Following this, the data
interpretation was rule-based and does not require expert knowledge for prediction. This
is especially convenient as regulators have to deal with many different chemicals from
many different areas and cannot be an expert in every field. Between all tiers mentioned
here, decision steps are included (Casati 2018). Therefore, it is possible to always take
into account an acceptable level of uncertainty. In traditional regulatory toxicology and
classical chemical assessment, the current practice is based on adverse outcomes of ani-
mal models. However, it is very unlikely to meet the legislative requirements with this
approach, as the number of mandatory chemical assessments increased and at the same
time the use of animals and resources shall not increase (Terron et al. 2018). Therefore,
the integration of NAMs in regulatory toxicology can close the gap between the number
of chemicals that need to be assessed and the actually assessed number. To achieve the
integration of NAMs in regulatory toxicology, IATA represent a flexible solution as they
open the possibility to combine data from different methods, include AOPs and combine

them with information from ADME (Sachana et al. 2019). Hence, IATA are a chance to turn
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the toxicological decision making into a more modern toxicity testing by integrating dif-
ferent individual methods and batteries and thereby enable the assessment of more

chemicals.

AOP, PoT, and IATA represent a promising basis for the integration of NAMs into reg-
ulatory toxicity and might thereby contribute to the needed paradigm shift from animal
based “black box” toxicology towards a knowledge based toxicology, resulting in better

risk assessment.

IATA: Screening/Priority Setting Regulatory Decision
o l ey

=y =

This IATA was developed by Bal-Price et al. 2018 to suggest a more efficient way of identifying potential DNT com-

Fig. 3.4: IATA for DNT screening and prioritization purposes

pounds. The IATA integrates information from multiple information sources. It also provides a targeted strategy of in
vitro test methods, if new information is required, and the integration of non-testing methods covering key neurode-
velopmental processes. Abbreviations: ADME, absorption, distribution, metabolism and excretion; Cmpd, compound;
DNT, developmental neurotoxicity; HBRV, health-based reference value; MoE, margin of exposure; QIVIVE, quantitative
in vitro in vivo extrapolation; QSAR, quantitative structure activity relationship. Figure adopted from Bal-Price et al.
2018.
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4.1.1. Abstract

The superordinate principles governing the transcriptome response of differentiating
cells exposed to drugs are still unclear. Often, it is assumed that toxicogenomics data re-
flect the immediate mode of action (MoA) of drugs. Alternatively, transcriptome changes
could describe altered differentiation states as indirect consequence of drug exposure. We
used here the developmental toxicants valproate and trichostatin A to address this ques-
tion. Neurally differentiating human embryonic stem cells were treated for 6 days. His-
tone acetylation (primary MoA) increased quickly and returned to baseline after 48 h.
Histone H3 lysine methylation at the promoter of the neurodevelopmental regulators
PAX6 or OTX2 was increasingly altered over time. Methylation changes remained persis-
tent and correlated with neurodevelopmental defects and with effects on PAX6 gene ex-
pression, also when the drug was washed out after 3-4 days. We hypothesized that drug
exposures altering only acetylation would lead to reversible transcriptome changes (in-
dicating MoA), and challenges that altered methylation would lead to irreversible devel-
opmental disturbances. Data from pulse-chase experiments corroborated this assump-
tion. Short drug treatment triggered reversible transcriptome changes; longer exposure
disrupted neurodevelopment. The disturbed differentiation was reflected by an altered
transcriptome pattern, and the observed changes were similar when the drug was washed
out during the last 48 h. We conclude that transcriptome data after prolonged chemical
stress of differentiating cells mainly reflect the altered developmental stage of the model
system and not the drug MoA. We suggest that brief exposures, followed by immediate
analysis, are more suitable for information on immediate drug responses and the toxicity

MoA.

4.1.2. Introduction

Toxicogenomics data, systems biology, and the use of human stem cell-based systems are
expected to change the ways by which toxicological information will be obtained and in-
terpreted in the future (Waters et al. 2004, Wobus et al. 2011, Hartung et al. 2012,
Robinson et al. 2012, Robinson et al. 2013). This is in line with a ‘proposed shift from
primarily in vivo animal experimentation to in vitro assays and computational modeling
for toxicity assessment,” as suggested by the lead scientists of US national research agen-

cies (Collins et al. 2008). It also follows the ‘vision for a new toxicology of the twenty-first

21



Results

century’ as promoted by the National Research Council (NRC 2007, Andersen et al. 2010).
A key assumption for this vision is that it will be possible to define pathways of toxicity,
i.e, a drug mode of action (MoA), linking molecular initiating events to a final adverse
outcome. This requires an establishment of a ‘systems toxicology’ that models the patho-
physiology of the body with computational tools to understand mechanisms of toxicity,

similar to systems biology (Hartung et al. 2012).

In the field of developmental toxicology, transcriptome data have been used to infer
information on the MoA of chemicals (Colleoni et al. 2011, Vojnits et al. 2012, Hermsen et
al. 2013). It is expected that such approaches will lead to major conceptual advances, es-
pecially for the use of the emerging technology of differentiating stem cell systems
(Zimmer et al. 2011, Crofton et al. 2012, Theunissen et al. 2012). However, more funda-
mental work is required to understand how experiments need to be designed and inter-
preted in this field. In contrast to mature tissues or cells, model systems of development
do not have a stable baseline, i.e., the transcriptome changes over time, also without toxic
stimulus. Moreover, initial exposure to a toxicant may trigger secondary effects even in
the absence of the stimulus (Balmer et al. 2012). To avoid indirect effects in toxicoge-
nomics measurements, sampling only few hours after compound exposure has been sug-
gested (Jergil et al. 2011). However, the sensitivity and response to toxicants of a dynam-
ically differentiating system can be different at different times (van Dartel et al. 2009). For
instance, in a study of retinoic acid teratogenicity, compound-induced transcriptome
changes differed between sampling time points (Robinson et al. 2012). Such timing effects
of toxicants may be due to interference with specific waves of gene regulation. For in-
stance, neurally differentiating mESC showed several of such waves of gene expression,
which determined windows of sensitivity to toxicants (Abranches et al. 2009, Zimmer et

al 2011).

Alteration of histone deacetylase (HDAC) activity has been associated with several
long-term health consequences, ranging from Alzheimer’s disease (Graff et al. 2012), over
toluene poisoning (Sanchez-Serrano et al. 2011) to general teratogenic mechanisms
(Menegola et al. 2012). Specific, HDAC inhibitor (HDACi) drugs have been particularly
well characterized. For instance, the broad-spectrum HDACi valproic acid (VPA), normally
used to treat epilepsies, causes the fetal valproate syndrome and has been suspected to
trigger autism (Meador et al. 2009, Dufour-Rainfray et al. 2010, Jentink et al. 2010). It

triggers gene activation within few hours in several tumor or stem cell lines (Jergil et al.
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2009, Jergil et al. 2011), and it is well recognized that epigenetic modifications are related
to the developmental neurotoxicity of the drug. Most studies addressing the latter mech-
anism have concentrated on transcription activating histone modifications such as acety-
lation of histone 3 at lysine 9 (H3K9Ac) or methylation of histone 3 at lysine 4 (H3K4me)
(Tung et al. 2010, Hezroni et al. 2011, Marinova et al. 2011), and the changes have been

found to be reversible after drug withdrawal (Boudadi et al. 2013).

In previous work, we established a model of early neural differentiation of hESC that
allowed the identification of developmental toxicants (Balmer et al. 2012, Krug et al.
2013). We found that prolonged exposure to the two HDACi trichostatin A (TSA) or VPA
altered the expression of several marker genes in a similar way. However, we also ob-
served that various hESC-based test systems differed strongly in their transcriptome re-
sponse to VPA (Krug et al. 2013). This latter finding triggered the key question of this
study: Are the observations on altered transcriptome patterns in developmental toxicity
studies indeed a reflection of a compounds primary MoA? As alternative hypothesis, we
examined whether the data rather reflect an altered cellular phenotype that would result
from disturbed differentiation and that would become independent of the continued pres-
ence of drug after some time. This was addressed by transcriptome analysis after pulsed
drug exposure. A further key question was how a direct, but reversible effect of short tox-
icant exposure was switched to a persistent adverse effect, reflected by wrong differenti-
ation after a longer drug exposure. This was addressed by studies of the time dependence
of histone modifications. Histone methylations at the promoters of key neurodevelop-
mental genes were considered as potential persistence detectors responsible for switch-

ing a short-term cellular adaptation to permanent toxicity.

4.1.3. Material and methods

Materials

Gelatine, putrescine, selenium, progesterone, apotransferin, glucose, insulin, valproic
acid, and trichostatin A 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). Mat-
rigelTM was from BD Biosciences (Massachusetts, USA). All cell culture reagents were

from Gibco/Invitrogen (Darmstadt, Germany) unless otherwise specified.
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Neuroepithelial differentiation

Human embryonic stem cells (hESC) (H9 from WiCells, Madison, W1, USA) were differen-
tiated as described in detail earlier (Chambers et al. 2009). Briefly, dual SMAD inhibition
was used to prevent BMP and TGF signaling and thus to achieve a highly selective neu-
roectodermal lineage commitment. For handling details, see supplemental methods of
Balmer et al. (2012). If not stated otherwise, treatment with trichostatin A (TSA) was done
with a concentration of 10 nM and treatment with valproic acid (VPA) was done with a

concentration of 600 pM.

Quantitative real-time PCR (qPCR) and microarray analysis

For qPCR analysis, cells were lysed at indicated days of differentiation in TriFast™ (Peqlab,
Germany). Total RNA was isolated according to the manufacturer’s instruction, and cDNA
was produced using the iScript Kit from BioRad (iScript™ Reverse Transcription Supermix
for RT-qPCR, BioRad). Quantitative real-time PCR (qPCR) was performed on a BioRad
Light Cycler (Biorad, Miinchen, Germany), and transcript levels were quantified as de-
scribed earlier (Balmer et al. 2012). The sequences of specific primers are given in Fig.

5.1.511.

Affymetrix chip-based DNA microarray analysis (Human Genome U133 plus 2.0 ar-
rays) was performed as described earlier (Krug et al. 2013). The data were analyzed for
differential expression using the Konstanz Information Miner open source software
[KNIME; www.knime.org (Berthold et al. 2008)]. The raw data were preprocessed using
robust multiarray analysis (RMA) (Smyth 2005). Background correction, quantile nor-
malization, and summarization were applied to all expression data samples, using the
RMA function from the affy package of Bioconductor (Gautier et al. 2004, Gentleman et al.
2004). The limma package (R & Bioconductor) was used to identify differentially ex-
pressed genes using indicated groups as control. The moderated t statistics was applied
in a pairwise fashion (each treatment was compared to its own control) and was used for
assessing the raw significance of differentially expressed genes. Then, final p values were
derived using the Benjamini-Hochberg (BH) method to control the false discovery rate
(FDR) (Benjamini et al. 1995) due to multiple hypothesis testing. Transcripts with FDR
adjusted p value of £0.05 and fold change values >1.5 or <2/3 were considered signifi-
cantly regulated, if not stated otherwise in the figure legend. For Fig. 5.1.S5, numbers of

PS changed during development (D-genes) were calculated relative to hESC. These data
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were obtained from four independent replicates, and they were considered significant if
the Benjamini-Yekutieli (BY)-adjusted p value was <0.01 and the FC was >1.5 or <2/3.
For Figs. 5.1.3, 5.1. 4, 5.1. 5, and 5.1.6, numbers of PS changed by the treatment were cal-
culated relative to untreated controls lysed at the same day as the treated samples (T6h
to C6h, T4d to C4d and Téd, early pulse (EP), medium pulse (MP), and late pulse (LP) to
C6d). Data were obtained from four independent replicates and chosen if the BH-adjusted

p value was <0.05 and FC was >1.5 or FC <2/3.

The principal component analysis (PCA) was based on 500 PS with the highest vari-

ance.

Western blot

Western blot was performed exactly as previously described (Balmer et al. 2012). For
quantification, the signal intensity of H3Ac was normalized to total H3, and acetylated a-
tubulin was normalized to total a-tubulin for every time point. These normalized values
were then displayed relative to untreated controls at the respective time points. Western
blots of PAX6 and OTX2 were quantified using Image]. Detailed information on used anti-

bodies is given in Fig. 5.1.512.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) assays on native chromatin (N-ChIP) (Fig. 5.1.1)
were performed according to established protocols (Umlauf et al. 2004). Details and ad-
aptations were exactly as described previously in detail (Balmer et al. 2012). ChIP assays
on cross-linked chromatin (X-ChIP) (Fig. 5.1.2) were performed according to Kamieniarz
and colleagues and adapted to our differentiating cells (Kamieniarz et al. 2012). Briefly,
cells were trypsinized and resuspended in 1 % formaldehyde in medium. The crosslink
was stopped after 10 min by 125 mM Tris, pH 7.5. Cellular suspensions were centrifuged,
washed once in PBS and once in L1 buffer (2 mM EDTA, 0.1 % NP-40, 10 % glycerol, 25
mM Tris, pH 8), and finally resuspended in L2 buffer (10 mM EDTA pH 8, 1 % SDS, 50 mM
Tris, pH 8) to a final concentration of 2 X 106 cells/ml. Chromatin was sonicated on a
Bioruptor e sonifier device (Diagenode, Belgium) by 30 steps of 30/30 s ON/OFF cycles to
get a fragment size between 300 and 700 bp, and sonication efficiency was checked on
agarose gels. Samples were diluted 1:5 in dilution buffer (0.5 % NP-40, 200 mM NacCl, 50
mM Tris, pH 8) and incubated over night at 4 °C with unspecific control antibody, 2 ul anti-
H3K4me3 (17-614 Millipore) or 4 pl anti-H3K27me3 (39535 Active Motif) antibodies.
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One aliquot, corresponding to 5 % of the input, was stored without antibody treatment.
After antibody incubation, the samples were rotated at 4 °C for 3 h with protein A/G Se-
pharose beads and washed twice in washing buffer (2 mM EDTA, 0.1 % SDS, 0.5 % NP-40,
150 mM NacCl, 20 mM Tris pH 8) and once in final wash buffer (2 mM EDTA, 0.1 % SDS,
0.5 % NP-40, 500 mM NaCl, 20 mM Tris, pH 8). The chromatin was eluted by 2-h incuba-
tion and shaking at 65 °C in elution buffer (100 mM NaHCOs, 1 % SDS). The genomic DNA
was purified using ChIP DNA Clean and Concentrator (Zymo Research) Kit and analyzed
by qPCR, to quantify the amount of DNA from the promoter region of selected genes. For
data display, the enrichment factor (EF) was calculated from the qPCR threshold cycle
values (Ct) relative to input according to the formula: EF (%IP) = 100 * 2~ — [(Ct(5 % IP)
— 4.32) — Ct(specific antibody)]. For Figs. 5.1.1e and 5.1.2a, we wanted to investigate the
effects of TSA or VPA in comparison with untreated controls. We compared the ratios of
H3K4me3/H3K27me3 of treated cells to the ratios of H3K4me3/H3K27me3 of untreated
cells at the respective days of differentiation. Also for transcript levels, the gene expres-
sion was presented relative to untreated controls at the respective days. Therefore,
H3K4me3/H3K27me3 ratios or gene expression above 1 indicated that TSA or VPA
caused an up-regulation compared with untreated control. H3K4me3/H3K27me3 ratios
(methylation ratio) or gene expression below 1 indicated that TSA or VPA caused a down-

regulation compared with untreated controls. For detailed information on ChIP, primers

and antibodies refer to Fig. 5.1.511 and 5.1.512.

Statistics and data mining
For statistical analysis of transcript levels and EFs, paired t tests were performed using
log-transformed expression values relative to hESC, if not stated otherwise in the legend.

All data are shown, and all statistics performed refer to biological replicates (=independ-

ent experiments).

Over-representation of gene ontologies (GOs) was analyzed using g:profiler
(Reimand et al. 2011), with p values determined via a hypergeometric distribution. Over-
represented GOs were selected, if they belonged to the term domain ‘biological process’
and contained <1,000 genes, and the p value was <0.05. For analyses yielding more than
50 GOs, more stringent selection criteria were used: only GOs that had a p value <0.001

were selected. For production of the GO word clouds scaling of character size was linearly
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proportional to the negative logarithm of the p value of the respective GO category. GO
terms relating to biological processes (bp) were clustered according to their ‘superordi-
nate biological processes’ as described earlier. Example of these larger categories were
‘neuronal differentiation,” ‘non-neuronal differentiation,” or ‘migration and adhesion’

(Waldmann et al. 2014).

Venn diagrams were drawn in order to visualize size relations between the compared
groups of genes within one diagram. They do not always represent correct ratios, as this
would make visualization difficult in case of big size differences. Numbers in Venn dia-
grams comparing three groups represent the percentage of the (overlapping or unique)
part of the diagram relative to samples lysed at DoD4. The corresponding absolute num-
bers are indicated in the supplementary files. For Venn diagrams with two circles, abso-
lute numbers of PS and their overlap are presented. The numbers that indicate the per-
centage of the overlap in two group comparisons are relative to the circle that has the

same color as the line under the number.

4.1.4. Results

Time courses of histone acetylation and altered marker gene expression triggered by HDACi
during early neurogenesis

A pure population of neuroepithelial cells (NEP) can be generated from human embryonic
stem cells (hESC) within 6 days (Chambers et al. 2009, Balmer et al. 2012, Krug et al.
2013). This model system is characterized by up-regulation of the transcription factors
PAX6 and OTX2 (Fig. 5.1.1a). We found earlier that continued exposure to TSA and VPA
affects the expression of these two genes. In addition, we observed that short drug expo-
sure (for 24 h) showed the expected biochemical effect [increased histone acetylation on
day of differentiation 1 (DoD1)]. However, when differentiating hESC, treated for the first
24 h with HDACI, were examined on day of differentiation 6 (DoD6), there was no effect
on the expression of the neuroepithelial markers (PAX6 and OTX2) (Chambers et al. 2009,
Balmeretal 2012, Krug et al. 2013). To better understand the relationship of biochemical
changes and the expression of differentiation markers, we started this study by examining
the time course of key events including gene expression and various histone modifica-

tions.
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Analysis of mRNA expression of PAX6 during undisturbed differentiation showed that
this gene is very little regulated during the first 3 days, while significant OTX2 up-regula-
tion was already detectable after 2 days. Both genes reached high levels (compared to
hESC) on DoD6 (Fig. 5.1.1b). Exposure to HDACi (equipotent concentrations of 600 uM
VPA or 10 nM TSA) during the entire differentiation process led to a relative down-regu-
lation of both NEP marker genes. Consistent with the time course of developmental up-
regulation of the marker genes, the drugs affected OTX2 already from early time points

on, while PAX6 levels were only reduced at DoD4-6 (Fig. 5.1.1c).

To examine protein acetylation triggered by drug treatment, we used Western blot-
ting. Histone H3 and a-tubulin were selected as abundant and well-characterized target
proteins of HDACs. Exposure to TSA or VPA for the first 6 h of differentiation triggered
strong acetylation of histone H3 on the whole-cell level. TSA also increased acetylation of
a-tubulin (p < 0.05), as expected from the HDAC inhibition profile. VPA effects on this tar-
get were not significant, which is consistent with the fact that VPA inhibits specifically
HDAC class I enzymes and not the tubulin acetylating class Il HDACs (Gottlicher et al
2001, Khan et al. 2008, Fass et al. 2010). Already after 24 h, the extent of protein acetyla-
tion was strongly reduced compared with 6-h drug treatment, and after 48 h, the effect

vanished (despite the continued presence of the drugs) (Fig. 5.1.1d).

This was most likely due to cellular counter-regulations, as HDACs and histone acetyl
transferases are dynamically regulated during differentiation (Weng et al. 2012) and
adaptive effects have been described for HDACi drug treatment (Tung et al. 2010, Kataoka
et al. 2013). Nevertheless, we also considered that global analysis of protein acetylation
may not be sensitive enough. Therefore, we studied histone H3 acetylation of the lysine
27 residue (H3K27Ac) at four promoter sites of interest (transcription start site of PAX6,
0TX2, OCT4, Nanog) using chromatin immunoprecipitation (ChIP). No drug-induced
changes in the acetylation levels were observed on DoD1 or any of the following days (Fig.
5.1.51A). Various control experiments showed that histone acetylation was technically
measurable in our cells and that the H3K27 residue can be affected by HDACi (at higher
concentrations) at the chosen promoter sites (Fig. 5.1.S1B). These data suggest that the
low, human relevant developmental toxicant drug concentrations used here triggered at
best very weak, non-measurable promoter acetylation. A more persistent effect on gene
regulation and differentiation may thus require another histone modification, such as

methylation.
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Fig. 5.1.1: Gene expression and histone methylation patterns of the neuroectodermal marker genes PAX6 and OTX2.

(A) For all experiments, human embryonic stem cells (hESC) were differentiated to neuroepithelial precursor cells

(NEP). Marker genes for hESC and NEP at the time points of analysis are indicated in the differentiation scheme. (B)

Samples were taken at the indicated days of differentiation (DoD), and transcript levels of marker genes of neural dif-

ferentiation were determined by RT-qPCR. Data (gene expression relative to hESC) are mean + SEM of 3-5 experiments.

(C) The differentiation was performed in the presence of non-cytotoxic concentrations of TSA (10 nM) or VPA (0.6 mM).

At the indicated time points, transcript levels were determined by RT-qPCR. Data (expressed relative to control differ-

entiated for the same time in the absence of drug) are mean * SEM of 3-5 experiments. (D) Differentiating cells were

treated with TSA or VPA for different time periods, and protein acetylation was analyzed by Western blots (WB) with

antibodies specific for acetylated histone H3 (H3Ac) or acetylated a-tubulin (tubAc). WB against total histone 3 (H3) or
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a-tubulin (tub) was performed for normalization. One representative blot for the 6-h time pointis displayed. The graphs
are based on densitometric analysis of WB from three independent experiments. The levels of acetylated protein are
given relative to untreated controls differentiated for the same time period. Data are mean * SEM of three experiments.
(E) Differentiating cell was treated with TSA (10 nM) for 4 days (day 4), 6 days (day 6), and for 4 days followed by a 2-
day washout of the drug (TSA-w, purple bars). Chromatin immunoprecipitation (ChIP) was performed with antibodies
specific for H3K4me3 or H3K27me3. Samples were taken on day 4 of differentiation (day 4) or on day 6 of differentia-
tion (day 6; TSA-w). The figure displays the ratio of the enrichment factors for H3K4me3 and H3K27me3 (individual
values are found in supplemental files). A ratio >1 points to open chromatin (more H3K4me3) and a ratio <1 suggests
a more silenced chromatin (more H3K27me3). Hash symbol indicates a bivalent state. Data are mean * SEM of three

experiments. *p < 0.05; **p < 0.01; ***p < 0.01

Time course of histone methylation changes triggered by HDACi during early neurogenesis

We had found earlier that a 6-day continued treatment with TSA resulted in alterations of
histone methylation, but it remained unclear when such changes happened and how per-
sistent they were. As a 4-day treatment with subsequent washout of the drug was suffi-
cient to alter the expression of PAX6 (Chambers et al. 2009, Balmer et al. 2012, Krug et al.
2013), we investigated now in a first pilot experiment, whether the histone methylation
pattern was already changed after 4 days and whether such changes would persist
throughout a drug washout period. ChIP was performed with antibodies specific for the
open/active chromatin mark trimethylated lysine 4 of histone 3 (H3K4me3) and with an-
tibodies specific for the closed/inactive chromatin mark trimethylated lysine 27 of his-
tone 3 (H3K27me3) (Fig. 5.1.S2). Ratios of H3K4me3 to H3K27me3 enrichment were cal-
culated as a simple measure of the chromatin state [high ratio: open promoter and low
ratio: rather silenced promoter (Burney et al. 2013)] (Fig. 5.1.1e). As expected, we found
the methylation ratio of GAPDH, an actively described gene affected neither by TSA nor
by differentiation, to be very high and to remain unchanged. We also confirmed our earlier
finding that PAX6 and OTX2 have a high methylation ratio in normal NEP (DoD6) and that
TSA strongly reduced this ratio (p < 0.001). Now, we found that this effect also held true
for DoD4 cells. Moreover, the TSA-induced reduction in the methylation ratio was persis-
tent, when the drug was washed out from DoD4 to DoD6 (p < 0.001) (Fig. 5.1.1e, Fig.
5.1.S2). Thus, altered histone methylation patterns correlated with drug effects on neuro-
differentiation, and they may play a role in drug-induced developmental toxicity and per-

sistent effects of HDACiI.
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Therefore, we examined the time course of histone methylations more closely. During
normal development, H3K4me3 levels of PAX6 remained relatively constant, while pro-
moter opening was indicated by a decrease in H3K27me3, especially between DoD4 and
DoD6 (Fig. 5.1.2a). Treatment with TSA reduced this late decrease in the inactivating his-
tone modification (thereby reducing PAX6 transcription) (Fig. 5.1.2b, Fig. 5.1.S3). Opening
of the OTX2 promoter during neurodifferentiation was indicated by early (DoD1-2) in-
creases in H3K4me3 and simultaneous decreases in H3K27me3 (Fig. 5.1.2a). Upon treat-
ment with TSA, the methylation ratio at the OTX2 promoter was already slightly down-
regulated at DoD1 and significantly down-regulated from DoD2 on (p < 0.05) (Fig. 5.1.2b,
Fig. 5.1.S3). Thus, we found here that prolonged treatment with an HDACi can lead to an
enrichment of inactivating histone modifications. This offers a mechanistic explanation
for the down-regulation of important developmental genes (here PAX6 and OTX2) by TSA.
These findings differ largely from those reported on short treatment (Nightingale et al
2007, Jergil et al. 2011, Boudadi et al. 2013), which increases the amount of chromatin-
opening histone modifications. On this basis, it became highly interesting to obtain more

data on the persistence of altered histone methylations upon pulsed drug treatment.
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Fig. 5.1.2: Consequences of different drug washout periods for gene expression and histone methylation patterns. For
all experiments, hESC were differentiated to NEP. (A) Samples for chromatin immunoprecipitation (ChIP) were pre-
pared at the indicated days of differentiation. ChIP was performed with antibodies specific for H3K4me3 or H3K27me3
or control IgG. The enrichment factors of 0TX2 and PAX6 promoter sequences are given as % input for H3K4me3 (dark
blue) and H3K27me3 (light blue). Data are mean *+ SEM of three independent cell preparations. (B) Differentiating cells
were treated with TSA (10 nM) for the indicated time periods, and ChIP was performed with the same antibodies as
described in a. The ratio of enrichment factors of H3K4me3 and H3K27me3 was calculated as measure of chromatin
opening. Data are given relative to values of untreated control cells at the same time point (n = 3). (C) Scheme of exper-
imental treatment and sampling for the following experiments. Gray bars indicate the period of drug exposure (e.g.,
P2d: pulsed drug treatment for 2 days) with 10 nM TSA, and white bars indicate medium without TSA. All samples were
analyzed on day 6 of differentiation for each treatment scenario. (D) Protein levels of PAX6 or OTX2 were determined
by Western blot, and relative (vs ctr.) protein levels (n = 3) were quantified. (E) Transcript levels of PAX6 and OTX2

were determined. They are expressed relative to untreated control on DoD6 (ctr). (F) ChIP was performed for
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H3K27me3 (purple) or H3K4me3 (black) on promoter regions of PAX6 and OTX2, and enrichment factors were calcu-
lated relative to ChIP with control IgG. Then, these data were normalized to the values obtained for control cells (ctr).
For instance, on day 6 of the differentiation, H3K27me3 was 15-fold higher in cells treated for 1 day with TSA and then
left in control medium (P1d), compared to cells that were differentiated under control conditions. Data of D-F are mean

+ SEM of 3-5 experiments.

Effects of pulsed drug treatment on histone methylation and NEP differentiation

After we had found that the increase in H3K27me3 as well as the down-regulation of PAX6
and OTX2 was persistent when the cells were treated for 4 days, followed by a 2-day wash
out (Fig. 5.1.1e), we investigated the minimum treatment period required to induce this
stable effects.

The cells were exposed to TSA for 1, 2, or 3 days, before the drug was removed, and
differentiation was continued until DoD6. These pulsed treatments (P1d, P2d, and P3d)
were compared to continuous exposure to TSA (Fig. 5.1.2c). As controls of the phenotypic
effect of disturbed differentiation, we quantified the protein levels of PAX6 and OTX2.
Short treatments of up to 2 days had no effect, while longer drug treatment resulted in
strongly decreased levels of the phenotype markers of NEP (Fig. 5.1.2d). Thus, drug treat-

ment of about 3 days was sufficient to cause developmental disturbances.

In parallel, we examined how the pulsed treatment affected the gene expression and
promoter methylation of the NEP marker genes. As seen for the protein, 3-day treatment
was sufficient to cause the same extent of down-regulation as continuous drug exposure
(Fig. 5.1.2e). Examination of H3K4me3 and H3K27me3 marks showed that 3-day drug
treatment, followed by 3-day washout triggered at least the same extent of change (i.e.,
increase in H3K27me3), as continuous drug treatment. In the case of 0TX2, about 50 % of
these changes were already triggered by 1-2-day treatment, while changes in the PAX6
promoter required up to 3 days of drug exposure (Fig. 5.1.2f). Under this set of experi-
mental conditions, the developmental disturbance triggered by different drug exposures
correlated well with altered methylation patterns. The data suggested that a 3-4-day ex-
posure should definitely be sufficient to alter the differentiation track of the cells and to
affect gene expression independent of the continued presence of drugs. However, an al-
tered expression of only two NEP markers is not sufficient to answer the question, if we
observe really a changed differentiation track. To explore this, we switched from the anal-

ysis of few stage-specific markers to full transcriptome analysis of the treated cells.
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Transcriptome changes triggered by exposure to HDAC for various time periods

To obtain baseline information on the cell differentiation, the temporal alterations of the
transcriptome were recorded first for undisturbed cells. Samples were taken after 6 h,
DoD4, and DoD6, and they were related to the expression in hESC (Fig. 5.1.3a, C6h, C4d,
C6d). Gene expression levels were measured on DNA microarrays for four complete and
independent time course experiments. Principal component analysis (PCA) of the data
sets showed that the differentiation model was robust, and large numbers of probe sets
(PS) changed reproducibly over time (Fig. 5.1.S4). All PS significantly regulated at any
time point relative to hESC (p value <0.01, fold change (FC) > 1.5 or FC < 0.67) were iden-
tified (Fig. 5.1.54B, C, Tab. S1). Neuronal development and maturation were the most con-
spicuous themes within the up-regulated PS on DoD6 (Fig. 5.1.S4D). The overrepresented
gene ontology terms (0GOs) in down-regulated PS gave mainly evidence of the known (Xu
et al. 2013) metabolic changes related to mitochondrial and amino acid metabolism (Fig.
5.1.54D). Altogether, these background data confirmed the large-scale changes, which the
transcriptome has to undergo for correct lineage commitment, although only few PS (5
%) were found to be regulated at all time points (Fig. 5.1.54B, C) ((Chambers et al. 2009,
Coskun et al. 2012, Burney et al. 2013).

Having established baseline model behavior, the time dependent effects of TSA and
VPA on transcriptome changes were examined (Fig. 5.1.3a, T6h, T4d, T6d). Early exposure
for as little as 6 h (T6h) was sufficient to up-regulate >1,200 PS; but only about 150 PS
were down-regulated. All these early regulations were reversed after a 6-day washout
period (EP). Treatment for 4 days (T4d) resulted in similar numbers of up-/down-regu-
lated PS (total: 1,342 PS for TSA, 2,760 PS for VPA). About 5,000-6,000 PS were regulated
when cells were exposed for 6 days (Té6d) (Fig. 5.1.3b, Tab. S2). Bootstrapping outlier
analysis showed that the smaller number of PS at T4d (compared to day 6) was not due

to a particularly high experimental variance of the samples (Fig. 5.1.S5).

TSA and VPA are HDACi with a >10,000-fold difference in potency and with little
structural similarity. However, 62-74 % of the PS regulated by TSA were also altered by
VPA (Fig. 5.1.3c). The high degree of overlap at all time points strongly suggests a common
mode of action (HDAC inhibition) of both compounds. The analysis of potential transcrip-

tion factor binding sites in the regulated PS for each compound showed >90 % overlap
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(not shown) and further confirmed a similarity of the MoA. As TSA is the more specific

drug, we focused further work strongly on this compound.

As we aimed to explore whether we indeed induce a wrong differentiation track with
long treatments, but not with short treatments, we next compared the differentially ex-
pressed PS that are induced by short, medium, and long treatment with TSA. Comparison
of the PS affected by different exposure periods of TSA showed that the overlap was only
very small (1-13 %). An important implication of this is that the data obtained after 6 days
of exposure did not reflect the initial/direct response to drug exposure (Fig. 5.1.3d, Fig.
5.1.56). In addition, the data showed that the final outcome of such toxicogenomics exper-
iments in a developing cell system depended to an astonishingly high degree on the time
point of analysis (e.g., T4d vs T6d). To obtain an overview of the biological implications of
the drug-induced transcriptome changes, we used two levels of data clustering. First,
0GOs were determined among the up- and down-regulated PS. Then, the 0GOs were
binned according to related biological processes, such as ‘apoptosis’ or ‘metabolism’
(Waldmann et al. 2014). From this, a clear picture emerged: the down-regulated genes for
T6d mainly reflect down-regulation of neuronal pathways and general development. This
fully corroborated the neurodevelopmental toxicity character of the model. The up-regu-
lated genes strongly indicated differentiation to non-neuronal lineages (Fig. 5.1.3e, Tab.
S3). Therefore, we conclude that long- but not short-term treatment indeed changes the

gene expression pattern toward a wrong (non neuronal) differentiation track.

The divergence from neuronal differentiation to non-neuronal lineages (according to
0GOs) developed very strongly between T4d and Téd, i.e., during the time, when drug
treatment was not important anymore for neurodevelopmental marker expression. From
this and from our initial experiments (Figs. 5.1.1, 5.1.2), we concluded that overall tran-
scriptome changes should be similar for Téd treatment and a medium drug pulse of 4-day

exposure followed by a 2-day washout (MP).
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Fig. 5.1.3: Transcriptome analysis after different treatments with TSA and VPA. (A) Overview of the different exposure
scenarios during differentiation. Bars indicate the duration of differentiation before samples were taken, and gray shad-
ing indicates the period of drug exposure within that time. (B) Differentiating cells were treated as indicated in A; mRNA
was prepared and analyzed by Affymetric DNA microarrays. The numbers of probe sets (PS) regulated upwards (red)
or downwards (blue) in the presence of TSA (10 nM) or VPA (600 uM) are given in the table. (C) Venn diagrams display
absolute numbers of regulated PS (p < 0.05, FC > 1.5 or FC < 0.67) induced by TSA, VPA, or both during the indicated

treatment periods. The percentage of overlap of the drug treatments is indicated in purple. (D) Venn diagrams display
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PS altered by TSA treatment (p < 0.05, FC > 1.5 or FC < 0.67) for different time periods. The numbers in the sectors are
given as percentages of the number at T4d (absolute numbers are in supplements). (E) Overrepresented gene ontology
terms (0GOs) were determined from the regulated PS indicated in D. Individual 0GOs were classified by their assigned
to superordinate cell biological processes, and the number of 0GO for each of these (e.g., migration or neuronal path-
ways) is displayed. Complete data sets on regulated PS, oGO, and superordinate biological processes are given in Tables

S2 and S3

Transcriptome changes gain independence of drug presence after 4 days

We addressed the question of continued transcriptome effects in the absence of drugs by
comparing T6d and MP (Tab. S2). The regulated PS showed a very high overlap of 80-87
% between MP and Téd (Fig. 5.1.44, Fig. 5.1.S7). The 0GOs among up-regulated PS pointed
to the differentiation of several other cellular lineages (Fig. 5.1.4b, Tab. S4), such as the
cardiovascular system, neural crest, skeletal system, and glands. Moreover, there was a
high overlap of 0GOs among Té6d PS and the T6d/MP overlap PS (Fig. 5.1.4b). The higher
GO enrichment among the latter set of genes was most likely due to the lower percentage
of non-specific genes, eliminated through the overlap filter. The commonly down-regu-
lated PS gave overwhelming evidence of disturbed neurodifferentiation (according to
0GOs) (Fig. 5.1.4c, Tab. S4). We wondered whether the biological response to the drugs
could have been predicted already on day 4. At this time (T4d), the majority [64 %
(up)/55 % (down)] of TSA-regulated PS was the same as found after 6 days (Fig. 5.1.S7A).
The PS of T4d that overlapped with Té6d and MP pointed already to disturbed differentia-
tion: the 0GOs among these down-regulated PS indicated a defect in forebrain develop-
ment (Fig. 5.1.57B) and the up-regulated PS pointed again to an increase in unwanted dif-
ferentiation tracks (Tab. S4). In summary, drug treatment for 4 days was sufficient to
trigger the definite deviation from the normal differentiation path. From this point on,
differentiation of wrong lineages most likely contributed to further increases in transcrip-
tome changes (compared to control cells). This wrong differentiation track continued to

deviate more and more from control cells, also in the absence of the drugs.
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Fig. 5.1.4: Concordance of transcript changes after continued treatment or drug washout on DoD4. (A) Cells were dif-
ferentiated in the presence of TSA for 6 days (T6d) or for 4 days followed by a drug washout period of 2 days (medium
pulse, MP) and analyzed by Affymetrix DNA microarrays. The absolute numbers of up- and down-regulated PS are in-
dicated in Venn diagrams. The percentage of overlap is indicated in purple. (B) The 0GOs were determined from the up-
regulated PS of T6D treatment as well as from the overlap of T6D with MP (T6d N MP). The oGOs were further classified
into superordinate cell biological processes, and the numbers in these categories are displayed. For full information on
regulated PS, oGO, and superordinate biological processes, see Tables S2 and S4. (C) Significantly downregulated PS
were determined for T6d N MP. GOs overrepresented among the PS down-regulated are displayed as word cloud. The

character size is scaled according to the p value of the corresponding GO

Comparison of continued drug exposure and short exposure of NEP
The independence of the transcriptome response from the presence of drugs suggested
that the transcriptome changes did not inform on direct drug signaling. To address how

the cells would react to short drug exposure, we generated NEP and exposed them to TSA
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only during the last 6 or 24 h of the 6-day differentiation. This treatment caused a pro-
nounced increase in histone acetylation and tubulin acetylation (about fivefold to eight-
fold, p < 0.05) (Fig. 5.1.5a). These results showed that HDACi could trigger the expected
biochemical response (acetylation) in NEP acutely exposed to the drugs. This effect was
similar in size as the one in cells pulsed with drug during the first 6 h of differentiation
(Fig. 5.1.1d). A further similarity was that also the late drug pulse (LP) triggered a pro-
nounced transcriptome response within 6 h. However, the regulated PS differed strongly
from those of the T6d data set (Fig. 5.1.5b). Only 7 % of the up-regulated T6d PS and only
1 % of the down-regulated ones were contained in LP (Fig. 5.1.5b). It may be argued that
T6d contains two types of regulated genes: PS altered because of an overall altered differ-
entiation track and PS altered because of the continued presence of the drug. The latter
set of genes may be termed ‘affected by continued drug presence after long-term expo-
sure.” To get information on this set of genes, we subtracted the MP (washout) PS from
the Té6d PS. This left 393 up-regulated PS and 376 down-regulated PS. Even this subset of
genes (that should in theory be enriched for PS affected by the presence of TSA) over-
lapped only 8 % (up) or 1 % (down) with the LP PS (Fig. 5.1.5c). These findings only cor-
roborated our earlier conclusion that the PS of T6d or MP hardly reflected any direct re-

sponses to drug exposure.

The direct drug response (LP), related to the change in acetylation, was further char-
acterized by analysis of GO overrepresentation. This pointed to the biological processes
of ‘ion homeostasis’ and ‘phospholipase C signaling,” and they differed strongly from the

long-term response (Fig. 5.1.5d, Tab. S3).
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Fig. 5.1.5: Comparison of the acute and chronic (long-term treatment) effects of TSA. (A) Cells (hESC) were differenti-
ated for 6 days to NEP, and TSA (10 nM) was added only during the last 6 h or 24 h. Then, protein acetylation was
determined by Western blot as in Fig. 5.1.1. Data are mean * SEM of three experiments. *p < 0.05. (B) Venn diagrams
display the number of PS altered by drug treatment (p < 0.05, FC > 1.5 or FC < 0.67) after continuous (T6d, black circle)
exposure, or after late, pulsed (LP) treatment (last 6 h of the 6-day differentiation, red circles). (C) Venn diagrams com-
pare PS triggered by a late drug pulse (LP, red circles) with PS regulated by continuous drug exposure, but not found
under MP washout conditions (T6d without—MP, black circles). The percentage of overlap is indicated in purple. (D)
The GOs overrepresented among up-regulated PS of LP incubations were classified into superordinate cell biological

processes (full information on regulated PS, oGO, and superordinate biological processes: Tables S2 and S4)
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Differences and similarities of transcriptome changes associated with early direct drug re-
sponse versus continued long exposure

We explored whether the immediate drug response to TSA at the beginning of the exper-
iment (differentiating hESC exposed during the first 6 h= T6h) was sufficiently predicting
T6d. Analysis of 0GO among T6h up-regulated PS pointed to altered signaling/nerve ac-
tivity, and developmental GOs were not overrepresented at all among up-regulated PS (in
contrast to T6d). The PS down-regulated by TSA were indicative of one major underlying
biological process: Six of the 13 0GOs were related to chromatin modification and 7 to
acetylation (Fig. 5.1.6a, Tab. S3). A similar response was observed for VPA (Fig. 5.1.S8),
and these findings are well consistent with major changes in histone acetylation. Both
HDACIi affected genes related to chromatin modification, such as ING5, KAT5 (histone
acetylation), and several PHF genes (involved in chromatin remodeling and transcrip-
tional regulation). Thus, one primary effect of VPA and TSA was alteration of genes in-
volved in chromatin structure (Fig. 5.1.6a, Fig. 5.1.S8). Such epigenetic mechanisms trig-
gered early by HDAC], and fixed by longer presence of the drugs, could initialize the

massive changes observed later after prolonged drug treatment.

A direct comparison of the Té6h and Téd transcriptome changes showed that 70 % of
the PS up-regulated early were not up-regulated late (T6d) (Fig. 5.1.6b), and 90 % of PS
down-regulated early were not down-regulated late. These findings were similar for TSA
and VPA (Fig. 5.1.S9). Only 13 of 303 0GOs among up-regulated T6d genes (p < 0.05) over-
lapped with 0GOs from up-regulated T6h genes (Fig. 5.1.510). These data indicate very
clearly that the early drug response predicted the overall outcome after 6 days only
poorly, and vice versa the primary effects of TSA may not be identifiable from measure-

ments at late time points.

However, there were at least some similarities of the responses: 463 PS overlapped
for TSA responses after 6 h and 6 days (Fig. 5.1.6b). All 0GOs among them pointed to al-
tered signaling events, mainly related to phospholipase C (Fig. 5.1.6¢, Tab. S4) as possibly
common response feature. To narrow down the common drug responses to effects spe-
cific for HDACi, we extracted PS that were regulated by both TSA and VPA and at both time
points (Fig. 5.1.S9A). Eleven GOs were overrepresented among these PS (Fig. 5.1.S9B),
with 7 of them referring to phospholipase C regulation. They involved, e.g., EGFR, KIT,
PDFGRA, and EDNRA. The other four oGOs referred either to neural crest (NC) or to their
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guidance and migration (comprising TWIST1, SOX10, SNAI2, and SEMA3C) (Zimmer et al.
2012). Thus, the PS up-regulated by HDACi both early and late suggested that NC is one of

the cell lineages that was erroneously generated in our model when differentiation was

disturbed by drugs.
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Fig. 5.1.6: Differences of acute effects of TSA either early or late during NEP differentiation. (A) Overrepre-
sented GOs were determined from significantly up- (upper panel) and down-regulated (lower panel) PS
from T6h samples. They were displayed as word clouds with character size scaling according to the p value
of the corresponding GO. For full information, see Table S2 and S3. (B) Venn diagrams compare numbers of
up-regulated PS of long-term (T6d, black circle) and early short-term (T6h, blue circle) treatment with TSA.
(C) GOs overrepresented among the PS of the overlap shown in B are displayed as a word cloud. (D) Venn
diagrams compare numbers of regulated PS of short-term TSA treatments at early (T6h, blue circle) and
late (LP, red circle) time points. The percentage of overlap is displayed in purple (E) The 0oGOs determined
from significantly up-regulated (blue) or down-regulated (red) PS of the LP and T6h incubations were as-
signed to superordinate cell biological processes. These were then used as axes on a radar plot, with the
distance from the center indicating the number of 0GO on each axis. For full information on regulated PS,

0GO, and superordinate biological processes, see Tables S2 and S3

Dependence of immediate transcriptome responses to HDACi on the developmental stage

The above findings suggest that longer exposure is not suitable for defining the mode of
action of drugs. Some literature data suggest that short drug pulses of few hours may be
more suited (Jergil et al. 2011, Theunissen et al. 2012). However, this raises the question,
when such short-term exposure should be performed. A developing biological system
does not only consist of one defined cell type, but it rather reflects all biological stages
between the starting point and the final population. On this basis, we hypothesized that
the ‘cellular’ response, i.e., short-term transcriptome alterations would strongly depend
on the time point of measurement, i.e., on the differentiation stage. To test this, we com-
pared the responses to 6-h TSA treatment of cells at the early stage of differentiation
(T6h) and at the final stage (LP). The down-regulated PS of the two conditions showed
hardly any overlap at all. For the up-regulated PS, 13 % of the T6h PS were also found in
LP and 46 % of the PS of LP were found in T6h (Fig. 5.1.6d). GOs overrepresented in com-
monly up-regulated PS referred only to regulation of phospholipase activity. Besides this
hint toward signal transduction being affected in both cases, there was little further indi-
cation of common functional effects. On the contrary, the representation of superordinate
biological processes by the 0GOs was largely divergent between the two 6-h pulse exper-
iments (Fig. 5.1.6e, Tab. S3). We conclude from this that typical HDACi target genes that
inform on the mode of action do not exist as such. They depended to a very high degree
on the experimental setup, the time point of measurement, as shown here, and they also

depended to a high extent on the length of exposure, as shown in the above paragraphs.
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Fig. 5.1.7: Summary. (A) Neuroepithelial precursors (NEP) were generated from hESC within 6 days of differentiation
(DoD). Main cell type markers are indicated. (B) Continuous drug treatment led to an altered NEP differentiation (NEP*)
as indicated by transcriptome changes (blue), reduced marker expression (PAX6, OTX2), and permanent changes in
histone methylation (after 2-3 days) at the promoters of the markers. Acetylation changes were only transient. (C) Drug
exposure for 4 days resulted in the same disturbed NEP differentiation as continued drug exposure. The number of
altered PS and the alterations of histone methylation were not affected by drug washout. (D) Short-term drug treatment
induced a strong, but fully reversible change in gene expression. Methylation of marker promoters was not altered, and
marker expression was normal. The transition of transient drug-induced gene expression and histone acetylation
changes to a permanently altered transcriptome and NEP differentiation correlated with the permanence of promoter

histone methylations.

4.1.5. Discussion

Transcriptomics studies have been instrumental for characterizing the development of
model organisms, the human brain, or various stem cells (Kang et al. 2011, Mariani et al.
2012, Xie et al. 2013, Yang et al. 2013). Most available data refer to fixed time points, but
some studies already showed the highly dynamic behavior of such systems (Zimmer et al.
2011, Theunissen et al. 2012). An additional layer of complexity is added, when experi-

mental disturbances are studied in systems that change over time. A stressor that
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switches a static system from one state to another one would be expected to shift such a
dynamic system from one developmental track (dynamic series of changes) to another.
Second and third levels of additional complexity are added, if the type and extent of such
shifts depend on the length of exposure and on the time point of exposure relative to the
normal differentiation track. Although the understanding of the temporal evolution of a
developing biological model system under stress is essential in toxicology and pathophys-
iology, we are not aware of any study that has addressed this issue in a quantitative and
systems-wide way. Three major conclusions from our study can form a basis for further

exploration of this field:

First, it became clear that the usual (long-term exposure) toxicogenomics data rec-
orded from developing stem cells describe to a large extent the cellular phenotypic
changes and only to a small extent the direct drug action as such. Second, drug actions in
a dynamic stem cell system can be fully reversible, even when the expression of hundreds
of genes has been changed. However, at a certain point, permanent and persistent changes
are triggered that can become independent of the continued presence of drug. We found
that chromatin alterations in particular histone methylation could act as persistence de-
tector or irreversibility switch. Third, even the short-term immediate effects on the tran-
scriptome depended on the time point of drugs application. This apparently trivial finding,
considering the dynamic behavior of a differentiation system, has important implications
for future systems toxicology studies: Exposures at multiple times need to be performed

in order to obtain data that sufficiently describe drug effects and responses of the cells.

Do transcriptomics data reveal the mechanisms by which a compound interferes with
neural development? (Theunissen et al. 2012). Our data suggest unambiguously that final
changes in the transcriptome at the end of the differentiation period mainly define the
cellular phenotype. This is supported by the following six lines of evidence. (a) Primary
drug responses to HDACi are dominated by up-regulated genes (Berger 2007). The chro-
matin opening due to acetylation may be enhanced and then stabilized by increased
H3K4me3 (Nightingale et al. 2007). We find here equal numbers of up- and down-regu-
lated PS for the T6d condition. This corroborates findings in the literature (Theunissen et
al. 2012, Krug et al. 2013) and suggests that indirect responses play a large role after
longer (>6 h) incubation periods. (b) The primary biochemical drug response (acetyla-
tion) was not detectable after prolonged exposure. Thus, it is unlikely that the transcrip-

tome response at late time points was triggered by a direct response to HDACI. (c) The

45



Results

long-term (T6d) response differed considerably from the acute response at the same time
(LP). About 95 % of the Té6d PS were not predicted by the LP direct drug response data.
(d) The transcriptome response after a 2-day washout of the drugs (MP) was very similar
to the response without washout (T6d). This makes it very unlikely that a direct drug re-
sponse was measured at Té6d. (e) Moreover, it should be assumed that the transcriptome
response data should be to some degree independent of the experimental system, if they
would characterize the MoA of drugs. However, we observed that closely related hESC-
based systems showed very different responses to VPA (Krug et al. 2013) and apparent
HDACI consensus genes (Jergil et al. 2009, Jergil et al. 2011) defined in murine cells by
overlapping responses of different drugs were not regulated in our cells. In summary, this
corroborates our hypothesis that transcriptome data from disturbed developmental sys-
tems reflect mainly an altered phenotype and that information on direct drug effects re-
quires short drug treatments of up to 6 h. (f) When the overlap of drug-affected ‘toxicant-
response’ genes (T-genes) and developmentally regulated gene (D-gene) clusters was ex-
amined, we found that 90 % of the genes regulated late during differentiation were af-
fected by HDACI. This high percentage of overlap is hard to explain by primary drug ac-
tion; in particular as TSA acted early, and the changes occurring between day 4 and day 6
did not even require the presence of the drug. Instead, the observation is plausible, if it is
assumed that the drugs changed the overall development, and therefore nearly all later
phase D-genes were affected. Thus, the apparently specific effects of HDACi on neurode-
velopment may be mainly due to the fact that the system studied was based on neurode-
velopment. One may then hypothesize that HDACi may preferentially target cardiac genes
in a cardiac development model. Such findings have indeed been obtained from differen-
tiating mESC. VPA affected their neural development upon neurodifferentiation and car-

diac development upon cardiac differentiation (Theunissen et al. 2013).

The effects of a toxicant may depend not only on the time point of measurement, but
also on the duration of exposure. Some developmental toxicity responses may require the
activation of a ‘persistence detector’ to distinguish between short reversible interactions
on the one hand and toxicity on the other hand (Lim et al. 2013). For instance, epigenetic
changes have been suggested as persistence switches for ethanol sensitization (Qiang et
al. 2011, Botia et al. 2012). An altered state of cells is also fixed by so-called ‘gateway

drugs.” These are compounds allowing the later action of other drugs, even when they
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have been washed out for a long time. This is particularly important in the field of addic-
tion, and the mode of action has also been explained by histone modifications (Levine et
al. 2011).

Molecular persistence mechanisms are of high importance in the field of developmen-
tal toxicity, in which compounds might show effects years after the exposure has taken
place (Kadereit et al. 2012). Evidence is emerging that altered behavior and late-onset
disorders that are triggered early in life are associated with epigenetic alterations
(Weaver et al. 2004, Rudenko et al. 2014). Early developmental exposure to toxicants
could result in an accumulation of epigenetic changes that, when reaching a certain
threshold, result in transcriptome alterations associated with adverse health effects.
There are several examples for toxicants or stressors that can trigger diseases in later life
when exposure takes place in utero or childhood or that can even trigger trans-genera-
tional effects (McGowan et al. 2009). Early exposure to lead has, for example, been asso-

ciated with Alzheimer’s disease (Wu et al. 2008).

The model system chosen here was based on the known neurodevelopmental dis-
turbances of HDACi and the associated transcriptome responses (Fig. 5.1.7a, b). We used
this as a test case to study time-dependent transcriptome responses. A short pulse of TSA
(EP) triggered a strong transcriptional response that was fully reversible, while a longer
exposure (MP) triggered a persistent effect, even after discontinuation of drug exposure.
The transient response correlated well with acetylation. The persistent response did not
correlate with histone acetylation, but rather with a shift of the histone methylation ratio
(Fig. 5.1.7c, d). This shift required more time and was specific for the gene studied. For
instance, 0TX2 was affected earlier than PAX6, and the direction of methylation changes
in the OCT4 promoter (Balmer et al. 2012) was opposite to the one described here for
PAX6. Histone methylations are well suited for deciding on cell fate and long-term regu-
lations, as they can favor transcription (H3K4me) or attenuate transcription (H3K27me),
depending on the site of modification. Histone methylations do not usually change glob-
ally (i.e., their overall cellular level remains constant), but the pattern of the different
methylases and demethylases can change dramatically during early neural differentiation
(Weng et al. 2012), and individual promoters are affected in a highly specific manner. In
particular, the ratio of promoter H3K4/ H3K27 trimethylation has been shown to reflect

the phenotypic plasticity of stem cells during neural fate decision. Changes in this ratio at
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promoters of genes associated with neural differentiation frequently precede the changes

in gene expression (Burney et al. 2013).

If it is assumed that cells can react reversibly to short stimuli, as shown here, and that
the duration of exposure plays a role for the overall outcome, then a mechanism function-
ing as drug persistence detector is required. The easiest way of imagining such a mecha-
nism could be a superordinate regulator of a wrong pathway (e.g., a neural crest organ-
izer) whose promoter chromatin structure functions as Boolean AND element being
switched by acetylation plus a second alteration that takes more time in response to drug
exposure. Short drug exposure would only trigger acetylation and thus not be sufficient
for activation/ switching. Longer exposure would still allow for acetylation and now also
for the second change. Together, they would lead to activation of the superordinate regu-
lator, and the activation state would be fixed by the histone methylation pattern. At pre-
sent, this is a speculative hypothesis just intended to give an idea how underlying regula-
tions may be imagined; the model system chosen may be too complex to provide causal
evidence for such a mechanism with the technology presently available. Further studies
will require considerable technical optimizations. ChIP can easily be accommodated to a
whole genome level by applying sequencing instead of PCR as endpoint. Yet, the real issue
lies in the quantification across several independent experiments with human stem cells,
and the handling of the type of information resulting from this. Quantitative detection of
compound-induced histone changes requires a high level of robustness and sensitivity of
the method, and this is much harder to achieve for ChIP than for methods such as PCR,
DNA microarray, or Western blot. Already in the present study, considerable method op-
timization was required to obtain reproducible and statistically significant data on the

chromatin changes taking place at few selected marker genes.

The acute responses to HDACI differed significantly from the response to continued
treatment. More importantly, they differed also from one another. No matter whether the
experiment was performed at the beginning or toward the end of differentiation, a vastly
larger number of genes were up-regulated than down-regulated (as expected of HDACI).
But different genes were affected. The 6-h time point has been found to be optimal in pre-
vious studies, e.g., on stem cells (Jergil et al. 2011) or a large number of human tumors
(Cohen et al. 2011) to record direct drug effects. We conclude that the direct drug effect
was different at distinct times of differentiation. This corroborates earlier findings of VPA

acute cytotoxicity being highly dependent on the developmental stage (Fujiki et al. 2013).
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Taken together, these findings imply that a potential mode of action of a developmental
toxicant is not an intrinsic drug property, but it is a combined feature of the experimental
system and the chemical used. In this respect, developmental toxicity may differ from
other fields. Its testing may therefore require a battery of parallel tests and particularly
complex systems toxicology approaches (Hermsen et al. 2013, Tonk et al. 2013) relative
to more acute forms of toxicity. It needs to be established whether approaches, as in the
ToxCast program (Sipes et al. 2011, Sipes et al. 2013), that rely mainly on hundreds of
simple assays for biochemical/cellular targets can help to substitute or to complement

the complex differentiation models used in a test battery (Piersma et al. 2013).

Our study has major implications for the design and interpretation of toxicogenomics
data in development. We found that classical transcriptome data from a disturbed/
stressed differentiation model strongly reflect the altered phenotype. In the case of
HDACI, the phenotype contribution is >90 %. This number may be smaller or larger for
other stressors, but it will most likely always be sizeable. The question arises what this
transcriptome information can be used for, if it does not inform on the mode of action of
a chemical. We assume that different types of stressors result in different developmental
disturbances and therefore also different transcriptome patterns ((Balmer et al. 2012,
Krug et al. 2013). Thus, the information will be useful for compound classification, differ-
entiation, and possibly potency ranking (Schulpen et al. 2014). Beyond this, there is a fur-
ther dimension of information contained in the transcriptome data. If they are largely in-
dependent of direct compound effects, then they constitute a comprehensive phenotypic
description of the culture state. In the classical toxicological literature, it has always been
assumed that transcriptome endpoints require phenotypic anchoring to other types of
endpoints (Paules 2003, Waters et al. 2004). Our data suggest now that the comprehen-
sive transcriptome data can be a phenotypic anchor as such. Transcriptome data may be
more comprehensive and robust than classical endpoints (such as immunostains). It ap-
pears worthwhile to develop quantification tools that indicate, on the basis of the tran-
scriptome as phenotypic descriptor, how big a developmental insult is, and that allow the
ranking of unknown drugs, or of different concentrations or exposure times of one given

drug (Waldmann et al. 2014).
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Fig. 5.1.51: Experimental controls for histone acetylation analysis

Chromatin immunoprecipitation (ChIP) of H3K27 acetylation at marker gene promoters. (A) Histone acetylation at pro-
moters of indicated marker genes for neural differentiation. ChIP was performed with antibodies specific for H3K27ac
on samples differentiated in presence or absence of trichostatin A (TSA) and valproic acid (VPA) for indicated time
periods. The amount of DNA from the promoter region of indicated genes was quantified by qPCR and compared to
control precipitates to obtain enrichment factors (EF) of the chromatin mark which is displayed as % of IP from at least

3 independent experiments. (B) ChIP on samples treated for the first 6 h of differentiation with 50 nM TSA (normally
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10 nM TSA were used), or a combination of 10 mM sodiumbutyrate and 10 mM nicotinamide and subsequently lysed.
These samples are used as positive control for the antibody against H3K27ac, as the high concentrations of HDAC in-

hibitors should result in an increase of histone acetylation, which can also be seen compared to the control at every

investigated promoter.
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Fig. 5.1.S2: Details on histone methylation changes as basis for Fig. 5.1.1E

Chromatin immunoprecipitation (ChIP) was performed with antibodies specific for H3K4me3 or H3K27me3 on sam-
ples differentiated in presence or absence of TSA at indicated time periods. The amount of DNA from the promoter
region of indicated genes was quantified by qPCR and compared to control precipitates to obtain enrichment factors
(EF) given as % IP for the two histone marks. Data are means + SEM of 3 experiments. Statistical analysis was done by

repeated measured ANOVA followed by Tukey’s multiple comparison test *p<0.05 **p<0.01 ***p<0.01 vs. control at

respective days.
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Fig. 5.1.S3: Details on histone methylation changes as basis for Fig. 5.1.2A
Chromatin immunoprecipitation (ChIP) was performed with antibodies specific for H3K4me3 or H3K27me3 on sam-

ples differentiated in presence or absence of TSA at indicated time periods. The amount of DNA from the promoter
region of indicated genes was quantified by qPCR and compared to control precipitates to obtain enrichment factors
(EF) given as % IP for the two histone marks. Data are means + SEM of 3 experiments. Statistical analysis was done by
repeated measured ANOVA followed by Tukey’s multiple comparison test *p<0.05 **p<0.01 ***p<0.01 vs. control at

respective days.
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Fig. 5.1.S4: Transcriptome changes during early neuroectodermal differentiation

(A) Two-dimensional representation of principal component (PC) analysis of all data sets. (B) Comparison of expression
changes of up-regulated PS over time. Venn diagrams were constructed for regulated PS (p<0.01, FC>1.5 or FC<0.67).
The numbers in the sectors represent absolute numbers. (C) Comparison of expression changes of down-regulated PS
over time. Venn diagrams were constructed for regulated PS (p<0.01, FC>1.5 or FC<0.67). The numbers in the sectors
represent absolute numbers. (D) Overrepresented gene onthologies (GOs) amongst up- and down-regulated PS at

DoD6. The character size in the word clouds is relative to the p-value of the corresponding GO (legends in purple).
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Fig. 5.1.S5: Quality controls of whole genome transcript profiles

Permutation analysis to control for potential outliers and microarray homogeneity. Permutation analysis of samples
incubated for short time and possibly showing heterogeneity. The numbers of significantly altered PS given as 100%
are higher than in our normal analysis (see Fig. 5.1.2) as no cut-off was set for fold change of regulation. Using all 4
arrays for analysis is set to 100% of significantly regulated PS. Panel 3 shows the number of regulated PS with all 3
possible combinations of leaving 1 array out. Panel 2 shows the number of regulated PS with all 6 possible combinations

of leaving 2 arrays out. The analysis shows no outlier in these critical treatment periods.
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Fig. 5.1.S6: PS regulated by TSA treatment

Venn diagrams displaying actual numbers of PS corresponding to Fig. 5.1.3D. hESC were differentiated to NEP and
treated and lysed with TSA for the indicated time periods and lysed at DoD6 (T6d), DoD4 (T4d) and after 6 h of induc-
tion of differentiation (T6h). The amount of commonly up- and down-regulated PS by TSA treatment performed on

regulated PS at indicated time points are displayed as venn diagrams corresponding to Fig. 5.1.3D.
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Fig. 5.1.S7: Overlap of 4 day (T4d) treatment and 6 day treatment with (MP) or without (T6d) washout

(A) Cells were differentiated in presence or absence of TSA for 6 days (T6d) or for 4 days followed by a period of 2 days

in absence of the drug (MP) or for 4 days only (T4d). Cells were lysed and genome wide expression profiles were pre-

pared at DoD6 (T6d and MP) or DoD4 (T4d). The numbers of up- regulated (left panel) or down-regulated (right panel)

PS is given relative to untreated control. (B) Overrepresented gene ontology terms (GOs) of genes commonly down-

regulated by Té6d, MP and T4d are displayed as word clouds. The character size corresponds to the p-value. See Tab. S3
for GOs of PS up-regulated by Té6d and MP.
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Fig. 5.1.58: Word clouds of overrepresented GOs affected by 6 h exposure to VPA

The character size scaling relative to the p-value of the corresponding GO is shown in purple. The regulated PS (up or

down) used as input data for the analysis correspond to the effect of TSA by short exposure displayed in Fig. 5.1.6A.

55



Results

TSA VPA
A
m 15 34
o T6d
- T6d
2 T6h T6h
o
: o) \»
z
g 108
O
T6d Ted
& T6h
3 T6h
m /]
=]
[#2]
o
g
2

Overlap TSA

B

P-value

GO term

Overlap VPA

oGO

GO name

1.38e-05

G0:0010517

regulation of phospholipase activity

3.60e-05

G0:0010863

positive regulation of phospholipase C
activity

4.06e-05

G0:1900274

regulation of phospholipase C activity

1.23e-04

G0:0010518

positive regulation of phospholipase activity

2.04e-04

G0:0060191

regulation of lipase activity

2.95e-04

G0:0060193

positive regulation of lipase activity

6.48e-03

G0:0014032

neural crest cell development

7.16e-03

G0:0007202

activation of phospholipase C activity

1.50e-02

G0:0014033

neural crest cell differentiation

2.46e-02

G0:0016337

cell-cell adhesion

4.22e-02

G0:0016477

cell migration

Fig. 5.1.59: Distinct effects of short and prolonged exposure to HDACi

(A) Comparison of early short (T6h) vs prolonged (T6d) exposure to TSA or VPA. Cells were differentiated for indicated
time periods in the presence or absence of TSA (left panel) or VPA (right panel). Differentially expressed PS were de-
termined after long and short exposure to TSA and VPA. The number of regulated PS is given relative to untreated
controls. The Venn diagrams display the overlap of up- or down- regulated PS at indicated exposure periods. Then, the

PS commonly regulated by T6d and Téh were compared between TSA and VPA. (B) GO terms significantly overrepre-

sented (0GO) amongst the consensus overlapping PS of VPA and TSA treatments.
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0GO among up-regulated PS

Téed
T6h

D

Selection: p<104

P-value P-value

(T6h) (Téd) GO term GO name

1.40e-08 8.93e-03 GO:0007610 behaviour

3.77e-03 1.69e-15 G0:0072359 circulatory system development *

3.77e-03 1.69e-15 G0:0072358 cardiovascular system development *

6.12e-03 2.46e-13 G0:0048514  blood vessel morphogenesis *

1.01e-02 5.50e-15 G0:0001568  blood vessel development *

1.55e-02 5.09e-15 G0:0001944  vasculature development *

2.14e-02 4.30e-09 G0:0001525 angiogenesis *

3.81e-02 6.77e-06 G0:0023056  positive regulation of signaling

7.00e-09 7.52e-03 G0:0035637  multicellular organismal signaling

Fig. 5.1.510: Commonly 0GOs of T6d and T6h among downregulated PS
Comparison of 0GOs commonly down-regulated after long (T6d) and short treatment (T6h). (B) Table of 0GOs
overrepresented both in T6h and Té6d.
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Fig. 5.1.S11: Primers used for RT-qPCR and Chip

Name

Accession nr.

Forward sequence

Reverse se quence

Primers for gene expression analysis

EMX2 NM 0011659241 5-CCAAGGGAACGACACTAGCC-3’ 5’-CCATACTTTTACCTGAGTTTCCGTG-3
NANOG  NM 024865.2 5-GGTGAAGACCTGGTTCCAGAAC-3” 5-CATCCCTGGTGGTAGGAAGAGTAAAG-3”
OCT4 NM_001173531.1 5°-GCAAAGCAGAAACCCTCGTGC-3 5-ACACTCGGACCACATCCTTCTCG-3°
0TX2 NM_014562 5-CAG CCC TCA CTC GCC ACA TC-3 5°-GGA GGT GCA AAG TCG GCC CA-3°

PAX6 NM_000280 5-CCGCCTATGCCCAGCTTCAC-3¢ 5*-AAGTGGTGCCCGAGGTGCCC-3*

RPL13A  NNM 0124232 5-GGTATGCTGCCCCACAAAACC-37 5 -CTGTCACTGCCTGGTACTTCCA-3"

ZIC3 NM_ 0034133 5-CTTTGCCCGTTCTGAGAAC-3’ 5 ATGTGCTTCTTACGGTCGCT-3

TBP NM_001172085.1 5*-GGGCACCACTCCACTGTATC-3¢ 5*-GCAGCAAACCGCTTGGGATTATATTCG-3*
Primers for ChIP analysis

GAPDH NT 009759.16 5-TCGACAGTCAGCCGCATCT-3¢ 5*-CTAGCCTCCCGGGTTTCTCT-3¢

OCT4 NT 1138912 5°-GAGGATGGCAAGCTGAGAAA-3" 5*-CTCAATCCCCAGGACAGAAC-3*

oTX2 NT_026437.12 5°-CAG CAA ATC TCC CTG AGA GCG G-3° 5°-GAG GAA GGC GGC TAG AGT TCT AAA C-3°
PAX6 NT_009237.18 5-AAGGGAACCGTGGCTCGG-3 5*-ATTAGCGAAGCCTGACCTCTG-3°

NANOG NT _009714.17 5-GTTCTGTTGCTCGGTTTTCT-3¢ 5*-TCCCGTCTACCAGTCTCACC-3¢
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Fig. 5.1.S12: Antibodies used for Western blot and ChIP

Antigen Antibody (supplier) Catalogue number Dilution Species

Antibodies used for western blot

H3Ac Anti-acetyl-H3 (Millipore) 06-599 1:5000  rabbit
Pan-H3 anti-H3 (Abcam) abl1791 1:5000  rabbit
a-tubulin a-tubulin (Cell Signaling) 2125 1:10000 rabbit
a-tubulinAc Acetyl-o-tubulin(Lys40) (Cell Signaling) 5335 1:10000 rabbit
PAX6 anti-Pax6 (Covance) PRB-278P 1:1000  rabbit
oTX2 anti-Otx2 (Millipore) ab9566 1:1000  rabbit
Rabbit IgG  Anti-rabbit-HRP (GE Healthcare) NA934V 1:10000 donkey

Antibodies used for ChIP

H3K4me3  anti-H3K4me3 (Millipore) 17-614 rabbit
H3K27me3 anti-H3K27me3 (Active Motif) 39535 rabbit
H3K27Ac Anti-histone H3 (acetyl K27) (Abcam) aT2729 rabbit
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4.2.1. Abstract

Microcystins (MC) are a group of cyanobacterial toxins that comprises MC-LF and other
cyclic heptapeptides, best known as potent hepatotoxicants. Cell culture and epidemio-
logical studies suggest that MC might also affect the nervous system, when there is sys-
temic exposure e.g. via drinking water or food. We asked whether in vitro studies with
human neurons could provide estimates on the neurotoxicity hazard of MC-LF. First, we
used LUHMES neurons, a well-established test system for neurotoxicants and neuropa-
thological processes. These central nervous system cells expressed OATP1A2, a presumed
carrier of MC-LF, and we observed selective neurite toxicity in the pM range (EC20 = 3.3
uM = 3.3 pg/ml). Toxicity paralleled transcriptome changes pointed towards attenuated
cell maintenance and biosynthetic processes. Prolonged exposure for up to four days did
not increase toxicity. As a second model, we used human dorsal root ganglia-like neurons.
These peripheral nervous system cells represent parts of the nervous system not pro-
tected by the blood brain barrier in humans. Toxicity was observed in a similar concen-
tration range (EC20 = 7.4 uM). We conclude that MC-LF poses a potential neurotoxic haz-
ard in humans. The adverse effect concentrations observed here were orders of
magnitude higher than those presumed to be encountered after normal nutritional or en-
vironmental exposure. However, the low pM concentrations found to be toxic are close to

levels that may be reached after very excessive algae supplement intake.

4.2.2. Introduction

While microcystins (MCs) are widely known for their acute hepatotoxicity (Carmichael
1992) (Nishiwaki-Matsushima et al. 1992), their potentially adverse effects on other tar-
get organs, such as the nervous system, are less clear. MCs are small cyclic heptapeptides
comprised of 5 D- and 2 L-amino acids (cyclo-d-Alal-X2-d-MeAsp3-Z*-Adda>-d-Glu®-
Mdha?). Structural variation of side-chains has been encountered in all seven positions,
but the most variable amino acids (X and Z) are the L-amino acids in positions 2 and 4
(Botes D.P. 1984) (Daneshian et al. 2013). These variable L-amino acid residues are used
for naming of the MC congeners, of which more than 248 different congeners are known

to date (Altaner et al. 2019) (Spoof et al. 2016). For example in MC-LF these amino acids
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are L-leucine (L) and L-phenylalanine (F). A number of ubiquitously present cyanobacte-
ria genera, e.g. Microcystis, Planktothrix, Anabaena, Dolichospermum, have been demon-

strated to produce MC (Svircev et al. 2019).

The main exposure route for humans is drinking water, albeit excessive exposure can
occur when cyanobacterial supplements are voluntarily consumed (Heussner et al. 2012)
(Dietrich et al. 2005). The World Health Organization (WHO) suggested a safe value of 1
pg/l (1 nM) for MC-LR into their guidance on cyanobacteria in drinking water (World
Health Organization. Water et al. 2004). Based on the latter, the tolerable daily intake
(TDI) for a human was calculated to be 0.04 pg MC-LRequivalents/kg BW /day (= 40 pmol/kg
BW/day) (World Health Organization. Water et al. 2004). In addition to the well-estab-
lished hepatotoxicity, also renal- and neurotoxicity have been reported based on in vivo
and in vitro experiments in rodents, fish and birds (Fischer et al. 2000) (Feurstein et al.

2009) (Feurstein et al. 2011) (Hu et al. 2016) (Herrera et al. 2018, Hinojosa et al. 2019).

There are several reported human exposures to MCs with an adverse outcome. In Ca-
ruaru (Jochimsen et al. 1998) (Pouria et al. 1998), patients at a haemodialysis clinic were
accidentally exposed via dialysis water with an estimated MC concentration of 19.5 pg/1
(20 nM) (Azevedo et al. 2002). The symptoms reported in the patients ranged from early
visual disturbances to muscle weakness and nausea. Of the 126 - 131 patients, hundred
developed acute liver toxicity and between 52 and 60 of them died within 10 months

(Azevedo et al. 2002), (Pouria et al. 1998).

At lake Chaohu, China, fishermen were chronically exposed to MCs by drinking water
and food. Concentrations of MC were 3.28 pg/l, which corresponds to 3.3 nM MC-
LRequivalents in drinking water. The muscle of contaminated aquatic animals showed MC
concentrations of 43 ng/g dry weight (DW) (43 pmol MC-LRequivalent/g DW) which led to
blood concentrations in fishermen ranging from 0.045 to 1.832 ng/ml (0.045 to 1.84 pM)
(Chen et al. 2009). The blood samples showed increased levels of liver enzymes like ala-

nine aminotransferase (ALT).

In the three gorges reservoir region of China, more than 1000 children were chroni-
cally exposed to MC. They showed elevated liver enzyme levels of ALT, compared to non-
exposed children (Lietal 2011). The average drinking water concentration of MC was 2.6

pg/l (2.6 nM), the mean concentration in fish was 0.22 pg/g DW (221.1 nmol/g DW).
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MCs need to be actively transported into cells by organic anion transporting polypep-
tides (OATPs). Cells of the blood brain barrier as well as neurons express OATP1A2
(Hagenbuch et al. 2003) (Bronger et al. 2005). This suggests that MCs can cross the blood
brain barrier, as OATP1A2 was demonstrated to transport MC-LR (Fischer et al. 2005).
The best-documented mode of action of MC in mammalian cells (hepatocytes) is the inhi-
bition of serine/threonine-specific protein phosphatase 1, 2A and 5 (MacKintosh et al.
1990, Buratti et al. 2017) (Chen et al. 2016, Valério et al. 2016) (Altaner et al. 2020). This
results in a hyperphosphorylation of several protein kinase targets, which eventually
leads to a widespread dysregulation of cellular processes (Yoshizawa et al. 1990)

(MacKintosh et al. 1990) (Hinojosa et al. 2019).

As epidemiological and animal data from rodents, fish and birds suggest that MCs may
not only induce hepatotoxicity, but also neurotoxicity, we explored the MC toxicity to hu-
man neurons. We used LUHMES cells, as representatives of central human neurons
(Lotharius et al. 2005) (Scholz et al. 2011). These cells have a normal karyotype (Gutbier
et al. 2018) and typical neuronal structure and electrophysiology (Scholz et al. 2011).
They have been widely used as alternatives to animal testing and in neuropathology stud-
ies (Witt et al. 2017) (Lohren et al. 2015) (Delp et al. 2019) (Singh et al. 2018) (Scholz et
al. 2018) (Delp et al. 2018) (Tong et al. 2018) (Hollerhage et al. 2017) (Devos et al. 2014)
(Skirzewski et al. 2018). As second, complementary test system, we used human periph-
eral neurons. These were generated from pluripotent stem cells (Hoelting et al. 2016).
They were established as a screening system for peripheral neurotoxicants (Delp et al
2018). These models were used as in vitro approach to identify neurotoxic MC concentra-
tions in order to compare them to serum concentrations reported in humans after expo-

sure.

4.2.3. Material and methods

Material

Cisplatin, valinomycin, tubacin, microcystin-LF, microcystin-LR, PLO, fibronectin, gluta-
mine, tetracycline, cAMP, apotransferrin, glucose, insulin, putrescine, selenium, proges-
terone and calcein-AM were purchased from Sigma, USA. AdvDMEM/F12, knockout se-
rum replacement, DMEM/F12, N2 supplement, Glutamax, NEAA, {3-mercaptoethanol,
Triton-X-100, PBS, H-33342, FBS, Trizol, Flou-4 DirectTM Calcium Assay Kit were pur-
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chased from ThermoFisher Scientific, USA. FGF2, GDNF, noggin, BDNF and NGF were pur-
chased from R&D systems, USA. Dorsomorphin, SB-431642 and SU5402 were purchased
from Torcis, UK. Chir99021 was purchased from Axon Medchem, USA, DAPT was pur-
chased from Merck Millipore, USA. Matrigel was purchased from Corning, USA, iScript and
SsoFastTM EvaGreen® Supermix were purchased from BioRad, USA. pCTX isolated from
a moray eel, was provided by the laboratory of Richard Lewis, University of Queensland,
Brisbane, Australia. Chemical structures were drawn with ChemDraw (Version 16.0) from

PerkinElmer.

LUHMES culture

LUHMES were used for modeling central human neurons and cultured as described ear-
lier (Krug et al. 2013) (Lotharius et al. 2005) (Scholz et al. 2011). Briefly, cells were cul-
tured on PLO/fibronectin (50 pg/ml poly-L-ornithine (PLO) and 1 pg/ml fibronectin)
coated flasks and plates. Cells were maintained in proliferation medium (AdvDMEM /F12
supplemented with 2 mM glutamine, 1x N2 supplement and 40 ng/ml fibroblast growth
factor-2 (FGF2)). Differentiation was started by seeding cells at a density of 100,000
cells/cm?in proliferation medium and changing the medium after 24 h to differentiation
medium (AdvDMEM/F12 supplemented with 2 mM glutamine, 1x N2 supplement, 2.25
UM tetracycline, 1 mM dibutyryl 3’,5’-cyclic adenosine monophosphate (cAMP) and 2
ng/ml recombinant human glial cell derived neurotrophic factor (GDNF)). Medium

change was performed every 48 h after the differentiation was started.

Peripheral neurons

The stem cell line (WAO09 line) was obtained from WiCell (Madison, WI, USA). The plu-
ripotent stem cells were differentiated into immature dorsal root ganglia like neurons ex-
actly according to the protocol of Hoelting et al. (Hoelting et al. 2016). Briefly, differenti-
ation was started on day of differentiation (DoD) 0’ by adding neural differentiation
medium (KSR-S; knockout DMEM with 15% serum replacement, 1 x Glutamax, 1 x non-
essential amino acids, and 50 pM f3-mercaptoethanol) and six small molecule pathway
inhibitors (35 ng/ml noggin, 600 nM dorsomorphin, 10 uM SB-431642, 1.5 uM
CHIR99021, 1.5 pM SU5402 and 5 uM DAPT). Starting from DoD4’, medium was gradually
replaced by N2-S medium (DMEM/F12, with 2 mM Glutamax, 0.1 mg/ml apotransferrin,
1.55 mg/ml glucose, 25 mg/ml insulin, 100 mM putrescine, 30 nM selenium, and 20 nM
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progesterone). After eight days of differentiation, the neuronal precursors were cryo-
preserved. After thawing, cells were seeded at a density of 100,000 cells/cm?2 in 25% KSR-
S and 75% N2-S supplemented with 1.5 uM CHIR99021, 1.5 uM SU5402 and 5 pM DAPT.
On DoD1 and DoD2, 50% of the medium was changed. From DoD3 on cells received N2-S
medium, supplemented with 10 ng/ml BNDF, 10 ng/ml GNDF and 25 ng/ml NGF for fur-

ther differentiation and maturation, with medium changes every other day.

Ca?* signaling

Peripheral neurons were seeded at a density of 100,000 cells/cm? and cultured according
to Hoelting et al. (Hoelting et al. 2016). After 23 days of differentiation, the cells were
loaded with Fluo4 AM-Calcium Assay Kit and Hoechst-33342 (H-33342) for 20 min at
37°C. Changes in the free intracellular Ca?+ concentration were monitored with VTI HCS
microscope (Cellomics, USA) containing an incubation chamber providing an atmosphere
with 5% CO2 and 37°C. Substances (HBSS, 0.3% DMSO, 2.5 uM MC-LF, 30 mM KCl, 15 nM
pCTX) were administered by an automated pipettor 10 s after the first image was taken.
Images were taken as fast as possible for 45 s (approx. one image/second) and exported

as .avi files. The files were analysed in CaFFEE software (Karreman et al. 2020).

Viability testing

LUHMES and peripheral neurons were seeded at a density of 100,000 cells/cm2, cultured
and treated as indicated in the respective figure. One hour prior to analysis cells were
stained with staining mix (1 pg/ml H-33342 and 1 uM calcein-AM), incubated one hour at
37°C and image acquisition was performed automatically with ArrayScan VTI HCS micro-
scope (Cellomics, USA). Analysis of the pictures was performed as described earlier (Stieg-
ler et al. 2011). Briefly, the neuronal area was identified by calcein stain and the somatic
area was subtracted, which resulted in definition of neurite area. The viability was ob-
tained from the same images. Cells with a double stain for H-33342 and calcein were

counted as alive, whereas cells only positive for H-33342 were classified as dead.

Immunofluorescence and microscopy

Cells were grown on coated 96 well plates and fixed with 4% paraformaldehyde on day 6
(LUHMES) or DoD7 (peripheral neurons). Following permeabilisation in 0.3% Triton X-
100, they were blocked 1 h in PBS containing 5% fetal bovine serum and 0.1% Triton X-
100. Primary antibodies (Tuj1l (BioLegend Cat. No. 801202) 1:1000, OATP1A2 (Sigma-
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Aldrich Cat. No. SAB4502814) 1:100, Peripherin (Santa Cruz Cat. No. sc-7604) 1:200)
were added for 1 h at room temperature. After washing, secondary antibodies and H-
33342 were incubated for 30 min. Images were taken at a Zeiss Axio Observer with ZEN

2 pro blue edition software and further processed with Image]J (Version 1.52p).

RNA extraction, cDNA synthesis and real-time qPCR

Total RNA was extracted using TRIzol, according to the manufacture's protocol. Total RNA
(1 pg) was reverse transcribed with iScript. Quantification of cDONA was performed using
the SsoFast™ EvaGreen® Supermix. The threshold cycle (Ct) was determined for each
sample, using the CFX data analysis software (Bio-Rad, USA). As reference gene RPL13A
was used (forward: GGTATGCTGCCCCACAAAACC reverse:
CTGTCACTGCCTGGTACTTCCA), mRNA levels of OATP1A2 (forward:
TCCTGTGTGTGGAAACAATG reverse: AGCATCAAGGAACAGTCAGG) and OATP3A1 (for-
ward: CTGGGCTCTTTCTGTACCAA reverse: GTGGAAACCCAAACATCAAG) were compared
to reference gene using the AA method (Livak et al. 2001).

Transcriptome data generation and analysis

For the sample preparation, the medium was removed from each well and cells were im-
mediately lysed in 25 pl of 1x Biospyder lysis buffer. Storage was done at -802C until sam-
ples were shipped to Bioclavis (BioSpyder Tech.) on dry ice. The assay used for the tran-
scriptomics data is TempO-Seq, a targeted RNA-sequencing method developed by
BioSpyder Technologies, Inc, described in detail in (House et al. 2017).

For the transcriptomics data analysis, the R package DESeq2 (v1.24.0) was employed
(Love etal 2014). The DESeq2 object was constructed from raw counts and its size factors
were coerced to total sample counts per million (CPM). The analysis of differential gene
expression in the treatment group (against the DMSO control group) was done with the
Wald test. In order for a gene to be considered significantly deregulated, the threshold of
Benjamini-Hochberg adjusted p-values < 0.05 had to be satisfied. Overrepresentation
analysis was based on Fisher’s F-test as implemented in G-profiler software (Raudvere et

al. 2019). PCA was generated with the online tool ClustVis (Metsalu et al. 2015).
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Statistics

Experiments were performed at least on two (usually on three) cell preparations, with
several (23) technical replicates for each cell batch. For statistical analysis GraphPad
Prism 5 software (Version 5.03) was used. Data were evaluated by ANOVA with post-hoc
testing (Dunnett’s), or by t-test (two groups) as appropriate. P-values <0.05 were re-
garded as statistically significant. For curve fitting a four-parameter fit with top constrains

set to 100% was used in GraphPad Prism 5 software (Version 5.03).

4.2.4. Results

Neurotoxicity of MC-LF, assessed on LUHMES neurons

LUHMES neurons, differentiated for 4-6 days are not only fully post-mitotic (Scholz et al.
2011), but also show many features of central nervous system cells (Tong et al. 2018)
(Gutbier et al. 2018) (Matelski et al. 2020) (Weng et al. 2012) (Weng et al. 2014). The cells
were also found here to be positive for OATP1A2, a transporter that accepts microcystins
(MCs) as substrate (Fig. 5.2.1A) (Fischer et al. 2005) (Chen et al. 2016). When LUHMES
cells were exposed to MC-LF (Fig. 5.2.1B) for 48 h, we observed a specific neurite degen-
eration at concentrations above about 2 uM (Fig. 5.2.1C, D). The number of viable cells (=
cell bodies) was not affected at concentrations as high as 5 pM (Fig. 5.2.1C). Follow-up
experiments showed that 24 h exposure was not sufficient to trigger neurite damage (Fig
5.2.S1A-C). Exposure of 24 h, followed by a 24 h washout period led to the same toxicity
as 48 h continuous exposure (Fig. 5.2.51D). This suggests that toxic effects were all trig-
gered during the first 24 h, but manifestation of toxicity (neurite breakdown) took one
day more to develop. We tested whether even longer times would allow for more potent
toxicant effects. However, exposure for 48 h, followed by a 48 h washout (4 days in total)
did not lead to more potent effects of MC-LF (Fig. 5.2.S1E). To further investigate effect
specificity, we also investigated MC-LR (Fig. 5.2.51F), known to be a less potent toxicant
(Feurstein et al. 2011). Indeed, no toxicity was observed here at concentrations up to 5
uM (Fig. 5.2.S1G). To test for potentially more subtle effects of MC on neurons, serveral
other endpoints were considered. Tau phosphorylation and activation of MAP kinases
(ErK) were examined by Western blotting, but no changes were observed at < 5 pM MC-
LF (data not shown). For this series of experiments, we concluded that MC-LF can trigger
neurotoxicity at high concentrations (> 2 uM). Our data based on established and sensitive

endpoints of neurite toxicity suggest that lower concentrations of MC-LF are inactive in
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the chosen experimental model of human neurons and with the exposure scenarios scru-

tinized here.
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Fig. 5.2.1: Effect of MC-LF on LUHMES neurons

(A) LUHMES cells were differentiated on coverslips and fixed after six days. Double-immunofluorescence images were
obtained for neurite structures (using an antibody against 3-11I- tubulin, Tuj) and for OATP1A2. For maximum clarity
the individual channels are shown in b/w, the composite image is shown with neurites in green and OATP1A2 in red.
Scale bar is 20 um. (B) Chemical structure of MC-LF. (C) Effect of MC-LF on neurite area (orange) and cell count (black),
after 48 h treatment from d4 until d6. Data points are from three separate experiments, *p<0.05. (D) Exemplary pictures

of calcein-stained cells treated with 5 uM MC-LF (II) or solvent (I), as described in C. Scale bar is 50 um.

Transcriptome disturbances triggered by MC-LF

To broadly capture effects of MC on neurons, the transcriptional changes triggered by a
48 h treatment of 5 pM MC-LF were measured (Fig. 5.2.S2A). The PCA analysis clearly
showed a separation between the MC treatment and the control (Fig. 5.2.52B). The analy-
sis identified 75 differentially expressed genes (DEGs) (Fig. 5.2.2B). The top downregu-
lated DEGs were mainly related to differentiation and chromatin remodeling, such as
EXO1, RAD54L or NCAPH and thus did not indicate specific pathways (Fig. 5.2.2C). The
most upregulated DEGs include predominantly ribosomal genes like RRS27L, RPL13A,
RPS13 and the anti proliferative factor BTG3. This pattern is consistent with a relatively
unspecific cellular stress response. To get a better understanding of the DEGs, we per-
formed a gene ontology overrepresentation analysis. The upregulated DEGs resulted in
more than 20 overrepresented gene ontologies (0GO) (Fig. 5.2.52C). Downregulated DEGs
resulted in only eleven 0GOs (Fig. 5.2.52D). The gene PPP1R17 (protein phosphatase 1
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regulatory subunit 17) is included in the 0GOs “mRNA catabolic process”, “heterocycle
catabolic process” (Fig. 5.2.S2E), “cellular nitrogen compound catabolic process” and “ar-
omatic compound catabolic process”. Its gene product inhibits the phosphatase activities
in protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) complexes. The inhi-
bition of PP1 and PP2A is also the best described direct mode of action of MCs (Altaner et
al. 2020), (MacKintosh et al. 1990), (Chen et al. 2016), (Buratti et al. 2017), (Valério et al.
2016). It appears as if most of the downregulated DEGs are grouped into 0GOs dealing
with cell cycle (Fig. 5.2.52D). But if investigated more precisely, the included genes in the
respective 0GOs are linked to cell cycle only very indirectly. Exemplarily, the DEGs in-
cluded in the GO “mitotic nuclear division” are mainly genes related to (neuronal) differ-
entiation status like EMX2, SNCA, and TCF4 (Fig. 5.2.S2F). To integrate the results of the
downregulated DEGs and the GO analysis we assigned the 0GOs to key biological pro-
cesses according to Waldmann et al. (Waldmann et al. 2014) (Fig. 5.2.2D). Over 50% of
the key biological processes of the downregulated 0GOs can be assigned to genes involved
in development and differentiation. The data of transcriptional changes after 48 h treat-
ment with MC-LF point to an altered differentiation state of LUHMES, a typical generalized

stress response in adult tissues (Desprez et al. 2019).
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Fig. 5.2.2: Transcriptome analysis of MC-LF treated LUHMES

(A) OATP1A2 (black) and OATP3A1 (grey) expression levels of LUHMES on d6 and d8 relative to dO determined with
RT-qPCR. (n=2) (B) Samples were obtained at d6 from untreated LUHMES and LUHMES treated with 5 uM MC-LF for
48 h from d4 until d6 LUHMES, and RNA expression profiles were obtained. Number of differentially expressed genes
(DEG) is shown for upregulations (red) and downregulations (blue) with an adjusted p-value < 0.05. (C) Out of the DEGs
in B the top 20 upregulated (red) and downregulated (blue) genes according to their fold change (FC) are shown. The
error bars represent the standard deviation. (D) The gProfiler analysis tool was used to identify overrepresented GOs
(0GOs) among the downregulated DEGs. These were then assigned to four different superordinate biological processes

according to Waldmann et al. (Waldmann et al. 2014).

Toxicity of MC-LF to peripheral human neurons

As asecond neuronal test system we used human pluripotent stem cell derived peripheral
neurons (Fig. 5.2.S3A). The cells can be generated in big batches and thawed as required
for testing (Fig. 5.2.S3B). They provide a suitable test system for mechanistic studies
(Hoelting et al. 2016) and screening approach (Delp et al. 2018). At DoD7 after thawing,
the cells express the transporter OATP1A2, which is known to transport also MCs (Fig.
5.2.53C). As peripheral neurons are not protected by the blood brain barrier, they could
be more susceptible to neurotoxicants than neurons from the central nervous system. We
used the PeriTox assay in which more than 100 substances have been tested (Hoelting et
al. 2016) (Delp et al. 2018), to investigate the effect of MC-LF on neurite outgrowth in
peripheral neurons (Fig. 5.2.3A). As positive controls, valinomycin (Fig. 5.2.3B), a cyclic
peptide, with L-amino acids, produced by Streptomyces, cisplatin, a chemotherapeutic
drug, and tubacin, an HDAC inhibitor (Fig. 5.2.S3D), were used. Tubacin, as a specific
HDACS6 inhibitor, catalyzes a-tubulin acetylation (Gao et al. 2007) and thereby interferes
with neurite outgrowth. An often-observed side effect of chemotherapeutic drugs are pe-
ripheral neuropathies, which can be mimicked by cisplatin application. As no changes in
viability or neurite area were observed after a 24 h MC-LF treatment, we investigated the
effects after a longer treatment period. After 48 h MC-LF treatment with 10 pM, a reduc-
tion in cell count was observed (Fig. 5.2.3C). This was even more pronounced after 48 h
of treatment, followed by 48 h of washout (Fig. 5.2.3D-F). Under these conditions, not only
the cell count was reduced but also the neurites were completely broken down (Fig.
5.2.3F). In another approach, we tested whether a 24 h treatment at later time points,
namely DoD 4-5, is also sufficient to see a reduction in cell count or neurite area. There-
fore, we tested concentrations up to 5 uM MC-LF but we did not observe a reduction in
either of the two parameters (Fig. 5.2.S3E). As alternative toxicity indicator, we consid-

ered acute signaling effects as measurable by intracellular calcium changes (Fig. 5.2.S4A).
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As positive controls we used cell depolarization by an increase of potassium ions (30 mM)
(Fig. 5.2.54B) in the medium and exposure to ciguatoxin (15 nM) (Fig. 5.2.54C), a poly-
ether marine biotoxin specifically inhibiting voltage-gated Na* channels (Daneshian et al.
2013). In both cases, clear increases of intracellular free calcium were observed, while

MC-LF (2.5 pM) had no effect at all (Fig. 5.2.54A).
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Fig. 5.2.3: Effect of MC-LF on peripheral neurons

Peripheral neurons were generated from human pluripotent stem cells according to an established protocol. After thaw-
ing, cells were immediately plated on 96-well plates and used for toxicity experiments. (A) Effect of MC-LF on neurite
area (orange) and cell count (black) after a 24 h treatment from DoDO until DoD1. Data are from three independent
experiments. (B) Effect of the positive control valinomycin on neurite area (orange) and cell count (black) after treat-
ment as in A. Data are from four independent experiments. (C and D) Exemplary pictures of calcein-stained cells treated
with solvent (I) or 10 uM MC-LF for 48 h from DoD4 until DoD6 (II) or 10 pM MC-LF for 48 h from DoD4 until DoD6
followed by a 48 h washout period (III). Scale bar is 100 um. (E) Effect of MC-LF on neurite area (orange) and cell count
(black) after 48 h treatment from DoD4 until DoD6. Data are means + SEM; n=3. (F) Effect of MC-LF on neurite area
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(orange) and cell count (black) after 48 h treatment (from DoD4 until DoD6) followed by a 48 h washout period. Data

are means = SEM; n=3.

4.2.5. Conclusion and outlook

Both in vitro systems used in this study clearly showed, that low uM concentrations of MC
lead to human neurotoxicity. Since one of the assays was representative of the peripheral
nervous system, which is not protected by a blood-brain barrier, the concentration range
identified here would with high likelihood trigger acute human neurotoxicity and may be
used as point-of-departure for risk assessment of acute exposure settings. In standard nu-
tritional exposure scenarios (including contaminated drinking water or food), human
plasma concentrations are likely to be at least 100-1000 fold below this hazard threshold.
It needs to be noted that this risk assessment statement does not account for parenteral
exposure. It also does not allow conclusions on lower level exposures occurring over con-
siderably longer times than tested here. A follow-up study on this would require cultures
that can be exposed for several weeks, and it may use some of the regulated genes that

were identified here as biomarkers of subtle effects.
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Fig. 5.2.51: Time dependent effects of MC on LUHMES

LUHMES are a homogenous cell population that can be differentiated into postmitotic neurons within six days. They

were used here as model system for central human neurons. (A) Schematic overview of LUHMES cultivation and differ-

entiation. (B) Schematic depiction of MC-LF exposure scenarios and washout periods in LUHMES. (C) Effect of MC-LF

on neurite area (orange) and cell count (black) after a 24 h treatment (d4 until d5) (D), a 24 h treatment (d4 until d5)

followed by a 24 h washout period (E) or a 48 h treatment (d4 until d6) followed by a 48 h washout period. Data points

are from three separate experiments, *p<0.05. (F) Chemical structure of MC-LR. (G) Effect of 5 uM MC-LR on neurite

area and cell count after a 48 h treatment (d4 until d6) Data are means * SD; n=3.
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Fig. 5.2.52: Overrepresented gene ontologies in MC-LF treated LUHMES

(A) Schematic overview of LUHMES cultivation and differentiation including the exposure period to 5 uM MC-LF for 48
h from d4 until d6. (B) Samples were obtained on d6 from untreated LUHMES (blue) and LUHMES treated with 5 uM
MC-LF for 48 h from d4 until d6 and RNA expression profiles were obtained. The PCA was generated with the online
tool ClustVis. The dotted lines connect the data points treated for 48 h with 5 pM MC-LF of two different biological
replicates and its corresponding control. Data are from two independent biological experiments with each two technical
replicates. (C) The gProfiler analysis tool was used to identify overrepresented GOs (0GOs) among the DEGs. The 10
most upregulated biological processes in this analysis are listed with their adjusted p-values. (D) The 10 most down-
regulated biological processes in this analysis are listed with their adjusted p-values. All adjusted p-values included into
the analysis are < 0.05. (E and F) As examples for gene sets within oGO, those for “heterocycle catabolic process” and
“mitotic nuclear division” are shown here. All tables indicate the gene symbol, the regulation (Log2 fold change) by MC-

LF, and a short comment on the function or the gene name.
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Fig. 5.2.83: Characterization of peripheral neurons for toxicity evaluation

(A) Peripheral neurons are used as complementary test system and are generated from pluripotent stem cells according
to an established protocol, which includes a freezing step, allowing the differentiation of large cell batches and thawing
of cells for individual experiments. (B) After thawing, the cells are cultured and treated for various periods. (C) Time
course of OATP1A2 (circle) and OATP3A1 (square) expression levels in peripheral neurons determined with RT-qPCR
(n=2). Cells were differentiated on coverslips and fixed on DoD7. Double-immunofluorescence images were obtained
for peripheral neurons (using an antibody against peripherin) and for OATP1A2. For maximum clarity the individual
channels are shown in b/w, the composite image is shown with OATP1A2 in green and peripherin in red. Scale bar is
20 pm. (D) Schematic depiction of well-established PeriTox assay with a treatment of outgrowing neurites with various
substances from DoDO0 until DoD1. Effect of cisplatin and tubacin on neurite area (orange) and cell count (black) after a
24 h treatment from DoDO0 until DoD1. Data are means + SEM; n=3. (E) Effect of MC-LF on neurite area (orange) and cell

count (black) after treatment for 24 h (DoD4 until DoD5) Data are means + SEM; n=3.
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Fig. 5.2.54: Ca2+ signaling as functional endpoint for toxicity evaluation

Peripheral neurons can be cultivated for longer time periods and are therefore suitable as a test system for electrically
active neurons. Cells were cultured for 23 days and analysed on their ability for Ca2+ signaling. (A) Cells were treated
with solvent control 0.3% DMSO (brown), buffer control (black), positive control 30 mM KCl (green), 15 nM pCTX (blue),
or 2.5 uM MC-LF (red). The substance application was performed by a pipettor, images were taken by an automated
microscope for 45 s, exported as .avi and analyzed by CaFFEE. The free intracellular Ca2* is shown as the average A
signal intensity tpeak - tbaseline. n=1 (B) The free intracellular CaZ* of ten different cells is shown with their individual
A signal intensity after the application of 30 mM KCl. (C) The free intracellular Ca2+ of ten different cells is shown with

their individual A signal intensity after the application of 15 nM pCTX.
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4.3.1. Abstract

Methods to assess neuronal receptor functions are needed in toxicology and for drug de-
velopment. Human-based test systems that allow studies on glutamate signaling are still
scarce. To address this issue, we developed and characterized pluripotent stem cell (PSC)-
based neural cultures capable of forming a functional network. Starting from a stably pro-
liferating neuroepithelial stem cell (NESC) population, we generate “mixed cortical cul-
tures” (MCC) within 24 days. Characterization by immunocytochemistry, gene expression
profiling and functional tests (multi-electrode arrays) showed that MCC contain various
functional neurotransmitter receptors, and in particular the N-methyl-D-aspartate sub-
type of ionotropic glutamate receptors (NMDA-R). As this important receptor is found
neither on conventional neural cell lines nor on most stem cell-derived neurons, we fo-
cused here on the characterization of rapid glutamate-triggered Ca2* signaling. Changes
of the intracellular free calcium ion concentration ([Ca2%*]i) were measured by fluorescent
imaging as main endpoint, and a method to evaluate and quantify signals in hundreds of
cells at the same time was developed. We observed responses to glutamate in the low puM
range. MCC responded to kainate and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA), and a subpopulation of 50% had functional NMDA-R. The receptor was mod-
ulated by Mg?*, Zn?* and Pb2* in the expected ways, and various toxicologically-relevant
agonists (quinolinic acid, ibotenic acid, domoic acid) triggered [Ca%*]i responses in MCC.
Antagonists, such as phencyclidine, ketamine and dextromethorphan were also readily
identified. Thus, the MCC developed here may fill an important gap in the panel of test

systems available to characterize effects of chemicals on neurotransmitter receptors.

4.3.2. Introduction

Identification of compounds that interfere with ionotropic glutamate receptor signaling
is important for the safety evaluation of drugs and environmental chemicals. Such infor-
mation is of utmost toxicological relevance, as L-glutamate is the main excitatory neuro-
transmitter in the brain (Maycox et al. 1988, Fukaya et al. 2003). Therefore, modulation
of glutamate signaling may lead to many adverse effects. The many receptors of this acidic
amino acid can be divided into metabotropic receptors and ionotropic receptors. The lat-
ter group can be further subdivided into N-methyl-D-aspartate (NMDA) receptors and
non-NMDA receptors (kainate and AMPA subtypes) (Traynelis et al. 2010).

78



Results

The NMDA receptor (NMDA-R) plays a critical role in synaptic plasticity in the hippo-
campus, i.e. for memory and learning (Malenka et al. 1993, Morris 2013). Disturbed sig-
naling of the receptor is assumed to contribute to neurodegenerative diseases (Alz-
heimer’s disease, Huntington’s disease) (DiFiglia 1990, Liu et al. 2019), neurological
disorders like epilepsy and stroke (Lipton 1999, EpiPM 2015), and neuropsychiatric dis-
orders like schizophrenia (Cohen et al. 2015). Therefore, several agonists, antagonist and
modulators of the NMDA-R have been developed as drug candidates or pharmacological
tools: NMDA has been identified as a specific agonist for the NMDA-R; the NMDA-R antag-
onist ketamine is used clinically as anesthetic (Sinner et al. 2008); the receptor blocker
memantine is an approved medication for Alzheimer’s disease (Witt et al. 2004); and
some NMDA-R antagonists, e.g., phencyclidine (PCP) and dextromethorphan (DXM) pro-
duce hallucinogenic and dissociative symptoms, they are used as illicit recreational drugs

(Williams et al. 2019).

Biochemically, the NMDA-R is a heterotetramer consisting of two different subunit
classes, namely the glycin-binding NR1 (gene: GRIN1) and the glutamate-binding NR2
(Ulbrich et al. 2008). The latter has the different isoforms NR2A, NR2B, NR2C and NR2D
(genes: GRINZA-D) with distinct spatial and temporal expression patterns (Cull-Candy et
al. 2001). Specifically, the subunit composition of the NMDA-R changes during the devel-
opment of the CNS. Most changes occur prenatally. In human cortex and hippocampus,
GRINZB is expressed at relatively constant levels, while GRINZ2A expression levels increase
during brain development and early postnatal life (Bar-Shira et al. 2015). The heteromeric
GRIN1/GRINZB receptor is more prevalent amongst extrasynaptic NMDA-R than e.g. the
GRIN1/GRINZ2A complex (Tovar et al. 1999).

For receptor activation, sufficient occupancy of both the agonist (Glu) and the co-ag-
onist sites (glycine or D-serine) needs to be reached (Johnson et al. 1987). In addition, the
postsynaptic membrane has to be depolarized so that the physiological Mg2* block is re-
lieved (Cull-Candy et al. 2001). When the NMDA-R channel opens, Na* and Ca2* can enter
the cell (Balu 2016). The influx of Ca2* into the postsynaptic neuron triggers many specific
signaling pathways (Papadia et al. 2007). The activity of the receptor as an ion channel
can be inhibited with general antagonists of the glutamate site (e.g. AP5 (Hansen et al.
2018)), antagonists of the glycine site (e.g. kynurenic acid (Zhou et al. 2012)), specific an-
tagonists against NR2 isoforms (e.g. traxoprodil selective for NR2B (Chenard et al. 1995))
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or universal channel blockers, (MK801, memantine, PCP, DXM, ketamine (Hansen et al.

2018)).

As the NMDA-R is involved in many diseases and toxicological AOPs (Wangetal. 2017,
Liu et al. 2019, Sachana et al. 2019, Tschudi-Monnet et al. 2019, Chen et al. 2020), agents
interfering with its function are a major health concern and need to be identified. An in
vitro test method for this purpose would ideally employ human cells and measure a phys-
iological change directly linked to ionotropic glutamate receptors. There is a range of pos-
sibilities to establish test methods for glutamate receptor interactions. One extreme end
of the spectrum are typical pharmacological binding assays, as used for advanced drug
candidates (Berger et al. 2012, Pottel et al. 2020). The disadvantages of these assays are
the uncoupling from the natural physiological environment, and that adversity is hard to
define. On the other end of the spectrum are traditional animal studies. Besides issues of
species correlation and ethical aspects, these models have disadvantages concerning the
exact target definition and the throughput. In between, there are many cellular and tissue-
based models (Hondebrink et al. 2016, Yamazaki et al. 2016, Nehme et al. 2018, Meijer et
al. 2019). Some of them allow both measurements of very early events (in the sense of
initial key events of an AOP), but also more complex downstream disturbances, as proxy

for an adverse outcome.

Modeling the human brain for toxicity studies is challenging, as test systems should
include the various cell types the human brain is composed of. This may be achieved by
the generation of mixed neuronal cultures from pluripotent stem cells (Heikkila et al.
2009, Russo et al. 2018, Sasaki et al. 2019). Such a test system should include excitatory
and inhibitory neurons, to be able to form self-regulating neuronal networks that also can
be modulated. Another important cell type are astrocytes, as they are important modula-
tors of neuronal signaling (Ishii et al. 2017, Tukker et al. 2018). The conditio sine qua non
is that (i) at least some of the cells express ionotropic glutamate receptors, in particular
NMDA-R, that (ii) they react to known pharmacological agonists, and (iii) that this re-

sponse can be quantified.

One commonly used method to investigate neurotransmitter activity is to measure
their effect on the free intracellular Ca2+* concentration ([Ca2+]i) (Leist et al. 1998, Nicotera
et al. 1999). To this end, cells are stained with a Ca2+*-sensitive dye and to record its fluo-

rescence changes (Leist et al. 1997, Miyawaki et al. 1997, Volbracht et al. 2006, Karreman
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et al. 2020). Another method is to culture cells on microelectrode arrays (MEA). These
arrays record the extracellular field potential of cultured neurons and thereby give a com-
prehensive overview of the electric activity of cultured neuronal networks (Hogberg et al.
2011, Hofrichter etal 2017, Vassallo et al. 2017, Strickland et al. 2018, Shafer 2019, Nimtz
etal 2020).

In the past, it has been notoriously difficult to set up cell-based test systems for
NMDA-R, as the activity of this receptor can lead to cell death by excitotoxicity (Leist et al.
1998, Nicotera et al. 1999). Assays used in the past maintained the cells in the presence
of antagonists that were washed out before testing (Bettini et al. 2010, Feuerbach et al.
2010, Guo etal. 2017). Repeated testing or follow-up of downstream effects is not possible
in such systems. We therefore developed a novel mixed neuronal culture, in which NMDA-
R expressing cells can survive. We set out to characterize this test system and to establish
Ca2+ imaging as quantitative endpoint. Potential applications were demonstrated by as-

sessment of agonists and by profiling of toxicologically relevant inhibitors.

4.3.3. Material and methods

Materials

L-glutamine, cAMP, apotransferrin, glucose, insulin, putrescine, selenium, progesterone,
ascorbic acid, AP5, domoic acid, ketamine, quinolinic acid, traxoprodil, nicotine,
dextromethorphan (DXM), MK801, and bicuculline were purchased from Sigma (St. Louis,
USA). DMEM/F12, knockout serum replacement, Neurobasal, N2 supplement, B27
without ascorbic acid supplement, Glutamax, NEAA, f3-mercaptoethanol, HBSS, Triton-X-
100, PBS, H-33342, FBS, Trizol, Fluo-4 Direct™ Calcium Assay Kit were purchased from
ThermoFisher Scientific (Waltham, USA). GDNF, noggin, BDNF and NGF were purchased
from R&D systems (Minneapolis, USA). Dorsomorphin, SB-431642, SU5402, ibotenic acid,
NMDA, S-AMPA, phencyclidine (PCP), and kainate were purchased from Tocris (Bristol,
UK). Chir99021 was purchased from Axon Medchem (Groningen, Netherlands); DAPT
was purchased from Merck Millipore (Billerica, USA). Matrigel was purchased from Corn-
ing (Corning, USA); iScript and SsoFast™ EvaGreen® Supermix were purchased from Bi-
oRad (Hercules, USA). EdU click Kit was purchased from baseclick (Neuried, Germany).
Purmorphamine (PMA) was purchased from Enzo (Farmingdale, USA). Veratridine was
purchased from alomone labs (Jerusalem, Israel). TGF{} was purchased from Peprotech

(Rocky Hill, USA).
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Differentiation and maintenance of NESC

The pluripotent stem cell line WAOQ9 line (H9) (Thomson et al. 1998, Balmer et al. 2014,
Dreser et al. 2020) was obtained from WiCell (Madison, WI, USA) and the line iPSC
EPITHELIAL-1 (= Sigma 0028) was obtained from Sigma. The pluripotent stem cells were
differentiated with a protocol adapted from Reinhardt et al. (Reinhardt et al. 2013) into
neuroepithelial stem cells (NESCs) via embryoid body (EB) formation. To distinguish the
differentiation protocols here, we used “days of differentiation prime” (DoD’) for the gen-
eration of NESC from PSC, and “days of differentiation” (DoD) for the protocol leading
from NESC to MCC. On DoDO’ colonies of PSC were detached with accutase and transferred
to non-coated dishes to spontaneously form EBs in EB medium (KnockOut DMEM, 25 %
serum replacement, 2.5 mM L-glutamine, 1 x nonessential amino acids, and 100 pM pM f3-
mercaptoethanol) supplemented with 10 uM SB-431542, 1 uM dorsomorphin, 3 pM
CHIR99021, and 0.5 pM purmorphamine. On DoD2’, medium was changed to differentia-
tion medium (N2B27 medium: 50% Dulbecco’s modified Eagle’s medium/F12
[DMEM/F12], 50% Neurobasal medium, 2 mM L-glutamine, 1x B27 without vitamin A,
and 1x N2 (all purchased from Gibco, Carlsbad, USA)) supplemented with 10 uM SB-
431542, 1 uM dorsomorphin, 3 uM CHIR99021, and 0.5 pM purmorphamine. On DoD4’
medium was changed to NESC maintance medium (N2B27 medium supplemented with
150 pM ascorbic acid, 3 pM CHIR99021, and 0.5 pM purmorphamine). At DoDé’, EBs were
disaggregated, transferred to matrigel coated 6-well plates in a 1:6 dilution, and cultured
for seven days with a medium change (NESC maintance medium) every other day. After
seven days, cells were detached with accutase and split in a 1:5 ratio. Cells were always
split when reaching a confluency of 80%. After three passages, NESCs were cryopreserved
in NESC maintenance medium containing 10 % DMSO without serum addition. This al-
lowed the production of working stocks of the same NESCs. For maintaining a NESC pop-
ulation, cells were thawed and cultured in NESC maintenance medium with medium
changes every other day. Cells were split when a confluency of about 75% was reached.

Cells were used for differentiation into MCCs between passage 4 and 20.
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Differentiation of MCCs from NESCs

A single-cell suspension of NESC was seeded at a density of 28,000 cells/cm?2 on Matrigel-
coated plates in NESC maintenance medium. After two days, defined here as day of differ-
entiation 0 (DoDO0) the medium was replaced by neuronal differentiation medium (N2B27
supplemented with 10 ng/ml BDNF, 10 ng/ml GDNF, 1uM TGF1{33, 500 uM cAMP, 200 uM
ascorbic acid). Under these conditions, cells were left to differentiate into MCCs for > 20
days. On DoD2, DoD4, DoD7, half of the medium was changed. After this time, half of the

medium was changed twice a week.

Differentiation of peripheral neurons

The iPSCs were differentiated into immature dorsal root ganglia neurons according to
Hoelting et al. (Hoelting et al. 2016) with the following minor changes. Cells were seeded
at a density of 90,000 cells/cm? on Matrigel. The differentiation was started by addition
of neural differentiation medium (KSR-S; Dulbecco’s modified Eagle’s medium
[DMEM/F12] with 15% knockout serum replacement, 1 x Glutamax, 1 x nonessential
amino acids, and 50 pM f3-mercaptoethanol) supplemented with 17.5 ng/ml noggin, 10
uM SB-431642 from DoDO0 to DoD5. From DoD2 on, the three small molecules CHIR99021
(1.5 uM), SU5402 (5 puM) and DAPT (5 pM) were added. Starting at DoD4’, medium was
gradually replaced by N2-S medium (DMEM/F12, with 2 mM Glutamax, 0.1 mg/ml apo-
transferrin, 1.55 mg/ml glucose, 25 mg/ml insulin, 100 mM putrescine, 30 nM selenium,
and 20 nM progesterone). After differentiating for nine days, the cells were cryo-
preserved. The cells were thawed and subsequently seeded at a density of 100,000
cells/cm? in 25% KSR-S and 75% N2-S supplemented with 1.5 pM CHIR99021, 5 pM
SU5402 and 5 pM DAPT. On DoD1 and DoD2, 50% of the medium was changed. On DoD3
and DoD4 cells received N2-S medium, supplemented with 25 ng/ml BNDF, 25 ng/ml
GNDF and 25 ng/ml NGF and 2 uM AraC for further differentiation and maturation, with

medium changes every three days.

Measurement of changes in intracellular Ca?* concentrations

MCCs or peripheral neuron precursors were seeded in 96-well plates and differentiated
as described above. Before measuring the changes in the concentration of intracellular
free Ca2+ ([Ca%*]i), differentiation medium was changed to artificial cerebrospinal fluid
(aCSF): NaCl [140 mM], KCI [3 mM], CaClz2[2.5 mM], MgClz [1 mM], Na2zHPO4 [1.2 mM], pH
7.4 and the cells were loaded with Fluo-4 Direct™ Calcium Assay Kit and H-33342 for 30
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min at 37°C. For experiments requiring a pre-incubation phase, loading with Fluo-4 was
performed in parallel. The changes in [Ca?*]i were monitored with a VTI HCS microscope
(ThermoFisher Scientific, Pittsburgh, USA) equipped with an incubation chamber provid-
ing an atmosphere with 5% CO2 at 37°C. Test compounds were administered by an auto-
mated pipettor at 10 s after the first picture was taken. Images were taken as fast as pos-
sible for 45 s (approx. one image/second) and exported as .avi video files. The video files
were afterwards analysed with the CaFFEE software (Karreman et al. 2020) to obtain sin-

gle cell time-course information on [CaZ2+]i.

Microelectrode array recordings

NESCs were seeded at a density of 25,000 cells/7 ul drop on Matrigel-coated 24-well Cy-
toView MEA plates (16 electrodes per well). After 1 h, the well was filled up with 500 pl
medium. The cells were then allowed to differentiate as described above. For time course
experiments, the same plates were measured on different days. All plates were equili-
brated for 10 min prior to recording (Maestro Edge, Axion Biosystems, Atlanta, USA), fol-
lowed by 30 minutes of baseline recording. After the baseline recording agonists/antago-
nists were added and recording was continued for another 30 minutes. All compounds
were applied in 250 pl of neuronal differentiation medium. All recordings were captured
using the Axion Integrated Studio Navigator (Axion Biosystems, Atlanta, USA) with a re-
cording chamber at 37°C and 5% COz2. For raw data acquisition, signals from all electrodes
were recorded simultaneously with a sampling frequency of 12.5 kHz/channel. The rec-
orded raw files were converted offline from voltage traces into various time-dependent
data sets, such as spiking frequency, etc. The threshold spike detector was set to 5.5x of
the noise level (signal SD) on each electrode, using adaptive threshold crossing for spike
detection. Bursts were detected by setting inter-spike intervals (ISI) to < 100 ms and re-
quiring minimum 5 spikes per second. Network bursts were defined by the same ISI of
100 ms, a minimum of 50 spikes per second and at least 60% of active electrodes involved
in bursting. To analyze the acute effects of agonists and antagonist, the number of spikes

was binned (bin size = 0.1 s) and shown over time in comparison to baseline.

Immunofluorescence staining and microscopy

Cells were grown on Matrigel-coated coverslips and fixed with 4% paraformaldehyde.
Then, they were permeabilised in 0.3% Triton X-100 and blocked for 1 h in PBS containing
5% fetal bovine serum and 0.1% Triton X-100. Primary antibodies (see Tab. 5.3.52) were
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administered for 1 h at room temperature, followed by washing and incubation with sec-
ondary antibodies and Hoechst H-33342 for 30 min. Images were taken at a Zeiss Axio
Observer with ZEN 2 pro blue edition software or a Zeiss LSM 880 and further processes

with Image] (Version 1.52p).

RNA extraction, cDNA synthesis and real-time qPCR

The extraction of total RNA was performed with TRIzol, according to the manufacture's
protocol, followed by the reverse transcription of 1 ug total RNA with iScript. cDNA was
quantified using the SsoFast™ EvaGreen® Supermix. The threshold cycle (Ct) was deter-
mined for each sample, using the CFX data analysis software (Bio-Rad, USA). Reference
genes were used and mRNA levels of different genes of interest were compared to them
at different time points of the differentiation using the AA method (Livak et al. 2001). For

a detailed list of primers used in this study see Tab. 5.3.S3.

Transcriptome data generation and analysis

Sample preparation was performed by removing the medium from each well and lysing
the cells immediately in 25 pl of 1x Biospyder lysis buffer (BioSpyder Tech., Glasgow, UK).
Samples were stored at -802C until shipment to Bioclavis (BioSpyder Tech., Glasgow, UK)
on dry ice. Transcriptomics data were determined by TempO-Seq technology (BioSpyder
Tech., Glasgow, UK), a targeted RNA-sequencing method developed by BioSpyder Tech-
nologies, Inc. (House et al. 2017). The set of genes analyzed, and the read data are detailed
in supplement file 2, organized as Excel workbook, including labelling and clear explana-
tions.

For the data analysis, the R package DESeq2 (v1.24.0) was employed (Love et al
2014). The DESeq?2 object was constructed from raw counts of mRNA species and its size
factors were normalized to total sample counts per million (CPM). The statistical analysis
of differential gene expression in the treatment group (against the DMSO control group)
was done with the Wald test. In order for a gene to be considered significantly deregu-
lated, the threshold of Benjamini-Hochberg adjusted p-values was set to < 0.05. A cutoff
for fold changes (FC) was not introduced. Over-representation analysis of gene ontology
terms (GO) was based on Fisher’s F-test as implemented in g:profiler software (Raudvere
etal 2019).

Statistics
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Experiments were performed at least on three cell preparations, with several technical
replicates for each cell batch. Descriptive statistics, transparent display of the data struc-
ture and experimental variability was included in display figures and supplementary in-
formation. For significance testing, GraphPad Prism 5 software (Version 7.04, Graphpad
Software, Inc, San Diego, USA) was used. Data were evaluated by Fisher’s exact test or by
t-test (when two groups were compared). P-values <0.05 were regarded as statistically

significant.

4.3.4. Results

Generation and phenotyping of mixed cortical cultures (MCCs)

To generate mixed cortical cultures (MCCs) expressing neurotransmitter receptors, we
used a two-step protocol. First, pluripotent stem cells (pSCs) were differentiated into a
proliferating neuroepithelial stem cell population (NESC) (Fig. 5.3.S1) (Reinhardt et al.
2013). These cells did not express the pluripotency markers NANOG and OCT4 and could
be cultivated for up to 20 passages (Fig. 5.3.S1B). During this time, the expression of typ-
ical NESC markers HES5, PAX6, and DCX was stable (Fig. 5.3.S1C), while PAX3 and NES
even increased expression levels (Fig. 5.3.S1D). The activity of cell cycle genes (CDK1,
CDK2, CCND1, and CCND2) remained constant (Fig. 5.3.S1E). Immunostaining confirmed
the presence of Sox1, Pax3, Pax6, doublecortin, and nestin protein, as well as of the pro-

liferation marker Ki67 (Fig. 5.3.51F).

In the next step, NESCs were differentiated for >20 days by addition of the five differ-
entiation factors: BDNF, GDNF, cAMP, TGF133 and ascorbic acid (Fig. 5.3.1A). During the
time course of differentiation, the cells acquired following features of mature neurons: (i)
they formed a neuronal network with a complex and extensive neurite structure (Fig.
5.3.S2A); (ii) the typical marker of post-mitotic neurons, RBFOX3 (Fig. 5.3.1B), and syn-
aptic markers, like SLC17A6, SYN, DLG4 (Fig. 5.3.1C) were upregulated. This was paral-
leled by the protein expression of NeuN (the product of the RBFOX3 gene), Map2, 3111-
tubulin, and synaptophysin (Fig. 5.3.52B,C). The MCCs also included glial cells, as indi-
cated by the gene expression of GFAP and S100£3 (Fig. 5.3.1D) and immunopositivity for
S1008 (Fig. 5.3.52D); (iii) subunits of the NMDA-R (GRIN1, GRIN2A, and GRIN2B) in-
creased their expression levels over differentiation time (Fig. 5.3.1E). The vesicular gluta-

mate transporter 1 (vGlutl), a marker of glutamatergic neurons (Ito et al. 2015), was
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strongly expressed in MCCs (Fig. 5.3.1F); (iv) MCCs contained only 1 % of dividing cells
(Fig. 5.3.1G), while 40 % of NESC incorporated EdU within the same labelling period. (Fig.

5.3.52D). Thus, the cells were mostly postmitotic, which is a defined feature of neurons.

The most important functional features of mature neurons are their individual elec-
trical activity and the formation of functional networks (Hogberg et al. 2011, Strickland et
al. 2018). To examine this, MCCs were cultured on MEA, and their spontaneous electrical
activity was recorded on different DoDs. Network bursts were observed from about
DoD18 on. The frequency increased until DoD24 and then remained stable until DoD32.
The number of spikes included in a burst increased slightly from DoD18 until DoD32. The
same was observed for the synchronicity coefficient, a measure of coordination between
different areas of the network (Fig. 5.3.1H). These data show that MCCs were electrically
active, and that their network properties required at least three weeks to develop. To test
whether the spontaneous network activity could be modified by pharmacological inter-
vention, DoD24 MCCs were treated with the GABAa antagonist bicuculline (BIC). The ap-
plication of 1 uM BIC resulted in a massive increase in spike frequency as acute response
(Fig. 5.3.11). This period of pronounced electrical activity was followed by a short period
of anergy (approx. 550 s) and then established a new steady state that showed higher
activity than the untreated control cultures (Fig. 5.3.1E). All these features show that
MCCs represent a mature neuronal culture, comprising various types of neurons (e.g. glu-

tamatergic and GABAergic).
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Fig. 5.3.1: Characterization of mixed cortical cultures (MCCs)
Mixed cortical cultures (MCCs) were generated from NESCs according to Reinhardt et al. (Reinhardt et al. 2013), by
differentiating them for > 20 days on Matrigel in neuronal differentiation medium. (A) Schematic display of MCC differ-

entiation (BDNF - brain-derived neurotrophic factor, GDNF - glia cell-derived neurotrophic factor, TGFf - transforming
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growth factor beta, cAMP - cyclic adenosine monophosphate, AA - ascorbic acid). (B) Gene expression profile of the
neuronal marker RBFOX3. Gene expression was quantified by real-time PCR. Data are given relative to the NESC starting
population (=DoD0) for the DoD10, DoD15 and DoD21; (C) Gene expression of synaptic markers. Gene expression (D)
of glial markers and of (E) NMDA receptor sub-units NR1 (GRIN1), NR2A (GRIN2A) and NR2B (GRINZB). All data are
means * SD of 3 biological replicates. (F) Immunofluorescence image of MCCs on DoD24 using antibodies against the
neuron-specific cytoskeletal marker beta-Ill-tubulin (Tuj1) and the vesicular glutamate transporter 1 (vGlutl). The
composite images also includes the nuclei stained with H33342 (blue) Scale bar: 50 um. (G) Cells on DoD0 and DoD24
were allowed to incorporate the nucleotide analog EdU, to visualize mitotic activity. EdU-positive cells were counted
and are shown as percentage of total cell number + SD. (H) MCCs were differentiated on MEA plates. Spontaneous spikes

of electrical activity were recorded on various days of differentiation for the same cells. Form these activity measure-

» o«

ments (30 min each day), the parameters “network burst frequency”, “number of spikes per burst”, and “synchronicity
coefficient” were calculated and plotted over time. (I) On DoD24 MCCs on MEAs were treated with the GABAa receptor
antagonist bicuculline [1 uM] (blue, addition is indicated by the black arrow, baseline in red). The generation of spikes
was recorded directly before and after administration, the number of spikes was binned (bin size 0.1 s) and a repre-
sentative example of the acute response is shown. A full set of data over an extended time span is presented in Fig.

5.3.52.

Gene expression profiling of MCCs

Throughout this work, two cell lines were used. They behaved phenotypically in a similar
way. Here, transcriptome data were used to further explore their similarity. A first over-
view of the data structure was obtained by a principle component analysis (PCA) (Fig.
5.3.2A). NESC and MCC differed clearly from pluripotent source cells. The differentiation
process moved NESC of both lineages in a similar way along the first principal component
axis (PC1). NESC of the two cell lines showed some differences, but the final MCC popula-
tions were overlapping in their profiles. This analysis also showed that the differentiation
was highly reproducible, as 16 samples from two cell lines yielded highly similar MCC

populations.

To get a closer insight into neuronal characteristics of MCCs, absolute expression val-
ues for genes related to neuronal lineages, neurotransmitters, and non-neuronal lineages
were compared. This analysis showed that pan-neuronal markers (like NEFL, MAPT, and
MAP2) had a higher expression in MCCs than in NESC. Genes related to glutamate recep-
tors (like GRIA, GRIK, GRIN and SLC17A6/7) were hardly expressed in NESC but were
highly expressed in MCCs. Also, genes coding for GABA receptors (GABR) or synaptic
markers were higher expressed in MCCs than in NESC. Furthermore, some genes related
to the astrocyte lineage (SLC1A2/3, S100£3, MAOB) were upregulated. In contrast to this,

the expression of neural crest genes and stem cell genes remained low and unchanged.
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Importantly, genes coding for proteins from other tissues, like liver (CYPs), were not ex-

pressed in MCCs (Fig. 5.3.2B).

To allow a first overview of relative regulations, the ratios of NESC vs MCC expression
were calculated. This confirmed the general picture evident from an overview of the ab-
solute levels. These regulation data provided additional evidence of the robustness of the
differentiation protocol, and revealed some minor differences between the cell lines. For
instance, Sigma 0028 derived cells seemed to produce more mature astrocytes (AQP4,
GFAP expression). This was however not followed up here, as the focus of our study was
on neuronal (excitatory) signaling. In summary, this gene expression pattern was well in
line with a mixed culture of neurons, with a machinery in place for excitatory (glutamate)
and inhibitory (GABA) neurotransmission. To investigate the similarity of the two cell
lines used here (Sigma 0028 and H9) in more detail, their differentially expressed genes
(DEGs) were plotted against each other. This scatter plot showed a high correlation (Fig.
5.3.53A), and a clustering analysis of the various cell populations confirmed that MCCs
from both lineages clustered together, while they separated well from their precursors
(Fig. 5.3.S3B). As the variation between the two lines was not larger than variations be-
tween individual preparations of one line, we did not distinguish cell lines in the further

course of our studies.

Besides looking at preselected neural and non-neural genes, we also took an unbiased
approach to gene expression analysis: The overall number of DEGs from the 3257 ana-
lyzed genes were determined (about 600 DEGs) (Fig. 5.3.2C), and the genes that were
most upregulated or downregulated (on a fold change basis) were compiled (Fig. 5.3.2D).
Among the 20 most upregulated DEGs were the neurotransmitter receptors and channels
SLC17A6, SCN2A, GABRA2, GRIN1, GRIAZ, and GRIN2B. The most upregulated (about
300-fold) gene was CNTN1, a glycoprotein specific for neurons. Among the 20 most down-
regulated DEGs were genes involved in the Wnt/beta-catenin pathway (like FZD10), as
well as GLI1, TERT, LEF1, HES3 which are involved in stem cell/precursor cell biology.
Also HOXB1, a regulator for neural crest cells was strongly downregulated when NESCs
were differentiated to MCCs. Genes generally involved in the cell cycle (E2F2, INHBE,
FOXM1) were also amongst the most downregulated (Fig. 5.3.2D).

We also performed a gene ontology overrepresentation analysis. This resulted in over

400 overrepresented gene ontologies (0GOs) amongst upregulated DEGs. We assigned the
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50 0GOs with lowest p-value to the four key biological processes (KBPs) “neurodevelop-

»n o« » u

ment”, “neuronal subtypes (glutamate)”, “synapse”, and “neurotransmitter” according to
Waldmann et al. (Waldmann et al. 2014) (Fig. 5.3.S3C). Following our interest in a test
system that may be used to assess glutamate signaling, we looked for the genes common
to the four KBPs. This resulted in a set of 14 genes (Fig. 5.3.S3D). Most of them were sub-
units of glutamate receptors or were involved in synapse function or formation (Fig.
5.3.2E). Five genes were in the KBP “neuronal subtypes (glutamate)” but not the all other
KBPs (Fig. 5.3.S3E). For completeness, we also examined the 20 0GOs with the lowest p-
value for downregulation. They all dealt with regulation of cell cycle (supplement 2),
which confirms the conversion of a proliferating precursor population (NESC) to

(postmitotic) neurons (MCC).
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Fig. 5.3.2: Transcriptome analysis of NESC and MCCs

Neuroepithelial stem cells (NESCs) from two pluripotent stem cell lines (H9 and Sigma iPSC) were differentiated into
mixed cortical cultures (MCCs), and mRNA was prepared for transcriptome analysis. A set of about 3500 genes was
used for targeted RNAseq analysis (TempOSeq method), and expression levels were obtained for four independent cell
preparations (some with two samples per cell preparation). (A) A PCA was obtained for the three developmental stages,
iPSC (n=2), NESCs (n=4), and MCCs (n=4).The H9-derived cells are indicated by a filled circle. A cross indicates Sigma
hiPSC-derived cells. The axes are scaled according to the variance covered and the black arrows indicate the main dif-
ferentiation effect in the 2-dimensional PCA space. (B) The heatmap shows the expression of selected neuronal, non-
neuronal and stem cell markers for two cell lines (H9, and Sigma iPSC). Data to the left are given as absolute expression
values in transcripts per kilobase million (TPM). In the small heatmap to the right data are given on a logz fold change
(FC) scale with MCC relative to NESC where red colours indicate increased expression in MCC. * = padj < 0.05, ** = padj
< 0.01, *** = padj < 0.001. (C) Number of differentially expressed genes (DEGs) from the overlap of H9-derived cells and
iPSC-derived cells is shown for upregulations (red) and downregulations (blue) with an adjusted p-value < 0.05. (D)
Out of the DEGs in C, the top 20 up-regulated and down-regulated genes according to their fold change (FC) are shown.
The error bars represent the standard deviation. (E) All upregulated DEGs with an adjusted p-value < 0.05 and log2FC
>1 were analyzed for over-represented gene ontology (GO) terms (Raudvere et al. 2019). GO terms with a size between
4 and 1000 genes were included in further analysis. The first (lowest p-value) 50 GOs of the category biological process
were further assigned to the four key biological processes “neurodevelopment”, “synapse”, “neurotransmitter”, and
“neuronal subtype (glutamate)”. The 14 genes relating to the glutamate system, and being involved in the other three
key biological processes are listed with their respective fold change and a short description for each gene. More data

are displayed in Fig. 5.3.S3.

Establishment of Ca?* measurements as test endpoint

The hallmark of mature neurons is their communication by neurotransmitters. As excita-
tory neurotransmission is associated with a change in the intracellular free Ca2* concen-
tration ([Ca2*]i) (Leist et al. 1998), this process can be investigated by Ca2*imaging (Tsien
et al. 1990). Therefore, we set out to establish Ca2* imaging as endpoint in the MCC test
system. Initially, we used standard approaches to depolarize cells, such as an increase of
K* ions in the medium, or the opening of Na* channels by the alkaloid veratridine (Scholz
etal 2011, Hoelting et al. 2016). The application of KCl [30 mM] (Fig. 5.3.3A) or veratri-
dine [100 uM] (Fig. 5.3.3B) triggered a fast and strong increase in [Ca2*]i in all individual
cells. As data, obtained from a large number of cells over time, requires further processing
to allow quantification, we took two steps into this direction. First, a dedicated software
(Karreman et al. 2020) identified the peak time point. Then fluorescence data were ob-
tained for the ground state (Fo) of each cell and for the peak time point (F1). Second, we
compared the different approaches of the scientific literature (Fi-Fo; F1/Fo; F1/Fo-1) to
calculate the fluorescence offset (Fig. 5.3.3C, D, E). A simple subtraction of Fo from F1 (AF=

F1-Fo) was found to give the best separation of stimulated cells (KCl, veratridine) and cells
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exposed only to buffer (HBSS) (Fig. 5.3.3C, D, E). This way, Ca2*imaging allowed capturing

signal changes in the complex MCC cultures.

In order to determine for an individual cell, whether it reacted to a stimulus, or not,
we took a statistical approach to define an activation threshold. For this purpose, the A
signal intensity values of >2600 cells treated with HBSS were collected, and the data dis-
tribution, including average and the standard deviation of this data set, was determined
(Fig. 5.3.S4A). A range of three standard deviations was defined as the noise band on top
of the data means. Based on this, the upper noise level was a AF = 9 (Fig. 5.3.54B). Every
cell with a A signal intensity value 29 was defined as a reactive cell. According to this ap-
proach, our endpoint had a false positive rate of 3.6% (Fig. 5.3.54C). When typical traces
of cells treated with HBSS were followed over time (instead of peak time measurements),
they did not cross the threshold of 9 at any time point (Fig. 5.3.54D). Based on the above
procedure and findings, we used the signal threshold of 9 for further experiments to de-

fine reactive cells.
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Fig. 5.3.3: Quantification of Ca2+ imaging signals of control stimuli in MCCs

MCCs were used after a 24 day differentiation period for CaZ*imaging. (A) Cells were depolarized with KCI [30 mM] and
the fluorescence of the intracellular CaZ* indicator was recorded over time. Raw data were processed by an imaging
software that automatically identified cell bodies and produced fluorescence-time traces for every cell of the image
field. These time traces were then aligned for baseline fluorescence (non-stimulated state), which was set to “zero”. This
way, traces of absolute fluorescence changes (A signal intensity traces of 40 randomly selected cells are shown) due to
the stimulus are displayed. To give an impression of the non-normalized data structure, fluorescence images at time
point Foand F1 are shown. Scale bar: 100 pm. (B) MCCs were treated with veratridine [100 pM] and data were processed
as in A. (C-E) To quantify the data, A signal intensity values were calculated from the baseline (Fo) and peak (F1) data
with three different methods: (C) Fi-Fo, (D) F1/Fo, and (E) (F1-Fo)/ Fo. The upper row shows the data distribution on a
“per cell” basis. The lower row shows how signal intensity changes (bins of 3 fluorescence units) were distributed over

the cell population.

Quantification of excitatory neurotransmitter response in MCCs
MCCs were exposed to low concentrations of glutamate on DoD24, and = 5 uM glutamate
led to a significant increase in the amount of reacting cells. At a concentration of 10 uM

glutamate, 78% of cells were reactive (Fig. 5.3.4A). To confirm the specific response to
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glutamate by another well-established method, we measured the spike frequency on MEA
after exposure of MCCs on DoD24 to glutamate [10 uM]. A clearly positive response was
observed. (Fig. 5.3.4B). For a selective stimulation of NMDA-R, we administered increas-
ing concentrations of NMDA to MCCs. This resulted in a significant number of reactive
cells at concentrations of 2 10 uM. At 50 uM NMDA, half of all cells were reactive (Fig.
5.3.4C). Moreover, the addition of NMDA [50 uM] was followed by a strong increase of the
spike frequency on MEA (Fig. 5.3.4D). From the above data, we conclude that approx. 80%
of MCCs express functional ionotropic glutamate receptors, and about 50% of the cells
had a sufficient NMDA receptor expression to allow [CaZ*]i responses. We pre-incubated
MCCs with 10 uM glycine or 10 uM D-serine followed by glutamate [10 uM] or NMDA [50
uM] administration. The percentage of reactive cells did not change when cells were pre-
incubated with the co-agonists (data not shown). Thus, exogenously added glycine or D-

serine had no influence on the above-described effects of glutamate and NMDA.

In the next set of experiments, we selected potential negative controls to ensure the
specificity of the NMDA response in MCCs. For this purpose, a strong activator of non-
glutamate ionotropic receptors was used. We chose nicotine, as a nAChR ligand. Concen-
trations up to 50 uM (50x the known ECso) did not trigger a [Ca?*]iresponse (Fig. 5.3.S5A).
In another approach, we used human peripheral neurons. The positive control KCI [10
mM] triggered a pronounced increase in [Ca2+*]i. No response was observed after the ad-
ministration of NMDA [50 uM] (Fig. 5.3.S5B). Taken together these data show that MCCs
contain a population of neurons that express functional NMDA-R, and react to an NMDA
stimulus, but not e.g. to nicotine. A strong immediate reaction to NMDA is not observed in
many stem cell-derived cultures, as also shown here for otherwise well-developed periph-

eral neurons.
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Fig. 5.3.4: Concentration-dependent response of MCCs towards glutamate and NMDA

MCCs were differentiated for 24 days and subsequently used for Ca2+ imaging. (A) The changes of Ca2* indicator fluo-
rescence (= delta signal intensity) of each individual cell treated with glutamate is shown as a dot. The mean * SD is
shown in purple. The threshold of A signal intensity (= 9) is shown as dotted line the number above each bar indicates
the percentage of cells with a A signal intensity above the threshold (=defined as reactive cell). Significance was tested
with Fisher’s exact test; *** = p-value < 0.001 relative to the lowest concentration. (B) On DoD24 MCCs on MEAs were
treated with glutamate [10 uM] (blue, addition is indicated by the black arrow; baseline in red). The generation of spikes
was recorded directly before and after administration and the number of spikes was binned (bin size 0.1 s). A respective
example of the acute response is shown. (C) The changes of Ca?* indicator fluorescence (= delta signal intensity) of each
individual cell treated with NMDA is shown as a circle. The mean #* SD is shown in purple and the number above each
bar indicates the percentage of cells that are activated. Significance was tested with Fisher’s exact test; *** = p-value <
0.001 relative to the lowest concentration. (D) On DoD24 MCCs on MEAs were treated with NMDA [50 uM] (blue, addi-
tion is indicated by the black arrow; baseline in red). The generation of spikes was recorded directly before and after
administration and the number of spikes was binned (bin size 0.1 s). A respective example of the acute response is

shown.

Investigation of ionotropic glutamate receptors in MCC cultures
For further investigation of the functionality of the NMDA-R in MCCs, we used different
receptor agonists and antagonists that have been often used in pharmacology and toxicol-

ogy for system characterization. For instance, ketamine binds to the dizocilpine site of the
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NMDA-R (Sinner et al. 2008) and thereby inhibits the ion influx of Na*and CaZ2* into the
post-synaptic neuron in a voltage-dependent manner (MacDonald et al. 1987). Ketamine
is also used as a tool compound in schizophrenia research, as it models several disease
symptoms. As NMDA-R dysfunction is considered an important basis of schizophrenia
(Balu 2016), a system showing clear effects of such drugs can benefit this research. MCCs
pre-incubated with ketamine [50 pM] had a completely blunted [Ca2*]i response after
NMDA [50 uM] application (Fig. 5.3.5A, B). To further control these data, we performed
quantifications over the entire time course of several differentiations. This fully confirmed
our findings for the peak time. For cells reactive to NMDA [50 pM] there was a fast in-
crease in A signal intensity and a slower decline. In the presence of ketamine, we did not
observe a signal, also after a considerable delay (Fig. 5.3.5C). The defined pharmacological
responses to NMDA with/without its antagonist (ketamine) were used to confirm and re-
fine our quantification approach for pharmaco-toxicological studies: Single-cell fluores-
cence quantification showed that not all cells reacted to the same extent. MCCs treated
with NMDA [50 uM] showed a wide spread of A signal intensity, and about half of the cells
remained below the activation threshold (Fig. 5.3.5D). MCCs most likely contain cells (e.g.
glia or immature neurons) that do not react to NMDA. The quantification should ideally
focus on the subpopulation of neurons with functional glutamate receptors. Therefore, we
defined here the pool of absolutely non-reactive cells to be 20%, as this percentage did
not react to glutamate [10 uM] (Fig. 5.3.4A). It was considered unlikely that cells would
react to NMDA, but not to glutamate. Based on this assumption, the non-reactive popula-
tion baseline (corresponding to 20% of all cells in a field) was removed from the analysis.
This correction step had no visible effect on the apparent distribution and average signal
intensity of cells treated with HBSS. For cells exposed to NMDA [50 uM] the average signal
slightly increased and the lower boundary of the signal intensities was slightly higher.
Cells pre-incubated with ketamine [50 uM] prior to NMDA [50 uM] behaved similar to
those exposed to solvent (HBSS) (Fig. 5.3.5E). The frequency distribution of reactive cells
showed that only after exposure to NMDA, there were Ca?* signals above the threshold.
For HBSS and ketamine pre-incubation, more than 95% of cells had a signal intensity
change value below the baseline (< 9) (Fig. 5.3.5F). When the baseline-subtracted data
set was used to calculate the percentage of reacting cells, an excellent signal separation

(NMDA vs NMDA + ketamine) was obtained (Fig. 5.3.5G).
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Fig. 5.3.5: Different possibilities of analysis and depiction of A signal intensities

MCCs were differentiated for 24 days and subsequently used for Ca2+ imaging. (A) Images from cells treated with nega-
tive control HBSS, NMDA [50 uM], pre-incubated with ketamine [50 uM] for 30 min before addition of NMDA [50 uM],
before stimuli addition (FO (frame 3)), or after (F1 (frame 20)). Scale bar: 100 pm. (B) A schematic overview of Ca2+
imaging. Traces from wells shown in A. (C) Averaged traces of three individual wells treated with negative control HBSS
or NMDA [50 puM], pre-incubated or not with ketamine [50 pM]. Data are means + SD; n=3. (D) The changes of Ca2*
indicator fluorescence (= delta signal intensity) of each individual cell treated with HBSS or NMDA [50 uM], pretreated
or not with ketamine [50 uM], is shown as a circle. The mean #* SD is shown in purple. The threshold of A signal intensity
(2 9) is shown as dotted line. The number above each column represents the number of reactive cells and the number
of total cells analyzed. (E) The A signal intensity of the population baseline was subtracted from the A signal intensity
of each individual cell treated with HBSS or NMDA [50 uM], pretreated or not with ketamine [50 pM], and is shown as

a circle. The mean # SD is shown in purple. The threshold of A signal intensity (= 9) is shown as dotted line. The number
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above each column represents the number of reactive cells and the number of total cells analyzed. (F) The data distri-
bution of E is shown. (G) The percentage of cells with a A signal intensity 29 of the whole population was calculated for

HBSS, NMDA [50 uM] pretreated or not with ketamine [50 uM]. Data are means #* SD; n=3; *** = p-value < 0.001

To further characterize ionotropic glutamate receptors, using this optimized quanti-
fication protocol, cells were treated with glutamate [10 uM], KCI [30 mM], and NMDA [50
uM]. The positive responses of the positive control were confirmed. The negative control
nicotine showed the expected (non)-response (Fig. 5.3.6A). In this broader test panel we
also included AMPA [10 puM], a stimulus of a subgroup of non-NMDA glutamate receptors
(Hollmann et al. 1994). The A signal intensity values indicated a clear response of MCC
(Fig. 5.3.6A). This was confirmed using MEA technology where the addition of AMPA led
to an immediate, transient increase in spike frequency (Fig. 5.3.6B). We also used kainate
[10 uM], a seizurogenic compound triggering another subgroup of glutamate receptors
(Hollmann et al. 1994). The reaction to this agonist was slightly less intense but still MCCs
showed A signal intensity values significantly above the threshold (Fig. 5.3.6A), and MEA
recordings confirmed the reactivity of the MCC network to kainate (Fig. 5.3.6C). A quanti-
tative comparison of the percentage of reacting cells showed that glutamate was the most
effective agonist, but still about half of MCCs reacted to each of the receptor subfamily
agonists NMDA, AMPA and kainate (Fig. 5.3.6D). The heterogeneity of MCCs reflects the
multiple cell types with their individual receptor patterns, as is also common in human
brains. The broad spectrum of glutamate responses allows for studies of activated or dis-
turbed neuronal signaling not possible in frequently used human cell based test systems,
such as LUHMES cells (Lotharius et al. 2005, Scholz et al. 2011, Gutbier et al. 2018) or SH-
SY5Y cells (Krebs et al. 2020).
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Fig. 5.3.6: Characterization of different ionotropic glutamate receptors in MCCs

MCCs were differentiated for 24 days and subsequently used for Ca?+ signaling or MEA analysis. Agonists of different
ionotropic glutamate receptors were applied. (A) The changes of Ca?+ indicator fluorescence (= delta signal intensity)
of each individual cell treated with the negative control HBSS, nicotine [50 pM], the glutamate receptor agonists gluta-
mate [10 uM], NMDA [50 uM], S-AMPA [10 uM], kainate [10 uM] or KCI [30 mM] is shown as a dot. The mean and SD is
shown in purple. The threshold of A signal intensity = 9 (=defined as reactive cell) is shown as dotted line. On DoD24
MCCs on MEAs were treated with (B) S-AMPA [10 uM], (C) kainate [10 pM] (blue, addition is indicated by the black
arrow; baseline in red). The generation of spikes was recorded directly before and after administration and the number
of spikes was binned (bin size 0.1 s). A respective example of the acute response is shown. (D) The data from (A) are

shown as percentage of reactive cells from the whole population. *** = p-value <0.001, ns = not significant.

Toxicants acting on the glutamate signaling in MCC

The MCC system was established to measure glutamate responses in human neurons, and
preferentially those mediated by the NMDA-R. Therefore, further agonists of the NMDA-
R were investigated, and the percentage of reacting cells was determined: Quinolinic acid
is an endogenous NMDA-R agonist produced by microglia and macrophages in the
kynurenine pathway of liver and brain. It is involved in many neurological diseases (Myint
2012). About 45% of MCCs reacted after quinolinic acid [500 uM] application (Fig.
5.3.7A). The same percentage of cells could be activated by the addition of ibotenic acid
[50 uM] (Fig. 5.3.7A). This NMDA-R agonist, typically produced by e.g. Amanita muscaria

mushrooms, is often used for toxic lesioning models in rodents, and as template to design
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new drugs (Winn et al. 1984, Krogsgaard-Larsen et al. 1996). From this set of experi-
ments, we conclude that neurotoxicants acting by NMDA-R agonism can be detected in

MCCs.

As a further well studied neurotoxicant, we chose domoic acid. This compound is pro-
duced by algae, and it accumulates in the marine food chain (Doucette et al. 2016). It is
notorious for causing serious shellfish poisoning, and extensive pharmacological studies
have identified it as kainate receptor agonist (Larm et al. 1997). The percentage of react-
ing cells after administration was about 20% (Fig. 5.3.7A). It was striking, that the shape
of Ca2*imaging traces differed between the neurotoxins. The positive control NMDA [50
uM] showed a fast and steep increase in A signal intensity and a slow decrease after reach-
ing the maximum. In contrast, the [Ca2*]i response of ibotenic acid, domoic acid, and quin-
olinic acid increased slower but then remained at its highest level for at least 45 s. (Fig.
5.3.7B and Fig. 5.3.S6A,B). This kinetic may be further explored in the future. While some
of the observed differences may be related to receptor binding (off-rates) properties of
the toxicants, they may also be caused by differential signaling (involvement of different
Ca2+ pools, different secondary regulations, different desensitization of involved recep-
tors). The later phase of the recorded Ca?* kinetics may also involve intercellular pro-
cesses, such as the activation of neighboring cells to release neurotransmitters, which af-

fect [Ca2+]..
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Fig. 5.3.7: Characterisation of NMDA receptor with agonists

DoD24 MCCs were used for Ca?+ imaging and were stimulated with different agonists of the NMDA receptor. (A) Per-
centage of cells reacting to HBSS, NMDA [50 uM], quinolinic acid [500 pM] (an endogenous NMDA-R agonist), domoic
acid [1 uM] (a neurotoxin produced by algae, kainate- and AMPA-recptor agonist), or ibotenic acid [50 uM] (a fungal
neurotoxin acting as NMDA-R agonist) compared to the whole cell population is shown. Data are means of three biolog-
ical replicates * SD. * = p-value < 0.05, *** = p-value < 0.001; (B) Averaged traces from Ca2* signaling of (A) are shown.

The full set of data with standard deviations is displayed in Fig. 5.3.S6.
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Toxicity by glutamate receptor antagonism

We explored a panel of antagonists of the NDMA-R. First, we used apparently simple Mg2*
ions. As they block the NMDA-R pore channel, they can act as potent and efficient antago-
nists in cell culture experiments (Volbracht et al. 2006). When MCCs were pre-incubated
with MgClz [5 mM] the response to NMDA [50 puM] was completely blocked (Fig. 5.3.8A).
The antagonist MK801 (=dizocilpine) also acts on the channel pore and thereby blocks
the NMDA-R (Scatton 1993). Indeed, no stimulation with NMDA [50 uM] was possible af-
ter pre-incubation with MK801 [6 pM] (Fig. 5.3.8A). When we used a classical competitive
antagonist of the glutamate binding site, e.g. AP5, the NMDA response was attenuated by
about 80% (Fig. 5.3.8A). As further antagonist, we used traxoprodil [5 pM]. This com-
pound specifically inhibits the NR2B subtype of NMDA-Rs. Like AP5 it reduced the NMDA
response by about 80% (Fig. 5.3.8A). Traxoprodil was developed as neuroprotective
agent to prevent brain damage after stroke (Wang et al. 2005). Recently it has been con-

sidered as potential antidepressant (Preskorn et al. 2008).

After showing that well-established NMDA-R antagonists may be detected by our sys-
tem, we investigated whether lead ions showed any effect. This is interesting as lead is a
well-known developmental neurotoxicant, which changes synaptogenesis and NMDA-R
behavior (Toscano et al. 2005). Older reports have suggested lead to be an antagonist or
a negative allosteric modulator of the NMDA-R (Guilarte et al. 1995, Schulte et al. 1995).
MCCs were pre-incubated with Pb(Il)acetate [50 pM] prior to NMDA [50 uM] administra-
tion. The percentage of reacting cells was not significantly changed in the presence of lead
(Fig. 5.3.8A). As positive control, cells were pre-incubated with Zn2* [10 uM], a well-es-
tablished negative regulator of the NMDA-R (Jalali-Yazdi et al. 2018). Indeed, we found
that the NMDA-R could not be stimulated by NMDA anymore (Fig. 5.3.8A, B and Fig.
5.3.56D) when Zn?* was present. The different effects of Pb2* vs Zn2* were fully confirmed
when the entire traces generated by Ca?* imaging were considered (Fig. 5.3.8B and Fig.
5.3.56C). These effects agree well with more recent literature on lead: It has become clear
that the neurodevelopmental toxicity of lead is due to this metal ion interfering with syn-
aptogenesis. A direct inhibition of the NMDA-R could not be confirmed. It is now rather
assumed that Pb2+ affects synaptic signaling indirectly by attenuating BDNF transcription
(Sachana et al. 2018). When lead affects BDNF in the developing CNS, synapses cannot
form properly. Therefore, the vulnerability to lead exposure is higher in earlier develop-

mental stages (Guilarte et al. 1992). Chronic Pb2* exposure during development results in

102



Results

decreased levels of NR2A (Zhang et al. 2002). Although, lead is a well-known DNT com-
pound with severe effects on the nervous system, these are not acute effects and need
time to establish. Here, the lead exposure was only 30 minutes and we only investigated
direct effects on Ca?* signaling. Thus, the absence of an inhibitory effect is fully consistent

with the available literature.

The last group of compounds we explored here are drugs, which may be used recrea-
tionally (illicitly) because of their psychedelic effects. We chose phencyclidine (PCP) and
dextromethorphan (DXM) to investigate their effect on the NMDA-R in MCCs. Both
showed a strong antagonistic effect, and they fully abolished the Ca2* response after stim-
ulation with either NMDA [50 uM] (Fig. 5.3.8C) or ibotenic acid [50 uM] (Fig. 5.3.8D). The
cough suppressant DXM binds like ketamine and PCP to the dizocilpine site of the NMDA-
R. All three substances are abused as illicit drugs and induce psychoses (Jodo 2013,
Powers et al. 2015, Martinak et al. 2017), and symptoms of schizophrenia (Jodo 2013,
Frohlich et al. 2014). These symptoms are associated with the NMDA-R antagonistic ef-
fects of the compounds. Our MCC-based test system may be used to identify such com-
pounds from various sources (drugs, environmental toxicants, and natural occurring neu-

rotoxins).
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Fig. 5.3.8: Characterization of NMDA receptor with antagonists

DoD24 MCCs were used for Ca2* imaging and were preincubated with different antagonists of the NMDA receptor. (A)
MCCs were pre-incubated for 30 minutes with different antagonists of the NMDA-R: MgCl: [5 mM], AP5 [50 uM], MK801
[6 uM], traxoprodil [5 uM], Pb(IDac [50 uM], or Zn2+ [10 pM] followed by addition of 50 pM NMDA. The percentage of
reacting cells from the whole cell population is shown. Data are means of three biological replicates + SD, # = p-value <
0.05 (reaction vs NMDA alone). (B) Averaged traces from Ca2* signaling of (A). The full set of data with standard devia-
tions is displayed in Fig. S. 6. (C) MCCs were pre-incubated for 30 min with phencyclidine [50 pM] (PCP) or dextrome-
thorphan [50 pM] (DXM) followed by the addition of NMDA [50 uM]. The percentage of reacting cells compared to the
whole cell population is shown. Data are means of three biological replicates + SD. ** = p-value <0.01. (D) MCCs were
pre-incubated for 30 min with phencyclidine [50 uM] (PCP) or dextromethorphan [50 pM] (DXM) followed by the ad-
dition of ibotenic acid [50 pM]. The percentage of reacting cells compared to the whole cell population is shown. Data

are means of three biological replicates + SD; ** = p-value <0.01.
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4.3.5. Conclusion and outlook

In this study, we presented a test system comprised of excitatory and inhibitory neurons
as well as glia cells. We showed that [Ca?*]i imaging can be used as quantitative readout,
despite the heterogeneity of cell types present in MCC. The functional glutamate receptors
were further characterized as belonging to the subclasses of NMDA-R, AMPA receptors,
and kainate receptors. We focused on NMDA-R responses by applying various agonists

and antagonists.

As NMDA-R have such a particularly high physiological, pathological and pharmaco-
logical importance, several other differentiation protocols for neurons containing func-
tional NMDA-R have been developed in the past (Heikkila et al. 2009, Yamazaki et al. 2016,
Pruunsild et al. 2017, Nehme et al. 2018, Meijer et al. 2019). The objective of these studies
was to study the role of NMDA-R for biological functions (gene expression, synaptic trans-
mission and plasticity, modulation by astrocytes). They were not focused on toxicological
testing and usually provided little information on endpoint quantification. To our
knowledge neither a response profiling by agonists and antagonists, nor a clear descrip-

tion of test system responses on the population level is available elsewhere.

Most cell systems developed for neurotoxicity testing have until recently been based
on rodent primary cultures (Sufiol et al. 2008, Hogberg et al. 2011, Zurich et al. 2013,
Alépée et al. 2014, Hondebrink et al. 2016, Kreir et al. 2018, Strickland et al. 2018,
Zwartsen et al. 2018, Kosnik et al. 2020). The human iPSCs based systems that have un-
dergone first evaluations rely on commercially available cells with costs that prevent their
routine use in academic laboratories. Moreover, the first data from such systems did not
provide strong evidence for a robust NMDA-R response. However, compounds acting on
other glutamate receptors like domoic acid, have shown clear responses (Nimtz et al
2020, Tukker et al. 2020). As MCCs can be generated relatively fast, and Ca?* imaging is
performed in 96-well format, our system allows a sufficient throughput for small screens

and relatively extensive follow-up characterizations.

During system evaluation, we also considered another important pathological pro-
cess related to NMDA-R: excitotoxicity (Olney et al. 1978, Choi et al. 1989, Leist et al. 1997,

Leist et al. 1998). However, we did not observe cell death responses after exposure to
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glutamate or NMDA for up to 24 h. However, this may be related to the medium composi-
tion or other culture factors that are modifiable, and the issue deserves further investiga-

tion in the future.

One of the most comprehensive approaches to identify potential functional neurotox-
icity is the use of neuronal networks on MEA (Vassallo et al. 2017, Strickland et al. 2018,
Kosnik et al. 2020). The hitherto most robust MEA data have been generated with rat pri-
mary neurons. More recently, murine and human-stem cell-derived neurons have been
demonstrated to be principally suitable for the analysis of network signaling on MEA
(Pagan-Diaz et al. 2020, Tukker et al. 2020). However, the production of cultures at rea-
sonable price, time effort and robustness has proven challenging. Under such conditions,
the presence of both, excitatory and inhibitory neurons is important to obtain stable net-
works (Tukker et al. 2018, Zou et al. 2020). We have shown for MCC that they may be used
for such MEA analysis. They develop a functional neuronal network within 24 days. This
is relatively fast compared to other differentiation protocols based on PSC (Cao et al. 2017,
Nehme et al. 2018, Russo et al. 2018, Klapper et al. 2019, Meijer et al. 2019). Our initial
MEA data (NMDA / bicuculline exposure) suggest that both excitatory and inhibitory neu-
rons are present. Additionally, MCCs contain glia cells, which are essential for synapto-
genesis and maturation of a functional neuronal network (Ishii et al. 2017, Klapper et al.
2019). As MEA analysis was not the focus of the current work, mostly qualitative and de-
scriptive data have been presented, but the speed of differentiation and the strength of

the responses observed seem promising for further adaptation of MCC to MEA.

We focused here on toxicological applications, as neurotoxicity is one of the major
reasons for drugs failure (Cook et al. 2014). However, MCC may be interesting also for
general biomedical research. As many types of receptors are expressed, it may be possible
to use the system to investigate multiple complex network responses, such as seizuro-

genic activity or circuitry disturbances related to schizophrenia.

106



Results

4.3.6. Acknowledgements

This work was supported by the Land-BW (INVITE), the DK-EPA (MST-667-00205), EFSA,
the University of Konstanz and the projects from the European Union's Horizon 2020 re-
search and innovation program EU-ToxRisk (grant agreement No 681002) and END-
poiNTs (grant agreement No 825759). The Bioimaging Center of the University of Kon-
stanz is acknowledged for providing excellent support and the confocal microscopy
instrumentation. We are grateful to Marion Kapitza and Alice Wiedmann for providing

great experimental support.

4.3.7. Conflict of interest

The authors declare no conflict of interest.

107



Results

4.3.8. Supplements

Tab. 5.3.51: Overview of compounds used in this study

Compound Solvent Concentration [uM] | Supplier Catalogue number
AP5 water 50 Sigma A8054
bicuculline DMSO 1 Sigma B-9130
dextromethorphan (DXM) | water 50 Sigma D2531
domoic acid water 1 Sigma D6152
glutamate water 0.5-20 Sigma G1626
ibotenic acid water 50 Tocris 0285
kainate water 10 Tocris 0222
KCI water 10000, 30000 Sigma P9541
ketamine water 50 Sigma K2753
MgCl2 water 5000 Merck 105833
MK801 DMSO 6 Sigma M107
nicotine DMSO 50 Sigma 36733
NMDA water 0.5-50 Tocris 0114
Pb(lhac water 50 Sigma 316512
phencyclidine (PCP) water 50 Tocris 2557
quinolinic acid DMSO 500 Sigma P63204
S-AMPA water 10 Tocris 0254
traxoprodil DMSO 5 Sigma SML0053
veratridine DMSO 100 alomone labs | V-110
Zn2* water 100 Sigma 70152
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Tab. 5.3.52: Primary antibodies used in this study

Target Isotype Dilution | Supplier Catalogue number | Lot number
TUBB3 mouse IgG2a | 1:1000 Covance MMS-435P D13AF00117
Nestin mouse IgG1 1:100 R&D MAB1259 HSG0213091
Ki67 (PE) mouse IgG1 1:600 BD Pharmingen 556027 03428
DCX goat 1:100 Santa Cruz sc-8067 L1008
PAX6 rabbit 1:200 Covance PRB-278-P D14BF00330
PAX3 mouse IgG2a | 1:200 Ch. O. Ordahl, San

Francisco
SOX1 goat 1:200 R&D Systems AF3369 XUV0213111
MAP2 mouse IgG1 1:1000 Sigma M4403 063M4802
NeuN mouse IgG1 1:200 Merck Millipore MAB377 2159655
Gad65/67 rabbit 1:200 Bioworld BS1400 360803
Synaptophysin | mouse 1gG1 1:200 Synaptic Systems 101011 1-51
S100R mouse IgG1 1:500 Sigma S2532 023M4828
vGlutl rabbit 1:500 Synaptic-Systems AB5905 LV1439669
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Tab. 5.3.S3: Primers antibodies used in this study

Target Sequence (For) Sequence (Rev)

CDK1 AGAGCTTTGGGCACTCCCAA TGCCAGAAATTCGTTTGGCTG
CDK2 GAATCTCCAGGGAATAGGCC TACACCCATGAGGTGGTGAC
CYCLIN D1 CTCACACGCTTCCTCTCCA CACCTCCTCCTCCTCCTCTT
CYCLIN D2 ATGTTCCTGGCCTCCAAAC GCCAGGTTCCACTTCAACTT

DCX GCGAAATTTTTCAGGACCAC CACAGAAGCCATCAAACTGG
GAPDH ATGGAGAAGGCTGGGGCTCA AGTGATGGCATGGACTGTGGTCAT
GFAP CGAGATCGCCACCTACAGGAAGC CCTTAATGACCTCTCCATCCCGC
HES5 TTGGAGTTGGGCTGGTG CCCAAAGAGAAAAACCGA

MAP2 CGGATGACCTAAAGCGATTC TCTGGAGCATTGTCATTTGC
NANOG GGTGAAGACCTGGTTCCAGAAC CATCCCTGGTGGTAGGAAGAGTAAAG
NESTIN GCACCTCAAGATGTCCCTCAGC GGGAAGTTGGGCTCAGGACTG
NEUN AGCCCGGGAGAAGCTGAATG GTGCCGGTGGTGGGGTAGGG
NR1 GTCCACCAGACTGAAGATTGTGAC CTCCTCCTTGCATGTCCCA

NR2A GCTCTTCTCCATCAGCAGGG GGATCCCGTCAGATTGAAGTCT
NR2B GGTCTTCTCCATCAGCAGAGG TGTTGTTCATGGTTGCGGT

OCT4 GCAAAGCAGAAACCCTCGTGC ACACTCGGACCACATCCTTCTCG
PAX3 GACTGGCTCCATACGTCCTGGTGC CGGCTGATGGAACTCACTGACGG
PAX6 CCGCCTATGCCCAGCTTCAC AAGTGGTGCCCGAGGTGCCC
PSD95 CACTCCTCACAGTGCTGCAT TGTCTTCATCTTGGTAGCGG
RPL13A GGTATGCTGCCCCACAAAACC CTGTCACTGCCTGGTACTTCCA
S100R CTTAGAGGAAATCAAAGAGCAGGAGGT | CATGTTCAAAGAACTCGTGGCAGG
SLC17A6 GCGGCCTGGGCTTCTGCATC AGCCGAGACGCGATGTAGCC
SOX1 CCGGGATAAGGGCCTCCCCA ACACAGGGGAGCACAGGGGC
SYNAPSIN TCAGACCTTCTACCCCAATCA GTCCTGGAAGTCATGCTGGT

TBP GGGCACCACTCCACTGTATC GCAGCAAACCGCTTGGGATTATATTCG
TUBB3 AACTACGTGGGCGACTCGGA GTTGTTGCCGGCCCCACTCT
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Fig. 5.3.51: Characterization of NESC

Neuroepithelial stem cells (NESC) were generated from pluripotent stem cells (pSCs) according to Reinhardt et al.
(Reinhardt et al. 2013) by differentiating for 6 days in 3D spheres, followed by an expansion and maintenance phase of
up to 20 passages. (A) Schematic display of NESC differentiation and expansion (Chir - Chir99021, PMA - purmor-
phamine, AA - ascorbic acid). (B) Gene expression profiles of the stem cell markers NANOG, POU5F1. Gene expression
was quantified by real-time PCR. Data are shown relative to pSCs. (C and D) Gene expression of NESC markers PAX6,
DCX, HES5, SOX1, PAX3, NES. (E) Gene expression of the cell cycle markers cyclin dependent kinase CDK1, CDK2, CCND1,
and CCND2. All data are means * SEM of 2-3 biological replicates and cover NESC passage 4 until NESC passage 20. (F)
Immunofluorescence images of NESC at passage 13 using antibodies against the neural progenitor markers Sox1, Pax3,
Pax6, doublecortin (DCX), nestin, and the proliferation marker Ki67 (green). Nuclei were counterstained with Hoechst

H-33342. Scale bars: 50 pm.
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Fig. 5.3.52: Characterization of MCCs at different developmental stages

MCCs were differentiated on glass coverslips for 3, 5, 7, 10, or 24 days and fixed for immunostaining on the respective
day. (A) Time course of neuronal network formation: cells stained on DoD3, DoD5, DoD7, and DoD10 with an antibody
against the neuron specific cytoskeletal marker beta-I1I-tubulin (Tuj1). (B) Neurons were differentiated for 24 days and
stained with markers of mature neurons like NeuN, Map2, and the neuronal marker Tuj1. (C) Immunostaining of the
presynaptic marker synaptophysin, Gad65/67, the enzyme catalyzing the decarboxylation of glutamate to y-
aminobutyric acid (GABA), and the neuronal marker Tuj1 on DoD24. (D) Replicating cells on DoD24 were visualized by
the nucleotide analog 5-ethynyl-2’-deoxyuridine (EdU), cells were counterstained against the glial cell marker S10013,
and the neuronal marker Tuj1. Scale bars: 50 um. (E) MCCs were differentiated on MEA plates. Spontaneous spikes of
electrical activity were recorded. On DoD24 MCCs on MEAs were treated with the GABAa receptor antagonist [1 uM]
bicuculline (addition is indicated by the black arrow). The generation of spikes was recorded directly before and after

administration, the number of spikes was binned (bin size 0.1 s) and a representative example of the response is shown.
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Fig. 5.3.53: Comparison between transcriptome analysis of ESC-derived and PSC-derived MCCs

Neuroepithelial stem cells (NESCs) from two pluripotent stem cell lines (H9 and Sigma iPSC) were differentiated into
mixed cortical cultures (MCCs), and mRNA was prepared for transcriptome analysis. A set of about 3500 genes was
used for targeted RNAseq analysis (TempOSeq method), and expression levels were obtained for four cell preparations
(some with two samples per cell preparation). For both cell types differentially expressed genes (DEGs) between NESC
and MCC were identified, for further analysis only DEGs present in both H9-derived and iPSC-derived cells were used.
(A) Log2FC of DEGs from H9-derived and iPSC-derived cells were plotted against each other and the R2 of the correla-
tion was determined. (B) A correlogram describing the distance of samples and thereby showing their similarity was
prepared. Samples were allowed to cluster in an unsupervised way. (C) All upregulated DEGs with an adjusted p-value
<0.05 and log2FC >1 were analyzed for over-represented gene ontology (GO) terms (Raudvere et al. 2019). GO terms
with a size between 4 and 1000 genes were included in further analysis. The first (lowest p-value) 50 GOs of the category
biological process were further assigned to the four key biological processes “neurodevelopment”, “synapse”, “neuro-
transmitter”, and “neuronal subtype (glutamate)”. In the table all GOs included in a key biological process are listed with
their term name and their corresponding term id. (D) As one gene can be present in different GOs, multiple entries of
the same gene in one key biological process are possible. Genes with multientries were counted only once per key bio-
logical process. The genes included in the four key biological processes were compared and overlays were performed.
(E) The table shows the five genes from the key biological process “neuronal subtype (glutamate)” which are only in-
cluded in this term and not in one of the other three biological processes, the fold change and a short comment on the

respective gene is given.
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Fig 5.3.54: Determination of reactivity thresholds

MCCs were differentiated for 24 days and subsequently used for Ca?+ imaging. Stimulation with the negative control
Hank’s balanced salt solution (HBSS) was performed to determine the background noise and the threshold of reactivity.
(A) Changes of Ca2* indicator fluorescence (=delta signal intensity values) of cells treated with HBSS were binned (bin
size 4.5), and data are shown as percentage of total cells analyzed. Data are means # SD; n=6 (B) Workflow to determine
the noise band of HBSS and of the threshold of A signal intensity to discriminate negative and positive responses. (C)
Delta signal intensity of each individual cell treated with HBSS on DoD24. The grey area under the dotted line represents
the noise band. All values above the threshold of 9 are counted as reactive cells. Measurements for 2695 individual cells
from six biological replicates are shown. False positive were 3.6%. (D) Ca2* signaling traces of five different measure-
ments are shown in black, the red trace represents the average of all single measurements. The grey area under the

dotted line represents the noise band.
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Fig. 5.3.S5: Specificity controls of Ca2z+ signaling in MCCs and peripheral neurons

(A) MCCs were differentiated for 24 days and subsequently used for Ca2* imaging. To test for specificity, NMDA [50 uM]
or nicotine [50 pM] were administered and free intracellular Ca%* was measured. Traces of the mean A signal intensity
from >20 cells are shown. (B) Peripheral neurons were differentiated for 26 days according to Hoelting et al. (Hoelting
etal 2016) and also used for Ca2+ imaging. Changes in free intracellular Ca2+ were measured after the administration of
KCI [10 mM], NMDA [50 uM] and HBSS. An image of cells after the treatment with KCl [10 mM] illustrates the neuronal

phenotype the cells have on DoD26. Data are averages from >50 cells.
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Fig. 5.3.56: Ca2+ traces of MCCs to characterize their NMDA receptor

MCCs were differentiated until DoD24 and subsequently CaZ* imaging was performed. Changes in free intracellular Ca2*
were measured after the administration of the different NMDA receptor agonist: (A) NMDA [50 uM], ibotenic acid [50
uM], (B) quinolinic acid [500 uM], and domoic acid [1 uM]. Cells were pre-incubated for 30 minutes with (C) Pb(I)ac
[50 uM] and (D) with Zn2+ [100 uM] a known NMDA receptor antagonist and subsequently stimulated with NMDA [50

uM]. Data are averages from 2-4 biological replicates, the dotted lines represent the SD.
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5. Concluding discussion and perspectives

In this thesis, four in vitro test methods and cell systems were used to investigate the in-
fluence of various compounds on human neurodevelopment. The different cellular sys-
tems recapitulate various stages and cover several developmental processes important
for neurodevelopment. Dependent on their purpose, these systems have different end-
points, throughput and vary strongly in their readiness for regulatory acceptance. How-
ever, they can be combined in one test battery covering several developmental processes
thereby promoting the paradigm shift towards a mechanism and knowledge based toxi-

cology.

5.1. Interplay of epigenetics and transcriptional changes in early

development

Epigenetics and transcriptional changes are closely related and influence each other
strongly. In the first paper of this thesis, it was investigated whether transcriptional
changes in the UKN1 test system evoked by drug exposure are accompanied by epigenetic
changes. Furthermore, it was investigated if these epigenetic changes can function as an
indicator for altered differentiation. Additionally, this was one of the first studies to ex-
plore transcriptomics as an endpoint for DNT. It was of special interest whether the data
obtained by transcriptomics can provide information about the MoA and/or about an al-

tered differentiation track.

5.1.1. Epigenetic marks manifest switch between transient and persistent

transcriptome changes

As described in paper 1 of this thesis, only transient transcriptional changes were ob-
served in the UKN1 test system following short exposure (up to 24 h) to histone deacety-
lase inhibitors (HDACi). These transient transcriptional changes were accompanied by
transient changes in histone acetylation (acute effect). When the cells were exposed to the
HDACI for a longer time period (minimum 3 to 4 days), the transcriptional changes be-
came persistent and were still detectable on DoD6. This was even true, if the HDACi was

not present anymore. On an epigenetic level, these permanent transcriptional changes
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were reflected in a changed histone methylation ratio (H3K4me3/H3K27me3). This indi-
cates that a drug effect can be fully reversible on a transcriptional level until a particular
point in time. After this point in time, drug effects are permanent with or without pro-
longed drug exposure. As it seems that histone methylation plays a critical role in this
change between reversibility and manifestation it could serve as a marker for permanent
changes. Also in the field of addiction, epigenetics are discussed as a crucial player in sta-
bilizing changes after drug exposure (reviewed inWalker et al. 2018, Hamilton et al.

2019).

If epigenetic changes are used as an endpoint to figure out the MoA, the exposure time
point can be chosen relatively flexible, as the increased histone acetylation (acute effect
of HDACI) is always found shortly after drug exposure independent of the exposure time
point. If epigenetic marks are used to assess changes in the differentiation of a developing
systems histone methylation should be used as marks. Therefore, epigenetic changes are
suitable to distinguish between acute, reversible and permanent changes. Furthermore,
changes in epigenetic modifier genes are found to be differently regulated between cell
lineages like brain and liver cells (Weng et al. 2014) and also between different neural
lineages (Weng et al. 2012) pointing to their potential use in identifying changes in lineage

commitment. Thus, they could be used as lineage markers.

5.1.2. Transcriptomics reflect MoA and altered differentiation

Beside the epigenetic changes following HDACi exposure, transcriptomic changes were
assessed in parallel in order to test their usefulness for measuring acute compound ef-
fects, identifying pathways of toxicity, and revealing alterations in differentiation. It re-
turned out that transcriptomics are capable to detect both. To identify the mode of action
(MoA) of a compound, short term exposures are appropriate and to detect phenotypic
changes long term exposures are needed. Yet, not only is the duration of an exposure crit-
ical but also its timing. Therefore, the exposure time point needs to be critically consid-

ered, if transcriptomics are used to identify a compound’s MoA.

At the same time, transcriptome analysis after long term exposures can be considered
itself as an endpoint in this test system. The evaluation of these transcriptome changes
can be categorized and thereby help to identify classes of DNToxicants. Therefore, the

UKN1 test system was exposed to six different HADCi and six “mercurials”. Transcriptome
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changes were analyzed and a classifier was developed. As a consequence, the classifier
could predict, whether the cells were exposed to an HDACi or a mercurial allowing to
mechanistically group compounds and predict toxicants (Rempel et al. 2015). The group-
ing of chemicals according to their transcriptional changes was also performed in other
in vitro test systems (Dreser et al. 2015, Pallocca et al. 2016, Shinde et al. 2017). Further-
more, transcriptomics data were used to extrapolate biomarkers that are predictive for
the respective test system and thereby anticipate toxicity in a less expensive fashion

(Pallocca et al. 2016, Dreser et al. 2020).

Meanwhile, the UKN1 test system has been expanded and a functional endpoint has
been included. The transcriptome endpoint has been combined with the phenotypic end-
point of rosette formation (Dreser et al. 2020). Rosette formation is the neural tube clo-
sure equivalent in in vitro assays (Conti et al. 2010) providing the opportunity to directly
link the transcriptome changes to a physiological endpoint. Combining these two end-
points yields comprehensive information about compounds interfering with very early

neural precursor differentiation which is utilizable for regulatory toxicology.

5.1.3. Challenges in transcriptomics in developing systems

Transcriptomics are a powerful tool to examine DNT. However, in a developing test sys-
tem, the generated data have several levels of complexity. (i) Even without compound-
induced disturbances the baseline changes in a differentiating test system. Therefore, not
every transcriptional change indicates an adverse effect. (ii) As in every toxicological test
system, the exposure time is important to consider and has drastic influences on the re-
sults obtained. (iii) Based on the changing baseline, the time point of exposure has also
severe effects on the results. (iv) The changes of developmental track increase the com-
plexity of the transcriptomics in developing test systems. (v) Often, as in paper 1 of this
thesis, only one compound concentration is applied in toxicogenomics. However, dose re-
sponse experiments for transcriptomic data are highly desirable to get a better under-
standing of the complex, multilayered effects and to delineate adaptational from toxic ef-
fects. To address this in more detail, the UKN1 test system was exposed to increasing
concentrations of VPA (Waldmann et al. 2014) and methyl mercury (Waldmann et al.
2017). These studies identified groups of concentrations that could be categorized (toler-
ated, functional adaption, cytotoxic) and most changes could be already found in the

“functional adaption” range. With respect to these challenges, experiments have to be
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planned very precisely, in order to assure the experimental setup is suitable to answer

the question addressed in the study.

5.2. Implementation of new approach methods (NAM) in risk assessment

In the second paper of this thesis, neuronal integrity was used as an endpoint to investi-
gate the effect MC-LF has on mature neurons. It has been found, that low pM concentra-
tions of MC-LF were neurotoxic. Yet, testing MC-LF in adequate test systems is not suffi-
cient to assess the risk for humans. Instead, it is necessary to compare the effective in vitro
concentrations to concentrations known to induce toxicity in humans. Optimally, these
data are obtained in epidemiological studies where human were exposed to MC. Such a
comparison was performed in paper 2 indicating that the concentrations needed to in-
duce neurotoxicity in the test systems where higher than human in vivo blood concentra-

tions after normal MC intake.

However, to conduct a comprehensive risk assessment, it is also necessary to include
information like hazard identification, dose response assessment, exposure assessment,
mixtures, and a uncertainty analysis (Krewski et al. 2014). Some of these requirements
were fulfilled, though it was never intended to conduct a complete risk assessment in the
second paper of this thesis. Nevertheless, the information obtained could contribute to
risk assessment in the frame of an IATA or next generation risk science as proposed by
the NextGen project initiated by the US-EPA (Krewski et al. 2014). These new approaches
for risk assessment include also data obtained with NAM. Strategies for “dose and species
extrapolation” are compared for exemplification. The traditional approach is to translate
doses obtained in animal testing to humans. This is implemented by adding certain secu-
rity factors to the tested doses and thereby obtain tolerable human exposure levels. The
new approach, includes cellular assays which directly measure disturbances of PoT in hu-
man in vitro test methods and makes use of in vitro in vivo extrapolation (IVIVE) (Krewski
et al. 2014). This approach is similar to IATA, as it also includes information from NAMs
to make use of all available information. Still, when data from NAM are integrated into
risk assessment or prioritization, it is crucial to precisely control the settings the NAM
data are obtained from, e.g. with respect to exposure scheme. In the study presented here,
only conclusions can be drawn about short term exposures. For information on long term

exposure or possible accumulation of M(C, other test systems are needed.
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5.3. Human mixed cortical cultures (MCC), an essential building block for

in vitro test batteries

For the third paper of this thesis, a differentiation protocol for mixed cortical culture
(MMC), expressing ionotropic glutamate receptors, with special emphasis on the NMDA-
R has been established. The incorporation of a test system with a functional neuronal net-
work into a test battery has many benefits. One of the most important features of neurons
is their ability to transfer, transduce and integrate signals in functional neuronal net-
works. These unique properties make neurons particularly vulnerable, as they have e.g. a
high energy demand, a high surface to plasma ratio, special receptors and various tightly
regulated processes (Mattson et al. 2006). To study this feature also in vitro the models
must possess neuronal networks. The need of these test systems becomes even more ob-
vious, when classical DNT compounds are considered. Many of these are compounds like
cocaine, domoic acid, ethanol, heroine, ketamine, MDMA, and nicotine (an extended list is
available inAschner et al. 2017). A lot of these compounds interfere with neuronal signal-
ing, network formation or directly with neuronal receptors. Thus, they all have a similar

MoA.

Most in vitro test systems included in DNT test batteries have functional endpoints
based on morphological changes instead of neuronal function. These test systems are very
suitable to recognize compounds interfering e.g. with the cytoskeleton and thereby inhibit
neurite outgrowth, or with cell-cell contact and thereby prevent neural crest migration.
However, there are also known DNT compounds that interfere with neural signal trans-
mission causing disturbances of neuronal circuits. To test a compounds ability to interfere
with neuronal signaling, test systems with a functional network are needed. Yet, currently
only few cell systems are available containing human neuronal networks and thus with
the ability to detect changes in neuronal signaling or network formation (Nimtz et al.
2020, Tukker et al. 2020). Most of the used test systems are based on primary rat neurons
(Alépée et al. 2014, Strickland et al. 2018, Zwartsen et al. 2018) and therefore struggling

with the problem of interspecies extrapolation.

How close a neuronal network resembles the human in vivo situation depends
amongst others on the complexity of the cells involved in network formation. On the lower
end of complexity there are very simple systems which are suitable to investigate the sig-

naling of single synapses (Meijer et al. 2019). On the other end there are very complex 3D
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systems that resemble the human brain at time points close to birth (Luo et al. 2016). Both
cell systems have their advantages for different scientific questions, however for (D)NT
testing none of these systems is suitable. When developing a test method, a cell system
needs to exhibit as much complexity as necessary to model the critical step (in this case
neuronal signaling) at the same time the method should be as simple as possible. Here,
MCC provide a well suited cell system. Their differentiation, is relatively fast and very ro-
bust. Furthermore, large batches can be easily generated. Therefore, MCC are suitable to
investigate neuronal signaling with special emphasis on ionotropic glutamate and NMDA

signaling.

In paper 3 of this thesis, a cell model with mixed cortical cultures, expressing NMDA-
R and other ionotropic glutamate receptors, was established. With this cell system it was
possible to detect toxic effects of compounds such as ketamine that could not be found
with other test systems (Masjosthusmann et al. 2020). In a screen initiated by EFSA,
around 160 compounds were screened. 29 compounds were applied to all eleven in vitro
test methods included in the test battery. In none of the initially included test methods
ketamine was detected as a hit. At the same time, domoic acid was only identified as a hit,
when data from a rat neural network formation assay (Strickland et al. 2018) were added
to the original data set. In contrast, MCCs could identify ketamine and domoic acid as com-
pounds interfering with the normal signaling of the cells. This example highlights the im-
portance of human test systems capable of identifying neuronal network disturbances.
While the cell system presented here constitutes a promising basis further development
is needed until it can be considered as ready to use test system and eventually get regula-

tory approval.

5.4. Technical progress of the applied test systems towards regulatory

acceptance

In order to implement NAMs in regulatory toxicity it is necessary to assemble different
test methods into a test battery covering the whole range of neurodevelopment including
neurobehavioral endpoints. Four different systems were used in this thesis, UKN1,
LUHMES, peripheral neurons and MCC. To obtain confidence in the data from every test

method it is essential to have exact knowledge about their characteristics, such as cell
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stage, applicability domain, throughput, performance and acceptance criteria. Therefore,

the systems have been examined with respect to different important characteristics.

5.4.1. Neurodevelopmental stages covered by the applied test systems

As already mentioned above, the used test systems recapitulate different developmental
stages as depicted in Fig. 6.1: the differentiation of NEP in very early neurodevelopment
is modelled by UKN1; LUHMES can be used as a test systems for neurite outgrowth and
for mature neurons of the CNS; peripheral neurons also represent a test system for neu-
rite outgrowth of PNS neurons, but can also be differentiated into mature peripheral neu-
rons; MCCs represent a culture of mixed cortical neurons, composed of neurons express-
ing various ionotropic glutamate receptors and glia cells and therefore mimic later stages

of neurodevelopment as neural network formation and signaling.

Since NEP are the major precursors of many different cells of the later nervous sys-
tem, their correct differentiation is key to neurodevelopment. It is not only important that
enough NEP are generated, they also need to show the correct gene expression profile to
ensure the correct differentiation track, as already minor changes in precursors can have
major effects on their differentiation potential. Furthermore, the process of neural tube
closure can be mimicked with NEP (Dreser et al. 2020). This is also a critical step in early
neurodevelopment and disturbances thereof may result in severe birth defects like spina
bifida (Nikolopoulou et al. 2017). All these early neurodevelopmental processes can be
modeled with the original UKN1 test system and its additional endpoints. Also neurite
outgrowth covers an important process of neurodevelopment. If this process is inter-
rupted and neurites are too short or too long, they do not exactly meet other neurons and
are not able to form neuronal networks. This is why, neurite outgrowth needs to be cov-
ered in a test battery for DNT. The degeneration of a neuronal network has also major
effects on its functionality, therefore the integrity of a neuronal network is important to
assess. The process of neurite outgrowth occurs mainly in the differentiation phase of
neurodevelopment. Even if a network is morphologically intact, still the signaling in this
network may be disturbed, which is why a test system testing for disturbances in receptor
signaling is needed. The network formation and signaling occur later in neurodevelop-
ment and therefore represent a later phase. The test systems applied in this thesis cover
a lot of important neurodevelopmental processes and thereby provide the opportunity

for comprehensive (D)NT testing.
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Fig. 6.1: Neurodevelopmental stage, throughput, and readiness of the applied test systems

The test system UKN1 was used in the first paper and mimics the differentiation of PSC to NEP and thereby serves as a
test system for very early neurodevelopment. LUHMES and peripheral neurons (pN) were used in the second paper to
investigate neurite outgrowth and neuronal integrity. The differentiation of mixed cortical cultures (MCCs) and their
use to identify agonists and antagonists of the NMDA receptor were examined in the third manuscript. All test systems
were evaluated concerning the neurodevelopmental stage they mimic (yellow), their throughput (blue) and their read-

iness (green).

5.4.2. Throughput of the applied test systems

Another important aspect to judge a test method is its throughput which depends on the
differentiation time and effort of a test system, the assay well format of the endpoint, the
automatization of the endpoint and the time and effort needed for data evaluation. With
respect to these aspects the throughput of the presented methods has been evaluated. In
an academic environment, UKN1 has a medium throughput (about 20 compounds can be
screened per month), as the endpoint of epigenetic modifications is labor-intensive and
the data evaluation of transcriptomics time consuming and complicated. In return the
data outcome is very comprehensive and a lot of new information can be generated. The
throughput of MCC is slightly higher (about 30 compounds can be screened per month).
The cells differentiate for more than 20 days to establish the functional neuronal network.
Furthermore, the data evaluation of Ca?* imaging and MEA data is time consuming, but
also rich in information. Nevertheless, experiments can be performed in 96 well plates,
and data evaluation could be partly automated in the future. In contrast, the differentia-
tion of peripheral neurons and LUHMES is relatively short and the endpoints of neurite
outgrowth and neurite integrity are easy to measure and evaluate (Hoelting et al. 2016,
Delp et al. 2018). Hence, they have the highest throughput among the test systems applied

here (about 100 substances can be screened per month) (Fig. 6.1).
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5.4.3. Compound selection

Also the spectrum of compounds already tested in a test system is of importance. In pe-
ripheral neurons and LUHMES already a broad spectrum of compounds has been tested
(Hoelting et al. 2016, Delp et al. 2018, Masjosthusmann et al. 2020) whereas in UKN1
mainly HDACi and mercurials have been tested (Rempel et al. 2015, Shinde et al. 2017,
Dreser et al. 2020). The scope of tested compounds should be widened in the future. Pos-
sible candidates of compound classes would be retinoids or compounds interfering with
SHH signaling. However, for MCC the lack of diverse compound selection is most striking.
At the moment only known agonists and antagonists for the NMDA receptor have been
applied, which is common for cell systems in their early phase of development. In the fu-
ture it would be interesting, to also apply compounds from the group of pesticides, addic-
tive drugs, or pharmaceuticals with seizurogenic potential. To test the seizure ability of
the cell system, also the implementation of MEA as a routinely applied endpoint has to be
optimized. However, the preconditions of the cell system (comprising of excitatory and
inhibitory neurons and glia cells) constitute a very good starting point to investigate many
of these exiting questions. Also disturbances triggered by compounds not directly inter-
fering with the NMDA receptor would be interesting to investigate with MCC. Here, it

could be imaginable to investigate sensitizing effects.

5.4.4. Readiness of the applied test systems

A recent publication of Bal-Price et al. defined criteria to assess the readiness of published
test systems for regulatory acceptance. The publication also included some of the test sys-
tems presented in this thesis. Here, the readiness of all test systems presented in this the-

sis is evaluated, based on the criteria defined by Bal-Price et al. 2018.

In their study, Bal-Price et al. have introduced a semi-quantitative measure to evalu-
ate the readiness in a comprehensive way. For this purpose, the criteria were clustered in
13 groups e.g. test system, endpoints, prediction model, applicability domain, each group
had various sub-groups. Main groups were sorted in three phases: phase [ deals with the
basic features of a test method, e.g. biological plausibility of a test methods and its con-
trols; phase Il addresses the implementation of the test method for practical use, here e.g.

testing strategy, robustness and prediction model are evaluated; phase III is optional and

126



Concluding discussion and perspectives

considers screening hits. Each phase is scored and graded independently, and results in
an overall rank from A (“close to ready or ready”) to D (“not ready at all”) (Bal-Price et al.
2018). LUHMES, peripheral neurons and UKN1 have already been assessed on their read-
iness. According to this approach, LUHMES were graded with “A-A-A” resulting in an over-
all “A” grading (“ready”). Peripheral neurons were graded with “A-B-A” resulting in an
overall “A-" grading (“close to ready”). UKN1 achieved a “B” rank and minor improve-
ments were suggested to achieve readiness. Meanwhile, the test method was improved
and issues missing in the initial readiness ranking were addressed. In detail, the assay was
transferred into another laboratory, a prediction model was set up and confirmed, and a
borderline range was defined (Dreser et al. 2020), and an AOP was set up (AOP 2020).
Now, the UKN1 test system also has an “A” rank and can be assumed as ready. MCC are
not a fully developed test method and are therefore not ready yet (Fig. 6.1). Several issues
have to be addressed, like a prediction model, cytotoxicity and the evaluation of more un-
known compounds. Until now, mainly tool compounds were tested, which are known to
act as agonists or antagonist of the NMDA receptor. The Ca?* signaling needs to be rou-
tinely multiplexed with a cytotoxicity endpoint after 24 hours, to distinguish changes in
receptor signaling from cytotoxicity but also to detect excitotoxicity. Furthermore, it
would be beneficial to investigate the cell composition of MCC in more detail. Therefore,
single cell sequencing is ideal to reveal the transcriptional fingerprint of the different cell
types present in the mixed culture. When these issues are adapted, also criteria that re-
quire more historical data, as long term reproducibility, can be evaluated and a inter lab
transfer could be considered. Nevertheless, the MCC cell system constitutes a good basis

to build up a valuable test system, closing a gap in existing test batteries.

5.5. Future perspectives

In this thesis it has been shown, that differentiation of pluripotent stem cells into various
cell types of the human nervous system provide a substantial advantage for DNT testing.
Instead of traditional animal experiments, they can reveal the underlying mechanisms in-
ducing toxicity. Thereby they support the attempts of a comprehensive understanding of
PoT, a new risk assessment, and chemical prioritization in accordance with IATA. In order
to augment the value of NAMs and implement them better in regulatory toxicity, it is
worth to conduct appropriate in vivo to in vitro extrapolation (IVIVE) approaches. In some

cases, human based models do not perfectly predict old data generated in animal models.
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This is also not to be expected, as animal data do also not perfectly reflect the human sit-
uation. The goal should be to predict human toxicity with all available methods. Therefore,

it would be interesting to apply IVIVE to the used NAMs.

LUHMES and peripheral neurons can be implemented in test batteries and were al-
ready in use in screenings organized by the EFSA (Masjosthusmann et al. 2020). UKN1 is
also ready for screening and is implemented in a project initiated by the OECD. It would
be beneficial to increase the throughput of this test method. This could be achieved by
differentiation in a smaller well format allowing to test more compounds per differentia-
tion. The addition of the functional endpoint also allows a higher throughput, especially
in combination with a freezing step that enables the production of bigger cell batches. As
discussed before, MCC are at the beginning of its test method development and need im-

provements in many regards.

Although the test methods used in this thesis cover already a lot of very important
neurodevelopmental processes, other NAMs are needed to construct a complete test bat-
tery for developmental neurotoxicity. For example the essential process of neural crest
cell migration was not covered at all in this thesis. However, a ready to use test method is
available (Nyffeler et al. 2017), which has already been used i.a. in a test battery of a
screening with about 120 substances (Masjosthusmann et al. 2020). Another crucial, area
of neurodevelopment is radial glia migration. Radial glia cells are the main class of neural
stem cells in the developing brain (Dimou et al. 2014) and therefore are important to as-
sess. They also provide the scaffold for neuronal migration in the later cortex. When the
migration and subsequent scaffold formation is disturbed, e.g. by methylmercury, this
could lead to disturbed cortex development (Choi 1989). Furthermore, neuronal migra-
tion and astrocyte differentiation, as well as oligodendrocyte differentiation are covered
by the test systems used in this thesis. However, there are test systems available for these
neurodevelopmental processes (see Fig. 6.1). As mentioned before, the whole area of syn-
aptogenesis and neuronal network formation and signaling is mainly covered by test sys-
tems with rat primary cells. With respect to inter species differences, it would be favora-
ble to develop more test systems based on human cells in the later stages of

neurodevelopment.

Even, when a comprehensive test battery is assembled, it is important to think about

an efficient test strategy. Therefore, all test systems could be either used in a paralleled
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approach where all compounds are tested in all systems at the same time. Subsequently
the most sensitive test system is evaluated and thereby also information about the most
sensitive neurodevelopmental process is obtained. As some test systems, like LUHMES or
peripheral neurons are very fast and easy to conduct, and others, like UKN1 and MCC are
slightly more complicated, but also provide more mechanistic understanding of the in-
duced toxicity, one could think about a tiered testing strategy. In a tiered testing strategy
fast and easy test systems could be used first, while more complicated ones with a lower
throughput follow. To this end, all compounds would be tested in the first tier and only
negative compounds would be tested in the more elaborated test system. This testing
strategy could speed up the screening process, but it would be accompanied by a loss in
information, as not all possible neurodevelopmental processes would be covered for all
substances. Hence, no statement about all possible disturbed neurodevelopmental pro-
cesses could be given but for the first tier test systems these information could be pro-
vided. A more guided testing strategy could include a compound grouping with in silico
methods like QSAR prior to testing. Therefore, the compounds would be assessed with
respect to their possible MoA and the test system that best covers this MoA would be cho-
sen as a first tier. Also combinations of these testing strategies could be considered, e.g.
all compounds are tested in high throughput test systems as first tier. Subsequently, neg-
ative compounds plus compounds with an interesting MoA for a specific test system are

tested in the respective test systems as a seconds tier.

A comprehensive test battery paired with a well-planned test strategy will be essen-

tial for future chemical testing and prioritization in regulatory toxicology.
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