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1 Introduction 

1.1 Brain development 

The human central nervous system (CNS) is the most complex biological tissue in the body 

comprising on average 100 billion neurons, ten times more glial cells (Kandel et al. 2000; Azevedo 

et al. 2009) and approximately 620 trillion to several quadrillion synapses (Silbereis et al. 2016). In 

order to ensure proper brain function, these cell types have to interact intensively and need to 

further develop into neuronal subtypes defining inhibitory and excitatory neurons as well as glial 

cells, further separated into astrocytes, microglia and oligodendrocytes, finally establishing a 

complex neuronal network (Kandel et al. 2000). 

Individual processes of human brain development are highly complex, strictly regulated and 

continue/last from the early embryonic phase until the mid-20s (Fig. 1).  

 

Figure 1: Stages of human brain development. Cellular processes of human brain development are depicted in a time-
dependent manner and last from early embryonic phase to adulthood (adapted from Silbereis et al. 2016).  

 
To be exact, human brain development starts three weeks after fertilization with the formation of 

the neural plate into the neural tube, which represents the first defined brain structure (Stiles and 

Jernigan 2010; Silbereis et al. 2016). During a phase of enormous cell proliferation, the neural tube 

expands further to form the five brain vesicles, thereby establish the primary organization of the 

central nervous system (Linderkamp et al. 2009). In the late embryonic phase, on day 42 post 

conception, neurogenesis begins. It continues throughout the fetal phase and postnatally in 

certain brain regions (Stiles and Jernigan 2010). During neurogenesis neural progenitor cells start 
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to differentiate into neurons and radial glia cells in symmetric or asymmetric divisions. Here, the 

symmetrical mode of cell division generates pairs of neurons, while during asymmetrical division 

one daughter cell remains a progenitor cell and the other one become a neuron or a glial cell 

(Noctor et al. 2004; Huttner and Kosodo 2005). The issue whether divisions are symmetric or 

asymmetric is intimately linked to the polarized organization of the progenitor itself, the equal 

versus unequal inheritance of cell fate determinants by the daughter cells, as well as to cell cycle 

length (Huttner and Kosodo 2005). Differentiation is followed by cell migration to the final position 

in the brain. Here, radial glia cells migrate to the outer ventricular zone where they are radially 

orientated to the neocortex (Borrell and Götz 2014). The radial glia migration leads to the 

development of a scaffold that is used by neurons to migrate along these glial fibers and reach 

their final cortical position (Borrell and Götz 2014; Fernández et al. 2016). While early-developed 

neurons settle in a narrow zone above the ventricular zone, lately-developed neurons reach the 

cerebral cortex, the outer layer of the brain that is composed of up to six layers (Bronner and 

Hatten 2013; Fernández et al. 2016). Once neurons finish migration and detach from the radial 

fiber, they differentiate and mature into several subtypes of inhibitory or excitatory neurons. 

Finally, they begin to extend dendrites and axons and establish connections (synapses) with other 

neurons in order to form a neuronal network (Sidman and Rakic 1973; Silbereis et al. 2016). 

Dendritic outgrowth and synaptogenesis begin prenatally but continue into adulthood (Fig. 1). 

Specifically, synaptogenesis is accompanied by regular strengthening and elimination/pruning 

(Jung and Bennett 1996; Andersen 2003; Silbereis et al. 2016). Shortly after the beginning of 

neurogenesis, radial glial cells start to differentiate into astrocytes and oligodendrocytes - a 

process which is persistent throughout life. Oligodendrocytes are necessary for myelination. They 

form myelin protein sheets around neighboring axons to isolate them und ensure a higher axonal 

conduction velocity. During human brain development the process of myelination generally starts 

around birth and is similar to synaptogenesis characterized by regular pruning during life, 

depending on individual learning processes (de Hoz and Simons 2015; Marinelli et al. 2016; Kuhn 

et al. 2019).  

All processes are guided by an interplay of several proteins that operate as signaling molecules, 

receptors, messengers or transcription factors which expression is regulated by genetic, 

epigenetic and environmental factors. Overall, many cellular and molecular factors determine the 

correct development of a healthy and functional brain and it is mandatory that all processes take 

place in spatiotemporal orchestration (Kandel et al. 2000). Therefore, the brain is especially 

vulnerable towards the adverse effect of chemicals and even small adverse effects might lead to 

massive adverse outcomes (Volpe 2000; Grandjean and Landrigan 2014; Fernández et al. 2016).  
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1.2 Developmental Neurotoxicity (DNT) 

Disturbance of any of the above described processes of brain development, e.g. by chemical 

action, might lead to cellular, structural, and in the end to functional impairment of the brain is 

called ‘developmental neurotoxicity’ (DNT; EPA 1998; OECD 2007). DNT is an important issue that 

can result in severe biological, social, and economic implications. According to the World Health 

Organization (WHO), 5 % of the world’s children under the age of 15 have some type of moderate 

to severe neurophysical or cognitive developmental disability (World Health Organization 2008), 

e.g. lower intelligence quotient (IQ), learning disability, dyslexia, Attention Deficit Hyperactivity 

Disorder (ADHD) or some kind of autism spectrum disorder. On the basis of the mean IQ of a 

population, the Mt. Sinai Children’s Environmental Health Care Center impressively demonstrated 

that a reduction of five IQ points leads to an increase of 57 % in the number of mentally retarded 

(IQ < 70) and a likewise decrease in the very gifted (IQ < 130) parts of the population (Schmidt 

2013). Thereby, the cause of the reduced IQ, e.g. environmental chemicals or by medical events 

such as preterm birth, traumatic brain injury, tumors or congenital heart disease, is irrelevant 

(Bellinger 2012). Altogether, such socioeconomic consequences can be enormous, causing 

diminished economic productivity, higher costs due to medication, education and individual 

support (Grandjean and Landrigan 2006; Bellanger et al. 2013). Along those lines, Bellanger (2013) 

assessed that methylmercury exposure leads to a cumulative IQ loss of 600,000 IQ points in 

Europe and 264,000 IQ points in the United States accompanied by socioeconomic costs of several 

billion US$ per year. Recently, Gaylord (2020) analyzed data from the National Health and 

Nutrition Examination Surveys (United States) and revealed known exposure-IQ relationships of 

polybrominated diphenyl ethers (PBDEs), organophosphates, lead and again methylmercury. 

During the period from 2001 to 2016, these chemicals led to a loss of 243 million IQ points in total, 

which can be directly associated with mental retardation in more than 1 million cases. Here, the 

compound class of PBDEs had the highest impact, as 162 million IQ points were reduced, resulting 

in more than 700,000 cases of less gifted people. The ranking was followed by lead, 

organophosphates and finally methylmercury.  

In addition to these compounds studied by Gaylord (2020), also arsenic, polychlorinated 

biphenyls, toluene, fluoride, manganese and tetrachloroethylene (environmental-, or industrial 

chemicals) have been identified as developmentally neurotoxic to humans. Chlorpyrifos, DDT and 

DDE (pesticides), valproic acid (medical drug) as well as ethanol and cocaine (drugs of abuse) 

complement the list of known DNT compounds (Giordano and Costa 2012; Kadereit et al. 2012; 

Grandjean and Landrigan 2014; Aschner et al. 2017). Considering the fact, that there are more 

than 180 million substances circulating worldwide (CAS Registry 2021), the DNT potential for the 
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majority of chemicals has not been evaluated. In accordance, there is still a large data gap 

especially in the mechanistic understanding of chemically-induced adverse neurodevelopmental 

outcomes (Grandjean and Landrigan 2006; De Felice et al. 2015; Sachana et al. 2019). In 

comparison to DNT, more than 200 compounds are known to cause neurotoxicity (NT) in humans. 

Furthermore, there are experimental data for more than 1000 compounds on their neurotoxic 

potential in animal in vivo or in vitro studies (Grandjean and Landrigan 2006).  

So far, DNT testing is only mandatory in Europe for pesticides and biocides, while it is required in 

the United States only for pesticides, upon triggers, that have a known neurotoxic mode-of-action 

(MoA), a compound structure-activity alert or for substances that cause neurotoxicity or 

endocrine disruption observed in standard in vivo adult, developmental or reproduction studies 

(Schmidt et al. 2016; Pistollato et al. 2021). Therefore, European regulations do not specifically 

address more physiologically complex toxicity effects as it is the case for DNT (Pistollato et al. 

2021). In general, it is assumed that the developing nervous system is especially susceptible to 

adverse chemical actions, as the blood brain barrier (BBB) is not fully developed. Thus, hydrophilic 

chemicals and ionic substances can enter the developing brain more easily than the adult brain 

(Pardridge 1998; Claudio et al. 2000). Another reason is based on the extremely high plasticity of 

the developing brain characterized by highly coordinated molecular and cellular changes taking 

place during neurodevelopment, which are mostly completed in adulthood.  

Considering the high vulnerability of the developing brain, there is a high probability that 

additional chemicals affect human brain development. Hence, the current safety margins derived 

from NT or other toxicity studies do not necessarily protect the developing brain and the current 

triggers for DNT studies are insufficient (Radonjic et al. 2013; Terron and Bennekou Hougaard 

2018). Moreover, it is to note, that not only intoxications with high chemical exposure raise 

concerns for brain development, but also chronic low dose and especially the exposure towards a 

mixture of compounds is thought to contribute to the increasing incidence of 

neurodevelopmental disorders (Grandjean and Landrigan 2014; Bennett et al. 2016). Therefore, 

European regulators are currently considering DNT studies as regulatory requirements not only 

for pesticides, but also for other chemicals and drugs (Sachana et al. 2019).  

 

1.2.1 DNT testing 

Current DNT testing is performed according to the available United States Environmental 

Protection Agency (US EPA) and the Organization for Economic Co-operation and Development 

(OECD) in vivo guideline studies, EPA 870.6300 DNT guideline (EPA 1998) and the draft OECD 

guideline 426 (OECD 2007). These guideline studies are conducted preferably in rats, and 
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compounds are tested over a period from early gestation until the end of lactation. They are 

focused on observations of neurologic and behavioral abnormalities in neonatal and young 

animals, as they include tests describing physical development, behavioral ontogeny, motor and 

sensory function, motor activity, learning and memory as well as the assessment of brain weights 

and neuropathology.  

Compared with the thousands of chemicals that humans may be exposed to, including everyday 

products and those released into the environment by external sources, only approximately 150 

chemicals have been assessed by using these guideline studies, most of them being pesticides 

(Sachana et al. 2019). This huge data gap is mainly due to the not sufficiently sensitive triggers 

(Radonjic et al. 2013; Terron and Bennekou Hougaard 2018) for requesting the in vivo guideline 

studies. In addition, these studies are highly demanding with regard to time and money, as they 

take about one year per compound and cost up to one million US$ (Rovida and Hartung 2009; 

Crofton et al. 2012). Moreover, they are of particular ethical concern, since approximately 140 

dams and 1,000 juvenile rats are needed just for evaluating one compound (Lein et al. 2005; 

Crofton et al. 2012). Thus, they are not suited for testing large amounts of chemicals (Tsuji and 

Crofton 2012; Fritsche et al. 2018c). Further limitations include their high variability and lack of 

reproducibility as well as the uncertainty of extrapolation from animals to humans (Tsuji and 

Crofton 2012; Leist and Hartung 2013; Terron and Bennekou Hougaard 2018; Sachana et al. 2019). 

Especially the mechanistic understanding of chemically-induced adverse neurodevelopmental 

outcomes cannot be provided and despite many tested endpoints, they may not sufficiently mirror 

human health outcomes, for example with regard to cognitive functions (Terron and Bennekou 

Hougaard 2018; Sachana et al. 2019). Therefore, regulators, academic, and industrial scientists 

recently agreed on a need for a new testing strategy to assess the DNT potential of chemicals, 

which is supposed to be faster and less expensive, as well as more relevant to humans, e.g. by 

using human cell-based models (EFSA 2013; Crofton et al. 2014; Bal-Price et al. 2015a, 2018; 

Fritsche et al. 2015, 2017, 2018c, a).  

Since 2005, in the field of DNT, a number of workshops and stakeholder meetings took place with 

the aim to illustrate the need for a new framework to develop and use in vitro, in silico and 

alternative species test methods that deliver useful data for regulatory decision-making (Sachana 

et al. 2019). Based on the international efforts described more in detail in Sachana et al. (2019) 

the OECD and EFSA organized a workshop in 2016 (Fritsche et al. 2017). Here, scientific consensus 

emerged that a proposed draft in vitro testing battery should be applied instantly to screen and 

prioritize chemicals, be harmonized by an international acceptance process through OECD and 

eventually be used for hazard characterization. Thus, this workshop formed the basis of a number 
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of global projects, including a US EPA supported project to develop and validate in vitro DNT 

methods (US EPA 2020), an EFSA funded project for generating data from a DNT in vitro testing 

battery (DNT-IVB; see 1.4, 3.1; Masjosthusmann et al. 2020), a project led by the Danish EPA (DK 

EPA, grant number MST-667-00205) to test high priority pesticides, as well as another project, 

funded by the US NTP (Behl et al. 2019), regarding the development of a rapid and cost-effective 

screening strategy to prioritize replacements for specific compound classes (e.g. flame 

retardants). Moreover, another important response to this workshop was the initiation of an 

OECD project, which is currently developing a guidance document that will introduce a framework 

to facilitate the regulatory use of DNT in vitro data derived from a time-and cost-efficient testing 

battery through an integrated approach to testing and assessment (IATA). This OECD guidance 

document is expected to be finalized in fall 2021. 

 

1.3 Alternative toxicity testing 

The aim of classical toxicological risk assessment is to establish safety factors for human exposure 

based on the evaluation of the outcome of animal tests. The dose, which causes no toxicologically 

relevant effect in the animal studies is extrapolated to the no-effect dose in humans based on the 

application of appropriate safety factors that account for toxicodynamic and toxicokinetic inter-

species differences as well as inter-individual susceptibilities (EFSA 2012; Konietzka et al. 2014). 

However, the current toxicological testing for human risk assessment is particularly questionable 

due to low prediction, known species differences and especially the increasing societal awareness 

of animal testing, illustrating the need to advance alternative testing approaches (Russell and 

Burch 1959; Dorman et al. 2001; Kaufmann 2003; Tsuji and Crofton 2012; Leist and Hartung 2013). 

 

1.3.1 Paradigm shift in toxicology 

In 2007 the US National Research Council (NRC) published the report ‘Toxicity Testing in the 21st 

Century: A Revision and a Strategy’ (NRC 2007). They recommended a paradigm shift for toxicity 

testing by using alternative, toxicity pathway-based high throughput methods for human hazard 

and risk assessment instead of apical endpoint measurements in in vivo studies. Here, the new 

testing strategy is focused on the application of alternative methods, e.g. in vitro-based cell 

models or model organisms, like Caenorhabditis elegans (C. elegans), Danio rerio (zebrafish) and 

drosophila melanogaster, in combination with molecular and computational biology or 

biotechnology, such as toxicogenomics and bioinformatics. The obtained data can be analyzed by 

using in silico methods like quantitative structure-property and structure-activity (QSPR and 
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QSAR), followed by read across structure-activity relationship (RASAR) with other compounds and 

their known underlying MoA, which is useful for compound prioritization for further testing in in 

vivo studies. Overall, the recommendations from the NRC allow a time- and cost-efficient 

screening of large amounts of compounds with a more mechanism-based hazard identification 

(Collins et al. 2008; Gibb 2008; Krewski et al. 2009, 2020; Ginsberg et al. 2019). To date, the 

progress has confirmed the integrity and fidelity of the NRC vision, which is well on its way to 

becoming reality, since e.g., internationally government agencies are beginning to incorporate the 

new approach methodologies envisioned in the original NRC report into regulatory practice 

(Krewski et al. 2020). Figure 2 visualizes the new toxicity testing approach envisioned by the NRC. 

 

Figure 2: Paradigm shift in toxicology. The combination of high throughput in vitro cell-based methods and alternative 
organisms with computational toxicology will allow the screening of a large amount of substances, the prioritization of 
chemicals for further testing and can assist in prediction of human risk assessment (adapted from Collins et al. 2008). 
Figure created with BioRender.com. 

 

1.3.2 New Approach Methodologies 

New approach methodologies (NAMs) are non-animal-based methods, which can be used to 

provide information on chemical hazards. NAMs generate data on the toxicodynamic of a 

compound to support the proposed paradigm shift in toxicology - moving from the sole use of 

apical endpoints generated in animals towards a mechanistic understanding and more human-

relevant approaches for regulatory applications (NRC 2007; Collins et al. 2008).  

Currently, many testing approaches, irrespective of the particular methodology used, do not result 

in a mechanistic understanding of the induced toxicity. Especially, non-animal testing approaches 
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exhibit a real challenge to understand the relationship between what is tested and the apical 

toxicity endpoint being predicted. Therefore, results from novel approaches are not yet widely 

used for regulatory purposes. From the regulatory point of view, there is a clear need for an 

objective and systematic framework, which characterizes the individual biological and 

toxicological relevance of novel methods for predicting an adverse effect. The same framework 

can be combined with other tools and methods to benefit from an integrated approach (OECD 

2020). Therefore, the ‘Integrated Approaches to Testing and Assessment’ (IATA) concept has been 

proposed by the OECD member states to embed alternative testing strategies into weight of 

evidence assessment for decision-making by using data from various information sources (OECD 

2016, 2020). IATA information can comprise results from one or the combination of many 

methodological approaches (QSAR, QSPR, RASAR, in silico, in chemico, in vitro, ex vivo, in vivo) as 

well as ‘-omic’ technologies (e.g. toxicogenomics). Thereby, the construction of IATAs is highly 

flexible, depending on the regulatory need and respective assessment context. However, IATAs 

should be mechanistically informed, thus illustrating the knowledge of the mechanisms through 

which chemicals exert their toxicity (Tollefsen et al. 2014). Mechanistic understanding offers a 

frame for the analysis of information from methods that target different levels of biological 

organization, enabling the contribution of results in deciding on the possibility of the adverse 

outcome (Tollefsen et al. 2014; OECD 2015, 2020; Patlewicz et al. 2015). Such mechanistic 

understanding might arise from Adverse Outcome Pathways (AOPs).  

AOPs are structured organizations of causally related biological events leading to adverse effects 

relevant for the human organism and population (Fig. 3). More in detail, they provide mechanistic 

information on the molecular initiating event (MIE), molecular, cellular, structural and functional 

key events (KEs) and associated key event relationships (KER), finally end in an adverse outcome 

(AO) that can be common to different MIEs (Ankley et al. 2010; OECD 2016). Thereby, AOPs serve 

as a knowledge assembly and communication tool between research and regulatory communities 

involved e.g. in regulatory and systems toxicology, biomedical challenges, in safety evaluations 

associated with drug development and clinical trial simulations (Carusi et al. 2018), thus covering 

a broad biomedical application domain. An essential platform for AOP documentation, that is 

currently most developed, is the AOP-Wiki (http://aopwiki.org), which provides a formalized, 

transparent and quality-controlled data documentation and hence facilitates knowledge 

exchange between research and regulatory communities (Kandel et al. 2000; Vinken et al. 2017). 

http://aopwiki.org/
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Figure 3: Schematic illustration of the ‘Adverse Outcome Pathway’ concept. An AOP is based on a sequence of 
molecular, cellular, structural and functional key events (KEs), triggered by a molecular initiating event (MIE) in which a 
chemical interacts with a biological target(s), resulting in an adverse outcome (AO) relevant for the human organism 
and population. Single KEs are associated to KE relationships (KER; adapted from Bal-Price and Meek 2017).  

 
In order to realize a consistent, scientifically rigorous and transparent AOP development, there 

are some principles and strategies to consider: (1) AOPs are not chemical specific; (2) AOPs are 

modular and composed of reusable components, notably KEs and KERs; (3) An individual AOP, 

composed of a single sequence of KEs and KERs, is a pragmatic unit of AOP development and 

evaluation; (4) Networks composed of multiple AOPs that share common KEs and KERs are likely 

to be the functional unit of prediction for most real world scenarios; and (5) AOPs are living 

documents that will evolve over time as new knowledge is generated (Villeneuve et al. 2014). 

The overall aim of the AOP concept is to obtain a more predictive hazard characterization and 

classification of chemicals as it is currently the case. For example, MIEs shared by different 

compounds can be used for read across approaches which will facilitate compound prioritization 

for further testing (Bal-Price et al. 2015b). The organization of mechanistical information will 

automatically generate more AOPs, identifying connections between the AO in the applied 

alternative models compared to the AO in populations. This allows for a better interpretation of 

findings in vitro or in alternative organisms. To obtain physiologically relevant data, which are 

ideally based on KEs defined in an AOP, the applied in vitro system should reflect the human in 

vivo situation as precisely as possible (Bal-Price et al. 2015b). The number and diversity of AOPs 

continues to grow, illustrating the necessity to create AOP networks (Pollesch et al. 2019). An AOP 

network can be generated whenever, e.g. a MIE or KE is linked to more than one AOP. This is 

important to avoid that AOP developers describing only linear paths and enables data connections 

clearly displayed (Knapen et al. 2018).  

So far, development of AOPs for DNT is extremely challenging, since spatiotemporal orchestration 

of molecular and cellular processes is essential for proper human brain development (Bal-Price et 

al. 2015b; Bal-Price and Meek 2017). Due to the manifold KEs that occur in a time- and brain 

region-specific manner, creation of AOPs for DNT that cover the whole DNT-sensitive period of 
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time will be a continuous effort that is far from being completed at the moment. To date, seven 

AOPs are endorsed by the OECD, eleven were submitted to the AOP Wiki (https://aopwiki.org/) 

and quite a few were published in the scientific literature (Bal-Price et al. 2016; Bal-Price and Meek 

2017; Barenys et al. 2019; Li et al. 2019; Spinu et al. 2019; Chen et al. 2020; Manuscript 7 - Klose 

et al. 2021b). 

Another approach with high relevance for the paradigm shift is the ‘ToxCast Screening Project’ 

(EPA's Toxicity Forecaster), which was evolved by the US EPA. The ToxCast program uses high-

throughput screening methods and computational toxicology approaches to evaluate chemical 

properties and bioactivity profiles, that can be finally used for their ranking and prioritization (Dix 

et al. 2007). Therefore, ToxCast screens chemicals in more than 700 high-throughput assay (HTA) 

endpoints, covering an enormous range of high-level cell responses. To date, information for 

approximately 1,800 chemicals from a broad range of sources including industrial and consumer 

products, food additives, and potentially green chemicals that could be safer alternatives to 

existing chemicals, are available (Status May 2021; https://www.epa.gov/chemical-

research/toxicity-forecasting). Similar to the AOP concept, ToxCast data are publicly available, 

ensuring knowledge sharing, and can be used for AOP building from ‘data mining’ (Villeneuve et 

al. 2014) as exemplified in Knudsen and Kleinstreuer (2011). In addition, the ToxCast Dashboard 

offers the possibility to compare non-ToxCast with ToxCast data when the identical chemicals 

were studied (manuscript 2.6 - Klose et al. 2021a). 

A further approach, specialized on the DNT potential of environmental chemicals, offers the 

‚Developmental NeuroToxicity Data Integration and Visualization Enabling Resource‘ (DNT-Diver) 

generated by the US National Toxicology Program (NTP; Behl et al. 2019). The NTP provides a 

platform for collecting, bio statistically analyzing and presenting data of a battery of in vitro 

(primarily human) and alternative animal assays (mainly zebrafish) to quantify chemical effects on 

a variety of neurodevelopmental processes. Therefore, the NTP is a highly collaborative project 

with approximately 40 participants spanning across domains of academia, industry, government 

and regulatory agencies. To close the gap of compound uncertainties, like impurities or 

concentration variabilities, and for better comparison of single data, collaborators that generated 

data with cell-based assays and alternative organisms use a targeted set of compounds provided 

by the NTP. In order to be able to compare results across the applied assays, the NTP analyzed all 

assay results by using benchmark concentration (BMC) modelling. In comparison to the 

traditionally used NOAEL (No Observed Adverse Effect Level), the value where the level of 

exposure (dose or concentration) indicates no biological or significant observation of an adverse 

effects, the BMC modelling is largely independent of the chosen study design. Thereby, the BMC 

https://www.epa.gov/chemical-research/toxicity-forecasting
https://www.epa.gov/chemical-research/toxicity-forecasting
https://www.linguee.de/englisch-deutsch/uebersetzung/primarily.html
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is based on the fitting of various mathematical models and identifies a dose or a concentration 

that produces a predetermined change, commonly percentage, in the response rate of an adverse 

effect, called the benchmark response (BMR; Davis et al. 2011). The NTP then shares the 

respective results with the contributing researchers and subsequently provides them online (Behl 

et al. 2019; https://ntp.niehs.nih.gov/).  

 

1.3.3 In vitro DNT testing 

Due to the limitations of current DNT testing in vivo, coupled with an increasing need to assess 

the hazards of thousands of compounds, there is a clear need to for a more efficient and predictive 

DNT testing strategy (EFSA 2013; Crofton et al. 2014; Bal-Price et al. 2015a, 2018; Fritsche et al. 

2015, 2017, 2018c, b). For such an in vitro testing strategy, different alternative DNT assays need 

to be set up in a test battery, covering a large scale of major KEs necessary for brain development 

(Fig. 4). A single in vitro test system alone is not able to fully mimic the immense complexity of 

human brain development and its maturation. 

 

Figure 4: Overview of neurodevelopmental processes essential for brain development. Several processes are essential 
for nervous system development, coming from simple precursors (left) to complex functional tissue with cell-cell 
interactions (right). It is assumed that DNT toxicants exert their toxicity by disturbing at least one of these processes. 
Therefore, disturbances of the processes depicted here in blue boxes are key events of adverse outcome pathways 
relevant for DNT. For a DNT in vitro test battery all these biological processes should be covered by one or more test 
methods (adapted from Bal-Price et al. 2018).  
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In the last decades, the field of in vitro testing has progressively produced a huge selection of 

alternative models, resembling several developmental processes in different species, cell types as 

well as brain regions and developmental stages (Fritsche et al. 2015, 2018a). Here, primary rat 

cells are the most abundant and best studied cell system, addressing developmental processes at 

distinct neurodevelopmental timing. Despite their usefulness for a variety of applications, the 

issue of inter-species extrapolation from rats to humans is still omnipresent (Fritsche et al. 2017; 

Terron and Bennekou Hougaard 2018; Sachana et al. 2019). Recently, six human-based cell models 

(hESC, hiPSC, hNPC, ReNcell CX, hUCBSC and LUHMES cells) were identified, enabling the 

assessment of 16 neurodevelopmental KEs in vitro (Fritsche 2016; Bal-Price et al. 2018). However, 

these KEs are not comprehensive as they fail to cover processes relevant for radial glia 

proliferation, glia maturation, dendritic spine formation, dendrite formation, axonal growth, 

neuronal maturation and neuronal network formation. That is why rodent-based models have to 

be considered until human-based models reach a state of readiness which is suitable for 

compound testing (Fritsche 2016; Bal-Price et al. 2018).   

 

1.4 The ‘Neurosphere Assay’ as an in vitro model for DNT testing 

One test system, which is useful for studying several neurodevelopmental KEs and part of the 

above described proposed in vitro test battery, is the ‘Neurosphere Assay‘, a three-dimensional 

(3D) primary in vitro cell culture model based on primary neural progenitor cells (NPCs). During 

the last 15 years, the ‘Neurosphere Assay’ has been established, well characterized and 

standardized for regulatory use (Moors et al. 2007, 2009; Baumann et al. 2014, 2015, 2016; 

Barenys et al. 2017, 2019, 2021; manuscript 2.4 - Masjosthusmann et al. 2018; Nimtz et al. 2019). 

NPCs are gained from full brain homogenates of human fetuses of gestational week 16 to 19, or 

rodent and rabbit brains at comparable developmental times (Workman et al. 2013), allowing the 

direct comparison between species in very similar cell systems (Baumann et al. 2016; Barenys et 

al. 2017, 2021; Dach et al. 2017; Masjosthusmann et al. 2018; Walter et al. 2019). NPCs, cultured 

as free-floating 3D neurospheres, are able to mimic multiple KEs of brain development, e.g. 

proliferation, migration and differentiation into neural effector cells (radial glia cells, astrocytes, 

neurons and oligodendrocytes). A schematic overview over NPC culturing and the assay procedure 

is given in Figure 5.  
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Figure 5: NPC culture and experimental setup of the ‘Neurosphere Assay’. NPCs are generated from fetal human brain 
(purchased from Lonza, Verviers, Belgium) or postnatal day 1 (PND1) mouse, rat and rabbit brains by dissection, 
digestion and homogenization. NPCs are cultivated as free-floating 3D neurospheres in the presence of growth factors 
(EGF, FGF). Neurospheres are passaged by mechanical dissociation. After withdrawal of growth factors and contact to 
an extracellular matrix (ECM) consist of Poly-D-Lysine (PDL) and Laminin, cells adhere and migrate radially out of the 
sphere core, thereby differentiating into the main effector cells of the brain, namely astrocytes (red), neurons (magenta) 
and oligodendrocytes (green). Cell nuclei are stained with Hoechst 33258 (blue).  
The ‘Neurosphere Assay’ consists of six individual assays: proliferation assay (NPC1a/b), migration assay (NPC2), as well 
as neuronal differentiation assay (NPC3), neuronal morphology assay (NPC4), oligodendrocyte differentiation assay 
(NPC5), and thyroid hormone (TH)-dependent oligodendrocyte maturation assay (NPC6), all measuring different 
endpoints under chemical exposure. For saving time and resources, the assays NPC2-5 can be multiplexed. Figure 
created with BioRender.com. 

 
In suspension culture and in presence of growth factors, human epidermal growth factor (EGF) 

and human or rat fibroblast growth factor (FGF), isolated NPCs continue to proliferate and form 

3D neurospheres (Reynolds et al. 1992; Buc-Caron 1995; Svendsen et al. 1995; Chalmers-Redman 

et al. 1997).  3D cultures are thought to resemble the in vivo situation better than 2D monolayer 

cultures due to their superior complexity of directional growth, cell-to-cell- and cell-to-matrix 

connectivity (Yamada and Cukierman 2007; Alépée 2014). Neurospheres can be passaged by 
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periodical mechanical dissociation, thereby enabling culture for several weeks (rodent, rabbit 

NPCs) or even month (human NPCs; Svendsen et al. 1997, 1998). Upon withdrawal of growth 

factors and plating on a PDL/laminin matrix, NPCs radially migrate out of the sphere core and start 

to express proteins of the main brain effector cells: glial fibrillary acidic protein (GFAP) for 

astrocytes, beta-III-tubulin (TUBB3) for neurons and O4 for oligodendrocytes (Piper et al. 2001; 

Reubinoff et al. 2001; Moors et al. 2009). Thereby, the stem/progenitor cell characteristics, 

evident by nestin expression, decreases with increasing migration and differentiation time 

(Schmuck et al. 2017; Hofrichter et al. 2017). The multicellularity of differentiating neurospheres 

holds the advantage of more physiological cell-cell interactions and communication compared to 

conventionally single cell type cell systems. 

The ‘Neurosphere Assay’ is set up to analyze compounds’ impacts on NPC development. 

Proliferation is assessed by measuring area size increase over time (NPC1a) and by incorporation 

of the thymidine analogue bromodeoxyuridine (BrdU, NPC1b), which is an indirect measure of 

DNA synthesis. Effects on NPC migration are determined by measuring the radial glia migration 

distance (NPC2a) from the sphere core. Additionally, neuronal (NPC2b) and oligodendrocyte 

migration (NPC2c) are defined as mean distance of all neurons/oligodendrocytes within the 

migration area divided by radial glia migration distance. The differentiation into neurons (NPC3) 

and oligodendrocytes (NPC5) is determined as number of all β(III)tubulin- and O4-positive cells in 

percent of the total number of Hoechst-positive nuclei in the migration area. Up to date, detection 

of astrocytes is not fully included within the standardized assay procedure. All neurons that were 

identified in NPC3 are analyzed for their morphology by characterizing neurite length (NPC4a) and 

area (NPC4a). Strikingly, all test methods except for NPC1 can be multiplexed and deliver 

simultaneous readouts on a variety of migration and differentiation endpoints. Another 

independent assay is focused on thyroid hormone (TH)-dependent oligodendrocyte maturation 

(NPC6). It is well documented that the terminal differentiation into myelinating oligodendrocytes 

is tightly regulated by THs, especially the thyroxine metabolite triiodothyronine (T3; Annunziata 

et al. 1983; Baas et al. 1997). By quantifying mRNA expression of myelin basic protein (MBP, for 

human NPC) or myelin oligodendrocyte glycoprotein (Mog, for rodent NPC) divided by the 

percentage of oligodendendrocytes (assessed in NPC5) in the mixed-culture migration area of 

each neurosphere, the (TH)-dependent oligodendrocyte maturation can be examined, thereby 

identifying compounds acting as TH disruptors (Dach et al. 2017; manuscript 2.7 - Klose et al. 

2021b). In addition, the evaluation of DNT-specificity of compound effects is investigated by 

comparison of specific DNT endpoints to simultaneously assessed unspecific cytotoxicity (LDH 

assays) and viability (Alamar Blue assay).  
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A high content image analysis (HCA) tool (Omnisphero) allows a fast and automated quantification 

of migration distance, neuronal differentiation and their morphology as well as differentiation into 

oligodendrocytes (Schmuck et al. 2017). Two convolutional neural networks (CNN), that are 

implemented in Omnisphero are able to identify neurons and oligodendendrocytes, and facilitate 

a reliable and reproducible analysis, free of human counting bias (Förster et al. submitted 7th June 

2021 to Cytometry Part A). 

Altogether, all endpoints can be analyzed at least in a medium throughput set up allowing a fast 

and cost-efficient screening of chemicals.  

The ‘Neurosphere Assay’ is part of a current EFSA/OECD DNT in vitro testing battery (DNT-IVB) 

that was recently assembled for regulatory purposes and challenged with 119 compounds of 

different compound classes (e.g. carbamates, metals, neonicotinoids, organochlorines/fluorines, 

and organophosphates pyrethroids; Masjosthusmann et al. 2020). Next to the NPC-based 

methods (NPC1-5), human induced pluripotent stem cell (hiPSC)-derived neural crest cells (NCC), 

lund human mesencephalic cells (LUHMES) and hiPSC-derived peripheral neurons were applied to 

study further neurodevelopmental KEs in vitro, like NCC migration (cMINC/UKN2) and additively 

neurite morphology (NeuriTox/UKN4, PeriTox/UKN5; Krug et al. 2013a; Nyffeler et al. 2017b; Delp 

et al. 2018). Using selected known human DNT positive and negative compounds as benchmarks, 

this battery performed with a sensitivity of 82.7 % and a specificity of 88.2 % (Masjosthusmann et 

al. 2020). 

 

1.5 Exemplary compound classes with unknown DNT potential 

Despite regulations like REACH (Registration, Evaluation, Authorization, and Restriction of 

Chemical substances), several compounds have already been marketed without having a full 

profile of their environmental behavior and toxicological properties. Especially, the evidence for 

causing DNT in humans has been substantiated only for few compounds (Grandjean and Landrigan 

2014; Aschner et al. 2017), whereas the DNT potential for the majority of chemicals has not been 

evaluated.  

In this thesis, two case studies of substance classes that in general have very little information on 

DNT hazard were performed. One for screening and prioritization of flame retardants (FRs) and 

one on hazard characterization of two Chinese Herbal Medicines (CHMs).  
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1.5.1 Flame retardants 

The chemical group of FRs comprises diverse classes of compounds, applied to furniture and 

consumer products, like plastics and textiles, as well as to electrical devices and infant products 

to reduce the risk of fire. FRs reduce the risk of fire as they inhibit or delay the spread of fire by 

suppressing the chemical reactions in the flame or by forming a protective layer on the surface of 

a material.  

Within the past decades FRs like polychlorinated biphenyls (PCBs) or PBDEs have been identified 

as threats to human health (Kimbrough 1995; Darnerud et al. 2001). 

The earliest FRs used were PCBs. Due to their toxicity, PCBs were already banned in 1977 

(Kimbrough and Krouskas 2003) and subsequently chlorine was substituted by bromine resulting 

in PBDEs. However, also PBDEs were identified as hazardous to human health, as they especially 

induce neurodevelopmental toxicity (Chao et al. 2007; Roze et al. 2009; Shy et al. 2011; Eskenazi 

et al. 2013). Consequently, they were banned in the early 2000’s (Blum et al. 2019) but are still 

persistent in the environment, including humans (Shaw and Kannan 2009; Yogui and Sericano 

2009; Ma et al. 2013; Law et al. 2014). Considering the toxicological concerns and the wide 

application of PBDEs, there was a clear need to replace these compounds by safe(r) and less 

persistent alternatives. PBDEs were first replaced by other brominated flame retardants (e.g. 

tetrabromobisphenol A (TBBPA)) and further substituted by organophosphorus FRs (OPFRs). 

Despite regulations like REACH several OPFRs have already been marketed without having a full 

profile of their toxicological potential. The global FR consumption has exceeded 2 million tons per 

year and is yet expected to increase due to international flammability standards (Ceresna 2018).  

Similar to PBDEs, OPFRs are not chemically bound to polymers, leading to a high potential of 

leakage into the environment by volatilization, abrasion and dissolution (van der Veen and de Boer 

2012; Wang et al. 2015). Thus, an ubiquitous occurrence of OPFRs in various indoor environmental 

matrices, such as food, drinking water, indoor air and dust can be observed and humans are 

multiply exposed to OPFRs via ingestion, inhalation and dermal absorption (Bacaloni et al. 2007; 

Bergman et al. 2012; Waaijers et al. 2013; Fromme et al. 2014; Poma et al. 2018; Ma et al. 2019; 

Chupeau et al. 2020).  

Children and especially toddlers are highly exposed towards FRs via house dust, as they frequently 

proximate to the floor and exercise hand-to-mouth activities. In contrast, infants, older children 

or adults are mainly exposed via cord blood, breast milk or food, respectively (reviewed by Sjödin 

et al. 2003; Frederiksen et al. 2009). In addition, the internal doses of FRs measured in children 

are higher compared to adults due to their higher body surface area to internal mass ratio 

(Mizouchi et al. 2015; Butt et al. 2016; Sugeng et al. 2017).  
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In contrast to the PBDEs, there is still relatively limited information regarding the toxicity of OPFRs, 

including their effects on brain development. However, it is a primary area of concern, as OPFRs 

bear some structural similarities to organophosphorus pesticides, that have been identified to 

disturb nervous system development (Grandjean and Landrigan 2006, 2014; Burke et al. 2017; 

Mie et al. 2018). Other studies have illustrated that OPFRs also act as neurotoxicants (Luttrell et 

al. 1993; Behl et al. 2015; Gasperini et al. 2017), and in vitro data based on C. elegans and zebrafish 

larval demonstrate abnormalities regarding their development upon exposure to some OPFRs 

(Behl et al. 2015; Alzualde et al. 2018). Concerning DNT, recent studies clearly demonstrate the 

DNT potential of OPFRs in rat primary spheroids (Hogberg et al. 2020) and rat cortical neurons 

(Behl et al. 2015). Furthermore, first epidemiological studies have reported associations between 

OPFR exposure and behavioural abnormalities and impaired cognitive performance in children 

(Hutter et al. 2013; Lipscomb et al. 2017). However, the dataset available for the DNT potential of 

OPFRs reveals a gap, specifically regarding their MoAs and human-based toxicity assessment. 

 

1.5.2 Chinese Herbal Medicines 

Traditional Chinese Medicine (TCM) has been applied for thousands of years. TCM practitioners 

use divers mind and body practices, like acupuncture and Thai Chi, as well as herbal products to 

prevent a broad variety of health problems (Hu 2015). The multitude of CHMs are a substance 

class with in general has very little information on DNT hazard. For centuries, CHMs have been 

widely used during pregnancy to relieve symptoms like morning sickness (Flaws 2005) and treat 

complications, especially to prevent miscarriage during early pregnancy (Li et al. 2013). There are 

thousands of CHMs, amongst them more than 300 are currently administered to pregnant women 

in clinical practices.  

Generally, CHMs are considered safe due to their natural origin and availability as teas. In contrast 

to pharmaceuticals or products of western medicine/chemical community and their strictly 

regulated approval procedures, purchasing and consuming CHMs is not restricted to any official 

regulations.  

In the last decades, the consumption of CHMs during pregnancy has been increasing not only in 

Asian countries, but worldwide. Over 60 % and 45 % pregnant women in Canada (Hollyer et al. 

2002) and in the United States (Glover et al. 2003), respectively, use CHMs during their pregnancy, 

while the consumption in European countries averages up to 20 % (Hemminki et al. 1991; Glover 

et al. 2003; Nordeng and Havnen 2004).  

Some CHMs have been found to be contaminated with e.g. undeclared plant or animal material, 

drugs (warfarin, dexamethasone, diclofenac, cyproheptadine and paracetamol), heavy metals 
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(arsenic, lead, and cadmium) or pesticides (Coghlan et al. 2015). Strikingly, in some CHM the 

arsenic level was ten times higher than the recommended daily intake limit (Coghlan et al. 2015). 

Arsenic is already classified as neurotoxic and its potential to cause DNT was recently 

demonstrated as well (Grandjean and Landrigan 2006; Masjosthusmann et al. 2019). 

Furthermore, a large-scale reproductive and developmental toxicity study in pregnant mice 

identified embryotoxic potential of commonly used CHMs that are recommended during 

pregnancy (Wang et al. 2012).  

However, the hazard overall and specifically the hazard for DNT of most CHMs has not been 

thoroughly investigated. 
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1.7 Aim of this thesis 

A wide variety of molecular and cellular processes is known to be essential for proper human brain 

development, which makes the developing brain particularly vulnerable to a chemical insult. 

However, for the majority of chemicals that are in use the developmental neurotoxic potential is 

not characterized and essentially there is still a large data gap in the mechanistic understanding 

of chemically-induced adverse neurodevelopmental outcomes. This huge data gap is mainly due 

to the insufficiently sensitive triggers for requesting the currently in use in vivo guideline studies. 

In addition, these studies are highly demanding with regard to time, money and animals and thus 

are not suited for testing large numbers of chemicals. Further limitations include their high 

variability and lack of reproducibility as well as the uncertainty of extrapolation from animals to 

humans. Therefore, regulators, academic, and industrial scientists recently agreed on a need for 

a new testing strategy to assess the DNT potential of chemicals in a time- and cost-efficient, 

human-relevant predictive manner by using new approach methodologies. Although these 

methods cannot fully replace current in vivo testing, they allow mechanism-based hazard 

identification and prioritization for further testing. In this context, case studies dealing with the 

effects of different compound classes on the DNT-IVB are very helpful tools for elevating the 

acceptance of such alternative methods. 

To contribute to the overall goal of elaborating an accepted alternative for DNT evaluation based 

on case studies, the following aims were addressed in this thesis: 

 

1. Investigation of the DNT potential of 15 selected flame retardants by using a human DNT 

in vitro testing battery and analyzing the data in a weight-of-evidence approach to 

prioritize the compounds for further testing. 

 

2. Hazard characterization of two selected Chinese Herbal Medicines by evaluating their 

adverse neurodevelopmental effects using the ‘Neurosphere Assay’ methods NPC1-5. 

 

3. Identification of the modes-of-action of TBBPA and both CHMs to develop, apply and 

expand putative AOPs. 

 

4. Expand the knowledge on neurosphere application for chemical testing to disease 

modeling. 
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2 Manuscripts 

 
The present thesis consists of eight manuscripts. 

The first manuscript 2.1, ‘Development of the Concept for Stem Cell-Based Developmental 

Neurotoxicity Evaluation’ (Fritsche et al. 2018b) is a review article, which points out the scientific 

rationales for endpoints that are currently selected for assay establishment using human 

stem/progenitor cells. Such assays are thought to be assembled as building blocks for a DNT 

testing battery covering a large variety of neurodevelopmental endpoints over time. 

In the second manuscript 2.2, ‘Current Availability of Stem Cell-Based In Vitro Methods for 

Developmental Neurotoxicity (DNT) Testing’ (Fritsche et al. 2018a) the availability of stem cell-

based in vitro methods for DNT evaluation that is based on the concept of neurodevelopmental 

process assessment is reviewed. The current state of the art on neural stem/progenitor cell-based 

methods including a variety of specific endpoints for the evaluation of DNT is summarized. 

The third manuscript 2.3, ‘The Neurosphere Assay as an In Vitro Method for Developmental 

Neurotoxicity (DNT) Evaluation’ (Nimtz et al. 2019) is a book chapter describing one of the 

methods suitable for DNT evaluation in vitro, the ‘Neurosphere Assay’. It is explained how the 

different test methods NPC1-6 are performed by given a detailed description of the individual 

endpoint evaluations and how some of them can be multiplexed in a time-and cost-efficient 

manner. While this chapter is focused on human-based NPCs, the next manuscript deals with the 

comparison of human and rodent generated NPCs. 

The fourth manuscript 2.4, ‘A transcriptome comparison of time-matched developing human, 

mouse and rat neural progenitor cells reveals human uniqueness’ (Masjosthusmann et al. 2018) 

provides a molecular characterization of developing neural progenitor cells in a species 

comparative manner. Here, mRNA expression profiles of developing human, mouse and rat NPCs 

were generated and compared and key regulators of fundamental neurodevelopmental processes 

were identified to overall characterize the ‘Neurosphere Assay’ and its biological application 

domain. 

Within the fifth manuscript 2.5, ‘Rabbit neurospheres as a novel in vitro tool for studying 

neurodevelopmental effects induced by intrauterine growth restriction’ (Barenys et al. 2021) a 

rabbit neurosphere culture was established to characterize differences in basic processes of 

neurogenesis induced by intrauterine growth restriction (IUGR). This manuscript clearly 

demonstrates the usefulness of the rabbit ‘Neurosphere Assay’ for testing DNT compounds as a 
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complementary method to the rodent based ‘Neurosphere Assay’. Moreover, rabbit NPCs seemed 

well suited for characterizing so far unknown neurodevelopmental effects on the cellular level 

induced by IUGR and they might be used for a future identification of possible disease biomarkers, 

as well as for the evaluation and selection of specific neuroprotective therapies. 

In the sixth manuscript 2.6, ‘Neurodevelopmental toxicity assessment of flame retardants using a 

human DNT in vitro testing battery’ (Klose et al. 2021a) the ‘Neurosphere Assay’ methods NPC1-5 

were extended with the UKN2, UKN4 and UKN5 assays, performed in collaboration with Prof. Leist 

and the University of Konstanz. These assays comprise the OECD/EFSA DNT in vitro testing battery 

that was recently assembled for regulatory purposes (Masjosthusmann et al. 2020). The 

manuscript 2.6 investigated the neurodevelopmental hazard of selected flame retardants and 

analyzed the data in a weight-of-evidence approach to prioritize the compounds for further 

testing. Overall, this study suggests that the human cell-based DNT in vitro battery is a promising 

approach for neurodevelopmental hazard assessment and compound prioritization in risk 

assessment.   

The seventh manuscript 2.7, ‘TBBPA Targets Converging Key Events of Human Oligodendrocyte 

Development Resulting in Two Novel AOPs’ (Klose et al. 2021b) deals with the brominated flame 

retardant tetrabromobisphenol A (TBBPA) and its effect on oligodendrocyte development. By 

combining the oligodendrocyte maturation assay, NPC6, with large-scale transcriptomics, two 

modes-of-action by which TBBPA interferes with the establishment of a population of mature, 

myelin-producing oligodendrocytes were identified. The data was used to build AOPs for a better 

comprehension of DNT hazards. Furthermore, comparative analyses of human and rat NPCs 

revealed that human oligodendrogenesis is more sensitive to endocrine disruption by TBBPA than 

those of rats.  

The last manuscript 2.8, ‘Application of the Adverse Outcome Pathway concept for investigating 

developmental neurotoxicity potential of Chinese Herbal Medicines by using human neural 

progenitor cells in vitro’ evaluated the adverse neurodevelopmental effects of two selected 

Chinese herbal medicines, Lei Gong Teng and Tian Ma, by using the ‘Neurosphere Assay’ methods 

NPC1-5, which are based on human NPCs complemented by transcriptome analyses. Data 

generated in this study were placed in an AOP-context by applying one and expanding a second 

already existing putative DNT-AOP. 
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2.1 Development of the Concept for Stem Cell-Based Developmental 

Neurotoxicity Evaluation 

 

Ellen Fritsche, Marta Barenys, Jördis Klose, Stefan Masjosthusmann, Laura Nimtz, Martin 

Schmuck, Saskia Wuttke and Julia Tigges 

 

Toxicological Science 

 

Die Entwicklung des menschlichen Gehirns besteht aus einer Vielzahl komplexer, räumlicher und 

zeitlicher Prozesse, die durch eine chemische Exposition gestört werden und zu irreversiblen 

Beeinträchtigungen des Nervensystems führen können. Um solch eine chemische 

Beeinträchtigung in einem alternativen Assay bewerten zu können, muss das komplexe 

Zusammenspiel der Gehirnentwicklung in dessen einzelne neurologische Entwicklungsprozesse 

zerlegt werden. Eine Kombination verschiedener alternativer Assays ermöglicht es, sogenannte 

spezifische neurologische Entwicklungsendpunkte abzubilden. In diesem Review stellen wir eine 

wissenschaftliche Begründung für neurologische Entwicklungsendpunkte dar, die derzeit 

ausgewählt werden, um Assays basierend auf menschlichen Stamm- und Vorläuferzellen zu 

etablieren. Es wird angenommen, dass Assays, die diese wichtigen neurologischen 

Entwicklungsendpunkte abdecken, das Gerüst einer zukünftigen auf Stamm- und Vorläuferzellen 

beruhenden DNT Testbatterie bilden werden. 
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ABSTRACT

Human brain development consists of a series of complex spatiotemporal processes that if disturbed by chemical exposure
causes irreversible impairments of the nervous system. To evaluate a chemical disturbance in an alternative assay, the
concept evolved that the complex procedure of brain development can be disassembled into several neurodevelopmental
endpoints which can be represented by a combination of different alternative assays. In this review article, we provide a
scientific rationale for the neurodevelopmental endpoints that are currently chosen to establish assays with human stem/
and progenitor cells. Assays covering these major neurodevelopmental endpoints are thought to assemble as building
blocks of a DNT testing battery.

Key words: stem cells; ESC; cellular and molecular biology.

For almost 20 years there has been considerable concern that
chemical exposure might contribute to the increasing incidence
of neurodevelopmental diseases in children (Bennett et al., 2016;
Grandjean and Landrigan, 2006, 2014; Schettler, 2001). Despite
this concern, most chemicals have not been evaluated for their
neurodevelopmental toxicity (Crofton et al., 2012; Goldman and
Koduru, 2000). The main reason for this data gap lies in the
resource-intensity of the current guideline studies: EPA
870.6300 developmental neurotoxicity (DNT) guideline (U.S.
EPA, 1998) and the draft OECD 426 guideline (OECD, 2007). These
guidelines demand significant time, money and animals
(Crofton et al., 2012; Lein et al., 2005) and are therefore not suited
for testing large number of chemicals. The DNT TestSmart ini-
tiative originated and led by Alan Goldberg from the John’s
Hopkins University in 2006, took this issue up by bringing inter-
national scientists into communication on how to test for DNT
with alternative methods (Lein et al., 2007). Since then,

international researchers have been developing concepts on
how to use and interpret such alternative DNT methods with
the final goal of regulatory application (Bal-Price et al., 2012,
2015, 2018; Crofton et al., 2011; Fritsche et al., 2017, 2018; Lein
et al., 2005). The concept evolved that the complex procedure of
brain development is disassembled into spatiotemporal neuro-
developmental processes that are necessary for forming a func-
tional brain AND can be tested for adverse effects of
compounds in in vitro assays (Bal-Price et al., 2015, 2018;
Fritsche, 2016; Lein et al., 2007). Here, human-based systems are
preferred because species differences in toxicokinetics, e.g., due
to developmental timing, and/or toxicodynamics might affect
responses to compounds (Dach et al., 2017; Gassmann et al.,
2010; Gold et al., 2005; Knight, 2007; Leist and Hartung, 2013;
Masjosthusmann et al., 2018; Seok et al., 2013).

In the following paragraphs, we will provide the scientific
rationales for the endpoints that are currently chosen for assay
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establishment with human stem/progenitor cells and depicted
in Figure 1. Such assays are then thought to assemble as build-
ing blocks of a DNT testing battery covering neurodevelopmen-
tal endpoints over time.

ESC DIFFERENTIATION TO NEUROEPITHELIAL
PRECURSORS/INDUCTION OF NEURONAL
ROSETTES

During embryogenesis, stem cells develop into the primordium
including the primordium of the central nervous system (CNS).
During this neurulation, the neural plate and the neural groove
form that lead to the emergence of the neural tube by fusing of
the neural folds. Polarizsation and patterning of the neural tube
ultimately develop into the 3 major vesicles of the future brain:
forebrain, midbrain, and hindbrain (reviewed by Silbereis et al.,
2016). Neural tube and axial defects of the vertebrate embryo be-
long to the most common developmental malformations in
man. They include neural tube defects, which are among the
most prominent birth defects in the human population with a
prevalence of around 35 cases of spina bifida, 20 cases of anen-
cephaly, and 10 cases of encephalocele per 100 000 births
(CDC, http://www.cdc.gov/ncbddd/birthdefects/data.html; last
accessed July 16, 2019). In addition, disruption of axial develop-
ment might cause diverse craniofacial, limb, and cardiac
malformations. During evaluation of developmental effects of
chemicals and pharmaceuticals with experimental animal stud-
ies, neural tube and axial defects are frequently observed find-
ings (Knudsen et al., 2009). Examples for such human teratogens
are anticonvulsants (e.g. valproate and carbamazepine),

cytostatic agents (e.g. cyclophosphamide and methotrexate),
and retinoids. An adverse outcome pathway framework was re-
cently developed linking neural tube and axial defects to modu-
lation of retinoic acid homeostasis (Tonk et al., 2015). This
framework was used as one of the building blocks for genera-
tion of developmental toxicity ontology (Baker et al., 2018).

Human embryonic stem cells are able to differentiate into
early neuroepithelial precursor (NEP) in the form of neural
rosettes. These peculiar structures represent an in vitro primi-
tive neural stem cell state with all the properties of neural plate
cells and recapitulate the early neurulation events that bring
the formation and closure of the neural tube (Elkabetz et al.,
2008; Lazzari et al., 2006; Pankratz et al., 2007). Such cells have a
default anterior-dorsal pattern that is reverted by exposure to
ventralizing signals such as sonic hedgehog and fibroblast
growth factor 8 (Cowan et al., 2004).

NEURAL PROGENITOR CELL PROLIFERATION

The brain is a highly organized structure and its development
depends on the proliferation of a variety of progenitor cell types.
When compared with lissencephalic species like mice and rats,
brains of gyrencephalic species, like humans and ferrets, con-
tain a larger variety of neural progenitor cells (NPCs) involved in
e.g., the formation of the 6-layered neocortex. Also duration of
proliferative NPC activity correlates with brain complexity, i.e.
the phase of extensive progenitor self-renewal takes 2 weeks in
mouse and 3 months in human developing brains. Such prolif-
erative activity is directly coupled to the number of produced
neural cells including neurons during corticogenesis, thus de-
termining brain size, as well as to the formation of cortical gyri

Figure 1. Neurodevelopmental processes essential for nervous system development. It is assumed that DNT toxicants exert their toxicity by disturbing at least one of

these processes. Therefore, disturbances of the processes depicted here in blue boxes are key events of adverse outcome pathways relevant for DNT. From Bal-Price

et al. (2018).
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and sulci. Here, centrosome-related proteins that determine
spindle orientation and centrosome biosynthesis, the primary
cilium, junctional adhesion molecules, and cell cycle length, de-
termine NPC proliferation (comprehensively reviewed in
Uzquiano et al., 2018). A disturbance of NPC proliferation during
brain development leads to significant alterations of brain mor-
phology like a reduction of size, weight, or volume of the entire
brain (microcephaly; de Groot et al., 2005) or of individual brain
structures (Moore et al., 2006) having detrimental effects on the
neurological outcome (Lang and Gershon, 2018; Ostergaard
et al., 2012). Besides genetic factors (Uzquiano et al., 2018), also
environmental elements can cause microcephaly. One recent
example is Zika virus infection causing microcephaly in chil-
dren (Devakumar et al., 2018; Tang et al., 2016).

NPC APOPTOSIS

Apoptosis is a crucial and strictly regulated event during brain
development. Too much apoptosis can deplete the NPC pool in
the developing brain. Here, loss of centrosome biogenesis in
NPC, e.g., by deletion of Cenpj (Sas4), causes mitotic delay and an
elimination of a subtype of NPC, apical radial glia (aRG), from
the ventricular zone (VZ). This results in a thinning of upper
cortical layers and microcephaly (reviewed in Uzquiano et al.,
2018). On the contrary, reduction in apoptosis due to inactiva-
tion of caspases or their copartners like Apaf can lead to mor-
phological defects like hyperplastic brains. An apoptosis
pathway involving caspases-3 and -9 is of particular importance
in the developing brain. A reduction in apoptosis observed in
Casp9�/� knockouts is thought to account for increased num-
bers of Bromodeoxyuridine-positive cells in the germinal zones
of the brain that is consistent with an increased survival of NEP.
As a consequence, both the VZ and forebrain cortical structures
are expanded in these knockout mice, disrupting cortical orga-
nization and ultimately resulting in intracranial hemorrhage
and death (Hakem et al., 1998; Yoshida et al., 1998). Apoptosis is
therefore a well-balanced procedure where disturbance in ei-
ther direction has detrimental outcomes.

RADIAL GLIA PROLIFERATION

Radial glia cells play key roles during cerebral cortex develop-
ment. They are not a uniform cell type but are specified into dif-
ferent radial glia types with different functions across species.
Describing the detailed functions of radial glia types extends be-
yond the scope of this article, for more in-depth information the
interested reader is referred to excellent review articles (Gotz
and Huttner, 2005; Uzquiano et al., 2018). Briefly, aRG cells
comprise the predominant neuronal progenitor cell type within
the developing neocortex. They are highly polarized cells,
exhibiting basal processes attached to the basement mem-
brane, and apical processes linked by adhesion with cerebrospi-
nal fluid in the ventricles. aRGs undergo asymmetric
proliferative division into postmitotic neurons and neurogenic
progenitors. In gyrencephalic species including humans, the ini-
tial pool of aRGs is greater than in lissencephalic species mainly
contributing to neurogenesis through the production of a vari-
ety of basally located progenitors including basal radial glia-like
cells (bRG), which are mainly intermediate progenitors (IPs). In
primates including humans, IPs undergo several rounds of self-
renewing before terminal differentiation. This higher neuronal
production in gyrencephalic species impacts cortical size and
folding (Borrell and Gotz, 2014; Fish et al., 2008; Uzquiano et al.,
2018). Besides radial glia function as primary stem and

progenitor cells that proliferate (see above) and give rise to neu-
rons and glia, they also act as scaffolds for migrating neurons
building the cerebral cortex architecture (Borrell and Gotz, 2014;
Gotz and Huttner, 2005; Malatesta and Gotz, 2013). Due to the
fundamental role of radial glia cells in brain development, dis-
turbance of their biology will have detrimental results. For ex-
ample, induced proliferation of the gyrencephalic ferret bRG
leads to an expansion of the cortical surface area and the forma-
tion of new folds and fissures, while it increases surface area
without creating new folds and fissures in the mouse (Nonaka-
Kinoshita et al., 2013). The instance that there are primate-
human specific traits in brain ontogenesis that are targets of
brain diseases and cortical malformations, like in the Miller-
Dieker Syndrome, might explain why mouse models often fail
to recapitulate patients’ phenotypes (reviewed in Uzquiano
et al., 2018).

NEURAL CREST CELL/RADIAL GLIA/NEURONAL
MIGRATION

Different neural cell types need proper migration during devel-
opment. During embryogenesis, neural crest cells (NCC) migrate
to distinct parts of the embryo developing into e.g. sensory and
enteric neurons, Schwann cells, melanocytes, craniofacial
structures like bone and cartilage, and chromaffine cells of the
adrenal gland. Defective NCC migration and differentiation can
cause a variety of diseases like cleft palate, hearing loss, Morbus
Hirschsprung or CHARGE syndrome (Dupin and Sommer, 2012;
Mayor and Theveneau, 2013).

Cortex development takes place during the fetal phase of
brain development involving radial glia as well as neuronal
migration (Borrell and Gotz, 2014). This neuronal migration pro-
cess on scaffolds generated by radial glia migration is a funda-
mental neurodevelopmental key event, because radial glia as
well as postmitotic differentiating cells migrate and differenti-
ate over time into the main effector cells neurons, astrocytes
and oligodendrocytes thereby ensuring normal brain structure
and function (Carpenter et al., 1999). Developmental brain disor-
ders such as heterotopia and lissencephaly or diseases such as
schizophrenia and epilepsy have been associated with disrup-
tions of this cortical migratory process (Barkovich et al., 2005;
Bozzi et al., 2012; Volk et al., 2012).

ASTROCYTE DIFFERENTIATION/MATURATION

During the last decades, the view on astrocytes’ physiology and
their contribution to toxicity and disease has fundamentally
changed. Although they were initially thought to play only a
supporting and scaffolding role in brain, an increasing diversity
of functions—also in a brain region-specific context—have now
been appointed to this diverse cell type (reviewed in Hu et al.,
2016; Volterra and Meldolesi, 2005). Astrocytes create the brain
environment, build up the microarchitecture of the brain paren-
chyma, maintain brain homeostasis, store and distribute energy
substrates, control the development of neural cells, contribute
to synaptogenesis, and synaptic maintenance, regulate cerebral
blood flow, maintain the blood-brain barrier, and provide brain
defense. Therefore, astroglia differentiation is a crucial event
during brain development. Astrocytes express astroglial inter-
mediate filament proteins like glial fibrillary acidic protein
(GFAP) and vimentin, thus expression of GFAP is commonly
used as a specific marker for astrocyte identification. However,
it is to consider that in situ the levels of GFAP expression vary

16 | DEVELOPMENT OF THE CONCEPT FOR STEM CELL-BASED DNT

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/165/1/14/5046970 by U

niversitaetsbibliothek D
uesseldorf user on 02 February 2021

Deleted Text: <italic>3.</italic> 
Deleted Text: 3. NPC apoptosis
Deleted Text: detriment 
Deleted Text: .
Deleted Text: delamination 
Deleted Text: Such ectopic proliferating, Pax6&hx002B; NPC eventually undergo <?A3B2 thyc=10?>p53-mediated<?thyc?> apoptosis. 
Deleted Text: -
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: mutants 
Deleted Text: ventricular zone
Deleted Text: <italic>4.</italic> 
Deleted Text: 4. Radial glia proliferation
Deleted Text: apical radial glial 
Deleted Text: (aRGs) 
Deleted Text: (CSF) 
Deleted Text: -
Deleted Text: Radial glia is crucial for formation of cortical layers because their basal process serves as a scaffold for migrating neurons to reach their positions in the cortical plate (<xref ref-type=
Deleted Text: 5. 
Deleted Text:  (NCC)
Deleted Text: 5. Neural Crest Cell (NCC)/Radial glia/Neuronal migration
Deleted Text: .
Deleted Text: It involves radial glia migration leading to the development of a scaffold that is subsequently used by neurons to migrate along these glial fibers and reach their final cortical destination (
Deleted Text: ).
Deleted Text: 6. 
Deleted Text: 6. Astrocyte differentiation/maturation
Deleted Text: While 
Deleted Text: -
Deleted Text: defence 


quite considerably. For example, GFAP is expressed by virtually
every Bergmann glial cell in the cerebellum whereas only about
15%–20% of astrocytes in the cortex of mature animals express
GFAP. The same heterogeneity of astrocyte marker expression
is also seen in different astrocyte in vitro methods (Lundin et al.,
2018). There is a large variety of different astrocytes present in
brains probably conferring to the heterogeneity of astrocyte
marker expression. For example, protoplasmic astrocytes are pre-
sent in gray matter, while fibrous astrocytes are present in white
matter yet with region-specific functions (Hu et al., 2016). Another
large class of astroglial cells are the radial glia, which are bipolar
cells each with an ovoid cell body and elongated processes (de-
scribed earlier Uzquiano et al., 2018). After maturation, radial glia
disappear from many brain regions and transform into stellate
astrocytes (Adapted from Kettenmann and Verkhratsky, 2011).

Astrocytes seem to play a “yin-and-yang” role in health
maintenance and disease of the brain. Their responses and
roles in brain pathologies range from beneficial to adverse. Such
astrocyte responses to a variety of stimuli are called reactive
astrogliosis, a context-dependent progress undergoing a mild,
moderate or severe substantial alteration of morphology and
molecular function, i.e. releasing inflammatory factors. Reactive
astrocyte responses might also be involved in the pathogenesis
of neurodegenerative diseases like Parkinson’s and Alzheimer’s
disease as well as amyothrophic lateral sclerosis. In addition,
they seem to contribute to the pathogenesis of demyelinating
diseases as well as brain aging (reviewed in Hu et al., 2016).
Despite just astrocyte marker expression, astrocyte function is
crucial when studying astrocyte development. Four key astro-
cytic features of importance are (Lundin et al., 2018): the uptake
of the neurotransmitter glutamate, essential for synapse dy-
namics; inflammatory response to trauma; calcium signaling
response to neurotransmitters; and the secretion of apolipopro-
tein E, a lipid and cholesterol transporter in the brain (Bazargani
and Attwell, 2016; Khakh and Sofroniew, 2015; Yu et al., 2014).

OLIGODENDROCYTE DIFFERENTIATION/
MATURATION

Oligodendrogenesis is necessary for proper brain function, as
oligodendrocytes form and keep myelin sheaths around axons,
a necessity for nerve cell function by enabling salutatory con-
duction. The peak of this process starts during the late fetal pe-
riod and continues until the child’s third year of age. Because
myelin inhibits synaptogenesis and neuronal plasticity, this ex-
tended myelin production in humans prolongs the phase for
learning capacities and memory (reviewed in Silbereis et al.,
2016). Several processes are involved in the generation of a suf-
ficient number and proper functioning of oligodendrocytes.
These include oligodendrocyte formation from oligodendrocyte
progenitor cells (OPCs), maturation of OPCs, generation of mye-
lin from matured oligodendrocytes and finally correct myelin
sheet enclosure around axons. Disturbance of oligodendrocyte
development may result in demyelination diseases that se-
verely affect neuronal functioning and can be accompanied by
impaired e.g. sensory, motor, or vegetative functions as well as
memory (Baumann and Pham-Dinh, 2001; Nawaz et al., 2015).

Oligodendrocyte development is linked to thyroid hormone
(TH) action. Children suffering from the Allan-Herndon-Dudley
Syndrome experience intrauterine brain hypothyroidism due to
a mutation in the TH transporter monocarboxylate transporter
8 (MCT-8) resulting in delayed CNS myelination (Rodrigues et al.,
2014; Tonduti et al., 2013). From the clinical data it is not clear if

this myelination delay is due to less oligodendrocyte formation
or maturation or a combination of both. However, in vitro stud-
ies using primary human neurospheres differentiating into oli-
godendrocytes suggest that TH induces oligodendrocyte
maturation, but not formation, while in mouse neurospheres
both endpoints are TH-dependent (Dach et al., 2017). Thus, the
oligodendrocyte maturation assay seems to be well suited to
study TH disruption in developing human and mouse NPC.

NEUROGENESIS AND NEURONAL
MATURATION

Neurogenesis in the human CNS begins shortly after the fusion
of neural folds. Here, motor neurons in the ventral horn of the
cervical spinal cord and neurons of certain cranial nerve nuclei
in the brainstem appear first at gestational week 4 (Bayer and
Altman, 2007; O’Rahilly and Muller, 2006). Prenatal neurogenesis
continues throughout embryonic and fetal development mainly
in the neocortex and the cerebellum. The cerebral cortex of a
middle-aged male is estimated to be comprised of 16.34 billion
neurons (Azevedo et al., 2009), which are produced from neural
stem or progenitor cells within the VZ and subventricular zone
(SVZ) of the developing cerebral cortical wall. Of those, approxi-
mately 80% (13.07 billion) are estimated to be excitatory gluta-
matergic projection neurons (i.e. pyramidal and modified
pyramidal neurons; DeFelipe et al., 2002) and the rest are
GABAergic inhibitory interneurons (reviewed by Silbereis et al.,
2016). Neurons are indispensable for life and their differentia-
tion patterns are tightly regulated. Thus, modulation of neuro-
nal differentiation into both directions (promotion or inhibition
of neurogenesis) is considered as adverse. For example, reduced
neurogenesis is thought to be involved in the pathogenesis of
depressive mood disorders (Song and Wang, 2011) or the intel-
lectual disabilities in Down Syndrome patients initiated during
the fetal period (Guidi et al., 2018; Stagni et al., 2018).

Subsequent to neuronal differentiation, dendritic, and axo-
nal (neurite) outgrowth followed by the formation of synapses
are key cellular features associated with the functional matura-
tion of the CNS. At midgestation, immature neocortical neurons
have spread axons and instigated to expand dendrites that ini-
tiate an extended period of axon outgrowth, dendritic arboriza-
tion and synaptogenesis extending into early childhood.
Despite this general developmental concept, these processes
vary substantially between brain layers, areas, and human neo-
cortical neuronal subtypes (reviewed by Silbereis et al., 2016).

NEURONAL SUBTYPE DIFFERENTIATION

During brain development neural stem and progenitor cells pro-
duce a variety of neuronal subtypes, which differentiate at dif-
ferent stages and in different regions of the brain. For example,
glutamatergic neurons are generated from the VZ and SVZ of
the dorsal mesencephalon (Fode et al., 2000; Guillemot, 2007),
GABAergic neurons from the ventral telencephalon (Casarosa
et al., 1999; Hansen et al., 2010, 2013; Poitras et al., 2007), while
dopaminergic neurons are generated from several brain regions
like the mesencephalon, hypothalamus, and retinal and olfac-
tory bulbs (Alizadeh et al., 2015; Arenas et al., 2015; Zhang and
van den Pol, 2015). Occurrence of neuronal subtype differentia-
tion during early neurogenesis into 80% excitatory and 20% in-
hibitory neurons and their interactions are essential for the
neuronal function of the CNS (DeFelipe et al., 2002; Hansen et al.,
2010, 2013; Workman et al., 2013).

FRITSCHE ET AL. | 17

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/165/1/14/5046970 by U

niversitaetsbibliothek D
uesseldorf user on 02 February 2021

Deleted Text:  big group 
Deleted Text: above
Deleted Text: ;
Deleted Text: :
Deleted Text: &hx2018;
Deleted Text: &hx2019;
Deleted Text: .
Deleted Text: .
Deleted Text: A
Deleted Text: L
Deleted Text: S
Deleted Text:  Here, f
Deleted Text: are 
Deleted Text:  (APOE)
Deleted Text: 7. 
Deleted Text: 7. Oligodendrocyte differentiation/maturation
Deleted Text: functioning 
Deleted Text: 3
Deleted Text: rd
Deleted Text: et<?A3B2 show $146#?>al.
Deleted Text: central nervous system 
Deleted Text: <italic>8.</italic> 
Deleted Text: 8. Neurogenesis and neuronal maturation
Deleted Text: ventricular zone (VZ)
Deleted Text: .
Deleted Text: .
Deleted Text: Succeeding 
Deleted Text: ,
Deleted Text: s
Deleted Text: <italic>9.</italic> 
Deleted Text: 9. Neuronal subtype differentiation
Deleted Text: ; <xref ref-type=
Deleted Text: <xref ref-type=


SYNAPTOGENESIS/NEURONAL NETWORK
FORMATION

During early neurogenesis neurons start to mature, connect,
and become electrically active in the embryonic phase of neuro-
development—between the fourth and fifth postconceptional
week (Okado et al., 1979; Zecevic and Antic, 1998). For the func-
tion of the CNS this neuronal maturation and the formation of
synapses is crucial. The neuronal intercellular communication
takes place at synaptic connections, which is associated with
learning and memory through synaptic plasticity (Lundin et al.,
2018). When synaptogenesis is disrupted by a compound, neu-
ronal network activity is altered (Robinette et al., 2011). Here,
synaptogenesis might converge on a variety of neurodevelop-
mental processes, i.e. key events, converging a compounds’
effects on neuronal (subtype) differentiation, neurite outgrowth,
axon or dendrite formation, dendritic spine development or
synaptogenesis itself. Thus, this functional endpoint is a crucial
readout for integration of neuronal function of the human
brain.

CONCLUSION

Taken together, these neurodevelopmental processes have
been identified somewhat as a minimum requirement for a pro-
posed DNT testing battery, covering the complexity of neurode-
velopmental processes as well as timing aspects of brain
development. Moreover, they are considered for a DNT testing
battery because there are stem/progenitor cell methods avail-
able allowing the set up of test methods for DNT evaluation
(Bal-Price et al., 2018). However, the current state of the science
concerning identified endpoints is probably still at an early, im-
mature state. The key events discussed here have clear ration-
ales for their crucial function during brain development. Other
key events like astrocyte differentiation and maturation, espe-
cially with regards to astrocyte heterogeneity, astroglia func-
tion, neuronal maturation, and neuronal network formation;
however, are less well characterized. Moreover, the complexity
of brain region-specific neural differentiation and function is
not well understood, especially in the human context.
Hormonal contributions to brain development are manifold and
complex and chemicals with endocrine activities are suspected
to interfere with neurodevelopment (WHO-UNEP, 2012). Here,
interference with estrogen, androgen, retinoid, progesterone,
peroxysome proliferator-activated receptor, or endocannabi-
noid signaling pathways might have implications for the devel-
oping brain at specific developmental stages. Especially sex
hormone-related cellular and organ function is crucial for the
development of gender-specific behavior, which follows
species-specific traits (Wallen and Baum, 2002). As basic scien-
tific knowledge on these neurodevelopmental key events
deepens, implications for additional toxicity testing will arise
and with this an evolvement of stem/progenitor cell-based
methods for studying additional endpoints. However, the cur-
rent state-of-knowledge is a satisfying start to put a DNT testing
battery into action that covers neurodevelopmental endpoints
across time.
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ABSTRACT

There is evidence that chemical exposure during development can cause irreversible impairments of the human
developing nervous system. Therefore, testing compounds for their developmentally neurotoxic potential has high priority
for different stakeholders: academia, industry, and regulatory bodies. Due to the resource-intensity of current
developmental neurotoxicity (DNT) in vivo guidelines, alternative methods that are scientifically valid and have a high
predictivity for humans are especially desired by regulators. Here, we review availability of stem�/progenitor cell-based in
vitro methods for DNT evaluation that is based on the concept of neurodevelopmental process assessment. These test
methods are assembled into a DNT in vitro testing battery. Gaps in this testing battery addressing research needs are also
pointed out.

Key words: developmental neurotoxicity testing; DNT; neurological damage.

There is evidence that chemical exposure during develop-
ment can cause irreversible impairments of the human de-
veloping nervous system (Andersen et al., 2000; Bearer, 2001;
Claudio, 2001; Grandjean and Landrigan, 2006, 2014; Mendola
et al., 2002; Rodier, 1995; Slikker, 1994). Neurological damage
ranging from subtle to severe imposes significant burdens on
affected individuals, their families, and society (Goldman and
Koduru, 2000; Weiss and Lambert, 2000). Therefore, testing
compounds for their developmentally neurotoxic potential
has high priority for different stakeholders: academia, indus-
try, and regulatory bodies (Bal-Price et al., 2015; Crofton et al.,
2014; Fritsche et al., 2017, 2018). Due to the resource intensity
of current DNT in vivo guidelines, alternative methods that
are scientifically valid and have a high predictivity for
humans are especially desired by regulators (Bal-Price et al.,

2012, 2015, 2018a; Crofton et al., 2011; Fritsche et al., 2017,
2018; Lein et al., 2005).

Development of these alternative methods are based on
the strategy that the complex procedure of brain develop-
ment is disassembled into spatiotemporal neurodevelopmen-
tal processes that are necessary for forming a brain.
According to the adverse outcome pathway concept, such are
key events for DNT that can be tested for adverse effects of
compounds in in vitro assays (Bal-Price et al., 2015, 2018a). To
avoid species differences in responses to compound exposure
(Baumann et al., 2016; Dach et al., 2017; Gassmann et al., 2010;
Harrill et al., 2011a; Masjosthusmann et al., 2018), key event-
related DNT evaluation is preferably using human cells, ie,
neural stem/progenitor cells (NS/PC) including human-in-
duced pluripotent stem cell (hiPSC)-derived NPC as a source
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(Bal-Price et al., 2018b; Singh et al., 2016). In this article, we
will summarize the current state of the art on NS/PC-based
methods for evaluation of neurodevelopmental toxicity. DNT
methods published until April 2014 were assembled in a sys-
tematic review earlier (Fritsche et al., 2015).

ESC DIFFERENTIATION TO NEUROEPITHELIAL
PRECURSORS (NEP)/INDUCTION OF NEURONAL
ROSETTES

Tests for studying compound effects on the early neurodevelop-
mental endpoint stem cell differentiation to NEP based on hu-
man embryonic stem cells (hESC) were developed (summarized
in Fritsche et al., 2015; Shinde et al., 2015; Waldmann et al., 2014).
Here, rosette morphology and/or gene expression and viability
are measured. In addition, a teratogenicity index was developed
as a test method for distinguishing between DNT-specific and
cytotoxic compound effects that promotes performing
transcriptome-based DNT studies at noncytotoxic concentra-
tions (Waldmann et al., 2014). In a recent work, disturbance of
neural rosette formation from hESC was studied in the context
of toxicant-dependent altered DNA methylation (Du et al., 2018).
Similar to hESC, hiPSC also form neural rosettes that further
mature to neurons when injected into mouse motorcortex
(Malchenko et al., 2014).

NPC PROLIFERATION

Proliferation of neural progenitor cells determines brain size (de
Groot et al., 2005). Different cell systems are available to study
effects on proliferation in vitro: hESC-generated NPC, primary
hNPC, hiPSC-derived NPC, the human umbilical cord blood
(hUCB)-NSC line or ReNcell CX-based systems assessing prolif-
eration in two-dimensional (2D) cultures with the bromodeox-
yuridine (BrdU) or ethynyldeoxyuridine (EdU) assay that
quantifies incorporation of the thymidine analogue BrdU or EdU
into the DNA via fluorescence or luminescence-labeled antibod-
ies, or by quantifying Ki67 expression. A variety of groups used
hESC-based methods for studying the effects of single (summa-
rized in Fritsche et al., 2015; Sohn et al., 2017; Wang et al., 2016) or
multiple (Behl et al., 2015; Radio et al., 2015) compounds on NPC
proliferation. Lately, the frequency of cell cycles per day was
calculated from the number of hESC-NSC, which was counted
daily using a Neubauer hemocytometer (Vichier-Guerre et al.,
2017). While this is a cheap and easy method, it has a high vari-
ability and needs verification by an additional established
method like the BrdU assay.

Also, 3D NPC aggregates generated from primary human
material (Lonza, Belgium; NPC1 Assay; Bal-Price et al., 2018a) or
from hiPSC (Hofrichter et al., 2017) called neurospheres are used
for assessing compound effects on NPC proliferation. Here, the
diameter increase of individual spheres over time or BrdU incor-
poration are two different ways of measuring cell replication
(Baumann et al., 2015, 2016; Fritsche et al., 2015). The increase in
sphere diameter over time of single spheres plated in wells of a
96-well plate is a fast and cheap possibly first tier screening
method for analyzing cell proliferation.

NPC APOPTOSIS

Apoptosis is a well-balanced process during brain development
with alterations in both directions, increase or decrease, having
negative implications for organ development (Hakem et al.,

1998; Uzquiano et al., 2018). It can be measured by different
methods in vitro ranging from early events like mitochondria
calcium or cytochrome c release or annexin V presentation, in-
termediate processes like caspase activation or late apoptotic
activities like nuclear condensation, micronucleus formation, or
chromatin disintegration. Several stem cell-based cell systems
are suitable for detection of xenobiotic-induced apoptosis, ie,
hESC-NPC and ReNcell CX culture, primary hNPC growing as
monolayers in 2D, or as neurospheres in 3D (summarized in
Fritsche et al., 2015). Lately, the neurosphere system was used
for studying the effects of gestational age and sex on
methylmercury-induced apoptosis by quantification of con-
densed nuclei (Edoff et al., 2017). With the ReNcell CX culture, a
high content imaging analysis (HCA) assay based on multi-
plexed activated caspase-3/-7 (apoptosis) and protease (viabil-
ity) activities. This method was applied to a comparative study
of mouse cortical NPC (Millipore, Temecula, CA), immortalized
NPC (ReNcell CX, Millipore), hESC-derived NSC (ArunA
Biomedical, Athens, GA), and hiPSC-derived pure neuronal cul-
tures (iCell, Cellular Dynamics International, Madison, WI) us-
ing 12 positive and negative compounds impressively
demonstrating different susceptibilities toward compound-
induced apoptosis between species and between brain cells of
different developmental stages (Druwe et al., 2015). Another
comparative study assessed caspase-3/-7 activation by multiple
compounds in a 384-well format using primary hNPC growing
as monolayers (ThermoFisher, Waltham, Massachusetts), the
neuroblastoma cell line SH-SY5Y, and the immortalized fetal
mesencephalic cell line LUHMES. These different cell types
show different sensitivities toward compound-induced cas-
pase-3/-7 activation (Tong et al., 2017). A different commercial
hNPC source are ENStem-ATM hNPCs (ArunA Biomedical,
Athens, Georgia). These cells growing in monolayers were used
for multiplexed imaging analyses of live/dead/apoptotic cells by
calcein AM/PI stainings in 96-well plates (Kim et al., 2016).

RADIAL GLIA PROLIFERATION

The multitudes of radial glia cell types play diverse key roles
during cerebral cortex development (Gotz and Huttner, 2005;
Uzquiano et al., 2018). Stem cell-based in vitro methods for
studying compound effects on radial glia are sparse. Primary

Figure 1. hNPC (Lonza, Verviers, Belgium) were plated onto poly D-lysin/lami-

nin-coated glass slides. After 24 hours, cells were fixed with paraformaldehyde

and stained with antibodies against GFAP and b(III)tubulin. Nuclei were stained

with Hoechst. Scale bar ¼ 50mm
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hNPC (Lonza, Verviers, Belgium) growing as neurospheres is
one cell system producing migrating, nestinþ/GFAPþ cells that
have radial glia-like morphology after 24 h in differentiation cul-
ture (Figure 1; Bal-Price et al., 2018a). These differentiated hNPC
express a variety of radial glia cell markers and respond to bone
morphogenic protein (BMP)2 with increased astrocyte differenti-
ation (Masjosthusmann et al., 2018). Radial glia can also be dif-
ferentiated from rosette-forming hESC or hiPSC (Malchenko
et al., 2014).

MIGRATION OF NEURAL CREST CELLS (NCC)/
RADIAL GLIA/NEURONS

Different neural cell types need proper migration during devel-
opment. During embryogenesis, NCC migrate to distinct parts of
the embryo developing into a variety of extracerebral cells and
tissues causing diseases like cleft palate, hearing loss, Morbus
Hirschsprung, or CHARGE syndrome when defective (Dupin and
Sommer, 2012; Mayor and Theveneau, 2013). NCC migration can
be studied with an in vitro assay, the “MINC Assay”, based on
neural crest cells (NCC) that are differentiated from hESC
(Zimmer et al., 2012). There are two different ways to perform
the MINC Assay: the scratch method (Dreser et al., 2015; Pallocca
et al., 2016; Zimmer et al., 2012, 2014) or the recently developed
stamp method (Nyffeler et al., 2017) with the latter being more
robust.

Cortex development involves radial glia migration leading to
the development of a scaffold that is subsequently used by neu-
rons to migrate along these glial fibers and reach their final cor-
tical destination (Borrell and Gotz, 2014). One well-characterized
migration assay is part of the “Neurosphere Assay” (NPC2; Bal-
Price et al., 2018a). Migration distance that cells cover by radially
migrating out of the plated neurosphere is analyzed either man-
ually using programs like ImageJ (Bal-Price et al., 2018a; Barenys
et al., 2017; Baumann et al., 2015, 2016; Edoff et al., 2017; Fritsche
et al., 2015; Ivanov et al., 2016) or by HCA using the software
“Omnisphero” (Schmuck et al., 2017). An important issue when
evaluating effects of compounds on NPC migration with the
‘Neurosphere Assay’ is to distinguish between specific effects
on migration and secondary migration effects due to cytotoxic-
ity. Our recent data shows that migration distance or pattern,
which determines the size of the total migration area, defines
the magnitude of signal of viability assays like the Cell Titer
Blue Assay (CTB Assay; Promega) because it is related to cell
number. A different viability/cytotoxicity assay measuring a
readout not directly dependent on cell number, like LDH leak-
age, indicates the specific effects of methylmercury (MeHgCl) on
migration without producing cell death at two different time
points (Figs. 2A and 2B). Similarly, epigallocatechin gallate
(EGCG) inhibits adhesion and migration of hNPC thereby chang-
ing the migration pattern and area (Figure 2C; Bal-Price et al.,
2017; Barenys et al., 2017). After 3 days of migration in the pres-
ence of EGCG, the CTB assay suggests that EGCG reduces cell vi-
ability (Figure 2D). However, FACS analyses identifying annexin
V-/PI-positive cells clearly show that EGCG does not cause cell
death, but diminishes the cell area with access to the CTB sub-
strate (Figure 2E).

Migrated cells of the NPC2 assay form a 2-layered cell layer
with neurons migrating on top of the glia cells (Al�ep�ee et al.,
2014; Baumann et al., 2016). This enables measuring not only
glia cell migration, but also the neuronal migration by assessing
individual neuronal positions using the software Ominsphero

(Schmuck et al., 2017). Hence, NPC2 can be utilized to assess ra-
dial glia and neuronal migration at the same time.

Migration analyses can also be performed with hiPSC-
derived NPC (hiNPC2; Hofrichter et al., 2017). Migration distance
is similar between NPC2 and hiNPC. Yet, the first cells migrating
from the hiNPC neurosphere are neurons and not radial glia as
from the hNPC sphere.

ASTROCYTE DIFFERENTIATION/MATURATION

Astroglia differentiation is a crucial event during brain develop-
ment because astrocytes obtain a variety of central functions in
brain (Kettenmann and Verkhratsky, 2011). Astrocyte differenti-
ation can be measured in developing mixed cell cultures by
counting the percentage of, eg, GFAPþ or vimentinþ cells from
the total number of differentiated hESC, primary hNPC or hUCB-
NSC (summarized in Fritsche et al., 2015; Edoff et al., 2017).
Lately, also hiPSC differentiation into the astrocyte lineage was
employed in a toxicological context either in 2D (after 28 days)
or in 3D (after 56 days) by creating “brain balls” in shaking cul-
tures (Pamies et al., 2017, 2018b; Pistollato et al., 2014). Moreover,
morphogen-induced astrocyte maturation can be studied in the
context of the “Neurosphere assay” (Masjosthusmann et al.,
2018). Apart from toxicology, clearly more data on astrocyte dif-
ferentiation is available on the basic science level, which is
summarized, eg, in Chandrasekaran et al. (2016). Astrocyte
function as the most relevant readout was recently
compared between long-term self-renewing hiPSC-derived
neuroepithelial-like stem cells (ltNES; Falk et al., 2012)-astro-
cytes, human primary adult astrocytes (phaAstro), an astrocy-
toma cell line CCF-STTG1 (CCF), and hiPSC-derived astrocytes
from Cellular Dynamics International (iCellAstro). Here, ltNES-
astrocytes were the only ones expressing functional, glutamate

Figure 2. Oligodendrocyte differentiation of primary hNPC. Oligodendrocyte dif-

ferentiation was assessed by immunocytochemical staining for the oligodendro-

cyte marker O4 of 5 days differentiated hNPC. Nuclei were counterstained with

Hoechst. Scale bar ¼ 50lm. The staining method was previously published in

Baumann et al. (2014, 2015).
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transporting SLC1A3 protein, which is an assay suitable for
higher throughput drug screening (Lundin et al., 2018).

OLIGODENDROCYTE DIFFERENTIATION/
MATURATION

Oligodendrogenesis is necessary for proper brain functioning as
oligodendrocytes form and keep myelin sheaths around axons
(Baumann and Pham-Dinh, 2001). Data on chemical effects on
hESC-, hNPC-, or hUCB-NSC-derived oligodendrocytes are sum-
marized in Fritsche et al. (2015). Different groups have recently
established further oligodendrocyte differentiation protocols
using hESC/hiPSC growing feeder-free (Douvaras et al., 2014;
Gorris et al., 2015; Madill et al., 2016; Yamashita et al., 2017) or in
presence of feeder cells (Douvaras et al., 2014; Ehrlich et al., 2017;
Gorris et al., 2015; Madill et al., 2016; Nicaise et al., 2017) in a 2D
format. Pamies et al. (2018b) used hiPSC-derived 3D “brain balls”
to study differentiation of oligodendrocytes in a toxicological
context. Oligodendrocytes emerge late during nervous system
development and differentiation of hESC/hiPSC into the oligo-
dendrocyte lineage following the above-mentioned protocols
needs several weeks making medium-to-high throughput
screening for oligodendrocyte toxicity using hESC/hiPSC a great
challenge. In contrast, oligodendrocyte formation and matura-
tion can be studied with hNPC growing as neurospheres with
the NPC5/6 assay within a neurosphere differentiation time of
5 days (Figure 3; Bal-Price et al., 2018a; Dach et al., 2017). These
assays are based on manual or automated oligodendrocyte
quantification as a measure for oligodendrocyte formation
(NPC5; Figure 3; Bal-Price et al., 2018a; Barenys et al., 2017), which
is the normalization basis for subsequent thyroid hormone
(TH)-dependent myelin basic protein (MBP) expression as a
measure for oligodendrocyte maturation (Bal-Price et al., 2018a;
Dach et al., 2017). Interference of a compound with the TH-
induced oligodendrocyte maturation is thus an assay for identi-
fying TH disruptors (NPC6). Oligodendrocyte precursor cells can
also be enriched by isolation from gestational week 10–13 fetal
human neurospheres (Lu et al., 2015).

NEUROGENESIS

Neurogenesis is one of the most frequently studied endpoints
for DNT evaluation. Compounds’ effects on neuronal differenti-
ation have been studied in hESC- (summarized in Ehashi et al.,
2014; Fritsche et al., 2015; Schulpen et al., 2015; Sohn et al., 2017;

Zeng et al., 2016), hiPSC-derived (Pistollato et al., 2017) mixed
neuronal-glial or hUCB-NSC (summarized in Fritsche et al., 2015;
Kashyap et al., 2015; Zychowicz et al., 2014) cultures in 2D, as
well as in hiPSC-derived mixed-culture “brain balls” in 3D
(Pamies et al., 2017) and hiPSC-generated (Hofrichter et al., 2017)
or primary neurospheres (summarized in Fritsche et al., 2015
and Bal-Price et al., 2018a; Masjosthusmann et al., 2018) differen-
tiating in “secondary 3D” structures. Within some of the above-
mentioned studies, differences in sensitivity and specificity
of DNT effects between neuronal cells toward methylmer-
cury were observed. These are probably due to the large dif-
ferences in stem cell cultivation and differentiation
protocols concerning, eg, medium, feeder cell status, timing,
differentiation through hESC-derived NPC or direct neuronal
differentiation, amounts of glia present and level of quality
control, just to mention some. Especially quality control and
reporting standards are a large issue in current stem cell
work that urgently need standardization as recently voiced
by a workshop report on “Advanced good cell culture practice
for human primary, stem cell-derived and organoid models’
(Pamies et al., 2018a).

Concerning cell-type composition, mixed neuron-glia
cultures are advantageous for DNT testing as different cell
types might have different susceptibilities toward com-
pounds (Pei et al., 2016), eg, astroglia might alter develop-
mental toxicity to neurons (Wu et al., 2017). In addition, the
advantage of the monolayer differentiation protocols clearly
lie in the more simple evaluation, eg, by high content image
analyses (HCA), whereas the 3D differentiated methods are
more complex to evaluate via immunostainings. Somewhat
in-between are neurosphere-based methods that differenti-
ate in so-called “secondary 3D” structures, ie, maintaining
the multicellular organism aspect (Masjosthusmann et al.,
2018) despite plating of spheres on a 2D surface (Al�ep�ee et al.,
2014).

NEURONAL MATURATION

Dendritic and axonal (neurite) outgrowth followed by the for-
mation of synapses are key cellular features associated with the
functional maturation of the CNS. Neurite morphology can be
measured with a variety of methods including neurite number,
length, branching, or area using HCA, a fairly reliable and suit-
able image-based method for higher throughput applications
(Harrill et al., 2010, 2011a; He et al., 2012; Wilson et al., 2014). Cell

Figure 3. Synapse formation and neuronal network activity of a hiPSC-derived network. A, hiPSC (IMR-90, Wicell) were neurally induced to NPCs using the NIM-proto-

col (Hofrichter et al. 2017) and differentiated on D-lysin/laminin-coated glass slides for 28 days, fixed with paraformaldehyde and stained for b(III)-tubulinþ neurons and

synapsin1þ presynaptic structures, respectively. Nuclei were stained with Hoechst. Scale bar¼100 mm. B, Spikeraster plot of spontaneous electrical activity of a hiPSC-

derived neuronal network cultivated for 20 days on D-lysin/laminin-coated microelectrode arrays.
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material for such analyses includes hESC-derived almost pure
neuronal cultures (hN2TM, ArunA Biomedical Inc., Athens,
Georgia; Behl et al., 2015; Harrill et al., 2011a; Wilson et al., 2014)
that were treated after neuronal specification had already taken
place; hESC-derived hNP cells (hNP1TM 00001, ArunA Biomedical
Inc.) treated when cells were making the transition from prolif-
erating NPC to postmitotic neurons (Wang et al., 2016); hESC-
derived hNPC (Chemicon-Millipore Norcross, Georgia; Zeng
et al., 2016); 3D aggregated hESC-derived embryoid bodies (He
et al., 2012); hiPSC-generated iCell neurons (Cellular Dynamics
International; Ryan et al., 2016); hiPSC-derived hNPC growing as
neurospheres (Hofrichter et al., 2017); primary NPC differentiat-
ing into mixed cultures (NPC4; Bal-Price et al., 2018a; Edoff et al.,
2017; Schmuck et al., 2017), ie, multiple parameters of the neuro-
sphere assay including neurite morphology can be assessed
with the algorithm Omnisphero (www.omnisphero.com; last
accessed July 2018; Schmuck et al., 2017); or LUHMES cells (Krug
et al., 2013; Scholz et al., 2011).

NEURONAL SUBTYPE DIFFERENTIATION

During brain development, neural stem and progenitor cells
produce a variety of neuronal subtypes, which differentiate at
different stages and in different regions of the brain.
Compounds’ effects on neuronal subtype differentiation has
mostly been assessed for dopaminergic (DA) neurons using
hESC (Huang et al., 2017; Stummann et al., 2009; Zeng et al.,
2006), for DA as well as cholinergic neurons using hUCB-NSC
(Kashyap et al., 2015) and for DA, glutamate- and GABAergic
neurons employing hiPSC (Pistollato et al., 2017).

SYNAPTOGENESIS/NEURONAL NETWORK
FORMATION

During early neurogenesis neurons start to mature, become
electrically active and connect via synapses (Okado et al., 1979;
Zecevic and Antic, 1998). For the function of the CNS this neuro-
nal maturation and the formation of synapses is crucial. So far,
DNT testing for synaptogenesis and neuronal activity in the de-
veloping brain has mainly been performed using rat primary
cells (Harrill et al., 2011b; Hogberg et al., 2011; Robinette et al.,
2011) and no in vitro DNT study has been published using hESC
or hiPSC for assessing compound effects on neuronal network
activity. However, there are a number of promising systems un-
der development that have been used for acute neurotoxicity
evaluations studying either synaptogenesis and/or neuronal
electrical activity including hESC (Kapucu et al., 2012; Oh et al.,
2016; Sandström et al., 2017; Yla-Outinen et al., 2010) or hiPSC
neuronal network differentiation methods (Figure 3; Hofrichter
et al., 2017; Pellett et al., 2015; Pistollato et al., 2017; Toivonen
et al., 2013). Here, the use of hiPSC-derived neuronal networks
growing directly on microelectrode arrays (MEAs) seems to be a
promising method for screening neurodevelopmental toxins for
their adverse effects on neuronal network formation.

What are the difficulties one faces with stem cell-based ac-
tive neuronal networks for DNT evaluation? Every single neuro-
nal network differentiates into a variable amount of neurons, ie,
variable neuron/glia ratio, as well as neuronal subtypes that
form neuronal connections by chance. Therefore, each network
exhibits its own baseline activity level with high MEA-to-MEA
variability making comparison of developmentally exposed
neuronal networks to control networks very difficult. In

Figure 4. hNPC growing as neurospheres in proliferation culture, were plated for migration analyses onto poly D-lysin/laminin-coated glass slides in presence and ab-

sence of MeHgCl. After (A) 24 and (B) 72 h, migration distance was measured from the outer sphere rim to the furthest migrated cells at four opposite positions. Cell titer

blue (CTB) and lactate dehydrogenase (LDH) assays were performed as described previously (Baumann et al. 2014). C, Neurospheres were plated as described in (A) in

presence and absence of epigallocathechin gallate (EGCG). After 24 h the migration area was analyzed visually by phase contrast microscopy and for better visualiza-

tion images were subjected to a black/white filter. D, Viability analyses using the CTB assay were performed on each day up to 5 DIV. E, On day 5, FACS analyses of dis-

sociated hNPC were performed after annexin V/PI staining. As a positive control, spheres were treated with the topoisomerase I inhibitor camptothecin. (A, B, D)

*p� .05; (E) § p� .05 of annexin þ /PI-cells; # p� .05 of annexin þ /PIþ cells; *p� .05 of live cells.
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addition, network activity is generally not very high compared
with rodent networks. Developing rat networks differentiate
faster and show much higher activity levels and synchroniza-
tion than stem cell-based human networks. This makes analy-
ses of the adverse effects of toxicants on human networks
much more difficult. To overcome these restrictions and make
neuronal human stem cell-based networks more standardized
and reproducible, one can envision making use of the relatively
new method of 3D bioprinting (Zhuang et al., 2018). Using this
method, neural cells might directly be printed in a three-
dimensional hydrogel precisely on MEAs (Tedesco et al., 2018).

SUMMARY AND CONCLUSION

During the last 15 years, much effort has been put into estab-
lishment, scientific validation, and test method set up for DNT
in vitro evaluation. In addition to primary rodent cultures, which
are valuable cell methods for comparing compounds’ effects
in vivo to in vitro, stem/progenitor cell-based methods have be-
come available that can now be assembled into a DNT in vitro
testing battery (summarized in Bal-Price et al., 2018a). Such a
testing battery is necessary for covering the immense complex-
ity of neurodevelopmental processes as well as timing aspects
of brain development. However, the current state of the science
concerning the testing battery is probably still at an early, im-
mature state. While a variety of important key events are very
well covered in the strategy, ie, neural proliferation, apoptosis,
NPC migration, neuronal differentiation and neurite morphol-
ogy, there are also some crucial aspects less well covered. These
include glia differentiation and maturation, glia cell function,
neuronal maturation, and neuronal network formation with as-
sessment of electrical network activity. Moreover, the complex-
ity of brain region-specific neural differentiation and function
has not been addressed in DNT assays yet. However, basic sci-
ence is moving down this path by creating brain region-specific
organoids (Lancaster et al., 2013; Qian et al., 2016) that might be
suited for studying region-specific effects of compounds on
neurodevelopmental key events. In addition, hormone-related
DNT has only been touched marginally with stem cell-based
human DNT in vitro assays by studying interference with cellu-
lar thyroid hormone (Dach et al., 2017) or glucocorticoid signal-
ing (Moors et al., 2012). Hormonal contributions to brain
development are much more manifold and complex and
chemicals with endocrine activities are thus suspected to inter-
fere with neurodevelopment (WHO-UNEP, 2012). Here, interfer-
ence with estrogen, androgen, retinoid, progesterone,
peroxysome proliferator-activated receptor, or endocannabi-
noid signaling pathways might have implications for the devel-
oping brain at specific developmental stages. Especially sex
hormone-related cellular and organ function is crucial for the
development of gender-specific behavior, which follows
species-specific traits (Wallen and Baum, 2002) . Molecular
aspects of the development of such human sex-specific behav-
ior is an understudied field of research posing a challenge for
in vitro DNT evaluation. Yet, primary human cells show some
sex-specific neurodevelopmental key event response differen-
ces toward methylmercury (Edoff et al., 2017) without under-
standing the mechanistic implications behind these
observations yet. Attempts are made to tackle this issue with ro-
dent in vitro methods (Keil et al., 2017). In this line, the largest
challenge will be the understanding of disturbance of emotional
and intellectual consciousness by chemical exposure in humans.
Understanding physiology behind these human traits is a

prerequisite that might enable establishment of adverse outcome
pathways for these fundamental human aspects in the future.
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Dreser, N., Zimmer, B., Dietz, C., Sügis, E., Pallocca, G., Nyffeler, J.,
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Das sich entwickelnde menschliche zentrale Nervensystem ist anfälliger für die nachteiligen 

Auswirkungen chemischer Wirkstoffe als das erwachsene Gehirn. Aufgrund des Mangels an 

verfügbaren Daten zu Substanzen, welche die humane neurologische Entwicklung stören, besteht 

derzeit ein dringender Bedarf, Chemikalien auf ihr entwicklungsneurotoxisches Potential hin zu 

untersuchen und nachfolgend zu regulieren. Alternative Teststrategien könnten diese Lücke 

füllen, da sie ein schnelles und ressourceneffizientes Überprüfen von chemischen Verbindungen 

für eine Vielzahl von Endpunkten der neurologischen Entwicklung gewährleisten. Die Komplexität 

des sich entwickelnden Nervensystems erfordert hierbei eine Reihe von Tests, die sowohl frühe, 

als auch späte Entwicklungsprozesse abdecken. Einer dieser Tests ist der "Neurosphären Assay". 

Hierbei handelt es sich um ein 3D in vitro Modell, welches auf menschlichen neuralen 

Progenitorzellen (NPC) basiert und für die Bewertung von Entwicklungsneurotoxizität 

(developmental neurotoxicity; DNT) geeignet ist. Mit diesem Assay kann man 

entwicklungsneurotoxisch wirkende Chemikalien identifizieren, die grundlegende neurologische 

Entwicklungsprozesse stören, wie z.B. NPC Proliferation, Migration, Differenzierung zu Neuronen 

und Oligodendrozyten, sowie Schilddrüsenhormon (TH)-abhängige Oligodendrozytenreifung. 

Durch die Einbeziehung von Viabilität- und Zytotoxizitätstests kann zwischen spezifischer DNT 

Effekten und allgemeiner Zytotoxizität unterschieden werden. In diesem Buchkapitel wird erklärt, 

wie die verschiedenen Testmethoden des „Neurosphären-Assays“, d.h. NPC1–6, durchgeführt und 

zeit- und kosteneffizient zusammengefasst werden. 
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Chapter 8

The Neurosphere Assay as an In Vitro Method 
for Developmental Neurotoxicity (DNT) Evaluation

Laura Nimtz, Jördis Klose, Stefan Masjosthusmann, Marta Barenys, 
and Ellen Fritsche

Abstract

The human developing central nervous system is more vulnerable to the adverse effects of chemical agents 
than the adult brain. At present, due to the lack of available data on human neurodevelopmental toxicants, 
there is an urgent need for testing and subsequently regulating chemicals for their potential to interfere 
with nervous system development. Alternative testing strategies might fill that gap as they allow fast and 
resource-efficient compound screenings for a variety of neurodevelopmental endpoints. Nervous system 
development is complex calling for a battery of tests that cover early and late developmental stages and a 
variety of neurodevelopmental processes. One of such assays is the “neurosphere assay,” an in vitro 3D 
model for developmental neurotoxicity (DNT) evaluation based on human neural progenitor cells. With 
this assay, one can identify compounds that disturb basic neurodevelopmental processes, such as NPC 
proliferation, migration, neuronal- and oligodendrocyte differentiation, as well as thyroid hormone (TH)-
dependent oligodendrocyte maturation. By including viability and cytotoxicity assays into the workflow, 
the assays allow the distinction of specific DNT from general cytotoxicity. This chapter explains how the 
different test methods of the “neurosphere assay,” i.e., NPC1–6, are performed and how some of them can 
be multiplexed in a time- and cost-efficient manner.

Key words Developmental neurotoxicity, Neural progenitor cells, In vitro, Brain development, 
Neurodevelopment, DNT, Human, Alternative methods, New approach method, NAM

1 General Introduction

Within the last two decades, there has been considerable concern 
that exposure toward chemicals might be a contributing factor to 
the increasing incidence of neurodevelopmental disorders in chil-
dren [1–4]. For few compounds the evidence for causing develop-
mental neurotoxicity (DNT) is clear, whereas for the majority of 
chemicals this concern hampers a solid scientific basis because they 
have not been evaluated for their neurodevelopmental toxicity [5, 6]. 
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The main reason for this data gap lies in the resource intensity of 
the current guideline studies: EPA 870.6300 developmental neu-
rotoxicity (DNT) guideline [7] and the draft OECD 426 guideline 
[8]. These guidelines are highly demanding with regard to time, 
money, and animals [5, 9] and are therefore not suited for testing 
large number of chemicals. Therefore, international researchers 
have been establishing alternative methods for faster and cheaper 
DNT evaluation based on in vitro methods. In addition, concepts 
on how to use and interpret such methods with the final goal of 
regulatory application have been developed [9–16]. For alternative 
DNT evaluation, the complex procedure of brain development is 
disassembled into spatiotemporal neurodevelopmental processes 
that are necessary for forming a functional brain and can be tested 
for adverse effects of compounds in in vitro assays [10, 11, 16, 17]. 
Here, human-based systems are preferred because species differ-
ences in toxicokinetics, e.g., due to developmental timing, and/or 
toxicodynamics might affect responses to compounds [18–24]. 
In this chapter we describe one of the methods suitable for DNT 
evaluation, the “neurosphere assay.” This assay consists of six indi-
vidual test methods (NPC1–6) measuring different endpoints, 
some of which can be multiplexed (Fig. 1) [11]. In the following 

Fig. 1 Experimental setup of the “neurosphere assay”. (Adapted from Masjosthusmann et al. [23]). NPC were 
generated from fetal human brain (Lonza, Verviers, Belgium) or postnatal day (PND)1 mouse and rat brains and 
cultivated as free-floating neurospheres. The “neurosphere assay” consists of six individual assays: prolifera-
tion assay (NPC1), migration assay (NPC2), as well as neuronal differentiation assay (NPC3), neuronal morphol-
ogy assay (NPC4), oligodendrocyte differentiation assay (NPC5), and thyroid hormone (TH)-dependent 
oligodendrocyte maturation assay (NPC6) for measuring different endpoints under chemical exposure. For 
saving time and resources, the assays NPC2-5 can be multiplexed. Gene expression analyses in the TH disrup-
tion assay (NPC6) quantify the oligodendrocyte-specific maturation genes MBP, MOBP, and MOG [18]
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paragraphs, a detailed description of the individual endpoint evalu-
ations will be given. These endpoints can also be evaluated with 
neurospheres generated from rodents, which goes beyond the 
scope of this chapter [18, 19, 25, 26].

Human neurospheres gain size by cultivation in the presence of 
growth factors. By mechanical passaging with a razor blade (chop-
ping), neurospheres are cut into small cubes, which round up to 
smaller neurospheres of a uniform size within 1 day in proliferation 
medium and subsequently again continue to grow in size. By using 
this method, neurospheres are expanded and cultivated over 
several months without losing their proliferative capacity.

Proliferation medium:

DMEM (Gibco GlutaMAX, Life Technologies GmbH) and Hams 
F12 (Gibco GlutaMAX, Life Technologies GmbH) 3:1 supple-
mented with 2% B27 (Life Technologies GmbH). Epidermal 
growth factor (EGF, Life Technologies GmbH) and recombinant 
human fibroblast growth factor (FGF, R&D Systems) are dis-
solved at 10 μg/mL in sterile PBS containing 0.1% BSA and 1 mM 
DTT and stored at −20 °C. EGF and FGF are diluted in the 
medium at a final concentration of 20 ng/mL each for human 
neurospheres. Antibiotics (100× penicillin/streptomycin) are 
added to a 1× final concentration. Prepared medium containing 
supplements, growth factors, and antibiotics can be stored up to 
2 weeks at 4 °C.

All steps need to be performed under sterile conditions.

Feed human neurospheres every 2–3 days by replacing half of the 
medium with fresh proliferation medium.

 1. To increase growth and survival, neurospheres are chopped the 
latest when they reach a diameter of 0.7 mm, alternatively once 
a week.

 2. For chopping use a McIlwain tissue chopper, and clean it with 
terralin.

 3. Soak a double-edged razor blade in 100% acetone, and sterilize 
the sliding table and the chopping arm with terralin.

 4. Carefully secure the blade onto the chopping arm. Make sure 
the blade is parallel to the chopping surface.

 5. Check and if necessary set the chopper settings (see Note 1).
 6. Prepare 10-cm petri dishes for the newly chopped neuro-

spheres by filling them with 20 mL proliferation medium each 
(see Note 2).

1.1 Cell Culture

1.2 Materials

1.3 Methods

1.3.1 Culturing of Human 
Neurospheres

1.3.2 Expand the Human 
Neurospheres 
by Mechanical Chopping

The ‘Neurosphere Assay’ for DNT Evaluation
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 7. Transfer the neurospheres with as little medium as possible 
from the 10-cm petri dish into the middle of an inverted lid of 
a 6-cm petri dish.

 8. Remove the remaining medium with a pipet in order to prevent 
the neurospheres from moving during the chopping process.

 9. Place the dish lid on the chopper, and move the sliding table to 
the starting position.

 10. Turn on the power, and press “reset.”
 11. When all neurospheres on the lid are chopped, stop and raise the 

chopping arm, and reposition the table in the starting position.
 12. Rotate the dish lid 90°, and repeat steps 10 and 11.
 13. When the neurospheres are chopped in the second direction, 

remove the dish lid from the chopper, and add about 1 mL 
proliferation medium to the cells.

 14. Resuspend the chopped neurospheres by gently pipetting them 
up and down, and then equally distribute the cell suspension 
into the prepared new petri dishes.

 15. Put the cells back into the cell culture incubator (see Note 3).
 16. After chopping is complete, clean the chopper with terralin, 

and eventually discard the razor blade (usually one blade can 
be used three times each side) (see Note 4).

 17. Feed human neurospheres every 2–3 days by replacing half of 
the medium with fresh B27 proliferation medium with growth 
factors.

 18. When the chopped neurospheres gain a sphere diameter of 
0.3 mm (usually 2–3 days after chopping), they are used for 
experiments.

Note 1: The blade force should be set straight up, and the chop 
distance should be set between 0.15 and 0.25 mm depending on 
the sphere size you wish to recover.
Note 2: Usually two to three new petri dishes are gained from one 

petri dish of chopped neurospheres.
Note 3: We keep the dishes in the incubator until we need them 

the next time, either for feeding or for plating an experiment.
Note 4: Make sure the neurospheres are well distributed in the 

petri dish to avoid aggregation.

2 Proliferating Neurospheres

A fundamental neurodevelopmental key event (KE) is cell prolifera-
tion. Disturbance of proliferation during brain development can 
lead to smaller brains as an adverse outcome in vivo [27]. The NPC1 
assay measures neural proliferation by using primary hNPC of fetal 

1.4 Notes

2.1 The Proliferation 
Assay (NPC1)
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origin (Lonza, Verviers, Belgium) grown as neurospheres in 
3D. Proliferation can be studied by measuring the increase in sphere 
diameter (by area) over 5 days in vitro (DIV) using phase-contrast 
microscopy [19, 25, 28–32] and/or by measuring BrdU incorpora-
tion after 3 DIV using a luminescence-based BrdU assay (Roche) 
and a luminometer (Fig. 2) [25, 28]. Sphere diameter is measured 
with ImageJ and change in diameter monitored for each individual 
sphere. The same setup is used for the BrdU assay, where BrdU 
incorporation into the DNA of hNPC is measured by using a lumi-
nometer. The endpoint-specific control for this assay is withdrawal 
of growth factors significantly reducing hNPC proliferation. Because 
measuring the area in individual spheres is quick, easy, and inexpen-
sive, it can be used as a first tier for a first-hit identification. Yet, the 
direct proliferation assay, quantifying BrdU incorporation into the 
DNA, is subsequently used for final assessment of disturbance of 
NPC proliferation by substances.

Fig. 2 Proliferation assay (NPC1). Human neural progenitor cells (NPC) are grown 
as neurospheres under proliferating conditions. Proliferation is assessed by per-
forming a BrdU Cell Proliferation ELISA (Roche©) on day3 (d3) and/or measuring 
the increase in sphere area size on day 5 (d5). The latter is a quick and inexpen-
sive test that can be used as a first tier screen assay. Scale bars = 0.15 mm

The ‘Neurosphere Assay’ for DNT Evaluation
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3 Proliferation Assay (NPC1): Readout – Area Size

Proliferation medium (see above)
H2O, deionized and sterile
U-bottom 96-well plate (clear)

All steps need to be performed under sterile conditions.

 1. Chop spheres 1–3 days prior to the experiment (see Note 1).
 2. Equilibrate proliferation medium with and without growth 

factors to 37 °C, 5% CO2 for 60 min.
 3. Prepare all treatment and control solutions, and add 100 μL to 

each well of a U-bottom 96-well plate.
Controls:
 (a)  Media control (MC): only proliferation medium.
 (b)  Solvent control (SC): proliferation medium with respective 

solvent.
 (c)  Endpoint-specific control (PC): proliferation medium 

without growth factors.
 (d)  If combined with the lactase dehydrogenase (LDH) cyto-

toxicity assay and/or the CellTiter-Blue (CTB) viability 
assay, prepare lysis control (LC) and background control 
(BG) (see Sects. 9 and/or 10).

 4. Fill all wells surrounding wells with plated cells with 100 μL 
deionized and sterile water.

 5. Presort the desired amount of spheres (0.3 ± 0.025 mm) out 
of the petri dish into a new petri dish with 3–5 mL of prolifera-
tion medium (37 °C).

 6. From the presorted spheres, transfer 1 sphere in 2,5 μL of 
medium into a well in a U-bottom 96-well plate. The tip has 
to be changed between different conditions.

 7. Incubate the cells for 5 days at 37 °C, 5% CO2.
 8. The cells have to be fed on day 2 or 3.
 9. For feeding, half of the medium (50 μL) is removed and sub-

stituted with freshly prepared control/treatment proliferation 
medium (pre-warmed to 37 °C).

On days 0 (between 0 and 2 h after plating), 1, 2, and 5, the plate 
is scanned in the Cellomics ArrayScan VTI (Thermo Fisher) using 
the bioapplication colocalization V4 of the vHCS-Scan software 
(V6.6.0; build 8153). This software takes a phase-contrast image 
of each sphere in its individual well and directly analyzes the sphere 
area. Alternatively, individual phase-contrast images can be taken 

3.1 Materials

3.2 Methods

3.2.1 Plating Spheres 
for NPC1: 
Readout – Area Size

3.2.2 Taking Images 
of Individual Spheres
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with a regular microscope equipped with a camera. Images can be 
analyzed for sphere area size using ImageJ.

All results in fold of control are pooled from independent 
experiments, SD and SEM are calculated, and statistical analyses 
are performed. Data are analyzed with the software GraphPad 
Prism 6.0 using OneWay ANOVA and Bonferroni’s post hoc test. 
Significance threshold is established at p < 0.05.

There are no relevant notes for this protocol.

4 Proliferation Assay (NPC1): Readout – BrdU Incorporation

Proliferation medium with and without growth factors (see above)
H2O, deionized and sterile
Cell Proliferation ELISA, BrdU (#11669915001, Roche/Sigma, 

+2 to +8 °C)

1 (Red flip-up cap) BrdU labeling reagent
2 (Red) Fix Denat
3 (Blue) Anti-BrdU-POD
4 (Blue) Antibody dilution solution
5 (Green) Washing buffer
6 (Black) Substrate component A
7 (Yellow) Substrate component B

Accutase (#A1110501; Life Technologies)
U-bottom 96-well plate (clear)
Flat-bottom 96-well plate (black)

All steps need to be performed under sterile conditions.
Follow the instructions from NPC1 with the readout “area 

size” for preparing and plating of neurospheres.

 1. Dissolve anti-BrdU-POD (3, blue) in 1.1 mL double dist. 
water for 10 min and mix thoroughly. Solution can be stored 
at +2 to +8 °C for several months.

 2. Dilute BrdU labeling reagent 1:100 in proliferation medium 
without growth factors (shortly before use).

 3. Pre-warm an aliquot of Accutase at 37 °C for 15 min.
 4. Dilute anti-BrdU-POD stock solution (3, blue) 1:100 in anti-

body dilution solution (4, blue) to prepare anti-BrdU working 
solution (shortly before use).

 5. Dilute washing buffer (5, green) 1:10 in deionized water to 
prepare washing solution.

3.3 Notes

4.1 Materials

4.2 Methods

4.2.1 Preparation for Cell 
Proliferation ELISA

The ‘Neurosphere Assay’ for DNT Evaluation
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 6. Dilute substrate component B (7, yellow) 1:100 in substrate 
component A (6, black) to prepare substrate solution. Prepare 
substrate solution before washing (see Sect. 4.2.2, step 15), and 
incubate for 5–10 min at 37 °C (protect from light).

 1. Eighteen hours before termination of the experiment, add 
10 μL of BrdU labeling dilution (see Sect. 4.2.1, 2) to each 
well except for the background for BrdU.

 2. Incubate the spheres for additional 18 h at 37 °C, 5% CO2.
 3. After 16 h of incubation, the LDH and the CTB Assays are 

performed (see Sects. 9 and 10).
 4. For sphere dissociation needed for BrdU evaluation, pipette 

25 μL pre-warmed Accutase to the edge of each well of a new, 
black 96-well plate, and incubate for 10 min at 37 °C.

 5. Transfer each sphere with 10 μL medium into the Accutase 
drop of the new plate. Make sure that each sphere is pipetted 
into the same well position of the new plate.

 6. Incubate 10 min at 37 °C.
 7. Singularize cells by pipetting up and down (15–20 times) with 

a 100 μL tip (set the pipette to 50 μL, and use a new set of tips 
for each treatment).

 8. Spread the drop well across the well.
 9. Heat the plate with a hairdryer until it is completely dry (there 

should be at least 10 cm space between the hairdryer and the 
plate).

 10. Add 200 μL Fix Denat solution to each well, and incubate for 
45 min at room temperature.

 11. Remove fixation solution by flicking off into the sink and 
tapping the plate on a paper towel.

 12. Add 100 μL anti-BrdU-POD working solution (see Sect. 
4.2.1, step 4) to each well, and incubate for 1.5 h at room 
temperature.

 13. Prepare substrate solution (see Sect. 4.2.1 bullet 5) and wash-
ing solution (see Sect. 4.2.1, step 6) 15 min before the end of 
the incubation period.

 14. Remove solution by flicking off into the sink and tapping the 
plate on a paper towel.

 15. Wash wells three times with 200 μL/well washing solution 
(see Sect. 4.2.1, step 6) for 1 min, and shake the plate horizon-
tally for 10–20 s.

 16. Remove washing solution by flicking off into the sink and 
tapping the plate on a paper towel.

4.2.2 Procedure 
of the Cell Proliferation 
ELISA
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 17. Add 100 μL substrate solution (see Sect. 4.2.1, step 6) to each 
well, and incubate 5 min at room temperature. During this 
time, protect the plate from light.

 18. Place the plate without lid into the plate reader for measuring 
luminescence.

 19. Open a protocol (see below Specification of plate reader protocol 
for TECAN fluorescence plate reader Infinite M200Pro) for 
reading the BrdU assay.

 20. Select the wells that you want to measure, and start the 
measurement.

Mode Luminescence

Attenuation NONE

Integration time 1000 ms

Settle time 0 ms

Plate  Thermo Fisher Scientific-Nunclon 96 Flat Bottom Black
Polystyrene  Cat. No.: 437869/437958 [NUN96fb_LumiNunc 

FluoroNunc.pdfx]

 1. Safe the Excel file with raw data.
 2. Copy the raw data into your evaluation sheet.
 3. Calculate MEAN of all technical replicate measurements.
 4. Subtract MEAN of BrdU from the MEAN of all conditions.
 5. Calculate BG subtracted MEAN of each condition as percent 

of SC.
 6. All results in fold of control are pooled from independent 

experiments, SD and SEM are calculated, and statistical 
analyses are performed. Data are analyzed with the software 
GraphPad Prism 6.0 using OneWay ANOVA and 
Bonferroni’s post hoc test. Significance threshold is estab-
lished at p < 0.05.

There are no relevant notes for this protocol.

5 Differentiating Neurospheres

During cortex development glial cells form a scaffold for neurons 
to migrate from proliferating niches to their final cortical destina-
tion. This migration is a fundamental neurodevelopmental KE 
since its disturbance leads to alterations in cortex formation, as it 
occurs, e.g., in methylmercury-exposed children [33].

4.2.3 Specification 
of TECAN Plate Reader 
Protocol

4.2.4 Data Export 
and Evaluation

4.3 Notes

5.1 Migration 
Assay (NPC2)
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Plating primary human neurospheres of fetal origin on a poly- 
D- lysine/laminin-coated surface in medium devoid of growth fac-
tors initiates radial NPC migration out of the sphere core, thus 
allowing the study of this essential KE in a plate, i.e., a 96-well 
plate. In this culture, first migrating cells are nestin- and SOX-2- 
positive and show radial glia morphology [25, 30, 34, 35]. 
Moreover, their migration is laminin-integrin dependent (Fig. 3) 
[36, 37]. In this protocol we present a method to evaluate the abil-
ity of hNPCs to migrate out of the sphere core by measuring the 
maximum covered distance over the coated surface after 3 days 
in vitro. The migration distance can also be determined at any day 
up to 5 days by using high-content image analyses (HCA) and the 
Omnisphero program [37, 38] as described in Sect. 6.2.6.

Proliferation medium (see Sect. 1.1)
Flat-bottom 96-well plates (clear)

5.2 Materials

Fig. 3 Migration assay (NPC2) with exemplary migration effect of EGCG treatment. (Taken from Fritsche et al. 
[36] with permission of Toxicological Science). hNPCs, growing as neurospheres in proliferation culture, were 
plated for migration analyses onto poly-D-lysine/laminin-coated glass slides in presence and absence of 
MeHgCl. After (a) 24 h and (b) 72 h, migration distance was measured from the outer sphere rim to the furthest 
migrated cells at four opposite positions. CellTiter-Blue (CTB) and Lactate Dehydrogenase (LDH) Assays were 
performed as described previously [25]. (c), Neurospheres were plated as described in (a) in presence and 
absence of epigallocatechin gallate (EGCG). After 24 h the migration area was analyzed visually by phase- 
contrast microscopy, and for better visualization images were subjected to a black/white filter. (d), Viability 
analyses using the CTB Assay were performed on each day up to 5 DIV. (e), On day 5, FACS analyses of dissoci-
ated hNPC were performed after annexin V/PI staining. As a positive control, spheres were treated with the 
topoisomerase I inhibitor camptothecin. (a, b, d) *p ≤ 0.05; (e) § p ≤ 0.05 of annexin+ /PI− cells; # p ≤ 0 0.05 
of annexin+ /PI+ cells; *p ≤ 0 0.05 of live cells

Laura Nimtz et al.
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Poly-D-lysine: Dissolve poly-D-lysine (#P0899, Sigma-Aldrich) at 
0.1 mg/mL in sterile water. Store up to 1 month at −20 °C.

Sterile water
One milligram per milliliter laminin (#L2020, Sigma-Aldrich)
Phosphate-buffered saline with Ca2+ and Mg2+ (PBS; Gibco, Life 

Technologies GmbH), sterile
Differentiation medium: DMEM (Gibco GlutaMAX, Life 

Technologies GmbH), Hams F12 (Gibco GlutaMAX, Life 
Technologies GmbH) 3:1 supplemented with 1% of N2 (Life 
Technologies GmbH), and antibiotic solution (100× penicil-
lin/streptomycin) to 1× final. Store for up to 2 weeks at 4 °C.

PP2 (#P0042-5MG, Sigma-Aldrich)

All steps need to be performed under sterile conditions.
Follow the instructions in “Expand the Human Neurospheres 

by Mechanical Chopping” to prepare neurospheres for plating.

 1. Fill each well with 300 μL (24-well plate) or 50 μL (96-well 
plate) poly-D-lysine (PDL), and incubate for 1 h at 37 °C.

 2. Wash each well with 500 μL (24-well plate) or 100 μL (96-well 
plate) sterile deionized water.

 3. Afterward, fill every well with 300 μL (24-well plate) or 50 μL 
(96-well plate) laminin (1:80 dilution of laminin in sterile 
deionized water), and incubate for 1 h at 37 °C (see Note 1).

 4. Wash each well with 500 μL (24-well plate) or 100 μL (96-well 
plate) sterile deionized water.

 5. Wash each well with 500 μL (24-well plate) or 100 μL (96-well 
plate) sterile PBS.

 1. Prepare the desired dilution series of the test compound from 
a stock solution in differentiation medium. The final concen-
tration of the solvent should be the same in all dilutions and 
not exceed 0.3% (v/v) for DMSO and 1% (v/v) for deionized 
water or PBS. The maximum solvent concentration for other 
solvents needs to be tested separately.

 2. Prepare the following controls:
Controls:
(a)  Media control (MC): only differentiation medium.
(b)  Solvent control (SC): differentiation medium with respec-

tive solvent.
(c)  Positive control (PC): 10 μM PP2 in differentiation 

medium. PP2 is a src-kinase inhibitor and therefore serves 
as an endpoint-specific control for cell migration [34].

5.3 Methods

5.3.1 Coating of 24- or 
96-Well Plates

5.3.2 Preparation 
of Exposure Solutions 
and Endpoint-Specific 
Controls

The ‘Neurosphere Assay’ for DNT Evaluation
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(d)  If combined with LDH Assay and/or CTB Assay, prepare 
lysis control (LC) and background control (BG) (see Sects. 9 
and/or 10) (see Note 2).

 3. Fill the needed wells of a coated 96-well plate with 100 μL of 
the exposure solutions (see Note 3).

 4. Fill all wells surrounding cell-containing wells with 100 μL 
deionized and sterile water.

 1. Fill a 6-cm petri dish with 5 mL differentiation medium (see 
Note 4).

 2. Select neurospheres with a diameter of 0.3 ± 0.025 mm with 
a 100-μL tip using a binocular microscope, and transfer them 
into the 6-cm petri dish with N2 differentiation medium (see 
Note 5).

 3. Transfer each neurosphere in 2.5 μL medium into the middle 
of a well of the 96-well plate filled with the experimental solu-
tions. The tip should be changed between different conditions 
(see Note 6).

 4. Incubate neurospheres at 37 °C, 5% CO2.

 1. After a total incubation time of 3 days at 37 °C, 5% CO2, take 
a picture of each sphere including the whole migration area 
with a phase-contrast microscope.

 2. The experiment finishes with the assessment of cell viability 
and cytotoxicity using the CTB Assay and/or the LDH Assay 
(see Sects. 9 and/or 10 for description) (see Note 2).

 3. In case you want to multiplex NPC2 with NPC3, 4, 5, or 6, you 
should solely perform the LDH Assay, and not the CTB Assay, 
because the CTB Assay might disturb the differentiation pro-
cess, while the LDH Assay uses medium that can be collected 
during the necessary medium change on day 3 (see descriptions of 
NPC3–6).

 4. When multiplexed with NPC3–6, then a second measure of 
migration will automatically be done when the sphere is imaged 
after 5 days of differentiation by analyzing positions of 
Hoechst- stained nuclei (see description of NPC3–5).

 1. Use ImageJ for measuring four radii of the migration area in 
perpendicular angles from the edge of the neurosphere to the 
furthest migrated cells in each phase-contrast image.

 2. Calculate the mean of the four radii to obtain the mean 
migrated distance of each neurosphere.

 3. Calculate the mean migrated distance of all neurospheres from 
each exposure condition.

5.3.3 Plating 
Neurospheres for NPC2

5.3.4 Cultivation 
and Image Acquisition

5.3.5 Image Analysis
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 4. In addition, Omnisphero will calculate migration distance 
using positions of Hoechst stained nuclei automatically across 
the whole migration area of each sphere (see description of 
NPC3–5).

All results in fold of control are pooled from independent 
experiments, SD and SEM are calculated, and statistical analyses 
are performed. Data are analyzed with the software GraphPad 
Prism 6.0 using OneWay ANOVA and a Bonferroni’s post hoc 
test. Significance threshold is established at p < 0.05.

Note 1: Plates can be stored with laminin at 4 °C for up to 7 days.
Note 2: The distinction of compound-specific effects on NPC 

migration with the “neurosphere assay” and secondary migra-
tion effects due to cytotoxicity is an important issue. Recent 
data reveal that the migration distance and/or the pattern of 
the migration area defines the dimension of signal of viability 
assays like the CellTiter-Blue Assay (CTB Assay; Promega), 
due to cell number relation. Specific effects of DNT com-
pounds, e.g., methylmercury (MeHgCl), on migration with-
out producing cell death can be measured by combining to 
different cytotoxicity/viability assays at a time. The combina-
tion of a cell viability assay and the additional readout of a 
LDH Assay, which is not directly cell number dependent, indi-
cates compound-specific cytotoxicity effects at two different 
time points (Fig. 3a, b) [36].

Similarly, epigallocatechin gallate (EGCG) inhibits the migration and 
adhesion of hNPC on an extracellular matrix by changing the 
migration pattern and area (Fig. 3c) [36, 37, 39]. The migration 
in presence of EGCG and the CTB Assay suggests that EGCG 
reduces cell viability after 3 days (Fig. 8.3d) [36, 37]. However, 
annexin V-/PI-positive cells, identified with FACS analysis, 
clearly demonstrate that EGCG does not cause cell death, 
but reduces the cell area with access to the CTB substrate 
(Fig. 3e) [36].

Note 3: The plate should be equilibrated at 37 °C and 5% CO2 
until the neurospheres are plated.

Note 4: This step is important to wash out remaining growth fac-
tors from the proliferation medium.

Note 5: Make sure the neurospheres for the experiment are round 
and uniform in size.

Note 6: Make sure that the sphere is placed in the middle of the 
well.

5.4 Notes
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6 Assays for Differentiation of NPC into Neurons (NPC3/4)  
and Oligodendrocytes (NPC5)

Differentiation of NPC into different effector cells (neurons, oli-
godendrocytes, and astrocytes) and the subsequent outgrowth of 
neurites are major processes of brain development and a prerequi-
site for the formation of a functional brain. In the “neurosphere 
assay,” the test methods NPC3, 4, and 5 represent the crucial pro-
cesses of neuronal differentiation, neuronal morphology, and oli-
godendrocyte differentiation, respectively, and are applied to assess 
chemical actions on these processes. Therefore, hNPCs are plated 
as neurospheres on a poly-D-lysine/laminin matrix in a 96-well 
plate format as described under NPC2. Those cells migrate radially 
out of the sphere core (NPC2) and differentiate into radial glia, 
neurons, and oligodendrocytes [25, 26, 35, 40]. In the NPC3 
assay, neuronal cells in the migration area are identified by immu-
nocytochemical staining for β(III)tubulin (Fig. 4), while in the 
NPC4 assay, these β(III)tubulin+ neurons are analyzed for their 
morphological parameters (neurite length, number of branching 
points, number of neurites). Oligodendrocytes are identified in the 
migration area by immunocytochemical stainings for O4 (Fig. 8.4) 
in the NPC5 assay. The test methods NPC2–5 in combination 
with an assessment of cell viability and cytotoxicity can be multi-
plexed in one experimental setup.

Poly-D-lysine: Dissolve poly-D-lysine (#P0899, Sigma-Aldrich) at 
0.1 mg/mL in sterile water. Store up to 1 month at −20 °C.

Sterile water
One milligram per milliliter laminin (#L2020, Sigma-Aldrich)
Phosphate-buffered saline with Ca2+ and Mg2+ (PBS; Gibco, Life 

Technologies GmbH), Proliferation medium (see Sect. 1.1)
Differentiation medium (see Sect. 4.1)
Epidermal growth factor (EGF, Life Technologies GmbH)
Bone morphogenetic protein 7 (BMP7, provided by Prof. Pamela 

Lein, UC Davis; [28])
Paraformaldehyde (12%): Dissolve 12 g PFA in 100 mL phosphate- 

buffered saline (PBS) and add 5 drops of 1 N NaOH. Heat the 
solution carefully to 70°–80 °C in a fume hood, and cool to 
room temperature. Divide into 1-mL aliquots. Store aliquots 
up to 1 year at −80 °C, and use them freshly.

Goat Serum (#G9023, Sigma-Aldrich)
Triton X-100 (#T8787, Sigma-Aldrich)
bisBenzimide, Hoechst 33258 (#B1155, Sigma-Aldrich)
Mouse IgM anti-O4 (R&D Systems)
Rabbit IgG anti-β(III)tubulin (#T2200, Sigma-Aldrich)

6.1 Materials
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Alexa 546 IgG (#A11010, Invitrogen)
Alexa 488 IgM (#A11001, Invitrogen)
Flat-bottom 96-well plates (clear)

 1. Prepare the desired dilution series of the test compound from 
a stock solution in differentiation medium.

 (a)  The final concentration of the solvent should be the same 
in all dilutions and not exceed 0.3% (v/v) for DMSO and 
1% (v/v) for deionized water or PBS. The maximum sol-
vent concentration for other solvents needs to be tested 
separately.

6.2 Methods

6.2.1 Preparation 
of Exposure Solutions

Fig. 4 Immunocytochemical double stainings of neurons and oligodendrocytes 
differentiated in the migration area of hNPCs. One neurosphere was plated in 
each well of a 96-well plate in differentiation medium. After 5 days of differen-
tiation, spheres were fixed, and neuronal as well as oligodendrocyte differentia-
tion was assessed by immunocytochemical stainings of migrated and 
simultaneously differentiated hNPCs for the neuronal marker β(III)-Tubulin+ 
(green), the oligodendrocyte marker O4+ (pink), and Hoechst+ (blue) for nuclei. 
One hundred images were taken using the Cellomics Array Scan VTI HCS Reader 
from Thermo Fisher Scientific to cover the whole sphere. The self-written algo-
rithm Omnisphero (www.omnisphero.com; [38]) assembled the 100 images 
into one sphere depiction. The inlay is an enlargement of the stained sphere 
migration area. Scale bar = 50 μm

The ‘Neurosphere Assay’ for DNT Evaluation
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 2. Prepare a solvent control by adding solvent to the differentia-
tion medium in the same concentration as used for the expo-
sure solutions.

 3. For NPC3 prepare a solution of 20 ng/mL EGF in N2 dif-
ferentiation medium.

 (a)  EGF inhibits the formation of neurons and therefore serves 
as an endpoint-specific control for neuronal differentiation.

 4. For NPC5 prepare a solution of 100 ng/mL BMP-7 in N2 
differentiation medium.

 (a)  BMP-7 inhibits the formation of O4+ oligodendrocytes 
and therefore serves as an endpoint-specific control for this 
endpoint.

 5. Fill each well of a coated 96-well plate with 100 μL of the 
respective exposure solutions (see Note 2).

 1. Fill a 6-cm petri dish with 5 mL N2 differentiation medium 
(see Note 3).

 2. Select neurospheres with a diameter of 0.3 ± 0.025 mm with a 
100-μL tip using a binocular microscope, and transfer them into 
the 6-cm petri dish with N2 differentiation medium (see Note 4).

 3. Transfer each neurosphere in 2.5 μL medium into the middle 
of a well of the 96-well plate filled with the experimental solu-
tions (see Note 5).

 1. The 96-well plates containing the plated neurospheres are 
incubated for 3 days at 37 °C and 5% CO2.

 2. On day 3 the cells are fed by removal of 50 μL of the exposure 
solution and addition of 50 μL freshly prepared exposure 
solution.

 (a)  The removed solution can be used to determine cytotoxic-
ity using the LDH Assay (see Sect. 10).

 (b)  The exposure solutions are prepared as described in points 
1–4 (Sect. 6.2.1).

 3. The neurospheres are incubated for another 2 days until day 5 
of differentiation.

 4. After a total incubation time of 5 days, the experiment is ended 
with the assessment of cell viability and cytotoxicity using the 
CTB Assay and the LDH Assay, respectively (see Sects. 9 and/
or 10 for description).

 1. Add 12% PFA to each well for achieving a final concentration 
of 4% PFA/well.

 (a)  In case you performed no viability assessment, the final 
volume of your experiment did not change, and you have 
to add 50 μL 12% PFA to each well.

6.2.2 Plating 
of Neurospheres

6.2.3 Cultivation 
and Feeding 
of the Experiments

6.2.4 Immunocyto- 
chemical (ICC) Stainings 
of Differentiated 
Neurospheres
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 (b)  In case you performed a viability assessment using the 
CTB Assay (see Sect. 9 for description), the final volume of 
your experiment increased, so you have to add 66,6 μL 
12% PFA to each well.

 (c)  In case you performed a cytotoxicity assessment using the 
LDH Assay (see Sect. 10 for description), the volume of 
the well decreased, so you have to add 25 μL 12% PFA to 
each well.

 (d)  In case you performed a viability and a cytotoxicity assess-
ment, you have to add 33,3 μL 12% PFA to each well.

 2. Incubate 30 min at 37 °C.
 3. Remove the PFA solution with a residual of 50 μL/well, and 

discard it into the PFA waste (see Note 6).
 4. Wash 6 × 3 min by addition and removal of 100 μL PBS 

(discard to PFA waste).
 (a)  After the last washing step, remove 110 μL with 40 μL 

remaining in the well.
 5. Add 10 μL blocking solution to each well.
 (a)  Blocking solution: PBS with 50% (v/v) GS.

 6. Incubate 15 min at 37 °C.
 7. Remove 10 μL from each well.
 8. Add 10 μL O4 first antibody solution to each well.
 (a)  O4 first antibody solution: 1:40 dilution of mouse IgM 

anti-O4 in PBS with 10% (v/v) GS.
 9. Incubate overnight at 4 °C.
 10. Wash 6 × 3 min by addition and removal of 100 μL PBS.
 (a)  After the last washing step, remove 110 μL with 40 μL 

remaining in the well.
 11. Add 10 μL Alexa 488 2nd antibody solution to each well.
 (a)  Alexa 488 2nd antibody solution: 1:50 dilution of Alexa 

488 IgM in PBS with 10% (v/v) GS and 5% (v/v) 
Hoechst33258.

 12. Incubate 30 min at 37 °C.
 13. Wash 6 × 3 min by addition and removal of 100 μL PBS each.
 (a)  After the last washing step, remove 116 μL with 34 μL 

remaining in the well.
 14. Repeat fixation by addition of 16 μL 12% PFA to a final con-

centration of 4%.
 15. Incubate 30 min at 37 °C.
 16. Wash 6 × 3 min by addition and removal of 100 μL PBS each, 

and discard to PFA waste.

The ‘Neurosphere Assay’ for DNT Evaluation
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 (a)  After the last washing step, remove 110 μL with 40 μL 
remaining in the well.

 17. Add 10 μL blocking solution to each well.
 (a)  Blocking solution: PBS-T (0.5% (v/v) Triton X-100 in 

PBS) with 50% (v/v) GS.
 18. Incubate 15 min at 37 °C.
 19. Add 10 μL β(III)tubulin first antibody solution to each well.
 (a)  β(III)tubulin first antibody solution: 1:40 dilution of rab-

bit IgG anti-β(III)tubulin in PBS-T (0.1% (v/v) Triton 
X-100 in PBS) with 10% (v/v) GS.

 20. Incubate 60 min at 37 °C.
 21. Wash 6 × 3 min by addition and removal of 100 μL PBS each.
 (a)  After the last washing step, remove 110 μL with 40 μL 

remaining in the well.
 22. Add 10 μL Alexa 546 2nd antibody solution to each well.
 (a)  Alexa 546 2nd antibody solution: 1:20 dilution of Alexa 

546 IgG in PBS with 10% (v/v) GS and 5% (v/v) 
Hoechst33258.

 23. Incubate 30 min at 37 °C.
 24. Wash 6 × 3 min by addition and removal of 100 μL PBS each.
 (a)  After the last washing step, add 150 μL PBS to a final vol-

ume of 200 μL (see Note 7).

 1. Images of each well are acquired with the ArrayScan VTI 
(Thermo Fisher).

 (a)  Objective: LD Plan Neofluar 20×/0.4 (Zeiss).
 (b)  Resolution: 552 × 552 pixel (1 pixel = 0.88 μm).
 (c)  Channels:
 (i)  BGRFR-386-23-filter for Hoechst-stained nuclei
 (ii)  BGRFR-549-15-filter for β(III)tubulin-stained neurons
 (iii)  BGRFR-488-20-filter for O4-stained oligodendrocytes
 (d)  One well is imaged with a total of 100 images per channel.

 2. Nuclei are quantified by rescanning all images using the Spot 
Detector bioapplication colocalization V4 of the vHCS-Scan 
software (V6.6.0; build 8153).

 3. Nuclei coordinates are exported form the vHCS-View soft-
ware into a comma-separated value file.

 4. All images are exported as 16-bit images from the vHCS-View 
software.

 5. High-content image analysis (HCA) is performed using the 
Omnisphero Platform [38].

6.2.5 Image Acquisition 
and Analysis
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The Omnisphero platform (https://www.omnisphero.com/; 
[38]) is a freely available high-content image analysis (HCA) tool 
that was specifically developed for the automated analysis of immu-
nocytochemically stained, heterogeneous cell cultures with varying 
cell densities as experienced in the “neurosphere assay.” Omnisphero 
is able to identify, count, skeletonize, and position β(III)tubulin+ 
neurons and identify and quantify O4+ oligodendrocytes. Thereby, 
Omnisphero allows an automated assessment of neuronal and oli-
godendrocyte numbers, cell distributions (neuronal and oligoden-
drocyte density distribution), and neuronal morphology (neurite 
length, number of branching points, number of neurites). Other 
novel endpoints that can be assessed with the Omnisphero soft-
ware are cell type-specific migration (radial glia, neuronal, and oli-
godendrocyte migration) as well as migration patterning.

All results in fold of control are pooled from independent 
experiments, SD and SEM are calculated, and statistical analyses 
are performed. Data are analyzed with the software GraphPad 
Prism 6.0 using OneWay ANOVA and a Bonferroni’s post hoc 
test. Significance threshold is established at p < 0.05.

Note 1: Plates can be stored with laminin at 4 °C for up to 7 days.
Note 2: The plate should be equilibrated at 37 °C and 5% CO2 

until the neurospheres are plated.
Note 3: This step is important to wash out remaining growth fac-

tors from the proliferation medium.
Note 4: Make sure the neurospheres for the experiment are round 

and uniform in size.
Note 5: Make sure that the sphere is placed in the middle of the 

well.
Note 6: To avoid washing off of cells, the neurospheres should 

always be covered with at least 50 μL of liquid.
Note 7: ICC images should be taken within the next week. Store 

plates at 4–8 °C and protected from light.

7 The NPC Thyroid Hormone (TH) Disruption Assay (NPC6)

Maturation of oligodendrocytes plays an important role during 
brain development. By quantifying mRNA expression of myelin 
basic protein (MBP), myelin-associated oligodendrocytic basic pro-
tein (MOBP), or myelin oligodendrocyte glycoprotein (MOG) 
divided by the percentage of O4+ cells differentiated after 5 days in 
the neurosphere migration area (assessed in NPC5), the matura-
tion of O4+ oligodendrocytes can be examined. This MBP/MOBP/
MOG-oligodendrocyte ratio is defined as the oligodendrocyte 
maturation quotient (QM). During NPC development QM increases 

6.2.6 Omnisphero

6.3 Notes

The ‘Neurosphere Assay’ for DNT Evaluation
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when cultures are exposed to the thyroid hormone (TH) triiodo-
thyronine (T3, [18]). Cellular TH disruption of developing hNPC 
can be tested by assessment of QM with test compounds. Here, 
cellular TH signaling is disturbed when QM (TH + compound) < 
QM (TH) when QM is not disturbed by the compound alone in 
absence of TH. In case the compound affects oligodendrocyte dif-
ferentiation (NPC5) without lowering QM, the compound is an 
oligodendrocyte toxin rather than a TH disruptor.

Flat-bottom 24-well plate (clear), precoated (coating protocol see 
Sect. 5.1)
Flat-bottom 96-well plate (clear), precoated (coating protocol see 

Sect. 5.1)
Differentiation medium (see Sect. 5.1)
H2O, deionized and sterile
Phosphate-buffered saline with CaCL2 and MgCl2 (PBS; Gibco, 

Life Technologies)
3,3′,5-Triiodo-L-thyronine (T3; Sigma Aldrich, #T2877)
Ninety-six percent ethanol (EtOH)
Hydrogen chloride (HCl)

All steps need to be performed under sterile conditions.

 1. Chop primary human neurospheres (hNPCs) 3 days before 
plating

(chopping protocol see Sect. 1.3.2).
 2. Use primary human neurospheres passage 1–3.

 1. Equilibrate differentiation media to 37 °C, 5% CO2 for 60 min.
 2. Prepare all treatment, co-treatment, and control solutions. 

Add 5 × 100 μL to each well of a pre-coated (see Sect. 5.1) flat- 
bottom 96-well plate (for later O4 staining) and 3 × 1 mL to 
each well of a pre-coated flat-bottom 24-well plate (for later 
polymerase chain reaction (PCR)) (see Note 1).
Controls:
(a)  Media control (MC): only differentiation media.
(b)  Solvent control (SC): differentiation media with respective 

solvent.
 Solvent concentrations in the experiments contain % of 
respective chemical solvent, 0.01% EtOH/HCl and 3 nM 
T3. For 0.01% EtOH/HCl and T3 with a solvent concen-
tration of 0.01% EtOH/HCl in the stock solutions the 
following components are required:
 –  100% EtOH/HCl in differentiation medium 1:10 

(10% EtOH/HCl)

7.1 Materials

7.2 Methods

7.2.1 Preparation for Cell 
Plating

7.2.2 Plating Spheres 
for NPC6
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 –  Three hundred micrometer T3 in EtOH/HCl 1:10 
(30 μM T3 in 100% EtOH/HCl)

 –  Thirty micrometer T3 in differentiation medium 1:10 
(3 μM T3 in 10% EtOH/HCl) (see Note 2).

(c)  Positive control (PC): BMP-7100 ng/mL.
(d)  If combined with LDH Assay and/or CTB Assay, prepare 

lysis control (LC) and background control (BG) (see 
Sects. 9 and/or 10).

 3. Fill all wells surrounding cell-containing wells with 100 μL 
(96- well plate) and 1 mL (24-well plate) deionized and sterile 
water, respectively.

 4. Presort 0.3 mm neurospheres in differentiation medium: for 
each condition (treatment) 35 × 0.3 mm neurospheres are plated 
(5 × 1 sphere in a 96-well plate for O4 staining and 3 × 10 spheres 
in a 24-well plate for PCR analysis); furthermore 10 additional 
neurospheres are needed for controls (BMP-7 as the endpoint-
specific control for oligodendrocyte differentiation and Triton 
X-100 as a lysis control for the cytotoxicity assay).

 5. Take up 1 neurosphere in 2 μL differentiation medium from 
the presorted spheres, and place it into the middle of a well of 
a 96-well plate.

 6. Take up 10 neurospheres in 20 μL differentiation medium 
from the presorted spheres, and place them into a well of a 
24-well plate (see Note 3).

 7. Incubate these differentiating spheres for 5 days at 37 °C, 5% 
CO2.

 8. Feed spheres on day 3.
 9. For feeding, half of the media (96-well 50 μL, 24-well 500 μL) 

is removed and substituted with freshly prepared control 
respective treatment solution (pre-warmed to 37 °C).

 1. After 5 days of differentiation, measure viability with the CTB 
Assay, and afterward fix the spheres in the 96-well plates for 
later immunocytochemical stainings.

 2. For viability/cytotoxicity assays and fixation of spheres, see 
Sects. 9 and/or 10.

 3. After fixation the plate can be stored in the fridge until staining 
is performed (for a maximum of 1 week, see Sect. 6).

 1. For the 96-well oligodendrocyte staining with the O4 anti-
body, see protocol Sect. 6.2.4.

 2. For plate scanning using fluorescence microscopy with the 
Cellomics ArrayScan, see protocols Sects. 6.2.5 and 6.2.6.

7.2.3 Viability Assay 
and Fixation

7.2.4 Immunocyto- 
chemical Staining 
and Counting of O4+ Cells 
and Fluorescence 
Microscopy
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 1. After 5 days of differentiation, remove medium from the wells 
of the 24-well plate.

 2. Add 350 mL RLT buffer (RNeasy Mini Kit, Qiagen).
 3. Scratch the cells.
 4. Pipette lysates up and down thrice, and fill them into 1.5 mL 

Eppendorf cups.
 5. Store RNA lysates at −80 °C until you purify the RNA.
 6. For RNA purification use the RNeasy Mini Kit from Qiagen 

according to the manufacturer’s protocol.
 7. The RNA can be stored at −80 °C (see Note 4).
 8. For reverse transcription the Quantitect Reverse Transcription 

Kit from Qiagen is used.
 9. The real time RT-PCR is carried out with QuantiFast® SYBR® 

Green PCR (see Note 5).
 10. Gene product-specific copy numbers were determined as pub-

lished earlier [18].

 1. Perform both, O4 staining and gene expression experiments in 
parallel, three times independently.

 2. Gene expression (copy numbers MBP/MOBP/MOG/10.000 
ßACTIN) of each treatment condition (pooled technical repli-
cates) of each experiment is divided by its respective percent-
age of oligodendrocytes from the parallel immunostaining 
experiment.

 3. Gene expression/oligodendrocytes (QM) of the solvent con-
trol is set to 1 for each experiment, and the QM for the TH 
treatment as the positive control is expressed in fold of solvent 
control for each experiment.

 4. After pooling QM from independent experiments, SD and 
SEM are calculated, and statistical analyses are performed. 
Data are analyzed with the software GraphPad Prism 6.0 using 
TwoWay ANOVA and a Tukey’s post hoc test. Significance 
threshold is established at p < 0.05.

 5. Assess the QM of a chemical by itself and in co-treatment with 
3 nM T3. If the QM of the chemical by itself is not lower than 
that of the solvent control, but is significantly different from 
the T3 treatment, the compound is a TH disruptor with regard 
to TH-induced oligodendrocyte maturation in vitro.

Note 1: Plate 96-well plates for O4 staining and 24-well plates for 
PCR of oligodendrocyte maturation markers on the same day 
using the same neurosphere stock cultures. Dilution series for the 
96-well and the 24-well plates are prepared at once.

7.2.5 Harvesting of RNA

7.2.6 Normalization 
of Gene Expression 
to the Percentage 
of Oligodendrocytes

7.3 Notes
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Note 2: Always use 10% EtOH/HCl, T3 in 10% EtOH/HCl and 
the chemical 1:1000 as the highest concentration, a pre- 
dilution of chemical in solvent might be required.

Note 3: Shake the 24-well plate gently to distribute neurospheres 
within the well. They need enough space from each other to 
migrate correctly.

Note 4: RNA of 10 NA0.3 mm neurospheres per sample is used. 
The RNA content is not measured before each reverse tran-
scription but lies between 10 and 30 ng/μL for ten human 
NPCs (depending on size and migration area).

Note 5: Primer sequences for the oligodendrocyte maturation 
gene MBP/MOBP/MOG and the housekeeping gene ßAC-
TIN are:

Species Gene Forward primer 5′–3′ Reverse primer 5′–3′

Human MBP CAGAGCGTCCGACTATAAATCG GGTGGGTTTTCAGCGTCTA
MOBP ACCCATCTGCCCTCAGACTTA GCATCTGTAGTTGTTACATCAGC
MOG CAATTACCGGAGTGGAGGCA GTGCATGTCCCCTTACTGCT
ßACTIN CAGGAAGTCCCTTGCCATCC ACCAAAAGCCTTCATACATCTCA

8 Assessment of Cell Viability and Cytotoxicity

The six individual test methods (NPC1–6) described above assess 
the effect of a chemical on processes that are specific for brain 
development. The unspecific effect of a compound on general cell 
viability however will ultimately affect DNT-specific endpoints like 
NPC proliferation, migration, or differentiation. To distinguish 
between effects on general cell viability and specific effects on DNT 
endpoints, cell viability and/or cytotoxicity needs to be deter-
mined in the same assay.

Cell viability can be measured with the CTB Assay. This assay 
provides a fluorometric measure for viable cells as living cells reduce 
the indicator dye resazurin to the fluorescent metabolite resorufin 
thus reflecting their metabolic (cellular reductase) capacity [39]. 
This assay is made for determining viability in a plate reader format. 
As the cells are incubated with the indicator dye, the experiment 
needs to be terminated shortly after incubation, i.e., fixed with PFA 
for subsequent immunocytochemical stainings (NPC3–5).

Cytotoxicity can be assessed with the LDH Assay. This assay is 
a fluorescent measure of the release of lactate dehydrogenase 
(LDH) from cells with a damaged membrane. LDH released into 
the culture medium is proportional to the number of damaged/
dead cells and can be measured with an enzymatic reaction that also 
results in the conversion of resazurin to the fluorescent resorufin 
[41, 42]. As the LDH Assay uses the supernatant of cultured cells, 
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the assay does not disturb cell cultivation and is thus the method of 
choice when cells need to be cultivated further like with the migra-
tion assay (NPC2) when multiplexed with the differentiation assays 
(NPC3–5) or the TH disruption assay (NPC6).

9 CellTiter-Blue (CTB) Assay

CellTiter-Blue cell viability assay kit (#G8081, Promega; −20 °C)

CellTiter-Blue reagent (protect from light)
Triton X-100 (#T8787, Sigma-Aldrich)
Differentiation medium (see Sect. 5.1)
Proliferation medium (without growth factors; see Sect. 1.1)
Flat-bottom 96-well plate (clear)

For the assessment of cell viability using the CTB Assay, a lysis 
control (LC) and a background control (BG; culture medium 
without cells) are needed in addition to the endpoint-specific con-
trols of each assay NPC1–6.

 1. Culture cells for the desired period and with the desired com-
pound exposure.

 2. Thaw and equilibrate CellTiter-Blue reagent to RT for 2 h 
protected from light.

 3. Dilute 10% (v/v) Triton X-100 solution 1:5 in each well of 
lysis control (2 μL in each well; final concentration 2%).

 4. Fill empty wells just with medium.
 5. Preincubate 20 min at 37 °C and 5% CO2.

 1. Dilute CellTiter-Blue reagent 1:7.5 in differentiation medium. 
For one well dilute 11 μL of CellTiter-Blue reagent in 72 μL 
of differentiation medium.

 2. Add 83 μL to each well, and incubate at 37 °C and 5% CO2 
for 2 h.

 1. Dilute CellTiter-Blue reagent 1:3 in differentiation medium. 
For one well dilute 11 μL of CellTiter-Blue reagent in 22 μL 
of differentiation medium.

 2. Add 33 μL to each well, and incubate at 37 °C and 5% CO2 
for 2 h.

 1. Dilute CellTiter-Blue reagent 1:3 in proliferation medium 
without growth factors. For one well dilute 12 μL of CellTiter- 
Blue reagent in 24 μL of proliferation medium.

 2. Add 36 μL to each well, and incubate at 37 °C and 5% CO2 for 
2 h.

9.1 Materials

9.2 Methods

9.2.1 With Removal 
of Medium for LDH Assay 
in the Differentiation 
Assays

9.2.2 Without Removal 
of Medium 
in the Differentiation 
Assays

9.2.3 In the BrdU Assay
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 1. Measure fluorescence at an excitation wavelength of 540 nm 
and emission wavelength of 590 nm.

 2. Calculate the MEAN of all replicate measurements.
 3. Subtract the MEAN of BG from the MEAN of all conditions.
 4. Calculate BG subtracted MEAN of each condition as percent 

of SC.
 5. All results in fold of control are pooled from independent 

experiments, SD and SEM are calculated, and statistical 
analyses are performed. Data are analyzed with the software 
GraphPad Prism 6.0 using OneWay ANOVA and 
Bonferroni’s post hoc test. Significance threshold is estab-
lished at p < 0.05.

There are no relevant notes for this protocol.

10 Lactate Dehydrogenase (LDH) Assay

CytoTox-ONE Homogeneous Membrane Integrity Assay Kit 
(#G7891, Promega; −20 °C)

Substrate mix
Assay buffer

Triton X-100 (#T8787, Sigma-Aldrich)
Differentiation medium (see Sect. 5.1)
Proliferation medium (without growth factors; see Sect. 1.1)
Flat-bottom 96-well plate (clear)

For the assessment of cytotoxicity using the LDH Assay, the same 
controls as for the CTB Assay are needed (see above).

 1. Culture cells for the desired period and with the desired com-
pound exposure.

 2. Prepare CytoTox-ONE Reagent as indicated in the supplier’s 
instructions.

 3. Dilute 10% (v/v) Triton X-100 solution 1:5 in each well of 
lysis control (2 μL in each well; final concentration 2%).

 4. Incubate 20 min at 37 °C and 5% CO2.
 5. Remove 50 μL of medium, and transfer into a new 96-well 

plate.
 6. Equilibrate medium in new plate to RT for 10 min.
 7. Add 50 μL of CytoTox-ONE Reagent (RT) to each well.
 8. Incubate at RT for 2 h.

9.2.4 Fluorescence 
Measurement and Data 
Evaluation

9.3 Notes

10.1 Materials

10.2 Methods

The ‘Neurosphere Assay’ for DNT Evaluation
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 1. Measure fluorescence at an excitation wavelength of 540 nm 
and emission wavelength of 590 nm.

 2. Calculate the MEAN of all replicate measurements.
 3. Subtract the MEAN of BG from the MEAN of all conditions.
 4. Calculate BG subtracted MEAN of each condition as percent 

of LC.
 5. All results in percent of LC are pooled from independent 

experiments, SD and SEM are calculated, and statistical analy-
ses are performed. Data are analyzed with the software 
GraphPad Prism 6.0 using OneWay ANOVA and Bonferroni’s 
post hoc test. Significance threshold is established at p < 0.05.

There are no relevant notes for this protocol.
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A B S T R A C T

It is widely accepted that human brain development has unique features that cannot be represented by rodents.
Obvious reasons are the evolutionary distance and divergent physiology. This might lead to false predictions
when rodents are used for safety or pharmacological efficacy studies. For a better translation of animal-based
research to the human situation, human in vitro systems might be useful. In this study, we characterize de-
veloping neural progenitor cells from prenatal human and time-matched rat and mouse brains by analyzing the
changes in their transcriptome profile during neural differentiation. Moreover, we identify hub molecules that
regulate neurodevelopmental processes like migration and differentiation. Consequences of modulation of three
of those hubs on these processes were studied in a species-specific context. We found that although the gene
expression profiles of the three species largely differ qualitatively and quantitatively, they cluster in similar GO
terms like cell migration, gliogenesis, neurogenesis or development of multicellular organism. Pharmacological
modulation of the identified hub molecules triggered species-specific cellular responses. This study underlines
the importance of understanding species differences on the molecular level and advocates the use of human
based in vitro models for pharmacological and toxicological research.

1. Introduction

Pharmacological research as well as drug safety testing have mainly
been based on studies in laboratory animals. Besides ethical concerns
and high resource needs with regards to time and money, laboratory
animals do frequently fail to predict beneficial or adverse compound
effects for humans leading to high attrition rates when moving from
preclinical research to clinical drug applications (Arrowsmith and
Miller, 2013; Waring et al., 2015), e.g. rodents only correctly identified
43% out of 150 pharmaceuticals known to be toxic in man (Olson et al.,
2000). Also, an analysis of systematic reviews published in the “Scopus”
database on the human clinical or toxicological utility of animal ex-
periments revealed that in only 10% of the reviews animal models were
significantly useful (Knight, 2007). Several reasons were identified to
be responsible for this unsatisfactory translation from animals to

humans. For one, poor performance quality and reporting of animal
studies impedes prediction (Hartung, 2009; Kilkenny et al., 2010;
Knight, 2007; Leist and Hartung, 2013; van der Worp et al., 2010).
Moreover, species differences can hamper predictive value of animal in
vivo studies (Gold et al., 2005; Knight, 2007; Leist and Hartung, 2013;
Seok et al., 2013). Such limited predictions might result in high attri-
tion rates during the drug development process causing economic da-
mage and lack of treatment (De Keyser et al., 1999; Perel et al., 2007;
Seok et al., 2013; Waring et al., 2015). Incorrect information on human
safety or toxicity of substances is equally severe as it might result in
serious human health effects as experienced with thalidomide or
TGN1412, which did not show animal toxicity in the species tested but
caused serious toxicities in humans (Attarwala, 2010; Miller and
Stromland, 1999). While performance quality and reporting of animal
studies can be improved e.g. by introducing more stringent quality
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criteria (Dirnagl and Fisher, 2012), species differences in human vs.
animal physiology and/or pathology cannot rapidly be overcome using
in vivo whole animal studies.

To improve “human relevance” in safety and efficacy studies, one
can make use of human cell-based in vitro methods. Although such
methods lack pharmaco-/toxicokinetics of the whole organism (ab-
sorption, distribution, metabolism, excretion), they are thought to
maintain their pharmaco-/toxicodynamics of the target cell in vitro.
There are many examples for species-specific differences in the mole-
cular equipment of cells that can determine compound action (Jenkins
et al., 2012; Oberheim et al., 2009; Perreault et al., 2013; Seok et al.,
2013; Strasser et al., 2013).

We have previously shown that such specificities in toxicodynamics
across species are also maintained in primary, time-matched neuro-
spheres from humans, mice and/or rats in vitro (Baumann et al., 2015;
Dach et al., 2017; Gassmann et al., 2010). Three dimensional (3D)
neurospheres consist of neural progenitor cells (NPC) that allow as-
sessment of compound-specific effects on NPC proliferation, radial
migration, differentiation into neurons, astrocytes and oligoden-
drocytes as well as neuronal migration and neurite outgrowth (Barenys
et al., 2016; Baumann et al., 2015, 2014; Dach et al., 2017; Gassmann
et al., 2012; Schmuck et al., 2016). Moreover, modes of action of
substances can be studied with this organoid cell culture method
(Barenys et al., 2016; Dach et al., 2017; Moors et al., 2007; Schreiber
et al., 2010). Due to these attributes, this “Neurosphere Assay” is
thought to be a valuable part of an alternative testing battery for de-
velopmental neurotoxicity (DNT) evaluation (Fritsche, 2016; Bal-Price
et al., 2018).

This transcriptome-based study was designed to understand the
species-specific nature of immature brain cells, analyze the pathways
underlying the neurodevelopmental functions that can be studied using
the “Neurosphere Assay” (Baumann et al., 2015; Bal-Price et al., 2018)
and compare pathway functions between the three species: human,
mouse and rat. These species were chosen due to human relevance,
presence of transgenic animals and regulatory usage, respectively.
Specific marker gene expression analyses identified human-specific
traits in the human compared to rodent NPC. Gene Ontology (GO) term
clustering (Bindea et al., 2009) and subsequent protein-protein inter-
action enrichment analyses (Bindea et al., 2013; Szklarczyk et al., 2015)
were used to identify the functional pathways driving NPC functions
computationally. These were then validated by functional studies in
vitro using respective model compounds across the three species. The
functionally validated microarray data defines the biological applica-
tion domain of the “Neurosphere Assay” and identifies species specifi-
cities in signaling relevant for neurodevelopmental functions.

2. Material and methods

2.1. Chemicals

Bone morphogenetic protein 2 (BMP2) was purchased from R&D
Systems (#355-BM; Wiesbaden, Germany). A stock solution (2.5 μg/
mL) was prepared in B27 medium. N-[N-(3,5-Difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester (DAPT) and Epidermal Growth
factor receptor (EGFR) -inhibitor PD153035 were purchased from
Sigma-Aldrich (#D5942, #SML0564; Taufkirchen, Germany). For
DAPT and PD153035 stock solutions of 40mM and 10mM were pre-
pared in dimethyl sulfoxide (DMSO; Carl Roth GmbH; Karlsruhe,
Germany), respectively. Working solutions were prepared in N2 with 0,
0.1, 0.13 or 0.25% DMSO.

2.2. Cell culture

Human neural progenitor cells [hNPC, male, gestational week (GW)
16–18] isolated from whole brain were purchased from Lonza Verviers
SPRL (CAT. # PT-2599; LOT NO.:0000339988 and 0000277692;

Verviers, Belgium). Rodent neural progenitor cells [post-natal day
(PND)1] were prepared as described previously for rat (Baumann et al.,
2014) and mouse (Dach et al., 2017). The time point for rodent sample
preparation (PND1) was selected based on a comparative algorithm
across species (Workman et al., 2013). According to this algorithm,
brain developmental processes in GW 16–18 in human NPC are most
similar to processes observed in rodent brain development at PND1
(www.translatingtime.org). Human and rodent NPC were cultured as
neurospheres in proliferation medium consisting of DMEM (Life Tech-
nologies, Darmstadt, Germany) and Hams F12 (Life Technologies; 3:1)
supplement with 2% B27 (Life Technologies), 1% penicillin and strep-
tomycin (Pan-Biotech, Aidenbach, Germany), 20 ng/mL epidermal
growth factor (EGF, Life Technologies), 20 ng/mL recombinant human
fibroblast growth factor (FGF, R&D systems) for hNPC and mNPC and
10 ng/mL recombinant rat FGF (R&D systems) for rNPC. The culture
was maintained at 37 °C with 5% CO2. The culture was fed every two to
three days by replacing half the medium with fresh medium and pas-
saged every week by mechanical chopping of the spheres with a tissue
chopper (Mcllwain Tissue Chopper, Vibratome). To initiate differ-
entiation, NPC were plated on poly-D-lysine/laminin (Sigma Aldrich)
coated 6 well plates in differentiation medium for 3 and 5 days. The
differentiation medium consisted of DMEM (Life Technologies) and
Ham F12 (Life Technologies; 3:1) supplement with 1% N2 (Life Tech-
nologies) and 1% penicillin and streptomycin (Pan Biotech). For dif-
ferentiation of mNPC 1% fetal calf serum (FCS; Biochrome, Berlin,
Germany) was added to the culture medium.

2.3. The “Neurosphere Assay”

To analyze pathway modulation on a functional level we quantified
cell migration, as well as neuronal- and oligodendrocyte differentiation
in differentiating neural progenitor cells after treatment with the
pharmacological modulators BMP2, DAPT and PD153035. Therefore,
spheres with a diameter of 0.3 mm were plated on poly-D-lysine/la-
minin (Sigma Aldrich) coated 8 chamber slides in differentiation
medium for 3 and 5 days. On day 3 half the medium was replaced with
freshly prepared medium. Migration was analysed 24 h and 72 h after
plating. After 3 or 5 days spheres were fixed in 4% paraformaldehyde
for 30min at 37 °C and stained for neurons (βIII-tubulin positive cells)
or oligodendrocytes (O4 positive cells). Cell viability was analysed with
the Alamar Blue assay (CellTitier-Blue assay, Promega, Mannheim,
Germany) in the same chamber/well that was used to analyze the DNT-
specific endpoint (Baumann et al., 2014, 2015). Automatic counting of
cell numbers in the migration area using the Omnisphero software
(Schmuck et al., 2016) was an additional indicator for cell viability. For
analyses of astrocyte maturation after BMP2 treatment, hNPC were also
stained with an antibody against GFAP after 3 days of differentiation.
Astrocyte maturation was quantified as migration distance of radial glia
compared to total astrocyte migration distance because an increase in
cell maturation increases the amount of mature stellate like astrocytes
at the expense of radial glia (Fig. 6j). Apoptotic oligodendrocytes (O4
positive cells with condensed staining around nuclei; Fig. B. 5 l) were
counted and normalized to the number of nuclei.

2.4. Generation of RNA samples

For proliferating conditions (0d), 75 neurospheres with a diameter
of 0.3 mm were collected for each replicate. For differentiation condi-
tions (3d, 5d) neurospheres were chopped to 0.1mm and plated at a
density of 440 pieces/well in a poly-D-lysine/laminin coated 6 well
plate for 3 or 5 days, respectively. RNA was isolated from a total of 54
samples, 6 replicates for each condition (0d, 3d and 5d), and species
(h-, r-, and mNPC). RNA isolation was performed with the miRNeasy kit
(Qiagen, Hilden, Germany) according to the manufactures protocol.
Total RNA was used for microarray analysis and qRT-PCR. Quality of
total RNA was analysed with the 2100 bioanalyzer (Agilent
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Technologies). In parallel to the generation of RNA samples we per-
formed the “Neurosphere Assay” to control if the cells from the same
passage used for RNA analysis proliferate, differentiate and migrate
according to our historical controls.

2.5. qRT-PCR analysis

For validation of microarray experiments we performed qRT-PCR of
a set of 12–16 genes (Fig. B. 6). Therefore, RNA from the microarray
samples harvested on day 0, 3, 5 was transcribed to cDNA using the
QuantiTect Rev. Transcription Kit (Qiagen; Hilden, Germany) according
to the manufacturer's protocol. Quantitative polymerase chain reaction
(qRT-PCR) was performed using the Rotor Gene Q Cycler (Qiagen) with
the QuantiFast SYBR Green PCR Kit (Qiagen) according to the manu-
facturer's protocol. All genes with the respective primer sequences are
presented in Table A. 16. Differential expression was calculated with
the ddCT method using beta actin for normalization and 0-day samples
(proliferating NPC) were used as a reference set to 1.

2.6. Affymetrix arrays

For human NPC synthesis of cDNA and subsequent biotin labelling
of cRNA was performed according to the manufacturer's protocol (3′
IVT Plus Kit; Affymetrix, Inc.). Briefly, 100 ng of total RNA each were
converted to cDNA, followed by in vitro transcription and biotin la-
belling of amplified cDNA. After fragmentation, labelled cDNA was
hybridized to Affymetrix PrimeView Human Gene Expression
Microarrays for 16 h at 45 °C, stained by strepatavidin/phycoerythrin
conjugate and scanned as described in the manufacturer's protocol.

For rodent samples synthesis of biotin labelled cDNA was performed
according to the manufacturer's protocol (WT Plus Reagent Kit;
Affymetrix, Inc.). Briefly, 100 ng of total RNA were converted to cDNA.
After amplification by in vitro transcription and 2nd cycle synthesis,
cDNA was fragmented and biotin labelled by terminal transferase.
Finally, end labelled cDNA was hybridized to Affymetrix Mouse/Rat
Gene 2.0 ST Gene Expression Microarrays for 16 h at 45 °C, stained by
strepatavidin/phycoerythrin conjugate and scanned as described in the
manufacturer's protocol.

2.7. Data analysis and statistics

Data analyses on Affymetrix CEL files was conducted in R'. Probes
within each probe set were summarized by Robust multichip average
(RMA) after quantile normalization of probe level signal intensities
across all samples to reduce inter-array variability. The algorithms
where provided by the R packages affy (Gautier et al., 2004) for human
samples and oligo (Carvalho and Irizarry, 2010) for mouse and rat
samples. Differential gene expression (DEX) was statistically de-
termined by one-way ANOVA followed by Tukey's range test (R Core
Team, 2016). The significance threshold was set to p≤ .01 (FDR cor-
rected; gene expression analyses). Probes that matched this threshold
for no probe set were dismissed. The Affymetrix IDs were translated
into gene symbols using a translation table containing all genes
matching our Affymetrix IDs. It was built using the biomaRt R package
(Durinck et al., 2005). In a first step, a table with the gene symbols and
expression data from their corresponding Affymetrix IDs was created.
For genes, which matched to more than one Affymetrix ID, the mean of
the differential expression per time frame was used. The p-values were
combined applying Fisher's method (Fisher, 1992).

The Principal Component Analysis (PCA) is based on the sig-
nificance threshold filtered expression data. Therefore, we worked with
18 data points (6 replicates per time point) per gene per species.
Division by its respective median (median for one gene over 18 sam-
ples) normalized the expression data of each Affymetrix ID. We chose
all genes with identical gene symbol in all species and used the prcomp
method from the R stats package (R Core Team, 2016) to perform the

PCA. An adjacency matrix was calculated from the expression profiles
of the genes over time using the scrime package (Schwender and
Fritsch, 2013). Hierarchical clustering was performed by hclust using
unweighted pair group agglomeration method with arithmetic mean
and cutree (R Core Team, 2016) resulting in 10 distinct clusters. These
10 clusters were manually summarized into the modules M1 – M4 ac-
cording to their expression profiles over time. To allow a direct species
comparison of gene expression independent of differential gene ex-
pression, we defined genes as likely to be expressed (present) or likely
to be not expressed (absent) based on criteria adapted from Kang et al.
(2011). A gene is called present if the median log2 intensity value in 0-
day samples is ≥6. Genes that do not meet this criterion are defined as
absent. The expression profile of single genes in heatmap (Fig. 2g) was
prepared with the Multiple Experiment Viewer (MeV 4.9.0; http://mev.
tm4.org/).

All data analyses for functional endpoints were performed using
GraphPad Prism 6.00 (GraphPad Software, La Jolla California USA,
www.graphpad.com). Statistical significance analyses were performed
on data normalized to solvent control (except for cell migration, here
we used raw data on migration distance) from at least 3 independent
experiments by one-way ANOVA followed by Dunnett's multiple com-
parisons test. The significance cut-off was set to p≤ .05.

2.8. Biological process analysis/gene ontological annotation analysis

We used the Cytoscape (version 3.4.0) plug in ClueGO/CluePedia
(version 2.2.5; Bindea et al., 2013; Szklarczyk et al., 2015) for over-
representation analyses of biological process GO clustering and network
visualization. The statistical test for overrepresentation analysis was
based on a two-sided hypergeometric option with a Bonferroni cor-
rection. We chose a p-value cut-off of 0.01 and a kappa score of 0.5 for
GO clustering with at least two GO terms within one cluster (see
parameters for analysis in Table A. 17).

To generate gene interaction networks we used information from
the STRING Protein-Protein Interaction database (Szklarczyk et al.,
2015; http://string-db.org) within CluePedia, extracted the GO clusters
cell migration, gliogenesis and neurogenesis and enriched all genes
associated with the selected GO clusters with information on gene-gene
or protein-protein interactions (binding, activation, expression and in-
hibition) with a confidence score of ≥0.75. Highly connected genes
were identified as those genes showing at least three times (migration,
neurogenesis) or two times (gliogenesis) the number of connection
compared to the mean number of connection per gene within the re-
spective cluster.

3. Results

3.1. Analyses of changes in NPC mRNA expression profiles across time and
species

To determine the changes in molecular equipment of NPC growing
as neurospheres during the change from proliferation to differentiation
(Baumann et al., 2015), we first analysed mRNA expression profiles of
proliferating (0), as well as 3 and 5 days differentiating human, mouse
and rat primary neural progenitor cells (hNPC, mNPC, rNPC; Fig. 1) by
using microarrays (human PrimeView Array, mouse/rat Gene 2.0 ST
Arrays, Affymetrix). Genes were called differentially expressed (DEX) if
they were significantly (p≤ .01) up- or downregulated by at least 2-fold
between any of the three time points (0 vs. 3, 0 vs. 5, or 3 vs. 5 days). In
hNPC, mNPC and rNPC a total of 1684, 1979 and 2324 genes, respec-
tively, are DEX across all time points. The number of genes regulated in
the first 3 days of differentiation (0 vs. 3) is in the same order of
magnitude between the three species (1121 in hNPC, 1196, in mNPC,
1033 rNPC). With continuing NPC differentiation and maturation, more
genes are DEX at day 5 (0 vs. 5) with 1531 in hNPC, 1566 in mNPC and
2159 in rNPC. Of those, 971, 849 and 927 genes (> 70%), respectively,
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overlap with DEX genes at day 0 vs. 3 (Fig. 2 a-c). In rodent compared
to human NPC there is a higher number of DEX genes between 3 and
5 days (43 hNPC, 362 mNPC, 732 rNPC; Fig. 2d) indicating a stronger
change in cultures over 5 days in rodent compared to human NPC.

We next determined the number of commonly regulated genes be-
tween the total of 1684, 1979 and 2324 DEX genes in hNPC, mNPC and
rNPC, respectively, across all time points (0vs3, 0vs5 and 3vs5 days
combined). Of these, only 186 (11%) genes share the same gene symbol
in all three species (Fig. 2e). This small number of overlapping DEX
genes during NPC differentiation can only in part be explained by the
dissimilarities of array chips, because of the 1684 DEX genes identified
in hNPC 83% (1398) are present on both rodent array chips, yet are not
DEX in the rodent cells (data not shown). To compare the magnitude of
gene expression changes across the three species in addition to this
qualitative difference of gene regulation during NPC differentiation,
quantitative differences in magnitude of expression of all regulated
genes (p≤ .01; 5571) with the same gene symbols across differentia-
tion time and between the three species were evaluated by PCA
(Fig. 2f). PC1 (33% explained variation) reveals that for all species 0d
samples cluster further from 3d than 3d from 5d samples, pointing to-
wards largest gene expression changes when the cell program switches
from NPC proliferation to neural differentiation compared to smaller
changes during further maturation of differentiated cells from day 3 to
day 5 in culture. For the species comparison, the PCA demonstrates that
hNPC have a distinct differentiation dynamic compared to the rodent
NPC as visible in the course of expressional changes over time (Fig. 2f,
dotted lines). Differences in the differentiation dynamics are also ob-
vious in the expressional changes of genes specific for certain cell types
during brain development (Fig. 2g). Obvious examples are the neuronal
marker NRXN1 which is upregulated in hNPC (4.2 and 5.2 fold at 3 and
5 days, respectively), downregulated in mNPC (0.7 and 0.6 fold at 3 and
5 days, respectively) and not present on the microarray chip of rNPC, or
the ventricular radial glia marker ANXA1 which is downregulated in
hNPC (0.3 and 0.4 fold at 3 and 5 days, respectively) and upregulated in
rodent NPC (13.5 and 3.1 fold in mNPC, 2.6 and 2.6 fold in rNPC at 3
and 5 days, respectively). To allow a direct species comparison of gene
expression independent of differential gene expression, we defined
genes as likely to be expressed (present) or likely to be not expressed
(absent) based on criteria adapted from Kang et al. (2011; only present
if median log2 intensity value in 0-day samples is ≥6). With this
threshold we identified several genes that are likely to be only ex-
pressed in human cells (HS6ST2, LRRC3B, CALB2 or ARHGAP11B;
Fig. 2g and Table A. 19). Taken together, the qualitative and quanti-
tative expression data show that primary NPC from human and rodent
origins obtain species-specific expression changes when differentiating
to neural effector cells with only few DEX genes shared between human

and rodent NPC and with some human specific marker genes for NPC
development.

For further analyses of gene function behind these expression
changes, we generated expression clusters using a hierarchical cluster
analysis (HCA) for all DEX genes (Fig. B. 1). We summarized these
clusters according to their regulation pattern over time into 4 modules:
module 1 (M1) and module 2 (M2) contain genes with the main ex-
pression changes, up and down, respectively, within the first 3 days of
differentiation and no further regulation from day 3 to day 5 (Fig. 2h).
These clusters contain similar numbers of genes across all species (M1:
611, 575, 504; M2: 667, 499, 404, for h-, m- and rNPC, respectively).
We hypothesized that these are genes involved in the NPC program
change from proliferation to neuronal and glial differentiation and the
onset of cellular migration. Summarized in module 3 (M3) and module
4 (M4) are those genes, which are up- and down-regulated, respec-
tively, mainly between day 3 and 5 in vitro. For these clusters, the
numbers of genes differ between human and rodent NPC (M3: 191, 547,
887; M4: 215, 358, 428, for h-, m-, rNPC, respectively). These genes are
thought to be mainly involved in processes of effector cell maturation
and thus the fewer regulated genes in hNPC compared to their rodent
counterparts might explain the lack in hNPC-derived neuronal ma-
turation which seems to be enhanced in rNPC-derived neurons
(Odawara et al., 2014; Ohara et al., 2015). Mean expression change of
the modules M1 and M3 (Fig. 2h) corroborate the observation that
mNPC and especially rNPC show stronger expression changes between
0 and 5 days than hNPC (Fig. 2d).

3.2. Overrepresentation analyses (ORA) of gene ontology (GO) biological
processes (BP)

To computationally determine biological functions of genes in the
temporal expression clusters, we performed ORA for the GO-terms BP
using the Cytoscape plugin ClueGO (Bindea et al., 2009). We first
analysed the biological functions of genes in clusters M1 and M2, where
we expected the largest transcriptional changes due to the switch in cell
program from proliferation to differentiation. From the 1278 DEX genes
in hNPC, 1074 in mNPC and 908 in rNPC, respective 1070 (83.7%), 904
(84.2%) and 787 (86.7%) were annotated to 155 (hNPC), 427 (mNPC)
and 228 (rNPC) GO terms (Table 1; Table A. 1–3). Although developing
NPC from humans and rodents have only little overlap in DEX genes
(11% of hNPC), 90 of the 155 (58%) GO terms enriched in hNPC were
shared with rodent NPC. These GO terms are major BP involved in
general organ development like anatomical structure morphogenesis
(GO:0009653), organ specific developmental processes like central
nervous system development (GO:0007417), or GO terms specific to
some major processes of brain development that are assessed by the

Fig. 1. Experimental set up.
NPC were generated from fetal human brain
(GW16–18) or post-natal mouse and rat brain
(PND1) and cultivated as floating neurospheres. RNA
was isolated from proliferating (0d), as well as three
and five days differentiated human, mouse and rat
NPC, from 6 replicates per condition and species.
Transcriptome analyses from these samples were
performed using human PrimeView Array and
mouse/rat Gene 2.0 ST Arrays from Affymetrix.
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Fig. 2. Qualitative and quantitative comparison of expression profiles across species.
Differential gene expression within each species and between time points was statistically determined by one-way ANOVA followed by Tukey's range test. Genes with
p≤ .01 and fold change ≥2 were called differentially expressed (DEX). (a-c) Overlap of the number of DEX genes between 3 (0vs3) and 5 (0vs5) days of differ-
entiation for human (a), mouse (b) and rat (c) NPC. (d) Comparison of the number of DEX genes for each time point (0vs3, 0vs5, overlap between 0vs3 and 0vs5 and
3vs5) between human (blue), mouse (green) and rat (red) NPC. (e) DEX genes (at any time point) that share the same gene symbol in human (blue), mouse (green),
and rat (red) NPC. (f) Principal component analysis (PCA) was performed based on the expression of all significantly regulated (p≤ .01) genes that shared the same
gene symbol between species (5570) and compares the expression profile over time (0, 3 and 5 days; dark to pale) between species (human, blue; mouse, green; rat,
red). (g) Expression profile of single genes associated to specific cell types during neural development and in the CNS of human, mouse and rat NPC. Genes, defined as
not present are depicted in grey, genes depicted in grey with a red cross are not on the respective microarray chip. (h) Hierarchical clustering generated 10 distinct
expression clusters (Table A. 1), which were further summarized into 4 modules. Data is represented as mean DEX over time of all genes within one module for
human mouse and rat NPC. oRG is outer radial glia; vRG is ventricular zone radial glia; IPC is intermediate progenitor cells. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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functional “Neurosphere Assay”. Here, the processes NPC proliferation,
migration, neuronal and glial differentiation as well as cell death are
represented by regulation of GO terms such as cell proliferation
(GO:0042127), cell motility (GO:0048870), neurogenesis
(GO:0022008), axonogenesis (GO:0007409), gliogenesis (GO:0042063)
or regulation of programmed cell death (GO:0043067; comprehensively
shown in Table A. 4). To visualize how GO term enrichment compares
in-between the three species, we summarized all GO terms into the
following eight superordinate processes by expert judgment similar to
Waldmann et al. (2014): (i) brain/organism developmental processes,
(ii) neuronal/glial differentiation, (iii) migration/adhesion, (iv) pro-
liferation, (v) cell death, (vi) cell signaling, (vi) other processes and (vii)
processes related to other organs (Table A. 5–7). Fig. 3a-c demonstrates
that from the temporal expression cluster M1 and M2, GO terms asso-
ciated to ‘brain/organism developmental processes’, “neuronal/glial
differentiation” are the most represented and together with “migration/
adhesion”, ‘proliferation and cell death’make up 60% of all GO terms in
hNPC, while these GO terms represent only 34% and 41% in mNPC and
rNPC, respectively. GO terms associated with processes related to cell
signaling correspond to 14% of all GO terms in hNPC, while this is the
largest group in rodent NPC with 26% (mNPC) and 32% (rNPC) of all
GO terms. In total numbers, only 31 GO terms are associated to this
group in hNPC, 92 in rNPC and 164 in mNPC. Some of the processes
present in rodent but not in hNPC are e.g. cell-cell signaling
(GO:0007267), response to steroid hormone (GO:0048545), negative

regulation of cell communication (GO:0010648) or protein phosphor-
ylation (GO:0006468; Table A. 4). The remaining 26% (hNPC), 40%
(mNPC) and 26% (rNPC) GO terms are associated to other processes
(e.g. single-organism biosynthetic process, GO: GO:0044711 or ion
transport, GO:0006811) and processes in other organs. One example for
the latter group is the process heart development (GO: 0007507). Al-
though this is prima vista not related to brain development, it shares 41
of the 62 genes (66%) with the process nervous system development
(GO:0007399) in hNPC (Table A. 1). This example demonstrates that
GO terms of processes related to other organs might be overrepresented
due to shared genes with nervous system development.

Next, we computationally analysed the biological functions of genes
in clusters M3 and M4. From the 404 DEX genes in hNPC, 906 in mNPC
and 1417 in rNPC, respective 345 (85.4%), 761 (84.0%) and 1058
(74.7%) were annotated to 79 (hNPC), 110 (mNPC) and 61 (rNPC) GO
terms with 42% shared GO terms between hNPC and mNPC and none
between hNPC and rNPC (Table 1; Table A. 8, 10–11). There are two-
(mNPC) to three-fold (rNPC) more DEX genes present in rodent than in
hNPC pointing to differences in culture maturation and/or species
differences. This is supported by the magnitude fold change in DEX
genes in rodents, mainly rat NPC, which display higher mean gene
expression regulations compared to hNPC (mean regulation of M3:
3.5 fc in hNPC, 4.7 fc in mNPC, 7.1 fc in rNPC; Fig. 2h). Fig. 3d-f de-
monstrates that almost all GO terms in hNPC (91%) and more than half
in mNPC (69%) are associated to the process of cell proliferation such
as cell cycle (GO:0007049), chromosome organization (GO:0051276)
or mitotic nuclear division (GO:0007067). Within these GO terms
60–100% of all associated genes are down-regulated (Table A. 8+10).
This observation suggests that cell proliferation is still an important
process during the onset of differentiation but strongly decreases be-
tween day 3 and 5 in hNPC and mNPC. Other GO terms in mNPC (18%)
and more than half in rNPC (57%) are associated with the progression
of cell differentiation and maturation. Here some GO clusters are cilium
organization (GO:0044782) in mNPC, determination of left/right
symmetry (GO:0007368) or microtubule-based process (GO:0007017)
in both species and cilium morphogenesis (GO:0060271) or centriole
assembly (GO:0098534) in rNPC (comprehensively shown in Table A.
10–15). Because the majority of DEX genes in M3 and M4 of hNPC were
dominated by downregulated genes, we performed an ORA for upre-
gulated genes (M3) separately. ORA of hNPC M3 shows that 16 pro-
cesses involved in maturation such as axonogenesis (GO:0007409) and
dendrite development (GO:0016358) are overrepresented (Table A. 9)
in our data set.

Overall, the ORA of GO BP especially from M1 and M2 reflects (i)
the multicellularity of the 3D neurospheres and (ii) specific neurode-
velopmental processes during NPC development. These results de-
monstrate that molecular signatures of gene expression changes line the
functional processes that are studied in the frame of the “Neurosphere
Assay” in vitro over NPC differentiation. It also indicates that many of
these major processes of brain development and cell organization are
conserved across species, yet with distinct molecular signatures.
However, there are considerable species differences in the abundance of
processes related to cell signaling, proliferation or the progression of
cell maturation between the in vitro systems of the three species.

3.3. Identification of key regulators for human neurodevelopmental
processes

To identify the underlying genes and pathways of the neurodeve-
lopmental processes studied with the “Neurosphere Assay”, we per-
formed a clustering based on shared genes between GO terms over-
represented in modules M1 and M2 of hNPC (Fig. 4) and rodent NPC
(Fig. B. 2–3). From the 19 GO clusters in hNPC we extracted those re-
presenting the major neurodevelopmental processes, i.e. cell migration,
neurogenesis and gliogenesis. As the cluster neurogenesis was included
in a cluster with general GO terms on (neuro)development, we

Table 1
GO BP overrepresentation analyses.

Species Human Mouse Rat

Expression cluster M1+2 M3+4 M1+2 M3+4 M1+2 M3+4

# genes 1278 404 1074 906 908 1417
# Genes Annotated 1070 345 904 761 787 1058
# GO terms 155 79 427 110 228 61

Shared GO terms # (% human) of GO terms
Expression cluster M1+M2 M3+M4
Human-Mouse 122 (78) 33 (42)
Human-Rat 98 (63) 0
All species 90 (58) 0
Mouse-Rat 181 45

Fig. 3. Classification of GO terms into superordinate biological processes.
ORA analysis was performed using the Cytoscape plugin ClueGO (Bindea et al.,
2009). All overrepresented GO terms (p≤ .01 based on a two-sided hy-
pergeometric option with a Bonferroni correction) for modules 1+2 (a-c) and
modules 3+ 4 (d-f; also see Fig. 2) were summarized into 8 superordinate
processes for human (a, d), mouse (b, e) and rat (c, f) NPC based on expert
judgment. Number in the pie chart represents the number of GO terms assigned
to each superordinate processes.
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manually removed all GO terms, e.g. GO terms like brain development
(GO:0007420), regulation of cell morphogenesis (GO:0022604) or cell
development (GO:0048468) that were not directly related to neuro-
genesis (Fig. B. 4).

All genes within each cluster were enriched for their interaction
(binding, activation, expression and inhibition) based on information
from STRING protein-protein Interaction database (Szklarczyk et al.,
2015); http://string-db.org; Fig. 5. We identified highly connected
genes as key regulators (KR) or hubs for individual human neurode-
velopmental processes. Genes that show at least three times (migration,
neurogenesis) or two times (gliogenesis) the number of connections
compared to the mean number of connections per gene within a cluster
were defined to be highly connected. Thereby, we identified BMP2,
EGFR, MYC and NOTCH1 as KR across all three processes, VEGFA, JUN
and FGFR1 as KR for migration and neuronal differentiation and
EPHA2, LYN, PDGFRB, SRC only for migration (Fig. 5; Table 2). Species
comparison revealed that for mNPC and rNPC only few genes (between
7% to 14%) of the processes migration, neurogenesis and gliogenesis
with interaction data are shared with hNPC. From the KR only VEGFA is
present in the two species, a finding that could be explained by the
general low number of DEX genes shared between the species. The KR
for rodent NPCs are Agt, Cav, Flt, Fyn, Itga, Pdgfb, Ptgs2 for migration in
mNPC, Cx3cr1, Flt1, Itgb4 and Ptk2 for migration in rNPC, Bmp4 for

neurogenesis in mNPC and Ptk2 for neurogenesis in rNPC. For the
process gliogenesis there was no KR for mNPC and the processes did not
appear as a separate cluster in rNPC (Table A. 20–24; Table 2).

For functional validation of some of the KR identified in hNPC
transcriptomes, we analysed the effects of their pharmacological mod-
ulation on migration, neuronal and oligodendrocyte differentiation in
all three species. As KR we chose BMP2, EGFR and NOTCH, as they were
predicted to modulate all three processes, i.e. hNPC migration, neu-
ronal and glia differentiation (Fig. 5; Table 2). We modulated BMP2
signaling by addition of 0.01–100 ng/mL BMP2 during differentiation
of human, mouse and rat neurospheres (Fig. 6). BMP2 did not affect
migration of human and mNPCs, but induced migration of rNPCs after
72 h (149.9 ± 7.2% of control at 10 ng/mL; Fig. 6a). Furthermore,
BMP2 did not affect differentiation into βIII-tubulin positive neurons in
hNPC, while it induced and reduced neuronal differentiation in mouse
and rNPC, respectively (202.1 ± 46.9% of control at 50 ng/mL in
mNPC and 62.2 ± 8.6% of control at 5 ng/mL in rNPC; Fig. 6b). BMP2
reduced the differentiation to O4 positive cells in all species
(48.7 ± 1.8% and 50.8 ± 3.5% of control at 1 ng/mL in human and
rNPC, respectively and 54.2 ± 4.4% of control at 5 ng/mL in mNPC;
Fig. 6c). In addition, BMP2 induced maturation of GFAP positive cells,
as indicated by a concentration-dependent increase of mature astro-
cytes at the expense of radial glia cell in the migration are. This effect

Fig. 4. GO clustering in hNPC.
Overrepresented GO terms of modules 1 and 2 in hNPC were clustered according to gene overlap between GO terms with a kappa score threshold of 0.5 and at least
three GO terms within one cluster using the Cytoscape plugin ClueGO (Bindea et al., 2009). Edge thickness represents similarity between GO terms. Node size
represents significance of overrepresentation. The GO term with the highest significance determines the name of the respective GO cluster (bold; colored). Different
colors represents different GO cluster. Grey nodes do not belong to a cluster. Significance thresholds of ORA was set to p≤ .01 based on a two-sided hypergeometric
option with a Bonferroni correction.
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was quantified by measuring the reduction of radial glia cell migration
in comparison to the total migration of GFAP positive cells (from
82 ± 6.2% of total migration at control to 62.4 ± 0.9% of total mi-
gration at 1 ng/mL; Fig. 6j+k). Because migrating rodent NPC did not
display typical radial glia morphology in our neurosphere culture
(Baumann et al., 2015), BMP2 effects on astrocyte maturation was only
studied in hNPC. All effects described for BMP2 were at concentrations

that did not affect overall cell viability measured by mitochondrial
activity (Fig. B. 5a+ c).

NOTCH signaling was modulated by the addition of 0.08–5 μM of
the NOTCH inhibitor DAPT. NOTCH inhibition did not affect migration
of human and rNPC, but inhibited migration of mNPC after 72 h
(76 ± 5.7% of control at 5 μM; Fig. 6d). Differentiation into βIII-tu-
bulin positive cells after 72 h was not affect by NOTCH inhibition (data

Fig. 5. Gene-gene interaction networks of major neurodevelopmental processes overrepresented in hNPC.
The cytoscape plugin GluePedia (Bindea et al., 2013) was used to enrich the GO clusters cell migration (a), neurogenesis (b) and gliogenesis (c) from the ORA of
modules 1 and 2 of hNPC with information on gene-gene/protein-protein interactions (binding in blue, activation in green, expression in yellow and inhibition in red)
from the STRING database (Szklarczyk et al., 2015) with a confidence score of ≥0.75. Highly connected genes (bold) were identified as those genes showing at least
three times (migration, neurogenesis) or two times (gliogenesis) the number of connections compared to the mean number of connections per gene within the
respective cluster. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Highly connected genes as key regulator for neurodevelopmental processes.

Migration Neurogenesis Gliogenesis

Human MEAN #connections/Gene
Human

4.3 5.7 3.4

Key regulators (#connections)
human

BMP2⁎(23), EGFR⁎(22), EPHA2(16), FGFR1(18), JUN
(20), LYN(14), MYC⁎(23), NOTCH1⁎(18), PDGFRB(18),
SRC(44), VEGFA(26)

BMP2⁎(24) EGFR⁎(17), FGFR1(14), JUN
(20), MYC⁎(25), NOTCH1⁎(26),
VEGFA(26)

BMP2⁎(10), EGFR⁎(6),
MYC⁎(10), NOTCH1⁎(14)

Mouse MEAN #connections /Gene
(overlap human in %)

4.4 (13.6%) 2.7 (14.4%) 3.3 (7.1%)

Key regulators (#connections)
mouse

Agt(17), Cav1(20), Flt1(14), Fyn(17), Itga(17), Pdgfb
(14), Ptgs2(15), Vegfa(17)

Bmp4(10) none

Rat MEAN #connections/Gene
(overlap human in %)

2.7 (8.2%) 2.5 (7.6%) not present

Key regulators (#connections)
rat

Cx3cr1(10), Flt1(11), Itgb4(9), Ptk2(16) Ptk2(9)

⁎ Highly connected in all three neurodevelopmental processes.
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not shown). NOTCH inhibition induced neuronal differentiation only of
human, not rodent NPC after 120 h (175.2 ± 10.5% of control at 5 μM,
Fig. 6e), while after 72 h DAPT exerted no effects on neuronal

differentiation of either species. Differentiation of hNPC into O4 posi-
tive oligodendrocytes was inhibited by NOTCH inhibition
(28.5 ± 4.3% of control at 0.16 μM DAPT), not affected in rNPC and

Fig. 6. Pharmacological modulation of the BMP2, NOTCH and EGF pathway.
NPC from human (blue), mouse (green; differentiated in FCS) and rat (red) were treated with increasing concentrations of BMP2 (a, b, c), DAPT (NOTCH inhibitor; d,
e, f) and PD1530353 (EGFR inhibitor; g, h, i) and analysed for migration (after 24 h (dotted line) and 72 h (solid line); a, d, g) neuronal differentiation (after 72 h for
BMP2, EGFRi and 120 h for DAPT; b, e, h), oligodendrocyte differentiation (after 120 h; c, f, i) and astrocyte maturation (only in hNPC after BMP2 treatment; j, k).
Neurons and oligodendrocytes were immunocytochemically stained with ßIII-tubulin and O4, respectively, and quantified as percent of neurons/oligodendrocytes
compared to Hoechst33258 counterstained nuclei. Astrocytes were stained with GFAP and maturation of radial glia cells was measured as migration of radial glia
compared to total migration of GFAP positive cells. (j) Representative pictures of immunocytochemically stained astrocytes after 72 h BMP2 treatment of hNPC. Scale
bar represent 500 μm, white arrow marks radial glial migration. Except for migration distance (shown as raw migration distance in μm), data was normalized to the
solvent control and is displayed as concentration response relationship with mean ± SEM of at least three independent experiments. * indicates a significant
difference to solvent control based on one-way ANOVA (p < .05) followed by Dunnett's multiple comparison test. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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induced to 255.4 ± 42.6% of control in mNPC (5 μM DAPT, Fig. 6f).
However, these additionally formed mouse O4 positive cells did un-
dergo apoptosis as identified in Fig. B. 5 k+ l, leaving non-apoptotic
oligodendrocytes at the same number than the control cultures. In
differentiated human or rat NPC, no apoptotic O4 positive cells were
present. The highest concentrations of DAPT (1.25–5 μM) reduced mi-
tochondrial activity in all species (Fig. B. 5e). Except for rNPC at 5 μM
DAPT, this effect was not accompanied by a reduction in number of
nuclei (Fig. B. 5f), which lead us to the assumption that DAPT reduces
mitochondrial activity rather than affect cell viability.

Intrinsic EGF signaling was inhibited by addition of 0.5–10 μM of
the EGFR inhibitor PD1530353. Inhibition of EGFR reduced migration
of hNPCs after 24 h and 72 h (75.0 ± 5.9 and 77.5 ± 3.2% of control
at 10 μM) and did not affect migration in m- and rNPC (Fig. 6g). Dif-
ferentiation to βIII-tubulin positive cells was induced in h- and rNPC
(161.9 ± 7.2% and 180.2 ± 7.0% of control at 10 μM) and reduced in
mNPC (41.4 ± 10.8% of control at 10 μM; Fig. 6h). PD1530353 re-
duced the formation of O4 positive cells in hNPC (66.3 ± 1.4% of
controls at 10 μM), while it did not affect the differentiation to O4
positive cells in m- and rNPC (Fig. 6i). Effects on migration in hNPC and
neuronal differentiation in all species was accompanied by a reduction
in number of nuclei (59 ± 9.0%, 72 ± 5.3% and 78 ± 6.0% of con-
trol in h-, m- and rNPC, respectively). In rNPC the 10 μM PD1530353
additionally affected viability after 72 h (75.6 ± 9.0% of control).

4. Discussion

Within the paradigm shift of ‘Toxicology in the 21st century’ the
need for in vitro assays is voiced that reliably predict human toxicity
(Collins et al., 2008; NRC, 2007). One of the required toxicity endpoints
with regard to chemical safety is reproductive and developmental
toxicity currently assessed with the extended one-generation study
(OECD, 2012). While giving valuable information for many different
endpoints, this bioassay as well as the OECD TG426 specifically de-
signed for DNT evaluation are not sufficient for identifying neurode-
velopmental toxins (Fritsche et al., 2017; Tsuji and Crofton, 2012).
Therefore, alternative assays predicting (neuro)developmental toxicity
also for regulatory applications are urgently needed (Bal-Price et al.,
2015; Fritsche et al., 2017; Bal-Price et al., 2018). For any application, a
thorough understanding of the alternative test system especially on the
molecular level increases confidence in the method and might allow
future usage in a broader context like the ‘integrated approaches for
testing and assessment’ (IATA; Judson et al., 2013; National Academy
of Sciences, 2007; Roggen, 2011). This is why in this work the mole-
cular equipment (transcriptome) of developing human NPC over time
(proliferating versus 3 and 5 days differentiated cells) was assessed;
they were compared to time-matched (www.translatingtime.org;
Workman et al., 2013) mouse and rat NPC transcriptomes to identify
species-specificities. Pathways recognized as major regulating hubs
were functionally validated for their impact on NPC migration, neu-
ronal and oligodendrocyte differentiation across the three species
(Fig. 1).

Recently it was recognized that the uniqueness of higher cognitive
and emotional functions in humans is largely determined by human-
specific neurodevelopmental gene expression (Dehay and Kennedy,
2009). In addition, transcriptome analyses of developing brain cells
from mouse embryonic stem cells (mESC) were shown to recapitulate
early neurodevelopmental stages in vitro and were thus identified as
reference points for DNT testing (Abranches et al., 2009; Kuegler et al.,
2010; Zimmer et al., 2011). This concept was transferred to their
human correlates (hESC; van de Leemput et al., 2014) and such hESC
were applied successfully in a transcriptome-based compound evalua-
tion for the two developmental neurotoxicants methylmercury and
valproic acid (Krug et al., 2013). Moreover, transcriptome analyses of
neural differentiating human induced pluripotent stem cells are applied
for disease modelling (Boland et al., 2017) strengthening human

relevance of such an approach.
On this basis, we studied gene expression in neurodevelopmental in

vitro systems of three different species. During NPC differentiation in
vitro, 1684 human, 1979 mouse and 2324 rat genes were DEX (> 2-
fold up- or downregulated; p < .01; Fig. 2a-c). In a study that analysed
transcriptional changes of mouse differentiating NPC after treatment
with brain derived neurotrophic factor (BDNF) or neurotrophin 4 (NT4)
a total of 722 and 624 genes were differentially expressed at any of the
three time points (24 h, 48 h or 96 h; van Dartel et al., 2010). The lower
number of genes can be explained by the use of different microarray
chips with less transcripts (13627) compared to the chips used in this
study (> 20,000). Other similar studies were performed analyzing
transcriptome changes of human embryonic stem cells (ESC) differ-
entiating to cardiomyocytes (CM; Meganathan et al., 2012). Between
undifferentiated hESC and 48 h or 12 days differentiation towards the
CM lineage, respective 3579 (van Dartel et al., 2010) and 3035
(Meganathan et al., 2012) transcripts were found to be differentially
expressed. These are around twice as many gene changes as we found in
undifferentiated compared to 3 or 5 days differentiated hNPC (Fig. 2a-
c). This might be because NPC are already on their way to neural tissue,
while hESC are still omnipotent and thus differ more strongly from the
terminally differentiated cells.

Principle Component Analyses using all genes that are significantly
changed on the arrays (p < .01) and present in all three species (5570)
revealed that the majority (56.7%) of all variance between the condi-
tion and species can be described by the first two principal components
(Fig. 2f). The PCA plot clearly shows the differentiation dynamics of the
NPC in vitro system and indicates that the variance within experimental
groups is relatively small compared to the variance between time points
and species (Fig. 2f). A similar PCA pattern was observed during hESC
differentiation to CM. Here, 24 and 48 h (van Dartel et al., 2010) as well
as 6 and 20 days of differentiation (Li et al., 2015) were clearly dis-
tinguishable from the stem cells of origin also pointing to highly dy-
namic in vitro systems with regards to differentiation capacities. Be-
sides differences in gene expression over time within one species, we
also observed well-defined distinctions in gene expression differentia-
tion dynamics between the three species (Fig. 2f). Comparison of
human and mouse ESC differentiated to embryonic bodies revealed that
out of a total of 903 GO terms (biological processes), gene expression
was only correlated between species in 395 and not correlated in 508
GO terms indicating substantial differences in transcriptional regulation
of ESC-based embryonic body formation (Sun et al., 2007). This work
supports the observed species differences in gene expression profiles
during NPC development presented here.

One striking aspect of this study is that only approximately 10% of
all DEX genes (> 2-fold, p < .01; Fig. 2c) over developmental time
were common in all three species (Fig. 2e). This is a very small number
considering that these in vitro systems are functionally very similar, i.e.
migrating and differentiating primary NPC (Baumann et al., 2015).
These 186 genes cluster in 61 GO Terms (Table A. 18) that contain some
specific neurodevelopmental processes, but also a large variety of non-
neurodevelopmental-related biological functions. A large variety of
genes in these non-specific GO Terms, however, are generally involved
in tissue and organ development pointing to the fundamental biological
significance of these molecules in developing cell functions. Such in-
clude MYC (present in 18 of these GO Terms), which is engaged in
cellular signaling including cell proliferation (Hydbring et al., 2017),
PDGFRB (present in 16 of these GO Terms), which guides a variety of
developmentally-relevant signaling pathways (Demoulin and Essaghir,
2014) and FGFR2 (present in 31 of these GO Terms), that obtains
multiple functions during organ development (Goetz and Mohammadi,
2013) including the brain. A comprehensive list of the commonly
regulated genes and their grouping into GO Terms for biological pro-
cesses can be found in Table A 18.

The DEX genes that differ between species, however, enrich in GO
Terms for biological processes that were assembled into analogous
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superordinate processes by expert judgment (Fig. 3). These GO terms in
general reflect the neurodevelopmental processes that we study with
the “Neurosphere Assay” on a functional level in vitro (Baumann et al.,
2015; Moors et al., 2009) and were previously identified in the tran-
scriptomes from developing brains in vivo (Matsuki et al., 2005). De-
spite the similar grouping of enriched GO terms in superordinate pro-
cesses the question remains why the majority of DEX genes diverge
between the species. There are three major reasons that might explain
why DEX genes of human, mouse and rat NPC differ considerably over
time despite qualitative similarities in GO Term clusters. The first ex-
planation might lie in species differences in developmental timing, the
second one in differences in molecular equipment and/or regulation of
equivalent cells and the third one in different cell type compositions of
brains from different species. It is highly likely that the results pre-
sented in this study are motivated by a mixture of all three arguments
and we will now provide examples for each of them.

Timing of brain development is known to follow different temporal
traits in diverse species (Rice and Barone, 2000; Semple et al., 2013;
Workman et al., 2013). During human brain development, changes in
the transcriptome are largest during the fetal period, i.e. 9 out of 10
genes are DEX between different developmental time points in vivo
(samples taken every 2–5 post conceptual weeks (PCW) starting from
PCW 4) and/or brain regions demonstrating high gene expression dy-
namicity during pre- and early postnatal development (Kang et al.,
2011). Rodent brain development underlies similar gene expression
changes than ontogenesis of the human organ, yet at a more rapid pace
(Chou et al., 2016; Goggolidou et al., 2013; Jaffe et al., 2014). In ad-
dition, neurodevelopmental processes that are guided by gene expres-
sion changes take place at species-specific speeds as exemplified by
oligodendrogenesis, which takes 5 days in rodents, but 11–12 weeks in
humans (Barateiro and Fernandes, 2014) leading to differences in oli-
godendrocyte-related gene expression between species also during NPC
development in vitro when analyses are performed at the same time
points (Baumann et al., 2015; Dach et al., 2017). Species- and cell type-
specific developmental speed might also explain that human, and not
rat NPC down-regulate proliferation-related genes between 3 and 5
DIV. Here, more experimental work with a higher time resolution is
needed that scrutinizes proliferation of NPC and developing astrocytes
in the in vitro systems. In the mouse, the situation might be different
due to cell culture in FCS-containing medium as FCS strongly influences
neural cells' proliferation and differentiation behavior in a concentra-
tion-dependent manner (Budhram-Mahadeo et al., 1994). FCS con-
centrations used in this study (1%) did not inhibit NPC differentiation.
Taken all timing aspects together, it might not be surprising that gene
expression profiles from identical cell types like here the primary NPC
from different species gained from brains at corresponding time points
(Workman et al., 2013; Fig. 1) display distinct transcriptomes in their
undifferentiated state as well as during in vitro differentiation over time
(Fig. 2f).

The second aspect underlying the observed species differences
might be differences in molecular equipment and/or regulation of genes
within cell types. A recent study revealed substantial cross-species
differences between humans and mice with a dramatic shift of cortical
layer-specific gene expression patterns between species indicating
cross-species conservation and divergence of gene expression at ana-
tomical and cell type levels (Zeng et al., 2012). One example from this
study is CALB2, which is preferentially expressed in the ventricular
zone/sub ventricular zone-originated interneurons and was found en-
riched in human compared to mouse brains (Zeng et al., 2012). Direct
comparison of expression between species cannot be solely assessed by
DEX genes, which describes expression changes between two time
points and is a known issue when dealing with cross-species tran-
scriptome comparisons (Lu et al., 2009). Therefore, we defined a gene
as likely to be expressed (present) or likely to be not expressed (absent)
based on criteria adapted from Kang et al. (2011; median log2 intensity
value in 0-day samples is ≥6= present, otherwise absent). We are

aware of the technical limitations of absolute thresholds when using
Affymetrix arrays intensity information, which is why the following
comparisons can solely provide an indication that needs further ex-
perimental proof. With these combined methods we found that CALB2
expression and regulation over time seems to be human NPC-specific in
our data set (Fig. 2g and Table A. 19). In addition, PDGFD acting
through PDGFRB regulates cell-cycle progression and progenitor cell
expansion in human, but not mouse, cortex (Lui et al., 2014). This in-
stance is also reflected in our species-overarching in vitro methods with
PDGFD seeming to reach the “present” threshold in hNPC, but not in
mouse correlates (Fig. 2g and Table A. 19). Surprisingly we observed
rNPC to be similar to hNPC with regard to this marker, but to the best of
our knowledge, there is no literature available to compare our findings
with. Concerning genes expressed during neuro-, astroglio- and oligo-
dendrogenesis, we also found similarities and differences in gene
abundance across species. The human astrocyte-specific gene LRRC3B,
for example, seems to be exclusively present and regulated in human
compared to rodent cultures, while the astrocyte maturation markers
SPARCL1, GFAP and S100b seem to be present in NPC from all three
species (Zhang et al., 2016); Fig. 2g and Table A. 19. These examples
support our second notion that some of the transcriptome differences
that we observe between human, mouse and rat neurospheres might be
due to qualitative species-specificities.

The third explanation for the large species differences in DEX genes
identified in our study might root in a different cell type composition of
human compared to rodent brains. One striking macroscopic distinction
of human from rodent brains is the brain surface. While human brains
are gyrencephalic, rodent brains contain no gyri and sulci and are thus
lissencephalic. Gyrencephaly is a result of cellular expansion of a spe-
cial type of progenitor cell, the basal progenitor (BP) or outer radial glia
(oRG) cell in the human enlarged outer subventricular zone (OSVZ) of
the developing cortex (Borrell and Götz, 2014; Lui et al., 2011; Pollen
et al., 2015; Silbereis et al., 2016; Thomsen et al., 2015). This cell type
is thought to be specific for human brains and can thus be identified by
human-specific molecular markers. One of these markers is the recently
identified oRG cell marker FAM107A (synonym for DRR1; Lui et al.,
2014; Pollen et al., 2015; Thomsen et al., 2015), which we found to be
expressed in human and absent in mouse NPC, supporting the pre-
viously published data. However, we also found this marker to be
present and highly regulated in rat NPC (Fig. 2g and Table A. 19). One
reason for the absence of expression and regulation of FAM107A in
developing mouse and the expression and regulation in developing rat
NPC could be the neuronal expression in mouse E10.5–16.5 and rat
E18.5 brains (Asano et al., 2010). While neuronal fam107a expression is
restricted to an early embryonic timeframe and the NPC used in this
study are generated from PND1 brains, mNPC do not show any ex-
pression of this gene. In rat, neuronal fam107a expression starts on
E18.5 in vivo suggesting that our observed gene presence in developing
rat NPC is due to neuronal and not radial glia cell expression, which
needs further experimental confirmation. These data indicate, that a
combination of developmental timing and cell type-specific expression
might drive gene abundance in such mixed cell type systems.

In contrast to the oRG, ventricular zone RG (vRG) are supposedly
more similar across species (Dehay and Kennedy, 2007). This seems to
be reflected on the molecular level within this study as the vRG-specific
CRYAB and ANXA1 gene products (Thomsen et al., 2015) seem to be
present in NPC of all three species (Fig. 2g and Table A. 19). Inter-
mediate progenitor cells (IPC), however, likely seem to beabsent in the
culture due to absence of the IPC marker EOMES (TBR2), despite HES6
presence in mouse and human cells (Thomsen et al., 2015; Fig. 2g).
HES6, however, seems to have additional, NFκB-dependent functions in
migrating neurons during cortical development (Methot et al., 2013)
suggesting that HES6 expression in those neurospheres is likely due to
expression in migrating neurons and thus independent of IPC. In ad-
dition, all NPC express HES1, VIM, SLC1A3 (GLAST) and NES (Borrell
and Reillo, 2012; Lui et al., 2011; Pollen et al., 2015) supporting the
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concept that also a large variety of genes are expressed in a similar
fashion across species (Zeng et al., 2012). However, the here discussed
data also provides evidence that some of the transcriptional species
differences observed in this study are based on different cell types, i.e.
oRG cells in humans (Pollen et al., 2015; Thomsen et al., 2015), which
seem to be well-reflected in the neurospheres in vitro systems.

Besides the GO term grouping by expert judgment, we analysed
transcriptomes from each species across differentiation time using a GO
term clustering in the Cytoscape plugin ClueGO (Bindea et al., 2009;
Fig. 4). The plots – and here especially the human data - illustrate that
the transcriptomes mirror the in vitro functions of the 3D models, i.e.
NPC proliferation, migration, differentiation into neurons and glia cells
as well as apoptosis over 5 days of differentiation (Fig. 4, Fig. B 2+3).
Comparison of the plots of the three species reveals differences in their
appearance (Fig. 4, Fig. B. 2+ 3). This is probably due to two reasons.
For one, attributable to the approximate 90% differences of DEX genes
between species (Fig. 2C), distinct GO terms were annotated from the
data sets. Secondly, existing GO term annotations for humans, mice and
rats differ in quality and quantity due to the different background in-
formation available for each species (Rhee et al., 2008). As an example,
the biological process “cell signaling” is defined by four times more GO
terms in mouse than in human NPC-derived transcriptomes (Fig. 2).
This is probably owing to the large amount of existing signaling data
generated in mice compared to humans including data from the many
transgenic mice that dominate biomedical research (Ormandy et al.,
2009). Despite several limitations, this kind of GO analysis is still useful
to point out major differences in regulated genes and the processes
behind them as done in this manuscript.

For a pathway-to-function validation and species comparison we
picked the three key regulators BMP2, EGFR and NOTCH that were
computationally predicted to be involved in NPC migration, neuro- and
gliogenesis in hNPC (Table 2). The data of the consequences of BMP2,
NOTCH and EGFR pathway modulation are shown in Fig. 6.

The transforming growth factor-β (TGF-β) superfamily member
BMP2 signals through BMP receptors (BMPR) Type 1 (BMPR1a/Alk3
and BMPR1b/Alk6) or Type 2 (BMPR2; Bond et al., 2012). According to
the human and rodent transcriptomes, with the exception of bmpr1b in
rat NPC, these BMPR are present in proliferating and differentiating
cultures (Table A. 19). In contrast to the in silico prediction (Fig. 5a-c),
BMP2 only acts on glia-related endpoints in human NPC by reducing
oligodendrocyte differentiation (Fig. 6c) and accelerating astroglial
maturation (Fig. 6j+k). In addition to reduction of oligodendrocytes,
BMP2 induces migration and reduces neuronal differentiation of rat and
induces neurogenesis in mouse NPC (Fig. 6a-c), yet BMP2 was not
predicted as a modulator of any of these endpoints in the rodent cul-
tures (Table A. 21–24). Discrepancies of computational prediction
based on GO terms and actual experimental data when using relevant
cell systems might be built on the data behind GO annotations. Such
data underlying GO terms are retrieved from different tissues, cell
models, in vitro and in vivo analyses, species, and, in case of develop-
ment, distinct developmental timing (Rhee et al., 2008). For example,
in our data set gene expression of ID1 (inhibitor of DNA binding/differ-
entiation) strongly increases during differentiation in hNPC (9-fold at
0vs3 days). Because BMP2 is a known transcriptional inducer of ID1
(Katagiri et al., 2002) and both of them are annotated to the GO term
cell migration (Table A. 1), this annotation contributed to the compu-
tational identification of BMP2 as a hub gene for cell migration.
Searching for the data behind this annotation, the information on ID1
and migration is a ‘traceable author statement’ based on observations in
endothelial cells (Goumans et al., 2003) and is not related to migration
in the developing brain. The information that BMP2 is related to mi-
gration is inferred from sequence or structural similarity of homolog or
ortholog genes, which is a hypothesis that has no experimental proof.
Consequently, data sets behind GO terms need improvement with re-
gards to specificity of cells, tissues, species and, if applicable, devel-
opmental timing. Nevertheless, we demonstrated that BMP2 effects on

rodent NPC are similar than previously published and showed the new
information that BMP2 induces rat NPC migration. BMP2 induces E13.5
(mouse) and E16 (rat) NPC differentiation into βIIItubulin+ neurons
(Liu et al., 2013; Mabie et al., 1997; Mehler et al., 2000) or reduces this
process in mouse E17 NPC (Gross et al., 1996) and mouse embryonic
stem cells (Gossrau et al., 2007), yet in all systems BMP2 impedes oli-
godendrogenesis and in all but the mouse E13.5 BMP2 promotes as-
troglial fate (summarized in Table A. 25). Thus, our data reproduces the
fact that BMP2 reduces oligodendrogenesis in rodents and adds so far
unknown information that similar to BMP7 (Baumann et al., 2015),
BMP2 reduces oligodendrocyte differentiation and induces astrocyte
maturation of human NPC. The differences in the published as well as in
our own data concerning BMP2 effects on rodent neuronal differ-
entiation (Table A. 25, Fig. 6b) are difficult to explain, but might be due
to preparation and/or cultivation of cells in presence or absence of FCS
(Brunner et al., 2010), brain region, origin of cells, plating in spheres or
as single cells, co-treatment of BMP2 with or without FGF2, develop-
mental age or species.

For mammalian NOTCH signaling, a phylogenetic very well con-
served signaling pathway, activation of the transmembrane NOTCH
receptors 1–4 by an extracellular ligand is crucial (Imayoshi and
Kageyama, 2011). According to the transcriptome data from this study,
human NPC express NOTCH1–3, mouse NPC all four notch isoforms and
rat NPC also notch1–3 and all three species display expression of dif-
ferent isoforms of the NOTCH ligands DELTA-LIKE (DLL) and/or
JAGGED (JAG; Table A. 19). In contrast to the in silico prediction that
NOTCH is guiding NPC migration, neuronal and glia differentiation
(Fig. 5a-c), inhibition of NOTCH signaling by the NOTCH receptor in-
hibitor DAPT only induces neuronal and inhibits oligodendrocyte dif-
ferentiation of human NPC, while it does not affect their migration
(Fig. 6d-f). Although not computationally predicted as a modulator for
rodent neurodevelopmental processes in our data set, DAPT reduces
mouse NPC migration and induces mouse NPC oligodendrocyte for-
mation (Fig. 6d+f), while rat NPC were not affected by NOTCH in-
hibition in vitro. Effects on mNPC and neuronal differentiation in hNPC
were only seen at high DAPT concentrations. However, while for
monolayer cultures 1 μM of DAPT showed maximum effects (Dovey
et al., 2001), sensitivity towards signaling inhibitors using secondary
3D structures might be different (Alépée et al., 2014). Additionally, the
specificity for Notch inhibition was shown by qRT-PCR experiments
showing the expected down-regulation of HES1 and up-regulation of
the pro-neuronal gene ASCL after 2.5 and 5 μM DAPT treatment (Fig. B.
7) that was not seen at the lower concentrations (data not shown).
Activation of NOTCH signaling in neural stem cells (NSCs) has been
implicated in inhibition of neuronal differentiation and terminal dif-
ferentiation into the astrocyte lineage (Zhang et al., 2017) in several
cell types and species including drosophila, early xenopus embryos, the
developing chick retina, rat retinal progenitors and the developing
mouse brain (Koch et al., 2013). Hence, the results obtained in the
human neurospheres match the published data from other species, i.e.
pharmacological inhibition of NOTCH with DAPT increases neuronal
differentiation and inhibits oligodendrogenesis (Egawa et al., 2017;
Nicolay et al., 2007; Zhang et al., 2017). Why mouse NPC acted in an
opposite way than human NPC towards NOTCH inhibition could have
several reasons. For one, in contrast to human and rat NPC, mNPC
differentiation cultures contain FCS, which might be responsible for the
different effects of DAPT on mouse compared to human NPC develop-
ment (Brunner et al., 2010). Moreover, NOTCH favours the fate speci-
fication of oligodendrocytes and astrocytes in stages were cells are not
yet committed to neuronal or glial fate, yet it inhibits the subsequent
specification to O4+ cells in favour of GFAP+ cells (Grandbarbe et al.,
2003; Park and Appel, 2003). Possible differences in developmental
timing between human and mouse NPC culture might therefore provide
an explanation for the different DAPT effects in human and mouse NPC.
We also observed an increase in apoptotic O4+ cells in the DAPT
treated mouse cultures. This has previously been observed in vivo,
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where transgenic mice with an inactive Notch1 receptor show pre-
mature oligodendrocyte differentiation at E17.5 which are eliminated
by apoptotic cell death before full differentiation (Genoud et al., 2002).
In addition it is striking, that rat NPC are not affected by NOTCH in-
hibition at all. This might be due to the low expression of NOTCH
signaling pathway molecules (Table A. 19) keeping this pathway in-
active in the neurosphere culture.

Epidermal Growth Factor (EGF)-dependent signaling regulates NSC
proliferation, migration, and differentiation into neurons and glia cells
during development (Ayuso-Sacido et al., 2010; Kuhn et al., 1997;
Palazuelos et al., 2014; Sun et al., 2005a). Thereby, EGF exerts its ac-
tion through the EGF-receptor (EGFR; Ayuso-Sacido et al., 2010;
Palazuelos et al., 2014). The EGFR is expressed in NPC of the three
species studied (Table A. 19). Investigating the effects of EGFR inhibi-
tion by PD153035 in absence of externally provided EGF gives insight
into auto- or paracrine functions of endogenously produced EGFR li-
gands. Such ligands, like HB-EGF and TNFα, are generated through
enzymatic cleavage by ADAM17/TACE (tumor necrosis factorα con-
verting enzyme), e.g. guaranteeing survival, proliferation and devel-
opment of cells of the oligodendrocyte lineage during development in
an EGFR-dependent manner in mice (Palazuelos et al., 2014). The
concentration of the EGFR inhibitor PD153035 selected in this study
(up to 10 μM) seems high, yet different cell types display different IC50
concentrations of this EGFR inhibitor (Bos et al., 1997; Fry et al., 1994;
Hsu et al., 2005). In our previous work we show that a different EGFR
inhibitor, AG1478, inhibits migration and ERK1/2 phosphorylation at
1 μM (Moors et al., 2007). AG1478 and PD153035 seem equally potent
in a mouse epidermal JB6 cell line (Chen et al., 2001) suggesting that
effects at 10 μM concentrations observed in this study might be due to
effects of PD153035 on other cellular signaling molecules. However,
specificity of small signaling pathway modulators is an on-going debate
as others do find specific effects of EGFR inhibitors on e.g. EGFR-ex-
pressing cancer cells at low micro molar concentrations only when cells
expressed EGFR similar to non-cancer cells (Cole et al., 2005). There-
fore, these data has to be interpreted with caution. Inhibition of the
human NPC EGFR produced results as expected from the in silico pre-
diction and the scientific literature, i.e. reduced NPC migration (Moors
et al., 2007) and oligodendrocyte differentiation as well as induced
neuronal differentiation (Ostenfeld and Svendsen, 2004; Fig. 6g-i)
showing that hNPC recapitulate physiological EGFR functions in vitro.
Again, egfr was not identified as a hub gene in rodent NPC. Yet, as
expected from the literature, PD153035 increased neuronal differ-
entiation of rat NPC (Burrows et al., 1997), while mouse NPC re-
sponded with an inhibition of neurogenesis (Fig. 6h). This discrepancy
in mNPC concerning the published literature (Ayuso-Sacido et al.,
2010) is possibly be due to the usage of FSC during differentiation in
this study, while the C17.2 cells used by Ayuso-Sacido et al. (2010)
were differentiated in absence of FCS. Studying the effects of PD153035
on human NPC differentiation in presence of FCS substantiated this
hypothesis: similar to mNPC, the EGFR inhibitor reduced hNPC neu-
ronal differentiation in presence of FCS (Fig. B. 5 m). Thus, FCS can
convert cells' responses to pathway modulators implying that one has to
be cautious when using FCS in cell culture medium for pathway ana-
lyses and check for human and/or in vivo relevance of data. Other than
in human NPC, we did not observe inhibition of migration of rodent
NPC in our study. This might be due to dissimilar EGF responses of the
different glia types or maturation stages of glia in the differentiating
NPC cultures of the three species (Fig. 2g; Baumann et al., 2015). Ma-
turation and cell type-specific EGF responses due to asymmetric EGFR
distribution as a mechanism for shaping brain regions or cell type di-
versity within brain regions was reported earlier (Sun et al., 2005b).
Also in contrast to human NPC and expected from the published lit-
erature (Gonzalez-Perez et al., 2009; Hu et al., 2004; Palazuelos et al.,
2014), rodent NPC oligodendrocyte differentiation is not modified by
inhibition of EGFR signaling in the neurosphere cultures. Possible ex-
planations for these discrepancies might be developmental timing and

or brain region, as rat PND0–1 hippocampal NSC's differentiation to
oligodendrocytes is EGF responsive, while neuronal differentiation is
not (Hu et al., 2004), which is opposite in the study presented here.
Another explanation could be changing EGFR levels with develop-
mental age (Boockvar et al., 2003) in a cell type-specific manner over
time (Sun et al., 2005b). It might be suggested that faster maturation of
rodent NPC in comparison to human NPC determines responses to EGF.

Taken together, our transcriptome-based data demonstrates that
primary NPC from different species differ in their molecular equipment
despite similar cellular functions, i.e. NPC migration, neuronal and glia
differentiation. Functional pathway validation due to pharmacological
modulation of pathways identified via transcriptome analyses also
identified species variations. Although more species-specific functional
analyses of neurodevelopmental pathways need elucidation to gain a
more complete picture of the human-specific NPC connectome, this
work already strongly supports the concept of human cell-based in vitro
analyses for neurodevelopmental toxicity or efficacy testing.
Understanding such molecular pathways underlying cellular functions
in in vitro systems is fundamental for understanding the assay's appli-
cation domain. In addition, comprehension of similarities and differ-
ences of pathway functions between species is of high importance for
pharmacology and toxicology because a high percentage of drugs fails
when translating efficacy or safety from animals to humans (Waring
et al., 2015).
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Fig. B. 1. Hierarchical cluster analysis. 

Hierarchical clustering of all genes that were differentially expressed (p ≤ 0.01 and fold change ≥ 2) between 

any two time points (0vs3, 0vs5 and 3vs5) in human (a) mouse (b) and rat (c) NPC was performed using an 

unweighted pair group agglomeration method with arithmetic mean and cutree, resulting in 10 distinct 

clusters as indicated by colored bars (random coloring) to the left of each heatmap. 
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Fig. B. 2. GO clustering in mNPC. 

Overrepresented GO terms of modules 1 and 2 (see Fig. 2h) in mNPC were clustered according to gene 

overlap between GO terms with a kappa score threshold of 0.5 and at least three GO terms within one 

cluster using the Cytoscape plugin ClueGO. Edge thickness represents similarity between GO terms. Node 

size represents significance of overrepresentation. The GO term with the highest significance determines 

the name of the respective GO cluster (bold; colored). Different colors represent different GO cluster. Grey 

nodes do not belong to a cluster. Significance thresholds of ORA was set to p ≤ 0.01 based on a two-sided 

hypergeometric option with a Bonferroni correction. 
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Fig. B. 3. GO clustering in rNPC. 

Overrepresented GO terms of modules 1 and 2 in rNPC were clustered according to gene overlap between 

GO terms with a kappa score threshold of 0.5 and at least three GO terms within one cluster using the 

Cytoscape plugin ClueGO (Bindea et al. 2009). Edge thickness represents similarity between GO terms. 

Node size represents significance of overrepresentation. The GO term with the highest significance 

determines the name of the respective GO cluster (bold; colored). Different colors represents different GO 

cluster. Grey nodes do not belong to a cluster. Significance thresholds of ORA was set to p ≤ 0.01 based 

on a two-sided hypergeometric option with a Bonferroni correction. 
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Fig. B. 4. Relevant GO term cluster for neurodevelopmental processes in hNPC. 

GO term clusters for biological processes related to cell migration (a), neurogenesis (b) and gliogenesis (c) 

and extracted from GO term clustering in Fig. 4. (c) demonstrates the selection of GO terms related to 

neurogenesis that were extracted for enrichment with information on gene-gene/protein-protein interactions 

(binding, activation, expression and inhibition) based on the STRING database as presented in Fig. 5. For 

information on node size and related significance see Fig. 4.  
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Fig. B. 5. Pharmacological modulation of the BMP2, NOTCH and EGF pathway.  

NPC from human (blue), mouse (green) and rat (red) were treated with increasing concentrations of BMP2 

(a, b, c, d), DAPT (NOTCH inhibitor; e, f) and PD1530353 (EGFR inhibitor; g, h, I, j) and analyzed for viability 
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and nuclei count (after 72h and 120h). Viability was assessed as mitochondrial activity by Alamar-Blue 

assay. Nuclei were counterstained with Hoechst33258 and automatically quantified. (k) Percentage of 

apoptotic compared to non-apoptotic O4 positive cells in mNPC after 120h DAPT treatment. (l) 

Representative pictures of immunocytochemically stained oligodendrocytes with and without DAPT 

treatment. Scale bar represent 100 µm. (m) hNPC cultured in 1% FCS during differentiation were treated 

with 10 µM PD1530353 and analyzed for neuronal differentiation after 72h. Data of m represents one 

independent experiment normalized to the solvent control. Data of all other experiments was normalized to 

the solvent control and is displayed as concentration response relationship as mean ± SEM of at least three 

independent experiments. *indicates a significant difference from solvent control based on one-way ANOVA 

(p<0.05) followed by Dunnett’s multiple comparison test. 
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Fig. B. 6. Validation of microarray experiments by qRT-PCR. 

Gene expression of mRNA samples from human, mouse and rat NPC that were used for microarray 

analysis (three replicates) was analyzed by qRT-PCR and compared to results of microarray analysis. 

Data is presented as fold change from qRT-PCR (black; mean ± SD) and microarray analysis (grey) 

between 0 and 3 days (a, c, e) and 0 and 5 days (b, d, f) of human (a, b), mouse (c, d) and rat (e, f) NPC. 
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Fig. B. 7. Regulation of Notch dependent genes after DAPT exposure. 

Gene expression of the Notch specific genes Hes1 and Ascl1 was analyzed after DAPT (2.5 and 5 µM) in 

human NPC. Data is presented as mean of fold change from solvent control ± SEM from three 

independent experiments. *indicates a significant difference to solvent control based on one-way ANOVA 

(p<0.05). 
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Das Ziel dieser Studie bestand darin, eine Kaninchen-basierte Neurosphärenkultur zu entwickeln, 

um Unterschiede in den grundlegenden Prozessen der Neurogenese zu charakterisieren, die durch 

intrauterine Wachstumsretardierung (intrauterine growth restriction; IUGR) induziert werden. Es 

wurde eine neuartige in vitro Neurosphärenkultur entwickelt, die auf der Verwendung von frisch 

präparierten oder eingefrorenen neuralen Vorläuferzellen basiert, welche aus neugeborenen 

(PND0) Kaninchengehirnen stammen. Fünf Tage nach erfolgter operativer IUGR Induzierung 

trächtiger Kaninchen wurden die Kaninchenföten per Kaiserschnitt entnommen, die neuralen 

Vorläuferzellen isoliert und entweder direkt kultiviert oder entsprechend bis zur Kultivierung bei 

-80°C eingefroren. Die neuralen Vorläuferzellen waren in der Lage spontan nach 7 Tagen unter 

Kulturbedingungen 3D Neurosphären zu bilden. Sowohl Kontrollneurosphären, als auch IUGR-

Neurosphären verfügen über die Fähigkeit zu migrieren, zu proliferieren und zu Neuronen, 

Astrozyten oder Oligodendrozyten zu differenzieren. Die Möglichkeit, ihre Reaktionen zu 

modulieren, wurde durch eine Exposition gegenüber Positiv- und Negativkontrollen, bezogen auf 

die jeweiligen Endpunkte, getestet. Ein direkter Vergleich beider Neurosphärentypen zeigte, dass 

IUGR-Neurosphären eine signifikante Beeinträchtigung der Oligodendrozytenbildung aufweisen, 

während bei allen anderen untersuchten Endpunkten kein signifikanter Unterschied beobachtet 

werden konnte. Diese Beeinträchtigung der Oligodendrozytendifferenzierung konnte durch eine 

IUGR-Neurosphären Exposition in vitro gegenüber dem Schilddrüsenhormon Triiodothyronin, 

welches in vivo bei der Reifung der weißen Gehirnsubstanz eine Rollte spielt, rückgängig gemacht 

werden. Das neue Kaninchen-Neurosphärenmodell und die Ergebnisse dieser Studie eröffnen die 

Möglichkeit, mehrere Substanzen vorab in vitro zu testen, um neuroprotektive Kandidaten gegen 

IUGR induzierte neurologische Entwicklungsschäden zu identifizieren. Dies geht mit einer 

Reduzierung der bisher notwendigen Tierversuche und eines mechanistisch relevanteren 

Ansatzes auf zellulärer Ebene einher. 
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Abstract

The aim of this study was to develop a rabbit neurosphere culture to characterize

differences in basic processes of neurogenesis induced by intrauterine growth

restriction (IUGR). A novel in vitro neurosphere culture has been established using

fresh or frozen neural progenitor cells from newborn (PND0) rabbit brains. After

surgical IUGR induction in pregnant rabbits and cesarean section 5 days later, neu-

ral progenitor cells from both control and IUGR groups were isolated and directly

cultured or frozen at −80�C. These neural progenitor cells spontaneously formed

neurospheres after 7 days in culture. The ability of control and IUGR neurospheres

to migrate, proliferate, differentiate to neurons, astrocytes, or oligodendrocytes

was compared and the possibility to modulate their responses was tested by expo-

sure to several positive and negative controls. Neurospheres obtained from IUGR

brains have a significant impairment in oligodendrocyte differentiation, whereas no

significant differences are observed in other basic processes of neurogenesis. This

impairment can be reverted by in vitro exposure of IUGR neurospheres to thyroid

hormone, which is known to play an essential role in white matter maturation

in vivo. Our new rabbit neurosphere model and the results of this study open the

possibility to test several substances in vitro as neuroprotective candidates against

IUGR induced neurodevelopmental damage while decreasing the number of animals

and resources and allowing a more mechanistic approach at a cellular functional

level.

K E YWORD S

cell culture, differentiation, experimental models, growth inhibition, nervous system,

oligodendrocytes, progenitor cells
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1 | INTRODUCTION

Intrauterine growth restriction (IUGR) is defined as a significant reduc-

tion of the fetal growth rate leading to a birth weight below the 10th

centile for the corresponding gestational age.1 The prevalence in

developing countries accounts for 5% to 10% of all pregnancies, being

a global health issue that is associated to short- and long-term neu-

rodevelopmental damage, cognitive dysfunctions and cardiovascular

adverse outcomes.2,3 Placental insufficiency, the primary cause of

IUGR, reduces the quantity of nutrients reaching the fetus and leads

to fetal development under chronic hypoxia followed by fetal acidosis.

Placental insufficiency affects up to 7% of all gestations4,5 and in

approximately 50% of these cases it derives in clinically evident mid-

dle and long-term neurological consequences defined as subtle cogni-

tive and behavioral disabilities.6-9 Different animal models and

advanced imaging techniques have been used to better understand

the mechanisms underlying neuronal impairments and perinatal

brain maturation alterations induced by IUGR.10 However, there is still

a large knowledge gap on the mechanisms underlying these alter-

ations2 and a lack of research models to better characterize the

IUGR-associated brain injury (reviewed by Fleiss et al. 201911).

In order to have a human-relevant experimental model of neu-

rodevelopmental damage induced by IUGR, the BCNatal research group

developed an IUGR model in pregnant rabbits.12 This animal model

reproduces the neurodevelopmental manifestations of IUGR occurring in

clinical cases, including postnatal functional and structural deficits.12,13

The selection of the rabbit species was based on the higher similarity to

humans in terms of placentation and gestational circulatory changes,12,14

as well as the resemblance regarding white matter maturation, which in

both species happens during the postnatal period.13,15,16 According to

the model developed by Workman et al.,16 to predict the “precocial

score” for neurodevelopment, rabbit species presents a precocial score

at birth (0.537) more similar to humans (0.654) than other species, includ-

ing rats (0.445) or mice (0.408). Likewise, at the neonatal period, diffusion

MRI in whole organ preparations from a rabbit model showed differ-

ences on diffusion related parameters either at gray and white matter,

revealing a pattern of microstructural brain changes produced by IUGR

already at birth.13 Interestingly, decreased fractional anisotropy in white

matter structures has been suggested to reflect oligodendrocyte

injury,17,18 whereas in the gray matter areas it seems to reflect changes

in neuronal arborisation.19 Furthermore, follow-up studies of IUGR rab-

bits have unraveled changes in their cerebral connections,3,20 which cor-

relate very well with the clinical observation that IUGR-affected children

also present cerebral connection alterations in connectomic-studies.21

Linking this clinical adverse outcome with the neurodevelopmental alter-

ations observed in rabbits gives evidence that the rabbit IUGR model is a

good model to study IUGR-induced structural changes in humans.12,22,23

However, in this in vivo model, it is difficult to identify the origin of

the functional and structural deficits induced by IUGR, and so far, it

was not possible to understand which basic cellular processes are altered

during brain development under IUGR. To solve this limitation, we

established an in vitro model based on primary rabbit neuronal

progenitor cells (NPCs) allowing the investigation of the basic

neurodevelopmental processes affected by IUGR. In this model, rabbit

NPCs obtained from control and IUGR pups are cultured as three-

dimensional (3D) cell aggregates called neurospheres. Neurosphere cul-

tures from other species have previously been established and have

been utilized for mimicking basic processes of fetal brain development

like NPC proliferation, migration and differentiation into neurons, oligo-

dendrocytes and astrocytes.24-29 In this study, for the very first time, a

rabbit neurosphere culture was developed and characterized. In addi-

tion, we successfully developed a freezing and thawing protocol,

which allows storing and prolonging the use of rabbit NPCs obtained

from one litter and enables interlaboratory transfer of material. The

ability to freeze and thaw rabbit neurospheres reduces the number of

animals used and is thus much more time- and cost-efficient. Due to

the multicellular nature of the neurosphere method and the possibility

to study a variety of neurodevelopmental processes with it, neuro-

spheres are a valuable test system for studying a plethora of cellular

effects initiated by a variety of different modesofaction.24,28,30-33

Therefore, they seemed well suited for characterizing so far unknown

neurodevelopmental effects on the cellular level induced by IUGR. With

this method, we identified that rabbit NPCs derived from IUGR pups

have a significant impairment in oligodendrocyte differentiation. More-

over, we discovered that exposure to thyroid hormone L-triiodothyronine

(T3) can revert this significant impairment unraveling a possible future

therapeutic strategy. This new methods thus opens the door to easy and

cost-efficient testing of possible neuroprotective therapies for IUGR.

2 | MATERIALS AND METHODS

2.1 | Rabbit neurosphere generation

Rabbit tissue obtention for this study was approved by the Ethic

Committee for Animal Experimentation of the University of Barce-

lona. Protocols were accepted with the license number: OB 392/19

SJD. Rabbit neural progenitor cells were isolated from nine newborn

Significance statement

To the best of the authors' knowledge, this article describes

for the first time a valuable method for generation of 3D

rabbit neurospheres that can be differentiated to neurons,

astrocytes, and oligodendrocytes. This method is applied for

modeling the neurodevelopmental effects of intrauterine

growth restriction (IUGR), for toxicity testing, and for effi-

cacy testing of possible new pharmaceuticals. In this study,

the authors found differences in basic processes of neuro-

genesis induced by IUGR, showed that neurospheres

obtained from IUGR brains have a significant impairment in

oligodendrocyte differentiation, and demontrated that this

impairment can be reverted by in vitro exposure of IUGR

neurospheres to thyroid hormone.
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postnatal day (PND) 0 or 1 New Zealand rabbits whole brains by dis-

section, mechanical dissociation, digestion (20 minutes incubation

with papain 20 U/mL at 37�C), mechanical homogenization into a cell

suspension, and centrifugation (5 minutes at 800 rpm). The cell pellet

obtained was cultured as a cell suspension for 1 week at 37�C and

7.5% CO2 in polyhydroxyethylmethacrylate (Poly-HEMA) coated dis-

hes with “proliferation medium” [consisting in DMEM and Hams F12

3:1 supplemented with 2% B27, and 20 ng/mL epidermal growth fac-

tor (EGF) and recombinant human fibroblast growth factor (FGF),

100 U/mL penicillin and 100 μg/mL streptomycin], half volume of

which was exchanged every 2 to 3 days.

2.2 | Neurosphere freezing and thawing protocol

During the neural progenitor cells isolation from 8 out of the 9 whole

rabbit pup brains described above, half of the volume of the cell sus-

pension obtained after resuspension in proliferation medium was cen-

trifuged again (5 minutes at 800 rpm), the supernatant discarded and

the pellet gently resuspended in freezing media instead (1:1; volume of

pellet: volume of “freezing medium” [consisting in 70% (v/v) prolifera-

tion medium, 20% (v/v) fetal calf serum, and 10% (v/v) dimethyl sulfox-

ide (DMSO)]). Cell suspension in freezing medium was distributed in

1 mL per cryo-vial and immediately placed in a cryo-device filled with

propanol to ensure a freezing rate of −1�C/min, and stored at −80�C.

Each cryo-vial was thawed approximately 1 month after freezing

by brief immersion in a 37�C water bath, transference of cells to

15 mL of “proliferation medium” preconditioned at 37�C and 7.5%

CO2 for 2 hours, and gentle resuspension. Cell suspension was cen-

trifuged (5 minutes, 800 rpm), supernatant discarded and cells trans-

ferred to Poly-HEMA coated dishes filled with “proliferation medium”

supplemented with Rho kinase (ROCK) inhibitor Y-276322 at a final

concentration of 10 μM, to enhance recovery and growth of

cryopreserved cells.34 Half of the volume of “proliferation medium”

per petri dish was exchanged every 2 to 3 days by “proliferation

medium” without ROCK inhibitor.

2.3 | Rabbit “Neurosphere Assay”

Fresh or thawed neurospheres formed in the “proliferation medium” cul-

ture, were mechanically passaged before starting experiments with a

chopper to 0.2 mm2 squares to ensure homogeneous neurosphere size,

and allowed to recover spherical shape in “proliferation medium” in Poly-

HEMA coated dishes. On the experiment plating day (considered experi-

ment day 0), 0.3 mm diameter neurospheres were selected and plated in

one of the following conditions depending on the assay to perform.

2.3.1 | Proliferation assay

One neurosphere per well was plated in 96 well-round bottom-plates

coated with Poly-HEMA and filled with 100 μL of “proliferation

medium.” Plate was cultured at 37�C and 7.5% CO2 for 7 days. One

bright-field picture per neurosphere was taken on days 0, 2, 4, 6, and

7. Every 2 days, 50 μL of “proliferation medium” per well were renewed.

Neurosphere diameter was measured in each picture with ImageJ.

2.3.2 | Migration assays

Five neurospheres per chamber were plated in PDL/Laminin coated

8-chamber slides filled with 500 μL of “differentiation medium” [con-

sisting in DMEM and Hams F12 3:1 supplemented with N2

(Invitrogen), penicillin and streptomycin (100 U/mL and 100 μg/mL)].

After 1 and 3 days of culture, bright-field pictures were taken to mon-

itor migration progression by measuring the distance from the

neurosphere core to the furthest migrated cells in four points per

neurosphere using ImageJ.

2.3.3 | Neuronal differentiation assay

At day 3, after taking pictures for migration, neurospheres were fixed

with paraformaldehyde (PFA) 4% (1 hour, 37�C), washed twice with

phosphate-buffered saline (PBS) and stored in PBS until immuno-

stained. For immunostaining, slides were incubated at room tempera-

ture with a blocking solution with 10% goat serum in PBS-T (PBS

containing 0.1% Triton X-100) for 5 minutes. Neurospheres were incu-

bated with a primary antibody solution containing 10% goat serum and

1:100 rabbit IgG anti-βIII-tubulin antibody in PBS-T for 1 hour at 37�C.

After three washing steps with PBS, slides were incubated with second-

ary antibody solution containing 2% goat serum, 1:100 Hoechst 33258

and 1:200 Alexa 546 anti-rabbit IgG in PBS for 30 minutes at 37�C.

After three washing steps with PBS and one with distilled water, slides

were mounted with Acqua Poly/Mount (Polysciences, Inc.) and stored

at 4�C until image acquisition. After immunostaining, 200× fluorescent

images of two extracts of the migration area were taken per sphere in

five spheres per condition in at least three independent experiments.

The percentage of βIII-tubulin positive cells was quantified manually

using ImageJ software34 cell count tool.

2.3.4 | Astrocyte immunostaining

To immunostain astrocytes, the same protocol used to immunostain

neurons was applied but the primary antibody solution contained 10%

goat serum and 1:100 rabbit IgG anti GFAP antibody in PBS and the

secondary antibody solution contained 2% goat serum, 1:100 Hoechst

33258, and 1:200 Alexa 546 anti-rabbit IgG in PBS 1:200.

2.3.5 | Oligodendrocyte differentiation assay

Five neurospheres per chamber were plated following the same pro-

cedure described for the migration assay. After 5 days of culture,
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neurospheres were fixed (4% PFA, 1 hour, 37�C) washed twice with

PBS and stored in PBS until immunostained. Slides were incubated

with a primary antibody solution containing 10% goat serum, 1:200

mouse IgM anti-O4 antibody in PBS for 1 hour at 37�C. After three

washing steps with PBS, slides were incubated with secondary anti-

body solution containing 2% goat serum, 1:100 Hoechst 33258, and

1:200 Alexa 488 anti-mouse IgM in PBS for 30 minutes at 37�C. After

three washing steps with PBS and one with distilled water, slides were

mounted with Acqua Poly/Mount (Polysciences, Inc.) and stored at

4�C until image acquisition. After immunostaining, 200× fluorescent

images of two extracts of the migration area were taken per sphere in

five spheres per condition in at least three independent experiments.

The percentage of O4 positive cells was quantified manually using

ImageJ software35 cell count tool.

2.3.6 | Viability assay

At the end of migration/neuronal differentiation and oligodendrocyte

differentiation assays (on days 3 and 5, respectively), and prior to fixa-

tion, a viability assay was performed by removing 200 μL medium per

chamber, adding 100 μL of CellTiter-Blue Reagent (Promega) diluted

1:3 (v/v) in “differentiation medium” per chamber and incubating for

2 hours at 37�C and 7.5% CO2 to measure the metabolic activity of the

culture. Fluorescence of the supernatant was measured at 544/590 nm

in two replicates of 100 μL per chamber transferred to two wells of a

96 well-plate and expressed as relative fluorescence units.

2.4 | IUGR induction in rabbits

Animal experimentation of this study was approved by the Ethic Com-

mittee for Animal Experimentation of the University of Barcelona.

Protocols were accepted by the Department of Environment and

Housing of the Generalitat de Catalunya with the license number:

03/17. New Zealand pregnant rabbits provided by a certified breeder

were housed in separate cages with a 12/12 hours light/dark cycle,

with free access to water and standard chow.

After at least 72 hours of acclimatization, IUGR was surgically

induced following a previously described technique in four pregnant

rabbits at 25 days of gestation.12 Briefly, 40% to 50% of

uteroplacental vessels that irrigate each gestational sac of one uterine

horn (left or right randomly selected) were ligated obtaining the IUGR

fetuses, while non-ligated gestational sacs from the contralateral horn

provided normally-grown fetuses (controls). Postoperative analgesia

with Buprenorphine 0.05 mg/kg was administered subcutaneously

and animals were again housed with free access to water and stan-

dard chow ad libitum and were monitored daily for general health.

Cesarean section was performed at 30 days of gestation. All living

PND0 pups were identified and classified in control or IUGR groups

depending on the uterine horn, weighted and sacrificed. Brains were

immediately dissected and neural progenitor cells obtained as

described in the “rabbit neurosphere generation” section.

All neural progenitor cells obtained from control and IUGR sib-

lings were frozen at −80�C and thawed in parallel before performing

any Neurosphere Assay.

2.5 | Inclusion criteria of IUGR PND0 rabbit pups

Strong IUGR cases are defined by a body weight lower than the 10th

percentile (32.7 g; Table 1). To cover a broad range of IUGR cases,

neurospheres were prepared from mild and strong IUGR pups. In this

study, IUGR rabbit pups were included for neurosphere preparation if

their body weight was lower than the 90th percentile (57.8 g).

2.6 | Statistics

Statistical analysis was performed using GraphPad Prism v6 and v7

(GraphPad Software, La Jolla, California). Concentration-dependent

effects were assessed performing a one-way ANOVA analysis

followed by Bonferroni post hoc test for multiple comparisons. Com-

parisons of two groups were performed with two-tailed t test. Signifi-

cance threshold was established at P < .05.

3 | RESULTS

3.1 | Establishment of a rabbit neurosphere model

To establish a rabbit developmental neurosphere model, we first

started isolating NPCs from control rabbit PND0 or PND1 brains,

testing their ability to spontaneously form neurospheres and evaluat-

ing the competence of these freshly formed neurospheres to perform

basic processes of neurogenesis like proliferation, migration, and dif-

ferentiation. Freshly isolated rabbit NPCs spontaneously formed rec-

ognizable floating neurospheres after 4 days in culture, kept

proliferating further and were big enough to be mechanically passaged

(chopped) after 7 days in culture (Figure 1). Chopped neurospheres

were used to start the “Neurosphere Assay” in control conditions,

always compared to a positive control condition which was specific

for each endpoint tested (endpoint-specific control known to alter the

measured variable): the src-kinase inhibitor PP2 for migration, Epider-

mal Growth Factor (EGF) for neuronal differentiation and viability,

bone morphogenic protein 7 (BMP7) for oligodendrocyte differentia-

tion and withdrawal of all growth factors for proliferation. Freshly pre-

pared rabbit NPCs growing as neurospheres migrated

(mean ± SEM = 806 ± 29 μm, Figure 2) and proliferated

(mean ± SEM = 18 ± 2 μm/day, Figure 2) in culture. Among cells in

the migration area, we identified cells differentiating to astrocytes

(GFAP+ cells), to oligodendrocytes (O4+ cells) and to neurons (βIII-

tubulin+ cells) (Figure 1). We also quantified the percentage of migrat-

ing cells differentiating to O4+ cells after 5 days

(mean ± SEM = 12 ± 1%, Figure 2) and to βIII-tubulin+ cells after

3 days (mean ± SEM = 3 ± 1, Figure 2). For all endpoints, results
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obtained with rabbit neurospheres allowed to observe alterations of

the endpoint in both directions, positive and negative as rec-

ommended for the development of new alternative methods.36

Besides, all positive controls included to each endpoint and tested in

parallel to control, proved to be able to significantly modify the

response obtained similar to human NPCs, indicating that the system

is dynamic and can be influenced by known substances interfering

with neurogenic processes. However, neuronal differentiation was rel-

atively low compared to the values established for other species

(human neurospheres = 5%37). Therefore, other culture conditions

were tested, mainly the addition of fetal calf serum (FCS) either in dif-

ferentiation medium or in both proliferation and differentiation

medium (Figure 2). Both conditions led to an increased percentage of

cells differentiating into neurons and exceeding 5% of differentiation.

The longer the cells were exposed to FCS, the higher the percentage

of neurons was (Figure 2).

After establishing all endpoints of the “Neurosphere Assay” for

fresh neurospheres, a freezing protocol was tested, either after first

passaging of neurospheres (passage 1) or directly after isolation of

neural progenitor cells from rabbit brain (passage 0).

When the freezing protocol was applied after the first passaging

of neurospheres (passage 1), NPCs lost their capabilities to develop in

all endpoints of the “Neurosphere Assay” (mainly due to too low neu-

ronal differentiation and too low proliferation; see Supporting Infor-

mation Figure S1), and therefore, this option was directly discarded.

Nevertheless, the application of the freezing protocol on freshly iso-

lated NPCs, before the formation of neurospheres (passage 0), led to

results in the “Neurosphere Assay” comparable to fresh neurospheres

(see Material and methods section for more details about freezing and

thawing protocol). Thawed NPCs spontaneously formed recognizable

neurospheres after 4 days in vitro and were big enough to be chopped

after 7 days in vitro (Figure 1). Results of proliferation, migration and

TABLE 1 Percentile and body weight
of rabbit pups on day PND0

Percentile 5 10 25 50 75 90 95

PND0 body weight (g) 29.5 32.7 39.7 46.3 52.2 57.8 62.1

F IGURE 1 Graphical
summary of the rabbit
“Neurosphere Assay.” Culture
establishment: PND0 rabbit
brains are dissected and either
frozen or directly cultured until
neurosphere formation (A, 7 days
in culture after dissection; B,
7 days in culture after thawing).
“Neurosphere Assay” starts when
neurospheres of a diameter of
300 μm are plated in 8-chamber
slides and maintained under
differentiating conditions to
evaluate migration (C, 0 hours; D,
48 hours; E, 72 hours after
plating) and differentiation into
neurons (F, 72 hours after plating,
βIII-tubulin in red and Hoechst
33258 in blue), into astrocytes (G,
72 hours after plating, GFAP in
red and Hoechst 33258 in blue)
or into oligodendrocytes (H,
120 hours after plating, O4 in

green and Hoechst 33258 in
blue). Scale bars = 100 μm.
Neurospheres were also plated in
96-well plates under proliferating
conditions and evaluated for
diameter increase up to 7 days (I,
representative image of a
proliferating neurosphere from
day 0 to day 7)
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differentiation assays met quality criteria as shown in Figure 3. Inter-

estingly, thawed neurospheres also achieved a 5% mean differentia-

tion to neurons without adding any FCS to the differentiation or

proliferation medium, probably because the freezing medium already

contained FCS. Even so, as previously assayed with fresh spheres,

FCS addition to differentiation and/or proliferating medium was also

tested. In this case, FCS addition also induced an increase in neuronal

differentiation, and as previously observed for fresh neurospheres,

the longer the cells were exposed to FCS, the higher the percentage

of neurons was. However, in this case, the percentage of neurons was

so high in some wells (Figure 3; mean > 15%) that neurons were

growing in clumps and overlapping one another making it very diffi-

cult to correctly quantify them. As thawed neurospheres without FCS

addition in culture produced a percentage of neurons that could be

precisely quantified, and also with the aim to not introduce more fac-

tors to the medium which could mask adverse effects induced by

physical or chemical agents in future tests, this culture condition

(without FCS) was chosen for further experiments.

Thawed neurospheres were also tested in parallel in control and

positive control conditions, using the same compounds than for fresh

neurospheres. In all cases, positive controls decreased the result

obtained in control conditions. In view of these results, all further

experiments were performed with neurospheres submitted to the

freezing protocol at passage 0.

To prove that rabbit neurospheres are able to detect alterations

induced during the course of neurodevelopment without being over-

sensitive, we exposed them to two compounds in a concentration-

range mode, a positive and a negative control, following the recom-

mendations of Crofton et al.36 One is a known neurodevelopmental

toxicant in humans and animals, methylmercury chloride (MeHgCl;

positive control) and the other one a compound known to have no

effects on neurodevelopment in humans and animals, saccharine

F IGURE 2 Results of the “Neurosphere
Assay” establishment with freshly prepared rabbit
neurospheres. Rabbit neurospheres were cultured
for 3, 5, or 7 days under control or specific
positive control conditions for each endpoint
tested (PP2 10 μM; EGF 10 ng/mL; BMP7
100 ng/mL). A, 3 days migration; B, 3 days
neuronal differentiation without supplementary
FCS in the medium (wo FCS/wo FCS); C, 3 days

neuronal differentiation with addition of 1% FCS
in the differentiation medium (wo FCS/+FCS); D,
3 days neuronal differentiation with addition of
1% FCS in the proliferation and differentiation
medium (+FCS/+FCS); E, 5 days oligodendrocyte
differentiation; F, 7 days proliferation. All
endpoints were evaluated in five neurospheres/
condition in at least three independent
experiments. Results presented as boxes and
whiskers according to Tukey method. *P < .05 vs
control
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F IGURE 3 Results of the “Neurosphere
Assay” establishment with thawed rabbit
neurospheres. Thawed rabbit neurospheres were
cultured for 3, 5, or 7 days under control
conditions or exposed to specific positive controls
for each endpoint tested (PP2 10 μM; EGF
10 ng/mL; BMP7 100 ng/mL). A, 3 days
migration; B, 3 days neuronal differentiation
without supplementary FCS in the medium

(wo FCS/wo FCS); C, 3 days neuronal
differentiation with addition of 1% FCS in the
differentiation medium (wo FCS/+FCS); D, 3 days
neuronal differentiation with addition of 1% FCS
in the proliferation and differentiation medium
(+FCS/+FCS); E, 5 days oligodendrocyte
differentiation; F, 7 days proliferation. All
endpoints were evaluated in five neurospheres/
condition in at least three independent
experiments. Results presented as boxes and
whiskers according to Tukey's method. *P < .05 vs
control

F IGURE 4 Rabbit neurospheres sensitivity
and specificity evaluation. Thawed rabbit
neurospheres were cultured for 1 day with
increasing concentrations of the known
neurodevelopmental toxicant: MeHgCl, A, or a
compound known to have no
neurodevelopmental adverse effects: Saccharine,
B. Results presented as mean ± SEM of at least
three independent experiments including five
neurospheres/concentration and analyzed by
ANOVA and Bonferroni post hoc test. *P < .05 vs
control
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(negative control; reviewed by Aschner et al.38). MeHgCl induced a

significant and concentration-dependent decrease in neural progeni-

tor cell migration, with an IC50 of 2 μM (Figure 4), while saccharine did

not significantly decrease migration at any concentration tested (maxi-

mum concentration tested = 100 μM).

3.2 | Evaluation of the effects of IUGR in
neurodevelopmental processes

The aim of establishing a rabbit neurosphere culture was to develop a

model to study the effects of IUGR on brain development in a more

time- and cost-efficient way with using fewer numbers of animals.

Therefore, we used the rabbit “Neurosphere Assay” to investigate the

specific consequences of IUGR induction by ligation of 40% to 50% of

uteroplacental vessels irrigating the gestational sac between GD25

and GD30. Neurospheres from four control and four IUGR pups with

mean birth weight ± SEM = 48.4 ± 1.4 g and 30.3 ± 2.7 g respectively

(P = .06; Figure 5), and belonging to three different litters were frozen

and thawed in pairs and submitted to exactly the same conditions in

vitro. The neurospheres of these four pups per experimental group

were used to perform all following experiments. Neurospheres from

IUGR animals did not present any significant difference in NPC prolif-

eration after 7 days in culture or in migration after 1 or 3 days in cul-

ture (Figure 5). A non-significant increase in neuronal differentiation

was observed in IUGR neurospheres (Figures 5), while oligodendro-

cyte differentiation was significantly decreased in IUGR neurospheres

compared to control spheres (Figures 5). Viability of these NPCs, mea-

sured by their metabolic activity, was not altered in any of these cases

(3 or 5 days in culture; Figure 5), indicating that the decreased number

of differentiated oligodendrocytes is a specific effect not induced by

general cytotoxicity. By contrast, there were no differences between

control and IUGR neurospheres proliferating capabilities (Figure 5). In

summary, the results of the “Neurosphere Assay” indicated that IUGR

impairs NPCs' differentiation ability into oligodendrocytes, while their

proliferation and migration potential is not affected. To contextualize

these in vitro results, it is important to remark that both, mild and

strong IUGR cases were included (Figure 5) in the preparation of neu-

rospheres for these tests and therefore, the total body weight of

IUGR pups was not significantly reduced compared to the controls

(P = .06). This approach was chosen to cover the broad range of cases

that IUGR can display, and to exclude the possibility of detecting

effects that are only present in the most severe IUGR cases.

Furthermore, the response of control and IUGR neurospheres to

positive controls known to modulate the response of each endpoint

was also compared (Figure 6). As previously shown in Figure 3, posi-

tive controls significantly reduce the respective readouts of all end-

points in control spheres. However, in IUGR spheres, the exposure to

BMP7 did not significantly reduce oligodendrocyte differentiation,

probably because in IUGR neurospheres oligodendrocyte differentia-

tion was already reduced per se (Figure 6). Even if the effect of BMP7

was not significant, it reduced the mean oligodendrocyte differentia-

tion in IUGR neurospheres. These data show that the process is also

dynamic in IUGR neurospheres as compounds in vitro can still modu-

late the impairment of oligodendrocyte differentiation. In the next

step,we tested if this decreased differentiation can also be modulated

F IGURE 5 Comparison of control and IUGR neurospheres on
basic processes of neurogenesis. Thawed rabbit neurospheres
obtained from control and IUGR animals were cultured for 3, 5, or
7 days and comparatively tested for each endpoint of the
“Neurosphere Assay.” A, Migration distance after 1 day; or B,
3 days; C, neuronal differentiation after 3 days; D, metabolic activity
after 3 days; E, oligodendrocyte differentiation after 5 days; F,

metabolic activity after 5 days; G, diameter increase after 7 days; H,
body weight of control and IUGR pups on PND0; I and J,
representative pictures of oligodendrocyte differentiation in control
and IUGR neurospheres, respectively. Scale bars = 100 μm. All
endpoints (except body weight, H) were evaluated in five
neurospheres/condition in at least three independent experiments.
Results presented as boxes and whiskers according to Tukey method.
*P < .05 IUGR vs control
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in the opposite direction to increase the percentage of oligodendro-

cytes and revert the observed adverse effect. Thyroid hormone

(TH) plays an essential role in white matter maturation and myelin for-

mation.39-42 For this reason, we exposed control and IUGR neuro-

spheres to L-triiodothyronine (T3; CAS: 55-06-1; Sigma-Aldrich), the

active form of TH, at a concentration similar to the total T3 concen-

tration in human serum, 3 nM.43-46 T3 exposure significantly induced

the percentage of oligodendrocyte differentiation of IUGR neuro-

spheres to control levels, while it did not affect the percentage of dif-

ferentiation in control neurospheres (Figure 6). Hence, although the

cellular damage was set while cells were still in the in vivo context,

in vitro exposure of ex vivo NPCs to T3 can revert the deleterious

effect of IUGR in oligodendrocyte differentiation.

4 | DISCUSSION

The neurosphere model based on NPCs is a valuable tool to study the

progress of basic neurodevelopmental processes.47 Therefore, we

have previously established “Neurosphere Assays” based on rat,

mouse or human NPCs as methods to evaluate the adverse effects of

chemical or physical agents on neurodevelopment.24-28,30,37,48 Due to

its nature as a primary cell culture, the neurosphere model retains the

original characteristics of the neuro- and gliogenic populations of the

brain, and reflects their physiological and physiopathological charac-

teristics. To evaluate the effects of IUGR in neurodevelopment, the

ideal situation would be to use a human NPC based “Neurosphere

Assay” to avoid species translation limitations.49 Yet commercially

available hNPCs are derived from healthy individuals, and hNPCs from

IUGR individuals are such an extremely scarce material that they are

unviable to establish a permanent research model for mechanistic

investigations. Therefore, and considering that the rabbit in vivo

model previously developed in BCNatal mimics the neu-

rodevelopmental features of human IUGR individuals better than

other rat in vivo models, and that rabbits are perinatal brain devel-

opers50 similar to humans and unlike rodents,51 we decided to estab-

lish a rabbit neurosphere culture for the first time. The combination of

a 3D in vitro neurodevelopmental testing strategy, with the clinically

relevant IUGR experimental animal model allowed us to study IUGR

neurodevelopmental consequences by decomposing them into basic

neurodevelopmental processes, which are evaluated separately. This

methodology offers a research approach that allows studying a com-

plex clinical problem on the cellular, and eventually also molecular

level. By employing this newly established in vitro model we identified

that rabbit NPCs from IUGR individuals have a significantly reduced

ability to form oligodendrocytes. Moreover, we were able to revert

this damage by T3 in vitro exposure.

In the present study, we established the in vitro rabbit

neurosphere model with cells obtained from freshly dissected rabbit

brains (Figure 2) and we tested different freezing protocols, choosing the

best one (based on P0 cells) for the use of NPCs in the “Neurosphere

Assay” (Figure 3). Neurospheres obtained from both protocols (from

fresh and frozen cells) spontaneously formed after 7 days in culture and

were able to perform all basic neurodevelopmental processes (prolifera-

tion, migration, and differentiation) similar to neurospheres from other

species, for example, rats, mice and humans.24-28,30,37,48 Among the

F IGURE 6 Comparison of the
response of IUGR and control
neurospheres to known modulators of
basic neurogenesis processes. Thawed
rabbit neurospheres obtained from
control and IUGR animals were cultured
for 3 or 5 days and comparatively tested
for each endpoint. Neuronal
differentiation was analyzed after 3 days

under control conditions or exposed to
either PP2 10 μM, A, or EGF 20 ng/mL, B,
oligodendrocyte differentiation was
analyzed after 5 days under control
conditions or exposed to either BMP7
100 ng/mL, C, or T3 3 nM, D. All
endpoints were evaluated in five
neurospheres/condition in at least three
independent experiments. Results
presented as boxes and whiskers
according to Tukey method. *P < .05 vs
control condition; n.s.: not significant
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differentiated cells, glial cells outnumbered neuronal cells, according to

the situation described in vivo for other species indicating that a massive

number of glial cells is generated during postnatal neurodevelopment.52

Specific data in vivo for rabbits during the postnatal period could not be

found, but the glia neuron ratio described in adult rabbits also shows that

in all brain areas except in the cerebellum, glial cells outnumber neu-

rons.53 According to the 3R principle of Russel and Burch (1959) for the

reduction, replacement and refinement of animal experimentation the

established freezing and thawing protocol for rabbit NPCs constitutes a

durable technique to reduce and refine the use of animals. Neurospheres

obtained from both protocols are dynamic systems since their ability to

proliferate, migrate or differentiate was modified by exposure to known

positive control compounds (PP2, EGF, BMP7, or growth factor removal

in Figures 2 and 3). With respect to the modulation of the performance

of these neurospheres, we also proved that a known developmental neu-

rotoxic compound, MeHgCl, induces a significant decrease in cell migra-

tion (Figure 4), showing that this rabbit neurosphere model is sensitive to

known noxious agents. The IC50 concentration detected by the model is

in line with previously detected IC50 concentrations in human primary or

human iPSC-derived neurosphere models for migration distur-

bance26,30,54 and correlates well with concentrations achieved in vivo

after the administration of MeHgCl doses affecting neurodevelopment.55

Understanding the sensitivity of a model is a key step for its establish-

ment, that is, it is also essential to ensure that the system is not over-

reactive to any stimulus, which means that known innocuous

compounds for neurodevelopment should not alter the response of neu-

rospheres in the assay. For this purpose, saccharine was chosen as nega-

tive control, because it was already selected as a harmless compound for

neurodevelopment by a panel of experts.38 When saccharine was added

to the neurosphere culture in concentrations up to 100 μM no adverse

effect in migration was observed, indicating the specificity of the assay.

This tiered approach for the establishment of the rabbit neurosphere cul-

ture, besides being a necessary preliminary group of steps for our subse-

quent study of IUGR effects, is an essential procedure for the

establishment of the method as an alternative model for developmental

neurotoxicity detection and the screening and prioritization of chemicals

(following the recommendations from Crofton et al.36). Current neu-

rodevelopmental studies on the effects of exposure to substances during

the pre- and early postnatal period are based on the in vivo OECD guide-

lines 426 (OECD, 2007), 414 (OECD, 2018), and FDA guideline S5

(R3) (FDA 2017) which define rat as the preferred rodent and rabbit as

the preferred nonrodent animal. A rat neurosphere model for compound

evaluation has already been available since 2014,37 and now the addition

of the neurosphere model of the preferred nonrodent animal opens the

door to combine these two models for in vitro DNT evaluation in case

the use of human material is not possible or for understanding species

differences in response to exogenous insults.

After performing all establishment steps with control neuro-

spheres: establishment of the (a) fresh culture, (b) freezing and

thawing protocol, and analyzing the system's, (c) dynamism,

(d) sensitivity, and (e) specificity, we compared the performance of

control and IUGR NPCs in the “Neurosphere Assay.” Here, we identi-

fied a significant reduction in oligodendrocyte formation in IUGR

NPCs. This observation in vitro leads to the possible correlation with

a poor myelination in vivo as a cause of neurological damage second-

ary to IUGR. Our finding is in line with previous studies in vivo

reporting that IUGR leads to white matter injury with a deficiency of

mature oligodendrocytes56,57 and adversely affected myelination pro-

cesses in brain histology studies.13 It is important to remark that the

adverse effect on oligodendrogenesis in this study was detected in

neurospheres obtained both from severe and mild IUGR cases, and

therefore the effect was not only observed in the most severe IUGR

cases. These findings are in line with clinical and neuroimaging data

supporting the existence of fetal abnormal neurodevelopment across all

stages of severity in IUGR. In comparison of control and IUGR neuro-

spheres, we also observed an increase in neuronal differentiation after

3 days in culture but this effect was not significant. Future investigations

should focus on the prolongation of the period in culture to obtain more

stable results (decrease deviation of IUGR results) and to clarify if this

incipient increase is significant after 5, 7, 14, or more days in culture and

it is consequently another alteration underlying IUGR neural damage.

Besides, after a longer culture period, further neurodevelopmental end-

points could also be added to the assay, like neurite outgrowth, neurite

branching, synaptogenesis and probably neuronal network activity. In

future work it would also be of high interest to assess alterations in

astrocyte differentiation, using the protocol established here.

We finally tested a possible future neurotherapy for IUGR:

in vitro exposure to 3 nM of T3 completely reverted the damage

induced by IUGR by inducing oligodendrocyte differentiation, while it

did not increase the percentage of oligodendrocytes in control neuro-

spheres (Figure 6). This TH effect in rabbit control NPCs is similar to

the one observed in human neurospheres in vitro, where 3 nM T3

exposure does not induce an increase in the percentage of oligoden-

drocytes in control neurospheres, but induces oligodendrocyte matu-

ration.32 If T3 also induces rabbit oligodendrocyte maturation in vitro

will be subject to future studies. The transferability of this possible

therapy to the clinical field, needs to be carefully assessed for this par-

ticular condition, but in support of its transferability it is important to

mention that preclinical studies and clinical studies using Tetrac, the

TH analog 3,5,30,50-tetraiodothyroacetic acid, have already been

conducted or are conducted at the moment with the goal of

supplementing hypothyroid developing brains with TH (ClinicalTrials.

gov identifier: NCT04143295). Preclinical studies in mice show that

postnatal administration of this potent TH receptor agonist offers the

opportunity to reduce the neurological damage associated to the lack

of MCT8, a transporter playing a critical role in the uptake of thyroid

hormones.58 The results of the clinical trials conducted in MCT8 defi-

ciency patients (also known as Allan-Herndon-Dudley syndrome) will

be of high importance to evaluate the future transferability of the

proposed therapeutic strategy in IUGR cases.

In summary, we established an in vitro model for the study of

IUGR-induced neural damage which is faster, more economic and

more ethical than the current in vivo approaches in rabbits. Using our

new model we detected that oligodendrogenesis is reduced in IUGR

brains and that this effect is reversed by exposure to T3. This work

opens the door to the use of the rabbit “Neurosphere Assay” (a) for
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testing developmental neurotoxic compounds as a complementary

method to the rat “Neurosphere Assay,” (b) for studying IUGR-

induced neural damage on the cellular and molecular level, (c) for a

future identification of possible disease biomarkers, and (d) for the

evaluation and selection of specific neuroprotective therapies.
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Figure S1: Comparison of results of neurospheres which were frozen at passage 0 (P0) or at passage 1 

(P1). Results of passage 0 are the same results presented in Figure 3 as control group. 
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2.6 Neurodevelopmental toxicity assessment of flame retardants using a human 
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Aufgrund ihrer neurologischen Entwicklungstoxizität sind Flammschutzmittel (flame retardants; 

FRs) wie z.B. polybromierte Diphenylether verboten und durch alternative FRs wie z.B. 

Organophosphate ersetzt worden, deren toxikologisches Profil jedoch meistens unbekannt ist. 

Um ihre neurologische Entwicklungstoxizität einzuschätzen, haben wir diesbezüglich das 

Gefährdungspotential mehrerer FRs untersucht. Das verwendete Testset umfasste hierbei 

ausgemusterte polybromierte FRs und Organophosphate: 2,2'4,4'-Tetrabromdiphenylether (BDE-

47), 2,2'4,4',5-Pentabromdiphenylether (BDE-99), Tetrabromobisphenol A, Triphenylphosphat, 

Tris(2-butoxyethyl)phosphat und dessen Metabolit Bis-(2-butoxyethyl)phosphat, Isodecyl 

diphenyl phosphat, Isopropyliertes Triphenylphosphat, Trikresylphosphat, Tris(1,3-Dichlor-2-

propyl)phosphat, Tert-Butylphenyl diphenyl phosphat, 2-Ethylhexyldiphenylphosphat, Tris(1-

chlorisopropyl)phosphat und Tris(2-chlorethyl)phosphat. Hierfür verwendeten wir eine human 

basierte DNT in vitro Testbatterie, die eine Vielzahl von Endpunkten der neurologischen 

Entwicklung abdeckt. Die Potenz gemäß der jeweils empfindlichsten Benchmark-Konzentration 

(BMC) über die Batterie hinweg lag im Bereich von < 1 µM (5 FRs), 1 < 10 µM (7 FRs) bis zum 

Bereich von > 10 µM (3 FRs). Die Datenauswertung zur Priorisierung mit dem ToxPi-Tool ergab 

eine andere Rangfolge a) als mit den BMC Werten und b) im Vergleich zu den ToxCast-Daten, was 

darauf hindeutet, dass die DNT-Gefahr dieser FRs durch ToxCast-Assays nicht gut vorhergesagt 

wird. Die Extrapolation der BMC Werte ausgehend von der DNT in vitro Batterie auf die FR-

Exposition des Menschen lediglich über die Muttermilch deutet auf ein eher geringes Risiko für 

einzelne Verbindungen hin. In Anbetracht der Tatsache, dass der Mensch jedoch Gemischen 

ausgesetzt ist, kann dies dennoch zu einem Risiko führen, insbesondere wenn verschiedene 

Chemikalien durch unterschiedliche Wirkmechanismen an gemeinsamen Endpunkten wie der 

Oligodendrozytendifferenzierung konvergieren. Diese FRs Fallstudie legt nahe, dass eine auf 

menschlichen Zellen basierende DNT in vitro Batterie ein vielversprechender Ansatz für die 

entwicklungsneurologische Gefahreneinschätzung und die Priorisierung von Verbindungen bei 

der Risikobewertung darstellt. 
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Abstract Due to their neurodevelopmental toxicity,
flame retardants (FRs) like polybrominated diphenyl ethers
are banned from the market and replaced by alternative
FRs, like organophosphorus FRs, that have mostly un-
known toxicological profiles. To study their
neurodevelopmental toxicity, we evaluated the hazard of
several FRs including phased-out polybrominated FRs and
organophosphorus FRs: 2,2′,4,4′-tetrabromodiphenylether

(BDE-47), 2,2′,4,4′,5-pentabromodiphenylether (BDE-
99), tetrabromobisphenol A, triphenyl phosphate, tris(2-
butoxyethyl) phosphate and its metabolite bis-(2-
butoxyethyl) phosphate, isodecyl diphenyl phosphate,
triphenyl isopropylated phosphate, tricresyl phosphate,
tris(1,3-dichloro-2-propyl) phosphate, tert-butylphenyl
diphenyl phosphate, 2-ethylhexyl diphenyl phosphate,
tris(1-chloroisopropyl) phosphate, and tris(2-chloroethyl)
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• A human DNT in vitro testing battery was applied for assessing
hazards of phased-out and alternative flame retardants (FR) for
prioritization.

• Oligodendrocyte development was identified as a common key
event for FR-induced DNT in vitro.

• Multiple modes-of-action seem to contribute to oligodendrocyte
toxicity.

• Prioritization of FRs according to the DNT in vitro battery differs
from FRs ranking using ToxCast assays.
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phosphate. Therefore, we used a human cell–based devel-
opmental neurotoxicity (DNT) in vitro battery covering a
large variety of neurodevelopmental endpoints. Potency
according to the respective most sensitive benchmark con-
centration (BMC) across the battery ranked from<1μM(5
FRs), 1<10 μM (7 FRs) to the >10 μM range (3 FRs).
Evaluation of the data with the ToxPi tool revealed a
distinct ranking (a) than with the BMC and (b) compared
to the ToxCast data, suggesting that DNT hazard of these
FRs is not well predicted by ToxCast assays. Extrapolating
the DNT in vitro battery BMCs to human FR exposure via
breast milk suggests low risk for individual compounds.
However, it raises a potential concern for real-life mixture
exposure, especially when different compounds converge
through diverse modes-of-action on common endpoints,
like oligodendrocyte differentiation in this study. This case
study using FRs suggests that human cell–based DNT
in vitro battery is a promising approach for
neurodevelopmental hazard assessment and compound
prioritization in risk assessment.

Keywords Developmental neurotoxicity . Flame
retardants .Humancell–based testingbattery . 3Dinvitro
model . New approachmethodologies . Hazard
assessment

Introduction

Flame retardants (FRs) inhibit or delay the spread of fire by
suppressing chemical reactions in the flame or by forming
a protective layer on the material surface (Darnerud et al.
2001). They are used in commercial products, such as
electronics, furniture, and textiles. Since the 1970s,
polybrominated diphenyl ether (PBDEs) had been in use
as FRs. However, due to their accumulation in environ-
mental samples, house dust, food, animal and human
tissues (Darnerud et al. 2001; De Wit 2002; Law et al.
2014) and their adversity for human health, particularly
neurodevelopment (Chao et al. 2007; Roze et al. 2009; Shy
et al. 2011; Eskenazi et al. 2013), the European Commis-
sion and the U.S. Environmental Protection Agency (US
EPA) caused a phase out of PBDEs in 2004 (Blum et al.
2019). Despite their market ban, they are still present in the
environment (Yogui and Sericano 2009; Ma et al. 2013;
Law et al. 2014). With the phasing out, PBDEs were
replaced by presumably safer and less persistent alterna-
tive FRs (aFRs), including organophosphorus FRs
(OPFRs). Several aFRs were released onto the market,

although their kinetics and toxicities, specifically their
neurodevelopmental hazards, have not been sufficiently
investigated. Available data on the physico-chemical
properties, environmental persistence, bioaccumulation,
and toxicity of a subset of aFRs recently displayed large
data gaps (van der Veen and de Boer 2012; Bergman
et al. 2012; Waaijers et al. 2013). Similar to PBDEs,
there has been growing evidence of widespread exposure
to aFRs, as they were found in house dust, furniture
foam, and baby articles (Stapleton et al. 2009; Sugeng
et al. 2017), as well as in hand wipes and urine samples
of children (Stapleton et al. 2014; Mizouchi et al. 2015;
He et al. 2018a, b; Bastiaensen et al. 2019a). In general,
children and especially toddlers are highly exposed to-
wards FRs as they frequently spend their time close to
the floor and exercise children-specific mouthing behav-
ior (Fischer et al. 2006; Toms et al. 2009; Sugeng et al.
2017). Due to this high exposure and the fact that the
developmental nervous system is a sensitive target organ
formany FRs and organophosphorus pesticides (Muñoz-
Quezada et al. 2013), which are structurally similar to
OPFRs, it is essential to assess the developmental neu-
rotoxicity (DNT) potential of aFRs (Hirsch et al. 2017).

Current DNT testing follows the in vivo guideline
studies OECD 426 (OECD 2007) or EPA 870.6300
(EPA 1998) performed with rats. These studies are highly
demanding with regard to time, money, and animals (Lein
et al. 2005; Crofton et al. 2012) and are not suited for large
scale DNT testing. Further limitations include their high
variability and lack of reproducibility, as well as the un-
certainty of extrapolation from animals to humans (Tsuji
and Crofton 2012; Terron and Bennekou Hougaard 2018;
Sachana et al. 2019). Therefore, regulators, academic, and
industrial scientists recently agreed on a need for a new
testing strategy to assess the DNT potential of chemicals
(Crofton et al. 2014; Bal-Price et al. 2015; Fritsche et al.
2018b). A mechanistically informed, fit-for-purpose,
human-relevant in vitro DNT test battery was suggested
that covers different neurodevelopmental processes and
stages (Andersen 2003; Bal-Price et al. 2018) and allows
a faster and cheaper evaluation of substances for their DNT
potential (EFSA2013; Bal-Price et al. 2015, 2018; Fritsche
et al. 2015, 2017, 2018a).

In this study, human-induced pluripotent stem cell
(hiPSC)–derived neural crest cells (NCC), lund human
mesencephalic cells (LUHMES), 3D human primary
neural progenitor cell (NPC)–based neurospheres, as
well as hiPSC-derived peripheral neurons were applied
to study distinct neurodevelopmental key events (KEs)
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in vitro. These KEs include NPC proliferation
(NPC1), NCC (cMINC/UKN2), radial glia (NPC2a),
neuronal (NPC2b) and oligodendrocyte (NPC2c) mi-
gration, differentiation into neurons (NPC3), neurite
morphology (NPC4, NeuriTox/UKN4, PeriTox/
UKN5), and oligodendrocyte differentiation (NPC5;
Baumann et al. 2016; Barenys et al. 2017; Schmidt
et al. 2017; Fritsche et al. 2018a; Masjosthusmann
et al. 2018; Nimtz et al. 2019; Krebs et al. 2020b).
These assays comprise a current DNT in vitro testing
battery that was recently assembled to test 119 com-
pounds (e.g., carbamates, metals, neonicotinoids, or-
ganochlorines/fluorines, and organophosphates pyre-
throids) for regulatory purposes. Using selected
known human DNT positive and negative com-
pounds as benchmark, this battery performed with a
sensitivity of 100% and a specificity of 88%
(Masjosthusmann et al. 2020).

To study the neurodevelopmental hazard of FRs,
we analyzed their adverse effects on the endpoints of
this battery of human neurodevelopmental assays.
FRs used include a set of phased-out and currently
in use compounds. The phased-out FRs are PBDEs
2,2′,4,4′-tetrabromodiphenylether (BDE-47) and
2,2′,4,4′,5-pentabromodiphenylether (BDE-99), while
the current-use FRs include the organophosphorus
FRs (OPFRs), such as triphenyl phosphate (TPHP),
tris (2-butoxyethyl) phosphate (TBOEP) and its me-
tabolite bis-(2-butoxyethyl) phosphate (BBOEP),
isodecyl diphenyl phosphate (IDDPHP), triphenyl
isopropylated phosphate (IPPHP), tricresyl phosphate
(TCP), tris (1,3-dichloro-isopropyl) phosphate
(TDCIPP), tert-butylphenyl diphenyl phosphate (t-
BPDPHP), tri-O-cresyl phosphate (TOCP), 2-
ethylhexyl diphenyl phosphate (EHDPHP), tris (1-
chloro-isopropyl) phosphate (TCIPP), and tris (2-
chloroethyl) phosphate (TCEP), as well as the bromi-
nated FR Tetrabromobisphenol A (TBBPA)
(Table S1). The in vitro data were related to hazard-
ous doses by toxicokinetic considerations. Moreover,
such data were compared to potential exposure situa-
tions. Relating the phenomics of the in vitro methods
to molecular signatures, we performed RNA sequenc-
ing analyses. This approach represents a case study
for a new risk assessment paradigm for DNT by
using phenotypic readouts of human cell–based as-
says that cover a variety of neurodevelopmental end-
points and studying their molecular signatures in re-
sponse to different FRs.

Material and methods

Chemicals

TBBPA, BDE-99, TCEP, TPHP, TOCP, and TBOEP
(for NPC assays) were purchased from Sigma-Aldrich
and were dissolved as 50 mM and 20 mM stocks in
dimethyl sulfoxide (DMSO; Carl Roth GmbH). The
metabolite BBOEP (1500 ng/μL in Methanol) was cus-
tom synthesized by Dr. Vladimir Belov (Max Planck
Institute, Göttingen, Germany) with a purity > 98% as
measured by MS and NMR techniques. The FRs
TCIPP, t-BPDPHP, and EHDPHP were obtained from
ToxCast and are diluted in DMSO with stock concen-
tration of 20 mM. All other flame retardants IDDPHP,
IPPHP, TCP, TDCIPP, BDE-47 (for NPC assays) as
well as TBBPA, BDE-47, BDE-99, TCEP, TPHP,
IDDPHP, IPPHP, EHDPHP, t-BPDPHP, and TCP (for
UKN assays) were provided by M. Behl from the Na-
tional Toxicology Program, and stock solutions of
20 mM in DMSO were prepared. Solvent concentra-
tions were 0.1%DMSO and 0.4%MeOH for BBOEP in
dose-response experiments.

Cell culture

Human NPCs (hNPCs) from three different individuals
(gestational week 16-19) were purchased from Lonza
Verviers SPRL, Belgium. They were thawed and isolat-
ed as previously described (Baumann et al. 2016).
hNPCs were cultured as free floating neurospheres in
proliferation medium consisting of DMEM (Life Tech-
nologies) and Hams F12 (Life Technologies) (3:1) sup-
plemented with 2% B27 (Life Technologies), 20 ng/mL
EGF (Thermo Fisher), FGF (R&D Systems), and 1%
penic i l l in and st reptomycin (Pan-Biotech) .
Neurospheres were cultivated at 37 °C with 5% CO2,
passaged mechanically with a tissue chopper
(McIIwain) once a week and thrice a week half of the
medium was replaced.

For the cMINC assay (UKN2), NCCs are differenti-
ated from the hiPSC line IMR90_clone #4 (WiCell,
Wisconsin) by plating cells on Matrigel-coated 6-well
plates (Falcon) at a density of 50000 cells/cm2. One day
prior differentiation, cells are cultivated in essential 8
(E8) medium (DMEM/F12 supplemented with 15 mM
Hepes, 16 mg/mL L-ascorbic-acid, 0.7 mg/mL sodium
selenite, 20 μg/mL insulin, 10 μg/mL holo-transferrin,
100 ng/mL bFGF, 1.74 ng/mL TGFb) containing
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10 μM Rock inhibitor. Until 11 days in vitro (DIV),
cells receive KSR medium (knock out DMEM, 15%
knock out serum replacement, 1%GlutaMax, 1%MEM
NEAA solution, 50 μM 2-mercaptoethanol) which is
gradually replaced by 25% increments of N2-S medium
(DMEM/F12, 1.55 mg/mL glucose, 1% GlutaMax, 0.1
mg/mL apotransferrin, 25 μg/mL insulin, 20 nM pro-
gesterone, 100 μM putrescine, 30 nM selenium). From
−1 DIV to 11 DIV, cells are cultured at 37 °C with 5%
CO2 and a daily medium change was performed. From 0
DIV to 2 DIV, medium is supplemented with 20 ng/mL
Noggin. From 0 DIV to 3 DIV, it is supplemented with
10μMSB431542 and from 2DIV to 11DIVwith 3 μM
CHIR 99021. After 11 DIV, cells are detached and
resuspended in N2-S medium supplemented with 20
ng/mL EGF and 20 ng/mL FGF2 and seeded as droplets
(10 μL) on poly-L-ornithine (PLO)/laminin/fibronectin-
coated 10-cm dishes. Until 39 DIV, cells are expanded
by weekly splitting in N2-S medium supplied with EGF
and FGF2 and a medium change is performed every
other day. On 39 DIV, cells are detached, resuspended
in freezemedium (FBSwith 10%DMSO), and frozen at
a concentration of 4×106 cells per mL at −80 °C over-
night. After 24 h, cells are stored in liquid nitrogen until
further use.

For the NeuriTox assay (UKN4), LUHMES cells are
cultured and handled as described before (Lotharius et al.
2005; Scholz et al. 2011; Krug et al. 2013a). They are
maintained in proliferation medium (PMed; AdvDMEM/
F12 supplemented with 2 mM glutamine, 1 × N2 sup-
plement and 40 ng/mLFGF) at 37 °Cwith 5%CO2. Cells
are passaged every second or third day when reaching
approximately 80% confluency. For pre-differentiation,
8×106 (45000 cells/cm2) cells are seeded one day before
in PMed. Differentiation is started by switching to differ-
entiation medium (DMed; AdvDMEM/F12 supplement-
ed with 2 mM glutamine, 1 × N2 supplement, 2.25 μM
tetracycline, 1 mM dibutyryl cAMP and 2 ng/mL
GDNF).

For the PeriTox assay (UKN5), sensory neurons are
differentiated from the hiPSC line SBAD2, which was
derived and characterized at the University of Newcastle
from Lonza fibroblasts CC-2511, Lot 293971 with the
tissue acquisition number 24245 (Baud et al. 2017).
Culturing, handling, and differentiation are performed
according to standard protocols (Thomson et al. 1998;
Chambers et al. 2013; Hoelting et al. 2016). Generation
of sensory neurons is started on −2 DIV by
resuspending hiPSCs in E8 medium containing 10 μM

Rock inhibitor Y-27632. After replating cells at a den-
sity of 55000 cells/cm2 on Matrigel coated 6-well plates
(Falcon), a daily medium change is performed from −1
DIV until 10 DIV. E8 medium supplemented with rock
inhibitor (10 μM) is refreshed on −1 DIV. On 0 DIV,
neural differentiation is initiated and until 10 DIV cells
receive KSR medium which is, from 4 DIV onward,
gradually replaced by 25% increments of N2-Smedium.
Until 4 DIVmedium is supplied with 35 ng/mLNoggin,
600 nM dorsomorphin and 10 μM SB431542 to initiate
neutralization via dual-SMAD inhibition. From 2 DIV
to 10 DIV, three further pathway inhibitors are added
(1.5 μM CHIR99021, 5 μM SU5402, and 5 μM
DAPT). On 10 DIV, cells are detached, resuspended in
freeze medium (FBS with 10% DMSO) and frozen at a
concentration of 8×106 cells per mL at −80 °C over-
night. After 24 h, cells are stored in liquid nitrogen until
further use.

The “neurosphere assay”—NPC1-5

hNPCs were chopped to 0.2 mm 2–3 days before plating
to reach a defined size of 0.3 mm. Each compound was
tested in serial dilution (1:3) with 7 concentrations and a
solvent control (SC) plated in five replicate wells per
condition in 96-well plates (proliferation U-bottom, Fal-
con; differentiation flat bottom, Greiner). Each well
contained one sphere in 100 μL of the respective medi-
um and FR/solvent(s) (proliferation medium (descrip-
tion in “Cell culture”); differentiation medium
consisting of DMEM (Life Technologies), Hams F12
(Life Technologies) 3:1 supplemented with 1% of N2
(Life Technologies) and 1% penicillin and streptomycin
(Pan-Biotech)). The 1:3 solution series and plate filling,
LDH, CTB, and feeding step were performed automat-
ically by STARlet 8 ML pipette robot system
(MICROLAB STAR® M; Hamilton).

Proliferation

The proliferation by area (NPC1a) was assessed as slope
of the increase in sphere size up to 3 DIV (0 h, 24 h, 48
h, and 72 h) measured by brightfield microscopy and
using high content imaging (Cellomics Scan software,
Version 6.6.0; Thermo Fisher Scientific). Proliferation
by bromodeoxyuridine (BrdU; NPC1b) was analyzed
after 3 DIV via a luminescence-based BrdU Assay
(Roche) as previously published in Nimtz et al. (2019).
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Immunocytochemical stainings

By plating neurospheres into 100 μL differentiation me-
dium on a poly-D-lysine (0.1 mg/mL, Sigma-Aldrich) and
laminin (12.5 μg/mL, Sigma-Aldrich)-coated 96-well
plate (flat bottom, Greiner), spheres settle down and NPCs
migrate radially out of the sphere core concurrently differ-
entiating, into radial glia, neurons, and oligodendrocytes.
After 5 days of migration and differentiation, human
neurospheres were fixed with 4% paraformaldehyde
(PFA, Merck) for 30 min at 37 °C and directly afterwards
washed three times for 3 min with 250 μL PBS
(Biochrom) before stored at 4 °C until staining. Cells were
always covered with 40 μL PBS, and for staining, 10 μL
blocking solution (PBS, 50% Goat Serum (GS, Sigma-
Aldrich) and 5% Bovines Serum Albumin (BSA, Serva
Electrophoresis)) per well was added and incubated for
15 min at 37 °C. After removal of 10 μL, cells were
stained overnight at 4 °C with 10 μL mouse IgM oligo-
dendrocyte O4 antibody solution 1:400 (in PBS with 10%
GS and 1% BSA; R&D System) followed by three 3-min
washing steps by addition and removal of 250 μL PBS.
After the last washing step, 260 μL was removed and 10
μL secondary antibody solution in PBS (1:400 Alexa
Fluor 488 anti-mouse IgM (Life Technologies), 10%
GS, 5% BSA) was added for 30 min at 37 °C. After
washing steps as previously described, cells were fixed a
second time for 30 min at 37 °C in 4% PFA, followed by
three 3-min washing steps and permeabilization in 0.5%
PBS-T for 5 min at room temperature. Afterwards, cells
were blocked for 15 min at 37 °C with 10 μL PBS, 50%
Rabbit Serum (RS, Sigma-Aldrich), and 5% BSA. For
neuronal staining, neurospheres were incubated for 1 h at
37 °C with 10 μL conjugated rabbit TUBB3 674 antibody
(Abcam) 1:400 (in PBS with 10% RS, 1% BSA, and 5%
Hoechst 33258 (Sigma-Aldrich)). After three additional 3-
min washing steps, 250 μL PBS was added to each well
and the plates were stored in the dark at 4 °C. Images of
immunochemical stainings of three channels (386 nm for
Hoechst stained nuclei, 647 nm for β(III)tubulin stained
neurons, 488 nm for O4 stained oligodendrocytes) were
acquired with a 200-fold magnification and a resolution of
552×552 pixel using the HCS Studio Cellomics software
(version 6.6.0; Thermo Fisher Scientific).

Migration and differentiation

Radial glia migration distance (72 h, NPC2a) was ana-
lyzed by manual measurement of the radial migration

from the sphere core on brightfield images as number of
pixels which is converted to micrometers. After 120 h, it
is assessed by automatically identifying (Schmuck et al.
2016) the migration area of each sphere of Hoechst
stained nuclei on fluorescence images. The migration
distance of neurons (NPC2b) and oligodendrocytes
(NPC2c) is defined as mean distance of all neurons/
oligodendrocytes within the migrations area divided by
radial glia migration distance after 120 h. The differen-
tiation into neurons (NPC3) and oligodendrocytes
(NPC5) is determined as number of all β(III)tubulin
and O4-positive cells in percent of the total amount of
Hoechst-positive nuclei in the migration area and is
performed automatically using two convolutional neural
networks (CNN) based on the Keras architecture imple-
mented in Python 3, which were trained to identify both
cell types. All neurons that were identified in NPC3 are
analyzed for their morphology (NPC4) by characteriz-
ing the neurite length (in μm) and area (amount of
pixel). Detection of migration (120 h, NPC2) and mor-
phological analysis (NPC4) is calculated automatically
by high-content image analysis (HCA) tool Omnisphero
(Schmuck et al. 2016). Migrating/differentiating
neurospheres were exposed to FRs/solvent(s) for 5 days.
On day 3, half of the exposure/solvent medium was
exchanged and the supernatant was used to detect cyto-
toxicity by measuring lactate dehydrogenase (LDH)
leakage.

“cMINC assay” UKN2

NCCs were thawed and seeded into 96-well plates in
N2-S medium containing FGF2 and EGF according to
the previously published protocol (Nyffeler et al. 2017).
Cells were seeded around stoppers to create a circular
cell-free area and after 24 h stoppers were removed to
allow cell migration. One day later, cells were exposed
to FRs/solvent(s) for 24 h. The number of migrated cells
into the cell free zone was quantified 48 h after stopper
removal and 24 h after treatment. Cells were stained
with Calcein-AM and Hoechst-33342 (H-33342), and
high content imaging was performed. Four images for
migration were taken to cover the region of interest
(ROI) using a high content imaging microscope
(Cellomics ArrayScanVTI), and Calcein and H-33342
double-positive cell numbers were determined by an
automated algori thm (RingAssay software ;
http://invitro-tox.uni-konstanz.de). For viability, four
fields close to the well borders, i.e., outside the ROI,
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were imaged. Viable cells were defined by double-
positivity for H-33342 and calcein and determined by
an automated algorithm as described before (Nyffeler
et al. 2017). TBBPA, BDE-47, BDE-99, IDDPHP,
TCP, t-BPDPHP, and EHDPHP were tested in serial
dilution (1:2) with 6 concentrations and SC, while
TPHP and IPPHP were tested with 5 concentrations
(Nyffeler et al. 2017). TCEP, TDCIPP, and TCIPP were
negative within a 20-μM pre-screening and therefore
not tested further (data not shown). TBOEP, BBOEP,
and TOCP were tested 1:3 with 6 concentrations and SC
based on the method described in this study. Each
compound concentration was plated in 4 replicate wells
per condition.

“NeuriTox assay” UKN4

After 2 days of differentiation, 30000 LUHMES cells
were reseeded into each well of a 96-well plate in DMed
containing only tetracycline. After cells’ attachment for
1 h, they were exposed to FRs/solvent(s) for 24 h. One
hour before read-out, cells were stained with Calcein-
AM and H-33342 and imaged via a high-content imag-
ing microscope (Cellomics ArrayScanVTI, Thermo
Fisher Scientific) to assess neurite area. For neurite area
determination, an automated algorithm was used, which
calculates the area of the cell soma and subtracts this
area from all calcein-positive pixels imaged (Stiegler
et al. 2011; Krug et al. 2013a). To assess viability, all
stained nuclei (H-33342 positive) are used to determine
total cell number and H-33342 and calcein double-
positive cells are defined as viable cells (Stiegler et al.
2011; Krug et al. 2013a). Each compound was tested in
serial dilutions (1:3) with 10 concentrations starting at
20 μM and SC plated in three replica wells per condi-
tion. Effects of TBBPA, BDE-47, BDE-99, IDDPHP,
TCP, t-BPDPHP, EHDPHP, TPHP, and IPPHP were
assessed in a previous screening (Delp et al. 2018).
TDCIPP, TOCP, and TCIPP were negative in a pre-
screening at 20 μM and therefore not tested any further
(data not shown).

“PeriTox assay” UKN5

Differentiated sensory neurons were thawed and seeded
in 25% KSR/75% N2-S medium supplemented with
1.5 μM CHIR99021, 5 μM SU5402, and 5 μM DAPT
into 96-well plates at a density of 100000 cells per cm2.
After cells’ attachment for 1 h, they were exposed to

FRs/solvent(s) for 24 h. Assessments of neurite area and
viability of the cells were performed as described above
for the UKN4 assay. Each compound concentration was
tested in three wells per plate (technical replicates) in a
serial dilution (1:3) with 6 concentrations starting at
20 μM and SC. Effects of TBBPA, BDE-47, BDE-99,
IDDPHP, TCP, t-BPDPHP, EHDPHP, TPHP, and
IPPHP were assessed in a previous screening (Delp
et al. 2018). TDCIPP, TOCP, and TCIPP were negative
in a pre-screening at 20 μM and therefore not tested any
further (data not shown).

Viability and cytotoxicity

To distinguish compound effects from secondary effects
due to loss of viability and cytotoxicity, respective as-
says were performed in parallel. Thereby, all viability
and cytotoxicity assays are multiplexed within the re-
spective assay. hNPC viability was assessed as mito-
chondrial activity by using an Alamar blue assay
(CellTiter-Blue Assay (CTB); Promega) in the last 2 h
of the respective compound treatment period (NPC1 at 3
DIV; NPC2-5 at 5 DIV). Cytotoxicity of treated hNPCs
was detected by measuring LDH (CytoTox-ONE
membrane integrity Assay; Promega) after 3 (NPC1;
NPC2-5) and 5 (NPC2-5) DIV. It is of note that a
reduced radial glia migration area causes a reduction in
the CTB readout due to a diminished cell number with-
out necessarily affecting cell viability (Fritsche et al.
2018a). Thus, when radial glia migration is inhibited
by a compound, the LDH assay is solely the reference
for DNT specificity of NPC2-5. Assessment of viability
within the UKN assays was performed as described
above.

RNA sequencing and RT-qPCR

For RNA sequencing (RNASeq) experiments, 1000
neurospheres per well with a defined size of 0.1mmwere
plated onto PDL/laminin-coated 6-well plates and culti-
vated for 60 h in the presence and absence of selected
FRs. The RNA isolation was performed using the
RNeasy Mini Kit (Qiagen) according to the manufac-
turer’s protocol. Total RNA was analyzed for high qual-
ity using the Agilent High Sensitivity RNA ScreenTape
System for Agilent 4150 TapeStation Bioanalyzer
(Agilent Technologies) for human samples with an
RNA integrity number (RIN) ≥ 8. All samples in this
study showed high-quality RINs ≥ 8.5. For RNASeq,
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1.0 μg total RNA was used for library preparation using
the TruSeq RNA Sample Prep Kit v2 according to the
manufacturer’s protocol (Illumina). All steps of the pro-
tocol were performed as described in the Illumina kit.
DNA library templates were quantified using the
QubitTM 4 Fluorometer and the Qubit 1× dsDNA HS
Assay Kit (Thermo Fisher Scientific). Quality control
and fragment size analysis were performed on Agilent
4150 TapeStation System and the Agilent D1000 Screen
Tape System (Agilent Technologies). Sequencing was
performed on a MiSeq instrument (Illumina) using v3
chemistry, resulting in an average of 50 million reads per
library with 1×76 bp paired end setup.

Raw data were uploaded on BaseSpace Sequence Hub
(Illumina) for FastQ generation. RNAseq analysis was
performed using the Illumina pipeline (Illumina Annota-
tion Engine 2.0.10.0). The resulting raw reads were
assessed for quality, adapter content and duplication rates
with the Illumina FASTQ file generation pipeline.
Trimmed and filtered reads were aligned versus the Ho-
mo sapiens reference genome (UCSC hg19) using STAR
Aligner (STAR_2.6.1a). Total number of reads was
quantified using both TopHat2 and Salmon Quantifica-
tion (0.11.2). Strelka Variant Caller (2.9.9) was used to
detect somatic single nucleotide variants (SNVs).

Quantitative real-time polymerase chain reaction (RT-
qPCR) was performed with the QuantiFast SYBR Green
PCR Kit (Qiagen) within the Rotor Gene Q Cycler
(Qiagen). Therefore, 250 ng RNA was transcribed into
cDNA using the QuantiTect Reverse Transcription Kit
(Qiagen) according to manufacturer’s instructions. Anal-
ysis was performed using the software Rotor-Gene Q
Series version 2.3.4 (Qiagen). Copy numbers (CN) of
the genes of interest were calculated by using gene-
specific copy number standards as described previously
in detail (Walter et al. 2019) and normalized to the
housekeeping gene beta-actin. Gene CN of solvent con-
trol and FR treated differentiated spheres were normal-
ized to proliferative spheres, which are thought to express
very low numbers of oligodendrocyte-specific mRNA.
Here, the solvent control visualizes oligodendrocyte-
related gene expression as a function of normal NPC
development that can directly be compared to sphere
development in presence of FRs.

Toxicological Priority Index

For relative toxicological ranking and hierarchical clus-
tering, the BMC values of the tested FRswere integrated

and visualized by using the Toxicological Priority Index
Graphical User Interface (ToxPi GUI) version 2.3
(Gangwal et al. 2012). In ToxPi, the BMC values across
the data set of each endpoint were scaled with the
formula −log10(x)+6 from 0 to 1, while 1 represents
the lowest BMC and therefore the most potent com-
pound. If BMC was not reached, a concentration of 106

was applied before, which became 0 upon scaling. Data
are visualized in a pie chart, where every slice represents
one DNT endpoint (Fig. 7). The farther the slice extends
from its origin, the more potent the compound in this
endpoint. In comparison, ToxCast data was used to give
an initial idea on the general toxicity of these FRs across
a variety of assays. Regarding ToxCast AC50 (half-
maximal activity concentration), values below a given
cytotoxicity limit were used and scaled as described
above. Each slide was assigned as one intended target
family and contains several assays for respective
endpoints.

Data analysis and statistics

All neurosphere experiments were performed with at
least two different individuals. Experiments were de-
fined as independent if they were generated with NPCs
from different individuals or from a different passage of
cells. For cMINC, NeuriTox, and PeriTox assays, bio-
logical replicates represent an independent experiment
on another day with a different batch of NCCs,
LUHMES cells, or 10 DIV sensory neurons thawed. If
not otherwise indicated, results are presented as mean ±
SEM. For dose-response curves, a sigmoidal (variable
slope) or bell-shaped curve fit was applied using
GraphPad Prism 8.2.1. Statistical significance was cal-
culated using the same software and one-way ANOVA
with Bonferroni’s post hoc tests (p ≤ 0.05 was termed
significant).

BMC as well as upper and lower confidence intervals
(CI) were calculated with GraphPad Prism 8.2.1. Based
on overlap of confidence intervals of the BMCs calcu-
lated for the DNT-specific endpoints and the endpoints
related to cytotoxicity/viability, NPC endpoints were
classified as DNT-specific (no CI overlap), unspecific
(CI overlap ≥ 10%), or borderline (0 > CI < 10%;
Masjosthusmann et al. 2020). The classification model
applied for UKN assays is based on a ratio cutoff for the
ratio between the BMC for cell viability and the specific
endpoints (ratio BMC10 viability/BMC25 migration ≥
1.3 in UKN2 assay; ratio BMC25 viability/BMC25
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neurite area ≥ 4 in UKN4 assay or ≥ 3 in UKN5 assay).
This is in line with the respective classification models
suggested in previous publications (Krug et al. 2013b;
Hoelting et al. 2016; Nyffeler et al. 2017).

Results

Experimental design of the human DNT testing battery

We assessed the neurodevelopmental hazard of 15 FRs
(Table S1) and analyzed their adverse effects using a
battery of human-based neurodevelopmental in vitro
assays (Fig. 1). Within NPC assays, proliferation
(NPC1), migration (NPC2), and differentiation into the
main effector cells of the human brain, i.e., radial glia,
neurons (NPC3), and oligodendrocytes (NPC5), were
evaluated. NPC3 was multiplexed with NPC4, which
quantifies neurite morphology by analyzing their length
and area. The cMINC (UKN2) assay measures neural
crest cell (NCC) migration and viability, while
NeuriTox (UKN4) and PeriTox (UKN5) assays assess
neurite morphology and viability of LUHMES cells and
hiPSC-derived peripheral neurons, respectively. Finally,
cytotoxicity was assessed after 3 (NPC1) and 5 (NPC2-
5) DIV and cell viability was detected at the end of each
assay. Additionally, RNA sequencing analyses provide
further insight into the modes-of-action of FR toxicity.

Three out of the 15 analyzed FRs (BBOEP, TCIPP,
and TCEP) did not produce significant effects in any of
the tested endpoints up to a concentration of 20 μM.
Therefore, the respective graphs are shown in supple-
mentary Figs. S1–3.

hNPC proliferation is exclusively disturbed
by alternative flame retardants

A fundamental neurodevelopmental KE is NPC pro-
liferation. The analyzed PBDEs and aFRs did not
affect sphere area increase over time (NPC1a; Fig.
2(a)). BrdU incorporation (NPC1b), however, as a
direct measure of DNA synthesis has a higher sensi-
tivity than NPC1a and EHDPHP and TCP reduced
BrdU incorporation significantly (Fig. 2(b)) with
EHDPHP being the more potent one with significant
diminution of proliferation at 0.25 μM and 20 μM to
70.5 ± 4.3% and 37.4 ± 2.7% of the controls, respec-
tively. TCP inhibited proliferation to 65.9 ± 8.3% and
58.5 ± 6.8% of controls at 6.6 μM and 20 μM,

respectively. Neither viability nor cytotoxicity were
altered by any of the analyzed FRs at the employed
concentration levels, with the exception of IPPHP,
which induced the mitochondrial activity at the
highest concentration up to 121.1 ± 4.9% of control.
The endpoint-specific control for NPC1 was hNPC
cultivation in absence of growth factors causing sig-
nificantly reduced proliferation (Suppl. Fig. 4(a, b)).

FRs affect migration in a cell type-specific manner

Next, we analyzed NCC (UKN2), radial glia (NPC2a),
neuronal (NPC2b), and oligodendrocyte (NPC2c) mi-
gration in the presence and absence of FRs. NCC mi-
gration was affected by PBDEs, as well as organophos-
phorus aFRs and was significantly inhibited by 9 out of
the 15 FRs tested (Fig. 3(a)). TBBPA reduced NCC
migration to 52.6 ± 9.2% and 31.3 ± 3.5% of control
at 2.5 μM and 5 μM, respectively (Fig. 3(a, c)). BDE-
47, t-BPDPHP, and TCP (≥ 5 μM) significantly reduced
the number of migrating NCCs to 37.1 ± 9.6%, 53.5 ±
4.8%, and 56.6 ± 4.4% of controls, respectively. TOCP
(6.67 μM) and BDE-99 (10 μM) significantly inhibited
NCC migration to 43.2 ± 7.6% and 69.5 ± 6.7% of
controls, respectively, while EHDPHP, IDDPHP, and
TPHP disturbed NCC migration at the highest concen-
tration to 31.8 ± 23.1%, 52.7 ± 10.6%, and 65.3 ± 10.2%
of respective controls. NCC viability was significantly
affected by 5 μM TBBPA (81.1 ± 1.7%); by ≥ 10 μM
EHDPHP (≤ 93.8 ± 2.7%), TCP (≤ 90.9 ± 1.0%), and
IPPHP (≤ 93.1 ± 1.2%); and by 20 μMBDE-47 (86.6 ±
5.5%) and TOCP (63.3 ± 10.2%; Fig. 3(b)). Cytochala-
sin D (200 nM) served as an endpoint specific control
for UKN2 (data not shown). Similar to NCC migration,
TBBPA is the most potent FR for hNPC migration
inhibition, significantly disturbing radial glia (NPC2a),
neuron (NPC2b), and oligodendrocyte (NPC2c) migra-
tion at concentrations ≥ 2.2 μM (Fig. 3(d, g)). Conse-
quently, TBBPA decreased respective CTB values at
concentrations ≥ 2.2 μM to ≤ 64.8 ± 2.7% of controls.
However, also cytotoxicity was induced to 25.1 ± 3.3%
(72 h) and 25.4 ± 2.0% (120 h) of the lysis control at
concentrations ≥ 2.2 μM TBBPA (Fig. 3(e)).

The phased-out PBDEs did not affect migration be-
havior of differentiating hNPCs, while some OPFRs
(TPHP, TDCIPP, IPPHP, and t-BPDPHP) disturbed
radial glia and oligodendrocyte migration selectively at
the highest concentration of 20 μM. After 72 h, TPHP
and TDCIPP inhibited radial glia migration to 86.3 ±
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2.9% and 90.5 ± 2.5% of controls, respectively (Fig.
3(f)). After 120 h, the influence of TPHP was reversed
demonstrating the adaptive capabilities of the system.
IPPHP, TDCIPP, and t-BPDPHP inhibited radial glia
migration (120 h) decreasing the distance to 85.6 ±
8.1%, 82.2 ± 3.8%, and 71.5 ± 14.0% of respective
controls (Fig. 3(h)). None of the tested FRs altered
neuronal migration distance (Fig. 3(i)), while oligoden-
drocyte migration was significantly shortened at 20 μM
of EHDPHP, IPPHP, and t-BPDPHP to 83.6 ± 3.5%,

83.0 ± 7.2%, and 73.1 ± 8.3% of respective controls
(Fig. 3(j)). Both phased-out PBDEs and OPFRs did not
impact cell viability/cytotoxicity at the conditions test-
ed, except for TDCIPP (20 μM) reducing mitochondrial
activity (Fig. 3(k)). Strikingly, 6.6 μM and 20 μM
IDDPHP increased cell viability to 133.2 ± 4.9% and
151.4 ± 13.0% of control, respectively, without affect-
ing migration distance. The same effect was caused by
20 μM EHDPHP (Fig. 3(h, k)). The endpoint-specific
control for NPC2 was the src-kinase inhibitor PP2

Fig. 1 Schematic overview of the battery of human-based
neurodevelopmental in vitro assays. Experimental procedures for
single assays are depicted schematically. Single endpoints

investigated by the battery assays are listed in gray boxes with
their respective readout approach. PDL, poly-D-lysine; BrdU,
bromodeoxyuridine; LDH, lactate dehydrogenase
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significantly reducing migration to 36.9 ± 29.9% of
control (Suppl. Fig. 4(c)).

Phased-out PBDEs and OPFRs do not interfere
with neuronal differentiation and hardly affect neurite
morphology

Within the migration area, hNPCs differentiate into
different effector cells. In this study, 9.8% of the cells
differentiated into neurons (Suppl. Fig. 4d). To analyze
the influences of FRs on hNPC neuronal differentiation
and neuronal morphology, NPC3 and NPC4 were per-
formed. TBBPA (2.2 μM) reduced the total number of
nuclei significantly to 60.8 ± 7.0% of control (Fig. 4(a,
e)), which agrees with inhibition of radial glia migration
(Fig. 3(d)). At higher TBBPA concentrations (6.6 μM
and 20 μM), no nuclei and neurons were present (Fig.
4(a)) because migration was completely inhibited (Fig.
3(d)). The organophosphate-based IDDPHP (6.6 μM
and 20 μM) increased the number of nuclei to 122.7 ±
7.9% and 133.4 ± 6.2% of controls, respectively (Fig.
4(c, e)) explaining the increased cell viability measures
(Fig. 3(k)). All other FRs tested did not influence neu-
ronal differentiation at concentrations up to 20 μM (Fig.
4(b, e)). For NPC3, the endpoint-specific control EGF
significantly inhibited the total number of neurons to 1.0
± 0.2% of total cell number (Suppl. Fig. 4(d)). The
neurite length (NPC4) was significantly inhibited to
30.4 ± 13.8% of control by 20 μM TOCP only (Fig.
4(d)), while neurite area was not affected by any FR
analyzed (Suppl. Fig. 3(f)). Additionally, LUHMES
cells (UKN4) and hiPSC-derived peripheral neurons
(UKN5)were used to analyze neurite morphology based

on two different cell types. Neurite outgrowth of both
neuronal cell types (Fig. 4(f–h)) as well as their corre-
sponding viability measures (Suppl. Fig. 3(i-j)) were not
affected significantly by any of the FRs tested. As an
endpoint-specific control for UKN4/5, cells were treated
with 50 nM narciclasine which significantly reduced
neurite outgrowth (data not shown).

Alteration of oligodendrocyte differentiation by all FR
classes

Under differentiating conditions, 4.4% of the cells with-
in the migration area differentiated into oligodendro-
cytes in this study (Suppl. Fig. 5c). Under the influence
of TBBPA, differentiation into oligodendrocytes was
specifically and significantly reduced starting from a
concentration of 0.25 μM (to 66.2 ± 8.9% of control;
Fig. 5(a, e)), as it was below the induction of cytotoxic-
ity (Fig. 3(e)). BDE-47 significantly increased oligoden-
drocyte differentiation at low concentrations (0.03 μM
to 147.4 ± 4.1%; 0.08 μM to 172.5 ± 6.4% of control),
whereas the highest concentration (20 μM) reduced
their number to 10.9 ± 5.9% of control (Fig. 5(b, e)).
Also, BDE-99 disturbed oligodendrocyte differentiation
significantly at 2.5 μM to 35.2 ± 11.7%, at 5 μM to 10.4
± 7.1%, and at 10 μM to 0.4 ± 0.2% (data taken from
(Dach et al. 2017); Fig. 5(c, e)). The OPFR TDCIPP
reduced the number of oligodendrocytes at 2.2 μM to
52.5 ± 5.6% of control (Fig. 5(d, e)). IDDPHP, TPHP,
IPPHP, TOCP, and t-BPDPHP produced similar re-
sults as they significantly affected oligodendrocyte
differentiation at the two highest concentrations of
6.6 μM and 20 μM (Fig. 5(f, g, h, i, j, k, o)).

Fig. 2. Influence of FRs on proliferative hNPCs (NPC1). Spheres
were plated in 96-well U-bottom plates and exposed to increasing
FRs concentration over 72 h. Proliferation was studied by mea-
suring the increase of sphere area (NPC1a) (a) and by quantifying
BrdU incorporation (NPC1b) (b) into the DNA. In parallel, via-
bility and cytotoxicity (c) were assessed by performing Alamar
Blue Assay and LDH Assay. Data are represented as means ±

SEM (except EHDPHP in NPC1a and CTB n=2 mean ± SD).
Highest concentrations (≥ 2.2 μM) of t-BPDPHP are not shown as
spheres attached and differentiated. Statistical significance was
calculated using one-way ANOVA followed by Bonferroni’s post
hoc tests (p ≤ 0.05 was considered significant). BrdU,
bromodeoxyuridine
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Despite the fact that IDDPHP caused an increase in
the number of nuclei (Fig. 4(c)), there were still less
oligodendrocytes differentiated (Fig. 5(f, j)).
EHDPHP, TCP, and TBOEP significantly reduced
oligodendrocyte differentiation only at 20 μM to

36.5 ± 8.3%, 31.1 ± 7.4%, and 24.8 ± 9.0% of
controls, respectively (Fig. 5(l, m, n, o)). The
endpoint-specific control BMP7 significantly re-
duced total number of oligodendrocytes to 0.4 ±
0.1% (Suppl. Fig. 4(e)).

Fig. 3 Effects of FRs on different migration endpoints (NPC2,
UKN2). NCCs were seeded around a stopper into 96-well plates.
After stopper removal cells begin to migrate and were exposed to
FRs/solvent(s) for 24 h. Cells were stained with Calcein-AM and
H-33342, and the number of migrated cells (a) into the cell free
zone was quantified using Cellomics ArrayScanVTI. Double-
positive cell numbers were determined by an automated algorithm
(marked with red dots, c). Viability was defined as the number of
double-positive cells outside the ROI (b). Spheres were plated for
hNPC migration analyses onto poly-D-lysine/laminin-coated 96-
well plates in presence and absence of FRs for 120 h. Radial glia

migration (72 h) was determined bymanually measuring the radial
migration from the sphere core (d; f). After 120 h, the radial glia
(d; h), neuronal (d; i), and oligodendrocyte migration (d; j) were
assessed by automatically identifying (Omnisphero) the migration
area of Hoechst stained nuclei, β(III)tubulin-stained neurons, and
O4+ oligodendrocytes (g). In parallel, viability and cytotoxicity (e;
f; k) were assessed by the Alamar Blue and the LDH Assay. Data
are represented as means ± SEM (except BDE-99 NPC2b; TOCP
LDH 120 h, n=2, means ± SD). Statistical significance was calcu-
lated using one-way ANOVA followed by Bonferroni’s post hoc
tests (p ≤ 0.05 was considered significant). ROI, region of interest
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Transcriptome changes in hNPCs

Since we identified 12 out of 15 FRs as disruptors of
oligodendrocyte differentiation and for most of these com-
pounds this endpoint was the only neurodevelopmental
process disturbed in differentiating NPCs at these concen-
trations, we performed RNASeq analyses of neurospheres
exposed to BMC50 concentrations of selected FRs for 60 h.
FR selection was based on DNTPi clustering choosing at
least one FR from each DNTPi cluster (Fig. 7). For BDE-
47, which produced a bell-shaped concentration-response
curve, the highest significant concentration for the oligo-
dendrocyte inducing effect was studied in addition. These
experiments aimed at gaining understanding about similar
or different modes-of-actions (MoA) underlying the ob-
served endophenotype. The PCA analysis was based on
18941 genes and indicates the differences of individual
FRs to the controls (Fig. 6(a)). The plot shows the highest

transcriptional variation in cells treated with EHDPHP
compared to the controls. Both phased-out PBDEs (higher
concentration for BDE-47), TOCP and IDDPHP, and t-
BPDPHP, TDCIPP, and TBBPA clearly separated from
the controls, while the low BDE-47 concentration did not
lead to a separation from the controls. A hierarchical
clustering of FRs based on their different gene expression
levels was generated with Minkowski distance analyses
(Fig. 6(b)). Similar to the PCA plot, EHDPHP was the
most distanced FR to control and IDDPHP, TOCP, as well
as BDE-99 and the higher concentration of BDE-47 form
two clusters in an independent manner to the control.
BDE-47 (0.08 μM), TDCIPP, TBBPA, and t-BPDPHP
also form a cluster away from the controls, yet with less
distance than the other compounds. This clustering is also
reflected in the heatmap shown in Fig. 6(c). Here, the Z-
score of up- and downregulated genes visually demon-
strates that the pattern of BDE-47 (low), TDCIPP,

Fig. 4 Neuronal differentiation and morphology (NPC3, NPC4,
UKN4, UKN5) in the presence and absence of FRs. Spheres were
plated onto poly-D-lysine/laminin-coated 96-well plates in the
presence and absence of FRs. Differentiation into neurons (a, b)
was determined automatically by using a convolutional neural
network (CNN) running on Keras implemented in Python 3. The
number of all β(III)tubulin-positive cells (red) in percent of
Hoechst positive nuclei (blue) in the migration area after 120 h
of differentiation was calculated (c, e). Morphology (d) was de-
termined automatically by using the software Omnisphero.

LUHMES cells and hiPSC derived sensory neurons were treated
for 24 h in presence or absence of FRs and stained with Calcein-
AM and H-33342 (g, LUHMES cells). An automated algorithm
calculates the neurite area via subtraction of a calculated soma area
from all calcein positive pixels (f, h). Data are represented as
means ± SEM (except BDE-99 NPC3, n=2, means ± SD). Statis-
tical significance was calculated using one-way ANOVA followed
by Bonferroni’s post hoc tests (p < 0.05 was considered
significant)
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TBBPA, and t-BPDPHP is similar to the pattern of con-
trols. Equally to the PCA variance andMinkowski cluster,
the patterns of IDDPHP and TOCP, as well as of both
phased-out PBDEs, are visually similar to each other.
Again, EHDPHP was clearly different from the controls
and the other FRs.

To understand qualitative changes in gene expression
related to FR effects on oligodendrocytes, we analyzed
genes involved in selected pathways that relate to

toxicity of the oligodendrocyte lineage (Simons and
Trajkovic 2006; Káradóttir et al. 2008; Volpe et al.
2011; Marinelli et al. 2016) listed in Fig. 6(d) and
visualized those in respective heatmaps (Suppl. Fig. 6).
Heatmap hierarchical clusters were used for classifica-
tion into several levels. Level 1 (dark blue) describes the
most distanced cluster from control, while the separation
between samples and controls decreases in hierarchy up
to > level 4 (white). In all pathways analyzed except for

Fig. 5 Differentiation into oligodendrocytes (NPC5) in the pres-
ence and absence of FRs. Spheres were plated onto poly-D-lysine/
laminin-coated 96-well plates in the presence and absence of FRs.
Differentiation into oligodendrocytes was determined automatical-
ly based on immunocytochemical stainings (e, j, o) and by using a
convolutional neural network (CNN) running on Keras

implemented in Python 3. The number of all O4-positive cells
(green) in percent of Hoechst positive nuclei (blue) in the migra-
tion area after 120 h of differentiation was calculated (a, b, c, d, f,
g, h, i, k, l,m, n). Data are represented as means ± SEM. Statistical
significance was calculated using one-way ANOVA followed by
Bonferroni’s post hoc tests (p < 0.05 was considered significant)
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NOTCH1 signaling (level 3), EHDPHP reached level 1
suggesting that EHDPHP interfered with a wide variety
of oligodendrocyte-relevant cell signaling. Similarly,
the phased-out PBDEs affected a broad variety of genes
belonging to these pathway gene clusters. Here it is of
interest that BDE-99 did not affect genes involved in
cholesterol biosynthesis or mitochondrial calcium trans-
port. TOCP and IDDPHP, which clustered in the previ-
ous analyses (Fig. 6(a, b)), also displayed a similar
pattern in the pathway analyses. Both most strongly
influenced NOTCH1 signaling and at a lower level
affected almost all other pathways except for ROS de-
toxification. TDCIPP and t-BPDPHP both exerted the
least effects on the pathways as they disturb multiple
pathways at level 4 without pathway overlap.

A special case in MoA seems to be TBBPA as it
strongly and selectively affected cholesterol biosynthesis
at level 2 and endoplasmic reticulum stress at level 4,
while all other pathways are unaffected. These RNASeq
data confirm previous Affymetrix microarray data iden-
tifying altered cholesterol metabolism as the predominant
non-endocrine pathway affected by TBBPA in differen-
tiating neurospheres (Klose et al. 2020). These data indi-
cate that the studied FRs disturb a variety of pathways
that influence amongst others oligodendrocyte differenti-
ation. As this is a mixed culture, we cannot exclude that
the signals produced by FRs are also derived from the
other cell types in differentiated neurospheres, i.e., radial
glia and neurons. It is to note that these RNASeq results
are based on an n=1 each that give an orientation on
similar or distinct MoA of the individual FR but need to
be substantiated by more in-depth work in the future.

Due to the low percentage of oligodendrocytes (4.4%)
within the migration area, the depth of RNASeq was not
sufficient to detect transcription of oligodendrocyte-
related genes in detail. Therefore, we performed RT-
qPCR analyses of five oligodendrocyte-specific tran-
scripts representing their different maturation stages (Fig.
6(e)). Gene expression data of the solvent control of
differentiated spheres normalized to proliferating spheres
reveal “normal” neurosphere development over a time
course of 60 h (gray bars). These can be directly compared
to the FR-treated samples (blue bars). Gene products
chosen are representative for increasing oligodendrocyte
maturation stages (PDGFRα < PLP < CNP < GALC <
MBP; Baumann and Pham-Dinh 2001; Kuhn et al. 2019),
although these are an onsets of expression and themarkers
show considerable overlaps. All gene products were
expressed at least twofold higher in differentiating versus

proliferating spheres supporting oligodendrocyte forma-
tion in the neurosphere system (Dach et al. 2017). FR
exposure altered developmental gene expression changes
from proliferating to 60 h differentiating neurospheres.
Only t-BPDPHP induced a twofold expression induction
ofPDGFRαmRNA, a gene expressed in oligodendrocyte
progenitor cells (OPCs) and pre-oligodendrocytes (pre-
OLs), but not in immature and mature oligodendrocytes
(OLs), suggesting a delay in oligodendrocyte maturation.
PLP is expressed in OPCs, pre-OLs, and OLs and was
strongly reduced by TBBPA, BDE-99, TOCP, IDDPHP,
BDE-47, and EHDPHP mirroring general reduction of
OLs across maturation stages. In contrast, CNP and
GALCmRNA,which are expressed in all oligodendrocyte
stages but the OPCs, were not affected by any of the
compounds. MBP gene expression, one of the latest oli-
godendrocyte maturation markers, was reduced by BDE-
47 (low concentration), TOCP, and EHDPHP (Fig. 6(e)).
Interestingly, BDE-47 induced oligodendrocyte forma-
tion. These data demonstrate that despite the common
phenotypical result of reduction in oligodendrocyte differ-
entiation (besides BDE-47 low concentration), FRs’ mo-
lecular effects on oligodendrocyte marker expression pat-
terns are compound-specific.

Compound classification based on BMC calculation

In order to provide a common metric of comparison
across the different assays and substances, the benchmark
dose (BMD) approach, which is recommended by the
EFSAScientific Committee (Hardy et al. 2017), was used.
For in vitro toxicity testing, benchmark concentration
(BMC) is comparable to the BMD (Krebs et al. 2020a)
and derived from concentration-response information.
The benchmark response (BMR) value was defined based
on the variability of the respective endpoints (NPC1-5,
Suppl. Fig. 4; UKN, Masjosthusmann et al. 2020). All
BMCs calculated from all data points of the fitted
concentration-response curves are listed in Table 1, with
the respective upper and lower confidence intervals given
in supplementary Table 2. From the FRs, which achieved
BMCs, several questions can be drawn: (i) Are the ob-
served effects DNT-specific or unspecific hits according
to the classification models (Masjosthusmann et al.
2020)? (ii) What is the most sensitive endpoint (MSE)
for each FR? And (iii) what is the potency ranking of the
FRs? Most compound effects assessed by the battery are
DNT-specific (Table 1), yet BBOEP, TCEP, and TCIPP
did not reach DNT-specificity according to the
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Fig. 6 RNA sequencing and RT-qPCR. Human NPCs differentiated
for 60 h in the presence of 0.6 μM TBBPA, 2 μM BDE-99, 3 μM
TDCIPP, 3.5μMt-BPDPHP, 4.5μMTOCP, 6.5μMIDDPHP, 8μM
BDE-47, and 13 μM EHDPHP. These concentrations represent the
BMC50 values of oligodendrocyte differentiation inhibition. 0.08 μM
BDE-47 induced oligodendrocyte differentiation. Controls 1–3 repre-
sent spheres plated in solvent control 0.1% DMSO. PCA (a) and
Minkowski distance plot (b) analyses were performed using the
PCAGO online software (https://pcago.bioinf.uni-jena.de/) as
previously described (Gerst and Hölzer 2019). Both plots were gener-
ated by normalizing the total number of reads of different samples to
the Transcript per KilobaseMillion (TPM) count. The heatmap (c) was
generated using Perseus Version 1.6.2.2 (https://www.maxquant.

org/perseus/). Therefore, the Z-scores of TPM values were used with
a cut-off of one valid value per condition. Classification of impact on
oligodendrocyte differentiation-relevant pathways (d) was performed
by expert judgment based on hierarchical clustering of pathway-related
genes (Suppl. Fig. 6) and was categorized into four levels (level 1 as
most and level 4 as least distanced to one merged control). Gene
expression (e) of platelet-derived growth factor receptor A (PDGFRα),
proteolipid protein (PLP), cyclic-nucleotide-phosphodiesterase (CNP),
galactosylceramidase (GALC) and myelin basic protein (MBP) was
assessed via RT-qPCR and normalized to the housekeeping gene beta
actin (ACTB). In addition to solvent control (gray bars), proliferative
spheres (black bars) were used as an internal control. Data are repre-
sented as mean ± SD from 1 to 3 biological replicates
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classification models. For TBBPA, most endpoints were
affected at concentrations also inducing cytotoxicity.
Based on specific DNT hits, the MSE for each compound
across the DNT battery was assessed. In most cases
(7/12), it was oligodendrocyte differentiation (NPC5),
followed by NCC migration (UKN2; 2/12), NPC prolif-
eration (NPC1; 2/12), and neurite morphology (NPC4;
1/12). The other assays did not provide MSE. Potency
ranking was as follows: EHDPHP > BDE-47 > TOCP >
TBBPA > TCP > BDE-99 > IDDPHP > TDCCP > t-
BPDPHP > TPHP > IPPHP > TBOEP (Fig. 7).

Compound prioritization: ToxPi vs. DNTPi

Another currently propagated compound prioritization
instrument is the Toxicological Prioritization Index
(ToxPi) tool introduced by the US EPA (Reif et al.
2010; Marvel et al. 2018). Using this tool, FR testing
results were visualized and prioritized according to their
DNT profiles generated in this study by producing
DNTPis (Fig. 7(b)), which are then compared to their
toxicological profiles of the existing ToxCast data
(ToxPis; Fig. 7(a); https://www.epa.gov/chemical-
research/toxicity-forecasting). Here, the whole
toxicological profiles are taken into account, i.e., also FR

effects on cell viability, and specific and non-specific hits
are not distinguished. In general, the size of the Pi pieces
does not reflect the actual BMC values but relates the
BMCs for the studied compound to the BMCs of this
endpoint across the highest and lowest values of the whole
endpoint data set across all compounds irrespective of the
values by distributing them between 0 and 1. Hence, it is a
relative, not an absolute value. The ToxPi tool then hier-
archically clusters the FRs within the ToxPis and the
DNTPis according to their potency and assay hit patterns.
Producing ToxPi information on compound clustering
and ranking of a compound class for “general” (ToxPis)
and “specific” toxicity, here DNT (DNTPis) gives infor-
mation on the specificity of the compound effects.

Our ToxPi evaluation of the compound class of FRs
clearly indicates that the Pi clustering is very different
between the ToxPis and the DNTPis. For example, the
two phased-out PBDEs are almost negative in the
ToxCast assays and cluster collectively, while they evoke
multiple responses in the DNT assays resulting in separate
clusters. Similarly, e.g., TCIPP gives alerts in the ToxPi,
while there is no effect in the DNTPis. Additionally, the
program creates toxicity rankings and, in both rankings,
TBBPA was classified as the most potent one. However,
the overall ranking differs from each other, for example, t-

Table 1 Summary of BMCs across the DNT in vitro testing
battery. Specific hits are highlighted bold and borderline hits are
marked cursive. Red colored specifies most sensitive endpoints

(MSEs). *Induced effects. Numbers are given in μM. No value
assumes BMCs > 20 μM

Brominated (BFRs) Organophosphates (OPFRs)

TB
BP

A

BD
E -
47

BD
E-
99

TP
HP

TB
O
EP

ID
DP

HP

IP
PH

P

TC
P

TD
CI
PP

t-
BP

DP
HP

TO
CP

EH
DP

HP

BB
O
EP

TC
EP

TC
IP
P

Prolifera�on by area

BMC20

- - - - - - - - - - - - - - -
Prolifera�on by BrdU - - - - - - - 0.86 - - 17.2 0.02 - 18.9 -

Prolifera�on CTB - - - - - - 9.62* - 19.2 - - - 19.9 - -
Prolifera�on LDH - - - - - - - - - - - - - - -

Radial glia migr. 72 h

BMC20

1.93 - - - - - - - - - - - - - -
Radial glia migr. 120 h 2.15 - - - - - - - - 15.73 - - - - -

Neuronal migra�on 2.60 - - - - - - - - - - - - - -
Oligo. migra�on 2.23 - - - - - - - - 12.54 8.12 - - - -

LDH 72 h 1.75* - - - - - - - - - - - - - -
LDH 120 h 0.63* - - - - - - - - - - - - - -
CTB 120 h 1.38 - 3.56* - - 1.79* 5.50* - 11.2 - 12.9* 5.88* - - -

Neurite length 2.31 - - - - - - - - 9.55 0.12 17.9 - - -
Neurite area 2.49 - - - - - - - - 15.8 0.51 19.8 - - -

Number of nuclei 1.49 - - - - 3.10* - - - 19.8 - 8.72* - - -
Number of neurons 2.18 - - - - - - - 12.8* - 18.8 10.3 - - -

Number of 
oligodendrocytes BMC50

- 0.03* - - - - - - - - - - - - -
0.55 8.00 1.91 6.39 7.62 6.45 6.88 13.2 3.13 3.37 4.49 13.1 - - -

NCC migra�on BMC25 1.56 2.71 15.8 10.0 - 14.1 6.66 7.99 - 4.05 3.32 6.46 - - -
NCC viability BMC10 2.78 14.2 - - - - - 16.9 - 14.0 3.44 11.4 - - -

LUHMES neurite area

BMC25

- - 12.3 - - - - - - - - - - - -
LUHMES viability - 13.5 15.0 - - - - - - - - - - - -

Sensory N. neurite area - - - - - - - - - - - - - - -
Sensory N. viability - - - - - - - - - - - - - - -
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BPDPHP ranks on number 2 in the DNTPis and on
number 11 in the ToxPis. Similarly, TCIPP ranks on
number 15 in the DNTPis and on number 7 in the ToxPis
suggesting that general toxicity is not a good predictor for
DNT. As the ToxPi tool does not distinguish between
DNT-specific and non-DNT-specific effects and the rank-
ing takes rather the number ofmodified endpoints than the
effective concentrations, which relate to potency, into

account, we next combined the MSE-based (Table 1;
Fig. 7; Suppl. Fig. 5(a)) with the ToxPi (Fig. 7) ranking.
Therefore, the MSE with DNT-specific hits (Table 1;
Suppl. Fig. 5(a)) was set to the first priority and, in the
second line, DNTPi ranking was considered, e.g., for
compounds with similar MSEs (starting from number 4
in the MSE analysis (Table 1; Suppl. Fig. 5(a)) due to
overlapping 3-fold ranges for the MSE (Masjosthusmann

Fig. 7 Visualization and prioritization of FRs generated with
ToxPi. ToxPis for general (a) and DNT-specific (b) toxicities
using the ToxCast data and the results of the DNT in vitro battery,
respectively. Graphs were produced with the Toxicological Prior-
itization Index (ToxPi) and Graphical User Interface (GUI) tool
version 2.3. Size of pie slices represents relative strength of effect

on respective endpoint. For DNTPi andMSE ranking, first priority
was given toMSE (Table 1); in the second line, ToxPi ranking was
considered, e.g., for compounds with similar MSEs (starting from
number 4 in the MSE analysis (Table 1; Suppl. Fig. 5a), due to
overlapping 3-fold ranges for the MSE). *BBOEP was not tested
in ToxCast
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et al. 2020). Merging the two ranking strategies changes
some of the FR ranking, yet not the four most potent
compounds EHDPHP, BDE-47, TOCP, and TBBPA
and results in the final ranking of FRs due to the data of
this study (DNTPi and MSE; Fig. 7).

Discussion

In this study, we applied a human-based DNT in vitro
battery of tests as a first case study for screening and
prioritization of 15 data-poor compounds belonging to
the class of FRs including phased out and alternative
FRs. By using the BMC concept, specific DNT hits and
most sensitive endpoints were identified across the end-
points of the battery. These scatter across the broad
variety of neurodevelopmental processes investigated
in this study.

TCP and EHDPHP

Two FRs, TCP, and EHDPHP inhibited NPC prolifera-
tion (NPC1) as the MSE at fairly low concentrations
(BMC20 0.86 and 0.02 μM, respectively). Proliferation
is a fundamental neurodevelopmental KE that, when
altered, might cause microcephaly (Tang et al. 2016).
This is the first time that the specific impact of TCP and
EHDPHP on cell proliferation was shown in human
cells. Previous work demonstrated neurodevelopmental
behavioral adversities in a zebrafish model of these
compounds at concentrations of 4 and 5 μM lowest
nominal effect levels, respectively (Alzualde et al.
2018). This model is well suited for informing on ad-
verse outcomes but does not provide mechanistic infor-
mation. A strong DNT potential for TCP was also
identified in a recent study using a rat primary cell-
based spheroid model. Concentrations as low as
0.1 μM decreased the neurotransmitter content and af-
fected genes related to neurotransmitter production after
an exposure period of 14 days (Hogberg et al. 2020).

TOCP

TOCP was the only FR altering neurite length of young,
primary fetal neurons as the MSE (BMC20 0.12 μM).
Neurotoxicity of TOCP was previously observed in
ferret (Stumpf et al. 1989) and in the hen sciatic nerve
accompanied by a reduction in nerve calcium (Luttrell
et al. 1993). Interference with neuronal calcium levels

could hint to a potential TOCP developmental MoA as
calcium signaling is crucial for neurite outgrowth via
regulating growth cone motility (Gasperini et al. 2017).
TOCP was also identified as a neurotoxicant, as it
disturbed the neural network activity in rat cortical
neurons (Behl et al. 2015). Yet, these studies did not
investigate neurodevelopment, but adult neurotoxicity.

IDDPHP

Interestingly, the OPFR IDDPHP induced the number
of nuclei in the migration area as theMSE, probably due
to excessive migration or proliferation of radial glia
cells, the major and still proliferative cell type in the
migration area. As IDDPHP did not alter radial glia
migration distance, the action of IDDPHP on their pro-
liferation seems to be the more probable explanation.
However, this has to be substantiated by further exper-
iments in the future. When it comes to radial glia,
species specificities become crucial, as this cell type
regulates evolutionary specificities of cortex formation
(Zilles et al. 2013). Their proliferation and migration are
tightly regulated processes orchestrating species-
specific development of the cortex, with a special role
in its folding in gyrencephalic species, like humans
(Borrell and Götz 2014). Hence, interference with radial
glia neural progenitors underlie a number of cortical
malformations and cause mental retardation in genetic
and infectious diseases (Guerrini and Dobyns 2014; Hu
et al. 2014; Juric-Sekhar and Hevner 2019). In a recent
study, IDDPHP triggered an increase of nestin expres-
sion, and this was interpreted as evidence of reactive
astrogliosis (Hogberg et al. 2020). However, there may
be alternative explanations, as changes in nestin may
also point to effects on the radial glia and neural stem
cell compartments. Zebrafish behavior was also affected
by IDDPHP, yet at fairly high nominal lowest effect
levels (40 μM) with no knowledge on the underlying
mechanisms (Alzualde et al. 2018).

IPPHP and t-BPDPHP

NCCmigration was the most sensitive endpoint (togeth-
er with oligodendrocyte differentiation) upon IPPHP
(BMC20 6.66 μM) and t-BPDPHP (BMC20 4.05) expo-
sure. Disturbance of NCC migration causes, e.g., cleft
palate or loss of functional hearing (Mayor and
Theveneau 2013). Our data from human cells are in
good agreement with model systems from other species:
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micromolar concentrations of IPPHP and t-BPDPHP
were also toxic for zebrafish (Behl et al. 2015;
Alzualde et al. 2018), Caenorhabditis elegans (Behl
et al. 2015; Boyd et al. 2016), rat cortical neurons
(Behl et al. 2015), and 3D rat brain spheres (Hogberg
et al. 2020). t-BPDPHP specifically inhibits neurite
outgrowth of rat cortical neurons at 14.9 μM (Behl
et al. 2015), an effect that we observe at similar concen-
trations in the NPC4, but not in the UKN4/5 assays.
Similarly, IPPHP solely inhibits NCC, but not radial
glia, neuronal or oligodendrocyte migration, while t-
BPDPHP does alter other cell type migration at higher
concentrations. Why different migration or neurite out-
growth assays yield different hits and are thus comple-
mentary to each other is probably due to different cell
types, species, and neurodevelopmental timing repre-
sented in the assays. Hence, toxicity patterns across the
battery reflect compounds different MoA by specifically
altering certain targets.

Oligodendrocyte differentiation

Oligodendrocyte differentiation was the endpoint most
frequently altered as the MSE upon cellular FR exposure
with the following compound potency ranking: BDE-47
(low) > TBBPA > BDE-99 > TDCCP > t-BPDPHP >
TPHP > IPPHP > TBOEP. Oligodendrocytes are neces-
sary for proper brain functioning as they form and keep
myelin sheaths around axons, thereby allowing rapid
saltatory conduction of neuronal action potentials
(Baumann and Pham-Dinh 2001; Kuhn et al. 2019).
Hence, impaired oligodendrogenesis and resulting
hypomyelination due to genetic disorders or severe brain
injury contribute to functional adverse outcomes mani-
festing in neurological disorders such as the Alan-
Herndon-Dudley Syndrome (López-Espíndola et al.
2014; Tonduti et al. 2014) or periventricular
leukomalacia (Back et al. 2001). Developing oligoden-
drocytes also exert a high susceptibility to stressors like
reactive oxygen species and are sensitive to excitotoxicity
and endoplasmatic reticulum stress. They have a high
energy and iron demand, are dependent on functional
lipid metabolism, and their development and function
are highly regulated by different hormones and growth
factors (Bradl and Lassmann 2010; Volpe et al. 2011;
Marinelli et al. 2016). Hence, developing oligodendro-
cytes can be concerned by a large variety of substances
through a broad spectrum of MoA.

BDE-47 and oligodendrocyte differentiation

Since deviation from normal development into both direc-
tions, i.e., increase or decrease of a neurodevelopmental
process, is considered adverse (Foti et al. 2013), the in-
crease in oligodendrocyte differentiation by BDE-47 in the
low nanomolar range needs attention. Consequences of
increased oligodendrocyte differentiation are
hypermyelination, an outcome observed for example in
individuals with autism spectrum disorder (Ben Bashat
et al. 2007; Wolff et al. 2013; Razek et al. 2014). So far,
BDE-47 was found to reduce mouse and human oligoden-
drocyte differentiation similar to the effects observed in
this study at higher concentrations (Schreiber et al. 2010;
Li et al. 2013). Li et al. (2013) did not test with BDE-47
concentrations that induced oligodendrocytes here (< 0.3
μM), whereas Schreiber et al. (2010) used concentrations
as low as 0.1 μM. Here, inter-individual differences could
explain the missing inducing oligodendrocyte effect as
neurospheres used were generated from a different donor.
Thus, it is increasing confidence that the data produced in
this paper represents data from three different individuals.
In addition, Schreiber et al. (2010) quantified oligodendro-
cytes by manual counting, while cells in this work here
were identified using a convolutional neuronal network
(CNN), which is more reliable, reproducible, and free of
human counting bias. The induction mechanism of oligo-
dendrocyte differentiation by BDE-47 is so far unknown.
The performedRNASeq analyses did not reach a sufficient
depth for such a cell type-specific molecular clarification.
Interestingly, oligodendrocyte toxicity pathways are al-
ready triggered at 80 nM BDE-47 (Fig. 6(d)), probably
resulting in loss of MBP-expressing more mature oligo-
dendrocytes that is overridden by an unknown,
oligodendrocyte-inducing trigger. In rat brain spheres,
BDE-47 (0.1–5 μM) did not appear to affect mbp gene
expression, but it caused a transient increase in myelin-
associated glycoprotein (mag) transcript at 5μM(Hogberg
et al. 2020). Our previous species comparison of in vitro
oligodendrogenesis found significant differences in timing,
regulation of gene expression and response to toxicants
between human and mouse oligodendrocytes (Dach et al.
2017; Klose et al. 2020). On the basis of these observa-
tions, it is likely that human neurospheres (as used here)
will show differences to rat spheres. The difference in
exposure schemes and readouts further complicates direct
comparisons. A striking difference is for instance that none
of the 15 FRs had any effect on human neuronal differen-
tiation, while all 5 FRs tested in rat spheres reduced
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neurofilament and other specifically neuronal markers
(Hogberg et al. 2020).

TBBPA and oligodendrocyte differentiation

Similarly, TBBPA reduces oligodendrocyte differentia-
tion. From the toxicity pathways analyzed by RNASeq,
mainly genes relating to cholesterol biosynthesis were
deregulated by TBBPA. This MoA was previously de-
scribed as a putative adverse outcome pathway (Klose
et al. 2020). TBBPA did not affect the number of corpus
callosum CNP+ oligodendrocytes (Saegusa et al. 2009)
or Ret+ oligodendrocytes (Fujimoto et al. 2013) in de-
velopmental rat studies. This might be due to the
markers used in the in vivo study, as e.g., CNP expres-
sion did not, but only PLP expression changed upon
TBBPA treatment in this study. Also, species (Dach
et al. 2017) or brain regions with heterogeneous oligo-
dendrocyte populations (Hayashi and Suzuki 2019)
might have affected the results.

RNASeq analyses

In the Minkowski distance cluster and gene heatmap
(Fig. 6(b, c)), the low concentration BDE-47, TBBPA,
TDCIPP, and t-BPDPHP clustered together close to the
controls. Different from TBBPA, the latter two change
gene expression in variable oligodendrocyte toxicity
pathways. These data suggest that either one specific
pathway, like cholesterol metabolism for TBBPA, or
multiple hits across distinct converging pathways like
in the case of TDCIPP or t-BPDPHP, can summit in the
same endophenotype. Minkowski cluster further dem-
onstrates that TOCP, IDDPHP, PBDEs, and EHDPHP
differ most from the controls and they strongly affect a
large variety of oligodendrocyte toxicity pathways. Be-
cause oligodendrocytes provide just around 4% of the
cells in the migration area, it is highly unlikely that these
strong alterations in mRNA expression profiles can be
attributed to oligodendrocytes only, but probably also
derive from radial glia and/or neurons in the migration
area. Because all other phenotypic endpoints of the
neurosphere assay were not affected, these data clearly
show the high susceptibility of oligodendrocytes to-
wards alterations of these pathways and thus supports
the notion of “just being an oligodendrocyte seems
enough to put these cells at greater risk of damage”
(Bradl and Lassmann 2010).

Compound prioritization

Such DNT in vitro battery data can be used for
compound prioritization. Here, different methods
are at hand. For one, BMC values with CI allow
distinguishing between DNT-specific and DNT-
unspecific hits (Masjosthusmann et al. 2020) giving
objective potency ranking measures. However, this
method takes only the MSE and not, e.g., the num-
ber of affected endpoints into consideration. To ac-
count for both, we merged the MSE method with the
ToxPi approach by prioritizing for BMCs first and
secondly adding the ToxPi ranking when BMCs of
MSE of different compounds were located within
their 3-fold ranges. In our opinion, prioritization
for DNT only by ToxPi might include high uncer-
tainty, because altering only one DNT endpoint can
have detrimental effects on neurodevelopment, es-
pecially when it happens at low concentrations.
Using this merged approach, our study revealed that
BDE-47 and BDE-99, which are already banned due
to their neurodevelopmental toxicity, rank as 2nd
and 10th out of the 15 FRs investigated. Of the
currently used aFRs, only TCIPP did not produce a
hit in the battery according to the BMCs. However,
also TCEP and BBOEP did not yield statistically
significant hits, but just reached their BMC20 values.
Therefore, these three aFRs are rated as the least
toxic with the DNT in vitro battery, while EHDPHP
together with BDE-47 summit at the top as the most
hazardous FR. These data indicate that the DNT
in vitro battery is a useful tool for prioritizing com-
pounds for their DNT hazard potential. It has to be
noted that the battery applied here still has known
gaps that need to be closed in the future. These
include test methods for neuronal network formation
(Frank et al. 2017; Shafer et al. 2019; Nimtz et al.
2020) including synaptogenesis (Pistollato et al.
2020), astrocyte, and microglia performance.

One question that arises is if such a DNT in vitro
battery is at all necessary or if DNT might as well be
predicted by the general ToxCast assays. To answer
this question, FR DNT in vitro battery is compared to
ToxCast data by ToxPi versus DNTPi assessment.
The results demonstrate the uniqueness of the DNT
in vitro battery for DNT hazard assessment. Such an
approach has never been executed before and was
shown here to be very helpful for assays’ specificity
analyses.
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Moving from hazard to risk

When moving from hazard characterization to risk as-
sessment, exposure data is crucial. Biomonitoring data
for parent compounds currently available (Table 2;
Cariou et al. 2008; Sundkvist et al. 2010; Kim et al.
2014; Tang and Zhai 2017; Beser et al. 2019; Ma et al.
2019; Chupeau et al. 2020) reveal a gap on human FR
exposure data, especially for OPFRs. While phased-out
PBDEs and TBPPA can be measured in human sam-
ples, most OPFRs metabolize fast and parent com-
pounds cannot be detected, e.g., in cord blood or breast
milk. Therefore, the occurrence of OPFR metabolites is
measured in urinary samples of adults (Bastiaensen et al.
2019b; Gibson et al. 2019; Chupeau et al. 2020; Li et al.
2020) and children (He et al. 2018a, b; Bastiaensen et al.
2019a; Gibson et al. 2019; Chupeau et al. 2020) or in

hair (Kucharska et al. 2015; Chupeau et al. 2020). These
studies clearly demonstrate the existence of OPFR me-
tabolites in human samples, especially in children.

For relating such biomonitoring data to the studied
in vitro hazards, we converted the internal FR concen-
trations from cord blood or breast milk given in nano-
grams per gram of fat to molarity by using a fat content
of 5.8 g/L for serum (Akins et al. 1989; Phillips et al.
1989; Covaci et al. 2006; Rylander et al. 2006) and 33 g/
L for breast milk (Kent et al. 2006; Prentice et al. 2016).
Such in vitro–in vivo comparisons are very crude and do
not account for in vitro kinetics or for actual fetal brain
concentrations in vivo.

Hence, advanced kinetic modelling would be eventual-
ly needed to perform proper in vitro to in vivo extrapola-
tion (IVIVE). Nevertheless, our crude evaluations revealed
cord blood values for BDE-99, BDE-47, and TBBPA of

Table 2 Exposure data collected from published FR measurements in human breast milk and cord blood samples (Cariou et al. 2008;
Sundkvist et al. 2010; Kim et al. 2014; Tang and Zhai 2017; Beser et al. 2019; Ma et al. 2019; Chupeau et al. 2020)

Breast milk Cord blood

BDE-99 BDE-47 TBBPA BDE-99 BDE-47 TBBPA

ng/g lw μM ng/g lw μM ng/g lw μM ng/g lw μM ng/g lw μM ng/g lw μM

Korea 54.0 0.0316 31.0 0.0211 - - 19.0 0.0020 36.0 0.0044 - -

China 10.8 0.0063 27.5 0.0187 - - 3.45 0.0004 8.49 0.0010 - -

Japan 3.20 0.0019 4.90 0.0033 - - - - 0.12 0.00001 - -

Philippines 0.82 0.0005 3.60 0.0024 - - - - - - - -

Vietnam 0.38 0.0002 0.40 0.0003 - - - - - - - -

USA 6.40 0.0037 29.7 0.0202 - - 23.3 0.0024 4.60 0.0006 - -

France 0.53 0.0003 1.15 0.0008 4.1 0.0025 7.43 0.0008 - - 103 0.0111

Germany 0.18 0.0001 0.45 0.0003 - - - - - - - -

UK 0.80 0.0005 2.70 0.0018 - - - - - - - -

Sweden 0.48 0.0003 2.28 0.0015 - - 0.22 0.00002 3.4 0.0004 - -

Spain 0.51 0.0003 0.54 0.0004 - - 4.3 0.0004 3.3 0.0004 - -

Breast milk

TPHP TBOEP TCEP TCIPP EHDPHP TCP

ng/g lw μM ng/g lw μM ng/g lw μM ng/g lw μM ng/g lw μM ng/g lw μM

Japan 1.40 0.0014 0.24 0.0002 0.14 0.0002 - - - - - -

Philippines 19.0 0.0192 22.0 0.0182 42.0 0.0554 - - - - 2.30 0.0021

Vietnam 4.90 0.0050 - - - - - - - - 0.28 0.0003

Sweden 8.50 0.0086 4.70 0.0039 4.90 0.0065 45.0 0.0453 6.50 0.0059 0.80 0.0007

Spain 9.90 0.0100 14.8 0.0123 - - 12.5 0.0126 - - 19.0 0.0170

TPHP TBOEP TCEP TCIPP EHDPHP IDDPHP

ng/mL μM ng/mL μM ng/mL μM ng/mL μM ng/mL μM ng/mL μM

USA 0.15 0.0005 1.44 0.0036 0.04 0.0001 0.22 0.0005 0.02 0.00006 0.01 0.00003

Cell Biol Toxicol



0.002, 0.004, and 0.011 μM in a Korean (PBDEs) and
French (TBBPA) cohort, respectively (Table 2). Breast
milk concentrations calculated to 0.032 and 0.021 μM
for BDE-99 and BDE-47 in Korea and 0.003 for TBBPA
in France. OPFRs in breast milk occur with the highest
measured values across all FRs with TCEP 0.055 μM,
TPHP 0.019μM, and TBOEP0.018μM(Philippines) and
TCIPP 0.045 μM (Sweden). Assuming a breast milk
intake of 1 L/day, exposure to these FRs approximates to
32 nmol/day BDE-99, 21 nmol/day BDE-47, 3 nmol/day
TBBPA, 55 nmol/day TCEP, 19 nmol/day TPHP, 18
nmol/day TBOEP, and 45 nmol/day TCIPP. While the
BMCs calculated for DNT in vitro hazard for BDE-99 and
OPFRs are more than one order of magnitude lower than
the estimated daily intake and cord blood concentrations,
the BDE-47 BMC for the MSE is just one order of
magnitude higher than the estimated exposure (suggesting
a bioavailability of 100%, slow/no liver metabolism, per-
fect blood-brain-barrier (BBB) passage (1:1), and protein
binding according to logP prediction model).

However, humans are generally exposed to com-
pound mixtures including FRs, pesticides, pharmaceu-
ticals, toxic metals, and other environmental contami-
nants. Therefore, individual compound exposure easily
adds up tomixtures at relevant concentrations that might
exert additive, synergistic, or antagonistic effects, espe-
cially when the same converging endpoint is affected.
This is likely the case for oligodendrocytes because they
seem to be the most susceptible cell type of the brain.
Mixture experiments as well as sophisticated IVIVE are
needed to substantiate these concerns.

Summary and conclusion

In summary, we tested 15 FRs including phased-out
PBDEs, TBBPA andOPFRs for their neurodevelopmental
toxicity in a human cell–based DNT in vitro battery. FR
hazards across different neurodevelopmental endpoints
were used for calculating BMC and CI leading to a poten-
cy ranking. Evaluation of the data with the ToxPi tool
revealed a distinct ranking that we combined with the
BMC ordering for final prioritization. In addition, compar-
ison of DNT hazard ranking according to the ToxPi tool
with the ToxCast data revealed DNT-specific hazard for
this group of FRs that is not well predicted by ToxCast
assays. Extrapolating DNT battery BMC to human FR
exposure via breast milk suggests low risk for individual
compounds but raises concern formixture exposure, which

is the real-life situation. This is especially of apprehension
when different compounds converge through diverse
MoA on common endpoints like oligodendrocyte differ-
entiation in this study.

This case study using FRs contextualized with the
performance characteristics of the battery using diverse
compound classes (Masjosthusmann et al. 2020) suggests
that using a human cell–based DNT in vitro battery for
hazard assessment for compound prioritization is a prom-
ising approach for future risk assessment procedures.
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Supplementary Table S1: CAS numbers, chemical names, IDs and structures of the 15 analyzed FRs of this case study. 
 

CAS number Chemical name ID Structure 

60348-60-9 2,2',4,4',5-Pentabromdiphenylether BDE-99 

 

 
 

79-94-7 Tetrabromobisphenol A TBBPA 

 

 
 

5436-43-1 2,2',4,4'-Tetrabromdiphenylether BDE-47 

 

 
 

 

115-86-6 Triphenyl phosphate TPHP 

 

 
 

78-51-3 
Metabolite 

Tris (2-butoxyethyl) phosphate 
Bis (2-butoxyethyl) phosphate 

TBOEP 
BBOEP 

 

 
 

29761-21-5 Isodecyl diphenyl phosphate IDDPHP 

 

 
 

68937-41-7 Isopropylated phenyl phosphate (3:1) IPPHP 

 

 
 

1330-78-5 Tricresyl phosphate TCP 
  

 
 

13674-87-8 Tris (1,3-dichloroisopropyl) 
phosphate 

TDCIPP 
 

 
 

56803-37-3 Tert-butylphenyl diphenyl phosphate t-BPDPHP 
 
 

 

78-30-8 Tri-O-cresyl phosphate TOCP 
 

 
 

1241-94-7 2-Ethylhexyl diphenyl phosphate EHDPHP 
 

 
 

13674-84-5 Tris (1-chloroisopropyl) phosphate TCIPP 
 

 
 

115-96-8 Tris (2-chloroethyl) phosphate TCEP 
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Figure S1 

 

Figure S1: Influence of residual FRs on hNPCs proliferation (NPC1) that are not shown in Figure 2. Spheres were plated in 

96-well U-bottom plates and exposed to increasing FR concentration over 72 h. Proliferation was studied by measuring the 

increase of sphere area (a) and by quantifying BrdU incorporation (b) into the DNA. In parallel, viability and cytotoxicity (c) 

were assessed by performing the Alamar Blue Assay and the LDH Assay. Data are represented as means ± SEM. BrdU, 

bromodeoxyuridine 

 

Figure S2 

 

Figure S2: Effects of residual FRs on different migration endpoints (NPC2, UKN2) that are not shown in Figure 3.  Spheres 
were plated for hNPC migration analyses onto poly-D-lysine/laminin-coated 96-well plates in the presence and absence of 
FRs for 120 h. Radial glia migration (72 h) was determined by manually measuring the radial migration from the sphere core 
(a). After 120 h the radial glia (b), neuronal (c) and oligodendrocyte migration (d) were assessed by automatically identifying 
(Omnisphero) the migration area of Hoechst stained nuclei, β(III)tubulin stained neurons and O4+ oligodendrocytes. In 
parallel, viability and cytotoxicity (e; g) were assessed by the Alamar Blue and the LDH Assay. NCCs (f) were seeded around a 
stopper into 96-well plates. After stopper removement cells begin to migrate and were exposed to FRs for 24 h. Cells were 
stained with Calcein-AM and H-33342 and the number of migrated cells into the cell free zone was quantified using the 
Cellomics ArrayScanVTI. Viability is quantified by counting the number of double-positive cells. Data are represented as means 
± SEM. 
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Figure S3 

 

Figure S3: Differentiation (neurons and oligodendrocytes) and neurite morphology (NPC3, NPC4, NPC5, UKN4, UKN5) in 
the presence and absence of residual FRs not shown in Figures 4 & 5. Spheres were plated onto poly-D-lysine/laminin-coated 
96-well plates in the presence and absence of FRs. Number of nuclei (a), neuronal differentiation (b) and morphology (c, d, 
f), as well as oligodendrocyte differentiation (e) was determined automatically (Omnisphero) as number of all β(III)tubulin, 
O4 positive cells in percent of Hoechst positive nuclei in the migration area after 120 h of differentiation. LUHMES cells (g) 
and hiPSC derived sensory neurons were treated for 24 h in presence or absence of FRs, stained with Calcein-AM and H-
33342 and an automated algorithm calculates the neurite area via subtraction of a calculated soma area from all calcein 
positive pixels. Viability is quantified by counting the number of double-positive cells (h, i, j). Data are represented as means 
± SEM (except BBOEP and TBOEP UKN4/5 n=2 means ± SD). 
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Figure S4 

 

Figure S4: Variability of solvent and endpoint specific control for NPC1, NPC2, NPC3 and NPC5. Related to Figures 2, 3, 4 

and 5. Spheres are plated in 96-well U-bottom plates and exposed to 0.1% DMSO (solvent) and Proliferation medium without 

growth factors (w/o) over 72 h. Proliferation was studied by measuring the sphere area (a) and by quantifying BrdU 

incorporation (b) into the DNA. Spheres were plated onto poly-D-lysine/laminin-coated 96 well plates and exposed to 0.1% 

DMSO (solvent), 10 µM PP2, 0.02 µg/ml EGF or 0.1 µg/ml BMP-7. Radial glia migration (72 h) was determined by manually 

measuring the radial migration from the sphere core (c). Neuronal differentiation (d) and oligodendrocyte differentiation (e) 

was determined automatically (Omnisphero) as number of all β(III)tubulin and O4 positive cells in percent of Hoechst positive 

nuclei in the migration area after 120 h of differentiation. Data are represented as raw values (dots) and means (black bar). 

Statistical significance was calculated using OneWay ANOVA and Bonferroni's post-hoc tests (p < 0.05 was considered 

significant). The percentage indicates the coefficient of variation (CoV) of the respective endpoint. BrdU, bromodeoxyuridine 

 

 

Figure S5 

 

Figure S5: BMC and 3-fold BMC range of most sensitive endpoints (MSE) across the whole data set. Related to Fig. 7. 

Visualization of FRs MSE including the respective 3-fold MSE range. (a) MSEs for DNT-specific hits (no overlap of confidence 

intervals of the BMCs calculated for the respective endpoint and the cytotoxicity/viability). (b) MSEs for DNT-specific and –

unspecific hits (confidence interval overlap ≥ 10%), i.e. including effects on viability.  
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Figure S6 
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Figure S6: Influence of FRs on pathways relevant for oligodendrocyte toxicity. Related to Figure 6. Heatmaps are generated 

based on RNASeq experiments. The total number of reads of different samples were normalized to the Transcript per Kilobase 

Million (TPM) count. Heatmaps were generated by using Perseus Version 1.6.2.2 (https://www.maxquant.org/perseus/). 

Therefore, the z-score of TPM values was used with a cut-off of one valid value per conditions.  
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Supplementary Table S2: Summary of BMCs + [CI] across the DNT in vitro testing battery. Specific hits are highlighted bold and borderline hits are marked cursive. Red colored specifies most 

sensitive endpoints (MSEs). *indicates induced effects. Numbers are given in µM. No value assumes BMCs > 20 µM. 

 

Brominated (BFRs) Organophosphates (OPFRs) 

TB
B

P
A

 

B
D

E-
4

7
 

B
D

E-
9

9
 

TP
H

P
 

TB
O

EP
 

ID
D

P
H

P
 

IP
P

H
P

 

Proliferation by area 

BMC20 

- - - - - - - 
Proliferation by BrdU - - - - - - - 

Proliferation CTB - - - - - - 
9.62*  

[2.93 to 31.57] 
Proliferation LDH - - - - - - - 

Radial glia migr. 72 h 

BMC20 

1.93  
[1.66 to 2.24] 

- - - - - - 

Radial glia migr. 120 h 
2.15  

[1.98 to 2.35] 
- - - - - - 

Neuronal migration 
2.6  

[0.14 to 48.53] 
- - - - - - 

Oligo. migration 
2.23  

[1.91 to 2.61] 
- - - - - - 

LDH 72 h 
1.75*  

[1.224 to 2.506] - - - - - - 

LDH 120 h 
0.63* 

[0.358 to 1.133] 
- - - - - - 

CTB 120 h 
1.38  

[0.95 to 2.01] 
- 

3.56*  
[0.30 to 41.89] - - 

1.79*  
[0.94 to 3.39] 

5.50*  
[2.12 to 21.35] 

Neurite length 
2.31  

[1.80 to 2.97] 
- - - - - - 

 
Neurite area 

 

2.49  
[0.58 to 10.72] 

- - - - - - 
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Number of nuclei 
1.49  

[1.17 to 1.90] 
- - - - 

3.10*  
[0.12 to 75.97] 

- 

Number of neurons 
2.18  

[1.13 to 4.20] 
- - - - - - 

Number of 
oligodendrocytes 

BMC50 

- 0.03* - - - - - 

0.55  
[0.38 to 0.79] 

8.00  
[3.06 to 22.32] 

1.91  
[1.56 to 2.34] 

6.39  
[2.09 to 19.59] 

7.62  
[3.75 to 15.5] 

6.45  
[4.69 to 10.36] 

6.88  
[4.85 to 9.74] 

NCC migration BMC25 1.56 2.71 15.8 10.0 - 14.1 6.66 
NCC viability BMC10 2.78 14.2 - - - - - 

LUHMES neurite area 

BMC25 

- - 12.3 - - - - 
LUHMES viability - 13.5 15.0 - - - - 

Sensory N. neurite area - - - - - - - 
Sensory N. viability - - - - - - - 

 

Organophosphates (OPFRs) 

TC
P

 

TD
C

IP
P

 

t-
B

P
D

P
H

P
 

TO
C

P
 

EH
D

P
H

P
 

B
B

O
EP

 

TC
EP

 

Proliferation by area 

BMC20 

- - - - - - - 

Proliferation by BrdU 
0.86  

[0.21 to 3.64] 
- - 

17.2  
[8.38 to 35.47] 

0.02  
[0.004 to 0.11] 

- 
18.9  

[0.083 to 149.5] 

Proliferation CTB - 
19.2  

[8.68 to 118.9] 
- - - 

19.9  
[14.87 to 110.6] 

- 

Proliferation LDH - - - - - - - 
Radial glia migr. 72 h 

BMC20 

- - - - - - - 

Radial glia migr. 120 h - - 
15.73  

[11.2 to 22.03] 
- - - - 

Neuronal migration - - - - - - - 

Oligo. migration - - 
12.54  

[8.61 to 18.29] 
8.12  

[2.65 to 24.91] 
- - - 

LDH 72 h - - - - - - - 
LDH 120 h - - - - - - - 



J. Klose et al. (2021)  Supplementary Material 

SI-11 
 

CTB 120 h - 
11.2  

[7.60 to 16.57] 
- 

12.9*  
[6.34 to 26.31] 

5.88*  
[3.35 to 10.30] 

- - 

Neurite length - - 
9.55  

[4.41 to 20.70] 
0.12  

[0.005 to 2.85] 
17.9  

[9.27 to 34.62] 
- - 

Neurite area - - 
15.8  

[6.86 to 36.18] 
0.51  

[0.02 to 14.36] 
19.8  

[0.62 to 329.1] 
- - 

Number of nuclei - - 
19.8  

[19.23 to 20.4] 
- 

8.72*  
[1.32 to 57.79] 

- - 

Number of neurons - 
12.8*  

[0.09 to 1860] 
- 

18.8  
[3.59 to 50.21] 

10.3  
[1.79 to 59.53] 

- - 

Number of 
oligodendrocytes 

BMC50 

- - - - - - - 

13.2  
[8.50 to 20.5] 

3.13  
[2.09 to 4.696] 

3.37  
[2.58 to 4.39] 

4.49  
[2.272 to 8.88] 

13.1  
[8.42 to 20.28] 

- - 

NCC migration BMC25 7.99 - 4.05 3.32 6.46 - - 
NCC viability BMC10 16.9 - 14.0 3.44 11.4 - - 

LUHMES neurite area 

BMC25 

- - - - - - - 
LUHMES viability - - - - - - - 

Sensory N. neurite area - - - - - - - 
Sensory N. viability - - - - - - - 
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2.7 TBBPA Targets Converging Key Events of Human Oligodendrocyte 

Development Resulting in Two Novel AOPs 

 

Jördis Klose, Julia Tigges, Stefan Masjosthusmann, Katharina Schmuck, Farina Bendt, Ulrike 

Hübenthal, Patrick Petzsch, Karl Köhrer, Katharina Koch and Ellen Fritsche 

 

 ALTEX – Alternatives to Animal Experimentation 

Während der Entwicklung der weißen Hirnsubstanz etablieren myelinisierende Oligodendrozyten 

(OLs) eine schnelle saltatorische Erregungsleitung. Eine Störung der Oligodendrogenese, z.B. 

durch eine gestörte Myelinisierung führt daher zu einem adversen Effekt bezogen auf die 

Gehirnleistung des jeweiligen Kindes. Ein komplexes Netzwerk aus hormonellen, 

transkriptionellen und biosynthetischen Prozessen reguliert die OL-Entwicklung, was gleichzeitig 

verschiedene Angriffspunkte für Umweltgifte schafft. Das bromierte Flammschutzmittel 

Tetrabrombisphenol A (TBBPA) wird derzeit als endokriner Disruptor, speziell für das 

Schilddrüsenhormonsystems (TH) diskutiert. In dieser Studie identifizierten wir, wie TBBPA die 

Etablierung reifender OLs durch zwei unabhängige Wirkmechanismen (modes-of-action; MoA), 

abhängig und unabhängig vom TH-Signalweg beeinflusst. Durch die Kombination des zuvor 

veröffentlichten Oligodendrozyten Reifungsassays (NPC6) mit Transkriptomanalysen ist es uns in 

vitro gelungen, TBBPA als einen TH-Disruptor zu identifizieren, indem es Oligodendrogenese-

assoziierte Gene (z.B. MBP, KLF9 und EGR1) dereguliert und somit die menschliche OL-Reifung 

beeinträchtigt. Darüber hinaus stört TBBPA ein Genexpressionsnetzwerk, das die 

Cholesterinhomöostase reguliert und somit die OL Anzahl unabhängig vom TH-Signalweg 

reduziert. Diese beiden MoA konvergieren in einem AOP Netzwerk bei dem Schlüsselereignis der 

Hypomyelinisierung. Vergleichende Analysen von neuralen Vorläuferzellen (NPCs) von Mensch 

und Ratte ergaben, dass die Oligodendrogenese beim Menschen empfindlicher gegenüber einer 

durch TBBPA ausgelösten endokrinen Störung ist. Daher sind ethisch unbedenkliche, 

kosteneffiziente und speziesübergreifende in vitro Methoden für die entwicklungsneurotoxische 

Beurteilung des Gefährdungspotentials erforderlich. Durch den Einbau von Transkriptomanalysen 

haben wir den NPC6-Assay auf ein höheres Leistungslevel für zukünftige regulatorische 

Anwendungen gebracht. Die Kombination von phänotypischen und transkriptomischen Analysen 

hilft dabei, MoA zu untersuchen, die letztendlich zur Erstellung von AOPs führen und mit einem 

besseren Verständnis der Entwicklungsneurotoxizität einher gehen. 
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The myelin membrane contains 73% lipids, of which choles-
terol makes up around 30%. Almost all brain cholesterol is syn-
thetized de novo, predominantly by OLs. Strikingly, OLs synthe-
size more than 3-fold their own weight of myelin per day (Norton 
and Poduslo, 1973), making a balanced cholesterol homeostasis a 
necessity for oligodendrocyte maturation and axon ensheathment 
(Mathews and Appel, 2016; Mathews et al., 2014). According-
ly, accumulation of cholesterol due to impaired transport and ex-
port causes lipotoxicity, leading to cell death of OLs (Haq et al., 
2003; Bezine et al., 2017). Genetic mouse models with impaired 
expression of proteins regulating cholesterol clearance, such as 
the cholesterol exporters ABCA1 and NPC1, show reduced OPC 

1  Introduction

Oligodendrocytes (OLs) are responsible for axon myelination, 
thereby facilitating rapid saltatory conduction of action potentials 
within the central nervous system. During development, multi-
potent neural stem/progenitor cells (NSPCs) give rise to commit-
ted oligodendrocyte precursor cells (OPCs) that proliferate and 
migrate to the final site of myelination (Emery, 2010; van Tilborg 
et al., 2018). Subsequent terminal differentiation of OPCs into 
pre-myelinating OLs (pre-OLs), and finally myelin-producing 
mature OLs, involves a fine-tuned interplay of hormonal signal-
ing, transcriptional regulation and biosynthetic processes. 

Research Article

TBBPA Targets Converging Key Events  
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Resulting in Two Novel AOPs
Jördis Klose1, Julia Tigges1, Stefan Masjosthusmann1, Katharina Schmuck1, Farina Bendt1, Ulrike Hübenthal1, 
Patrick Petzsch2, Karl Köhrer2, Katharina Koch1# and Ellen Fritsche1,3# 
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Abstract
Myelinating oligodendrocytes (OLs) establish saltatory nerve conduction during white matter development. Thus, 
interference with oligodendrogenesis leads to an adverse outcome on brain performance in the child due to aberrant 
myelination. An intertwined network of hormonal, transcriptional and biosynthetic processes regulates OL development, 
thereby simultaneously creating various routes of interference for environmental toxicants. The flame retardant 
tetrabromobisphenol A (TBBPA) is debated as an endocrine disruptor, especially of the thyroid hormone (TH) system. 
We identified how TBBPA interferes with the establishment of a population of maturing OLs by two independent modes-
of-action (MoA), dependent and independent of TH signaling. Combining the previously published oligodendrocyte 
maturation assay (NPC6) with large-scale transcriptomics, we describe TBBPA as a TH disruptor, impairing human  
OL maturation in vitro by dysregulation of oligodendrogenesis-associated genes (i.e., MBP, KLF9 and EGR1). 
Furthermore, TBBPA disrupts a gene expression network regulating cholesterol homeostasis, reducing OL numbers 
independently of TH signaling. These two MoA converge in a novel putative adverse outcome pathway (AOP) network 
on the key event (KE) hypomyelination. Comparative analyses of human and rat neural progenitor cells (NPCs) revealed 
that human oligodendrogenesis is more sensitive to endocrine disruption by TBBPA. Therefore, ethical, cost-efficient and 
species-overarching in vitro assays are needed for developmental neurotoxicity hazard assessment. By incorporation of 
large-scale transcriptomic analyses, we brought the NPC6 assay to a higher readiness level for future applications in a 
regulatory context. The combination of phenotypic and transcriptomic analyses helps to study MoA to eventually build 
AOPs for a better understanding of neurodevelopmental toxicity. 

This is an Open Access article distributed under the terms of the Creative Commons 
Attribution 4.0 International license (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution and reproduction in any medium, provi-
ded the original work is appropriately cited. 
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has been identified as TH disruptors. Modes-of-action (MoA) in-
clude the inhibition of iodine uptake, interference with TH me-
tabolizing enzymes, displacement of THs from transport pro-
teins, and antagonistic or agonistic effects at the THR level (re-
viewed by Zoeller, 2007). 

Since differences in OL development and turnover have been 
described between rodents and humans, the direct translation 
of rodent studies into the human system is challenging (Yeung 
et al., 2014; Dach et al., 2017). Therefore, human cell-based in  
vitro models with a higher testing throughput than in vivo animal 
studies are needed to study the effects of chemical exposure on 
OL development. Our group successfully implemented the oligo-
dendrocyte maturation assay (NPC6), which comparatively iden-
tifies disruptors of TH-dependent OL maturation in differentiat-
ing human and mouse NPC cultures (Dach et al., 2017; Bal-Price 
et al., 2018). Strikingly, vast species differences in OL develop-
ment and resulting compound MoA were identified, emphasizing 
the necessity for human cell-based test systems to guarantee high 
predictivity for humans.

In the present study, we analyzed the effects of the brominated 
flame retardant (BFR) tetrabromobisphenol A (TBBPA) on OL 
development. TBBPA is commonly used in the manufacturing of 
household items and electronics to reduce flammability, making 
it a substance of high toxicological relevance in humans. Accord-
ingly, several studies have reported bioaccumulation of TBBPA 
in serum, cord blood, and breast milk of pregnant and nursing 
women (Cariou et al., 2008; Kim and Oh, 2014). Moreover, since 
TBBPA has a reported half-life in humans of about two days,  
bioaccumulation indicates chronic exposure of mothers in their  
daily life (Sjodin et al., 2003). Of note, increased TBBPA  
concentrations were found in infants compared to their moth-
ers, highlighting the impact of TBBPA exposure during human  
development.

2  Materials and methods 

Reagents
Thyroid hormone L-3,3′,5 triiodothyronine (T3, #T2877), perflu-
orooctanoic acid (PFOA, #171468) and 3,3′,5,5′ tetrabromobis- 
phenol A (TBBPA, #330396) were purchased from Merck. The 
following stock solutions were prepared, aliquoted, and stored 
at the indicated temperatures: 300 μM T3 in a 1:1 (v/v) dilution 
of 96% ethanol and 1 M HCl (EtOH/HCl; both Carl Roth) stored 
at -20°C; 2 mM PFOA in dimethyl sulfoxide (DMSO) stored at 
-20°C; and 250 mM TBBPA in DMSO stored at -20°C. The THR 
antagonist NH-375 (NH-3) (Nguyen et al., 2002; Singh et al., 

maturation, hypomyelination, and developmental delays (Wang 
et al., 2018; Takikita et al., 2004; Caporali et al., 2016). Consis-
tent with that, treatment of aberrant cholesterol storage with cy-
clodextrin effectively restored myelination and reduced neuro-
degeneration in murine models of Niemann-Pick disease type C 
(Saher and Stumpf, 2015). In addition to a surplus of cholesterol, 
also the lack of cholesterol due to impaired biosynthesis caus-
es hypomyelination in the brain. In line with this, dietary cho-
lesterol effectively restores myelination in mouse models of my-
elin disorders such as Pelizaeus-Merzbacher disease (Saher et al., 
2012) and multiple sclerosis (Berghoff et al., 2017) by reestab-
lishing OL numbers. 

OL maturation is further dependent on hormonal signaling. 
Especially thyroid hormones (TH) are crucial for the develop-
ment of white matter tracts in humans (Annunziata et al., 1983). 
It is well documented that the terminal differentiation into my-
elinating OLs is tightly regulated by the thyroxine metabolite 
triiodothyronine (T3) (Baas et al., 1997; Murray and Dubois- 
Dalcq, 1997). Binding of T3 to nuclear thyroid hormone recep-
tors (THRs) causes transcriptional regulation of genes under 
control of TH response elements (TREs) (reviewed by Lee and 
Petratos, 2016). The importance of TH signaling for OL mat-
uration is dramatically illustrated by pathological conditions 
causing hypomyelination due to TH disruption in the devel-
oping brain, such as congenital hypothyroidism (Gupta et al., 
1995), maternal hypothyroidism (Wei et al., 2015) or the Allan- 
Herndon-Dudley syndrome (AHDS) (Gika et al., 2010; La Piana 
et al., 2015). Scarce TH levels during pregnancy and after birth 
are correlated with clinical presentations ranging from mild cog-
nitive deficits to severe mental retardation (Rovet and Daneman, 
2003; Haddow et al., 1999; Sarret et al., 1993). Importantly, 
TH replacement therapy has been successfully implemented in 
children suffering from congenital hypothyroidism (Bauer and  
Wassner, 2019; Gruters and Krude, 2011) and is under inves-
tigation in children with AHDS (Groeneweg et al., 2019). In 
accordance with the clinical observations, studies on hypothy-
roid rats revealed impaired expression of the myelin-associated 
genes myelin basic protein (MBP) and myelin proteolipid pro-
tein (PLP1) as well as reduced numbers of mature OLs (Ibarrola  
and Rodriguez-Pena, 1997; Schoonover et al., 2004). This is at 
least in part dependent on TREs present within genes associat-
ed with OL maturation such as MBP and Krüppel-like factor 9 
(KLF9) (Farsetti et al., 1992; Denver and Williamson, 2009). 

Given the relevance of TH disruption for oligodendrocyte de-
velopment, it is necessary to consider environmental exposure 
of the developing brain to chemicals with thyroid-disrupting po-
tential. As a consequence, a range of environmental chemicals 

Abbreviations 
ABCA1, ATP-binding cassette (ABC) subfamily-A transporter 1; AHDS, Allan-Herndon-Dudley syndrome; AOP, adverse outcome pathway; BFR, brominated flame retardant;  
BMC, benchmark concentration; CHD3, chromodomain helicase DNA binding protein 3; CRYM, crystallin Mu; DHCR7, 7-dehydrocholesterol reductase; DIO3, iodothyronine  
deiodinase 3; DMSO, dimethyl sulfoxide; DNT, developmental neurotoxicity; EGR1, early growth response 1; FC, fold change; FDFT1, farnesyl-diphosphate farnesyl- 
transferase 1; FDPS, farnesyl diphosphate synthase; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGCS1, hydroxymethylglutaryl-CoA synthase; hNPCs, human 
neural progenitor cells; HR, HR lysine demethylase and nuclear receptor corepressor; IGFBP4, insulin like growth factor binding protein 4; IL33, interleukin 33; KE, key event; 
KLF9, Krüppel-like factor 9; MBP, myelin basic protein; MIE, molecular initiating event; MoA, mode-of-action; NH-3, THR antagonist NH-375; NMB, neuromedin B; NPCs, 
neural progenitor cells; NSPCs, neural stem/progenitor cells; OL, oligodendrocytes; OPCs, oligodendrocyte precursor cells; PCA, principle component analysis; PFOA, 
perfluorooctanoic acid; PLP1, proteolipid protein; pre-OLs, pre-myelinating OLs; PVL, periventricular leukomalacia; QM, maturation quotient; qRT-PCR, quantitative real-
time polymerase chain reaction; rNPCs, rat neural progenitor cells; SERPINE2, serpin family E member 2; TBBPA, tetrabromobisphenol A; T3, triiodothyronine; TH, thyroid 
hormone; THR, thyroid hormone receptor; TRE, TH response element; TSHR, thyroid stimulating hormone receptor; TXNIP, thioredoxin interacting protein
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2016) was diluted in DMSO, and a 1 mM stock was prepared and 
stored at -80°C. The final solvent concentrations within the ex-
periments were 0.01% EtOH/HCl and 0.1% DMSO.

Neurosphere cell culture
Human neural progenitor cells (hNPCs) derived from whole-
brain homogenates of male gestational week 16-19 fetuses were 
purchased from Lonza (#PT-2599). Time-matched rat neural 
progenitor cells (rNPCs) were prepared as previously described 
(Baumann et al., 2014). In brief, pregnant rats (Wistar) were ob-
tained from Charles River and rNPCs were isolated from post-
natal day one pups by dissecting, digesting and homogenizing 
whole brains to obtain a cell suspension. Brain homogenates of 
all pubs (male and female) were pooled prior to rNPC culture. 
The preparation of the rat pups agrees with the “Landesamt für 
Natur, Umwelt und Verbraucherschutz” (81-02.05.50.18.001) 
and is in accordance with §4 Abs. 3 Tierschutzgesetz (TierSchG). 
Both hNPCs and rNPCs were cultured as 3D free-floating neuro-
spheres in the following proliferation medium: Dulbecco’s mod-
ified Eagle’s medium (DMEM, Thermo Fisher, #31966021) and 
Ham’s F12 (Thermo Fisher, #31765027) were mixed 3:1 (v/v) 
and supplemented with B27 (Thermo Fisher, #17504044), 100 
U/mL penicillin and 100 µg/mL streptomycin (PAN Biotech, 
#P06-07100), 20 ng/mL human epidermal growth factor (EGF, 
Thermo Fisher, #PHG0315), and either 20 ng/mL (hNPCs) re-
combinant human fibroblast growth factor (FGF, R&D Systems, 
#233-FB) or 10 ng/mL (rNPCs) recombinant rat FGF (R&D Sys-
tems, #3339-FB-025). Both NPCs were cultured under standard 
cell culture conditions in a humidified incubator at 37°C and 
5% CO2 in cell culture dishes coated with poly-2-hydroxyethyl 
methacrylate (poly-HEMA, Merck, #P3932). Once a week, the 
neurospheres were passaged mechanically to 0.2 mm size with a  
McIlwain tissue chopper (model TC752), and 50% of the medium 
was replaced every second day. All cultures were tested for the 
absence of mycoplasma and used only up to passage 3 (hNPCs)  
or exclusively in passage 1 (rNPCs) to guarantee high reproduc-
ibility of the test methods.

Differentiation of human and rat NPCs
In order to study the extent of oligodendrocyte maturation in re-
sponse to compound exposure, human and rat NPCs were differ-
entiated into neurons, oligodendrocytes and astrocytes (Moors et 
al., 2009; Breier et al., 2010). Two days prior to plating, human 
and rat NPCs were chopped to a size of 0.2 mm in the respective 
proliferation media. On the plating day, 0.3 mm diameter neuro-
spheres were sorted and washed in the following differentiation 
medium: DMEM (Thermo Fisher, #31966021) and Ham’s F12 
(Thermo Fisher, #31765027) mixed 3:1 (v/v) and supplemented 
with 1% N2 (Thermo Fisher, #17502-048) and 100 U/mL peni-
cillin and 100 µg/mL streptomycin (PAN Biotech, #P06-07100). 

For the immunocytochemical staining and quantification of 
O4+ cells, 8-chamber glass cover slides (LMS Consult) were 
coated with 0.1 mg/mL poly-D-lysine (PDL, Merck, #P0899) 
and 12.5 µg/mL laminin (Merck, #L2020). Five 0.3 mm neuro-
spheres were plated per well in 500 μL differentiation medium 
containing the respective exposure(s) or solvent control(s). The 

neurospheres were differentiated for 5 days during which cells 
radially migrated out of the sphere core (migration area). On day 
3 of the experiment, 250 µL medium was replaced with fresh ex-
posure/solvent medium.

For the assessment of MBP and Mog gene expression, 0.3 mm 
neurospheres were differentiated for 5 days in PDL/laminin-coat-
ed 24-well plates (Sarstedt). Ten neurospheres per well were plat-
ed in 1 mL differentiation medium containing the respective expo-
sure(s) and solvent control(s). On day 3 of the experiment, 500 µL 
medium was replaced with fresh exposure/solvent medium.

Assessment of cell viability 
Cell viability was measured after 5 days of differentiation using 
the CellTiter-Blue (CTB) assay according to the manufacturer’s 
instructions (Promega). Briefly, the CTB reagent was diluted 1:3 
in differentiation medium and subsequently added in a ratio of 
1:4 (v/v) to the 8-chamber slides. Following 2 h of incubation 
under standard cell culture conditions, 2-times 100 µL superna-
tant per well were transferred into a 96-well plate to detect the 
fluorescence with a Tecan infinite M200 Pro reader (ex: 540 nm; 
em: 590 nm). The relative fluorescence unit (RFU) values of the 
replicates were averaged, and medium without cells was used to  
correct for background fluorescence.

Immunocytochemistry
After the viability measurement, a solution of 12% parafor-
maldehyde (PFA, Merck) was added to the 8-chamber slides 
1:2 (v/v) to yield a final concentration of 4% PFA. The slides 
were incubated at 37°C for 45 min to fix the spheres and mi-
grated cells. Until the immunocytochemical staining for O4, 
fixed slides were stored in phosphate-buffered saline (PBS, Bio-
chrom) at 4°C. After 3 washing steps with PBS for 5 min, 30 µL 
anti-O4 antibody dilution (1:200 mouse anti-O4 (R&D Systems 
#MAB1326), 10% goat serum (Merck #G9023) in PBS) were 
added per chamber and incubated overnight at 4°C. After 3 ad-
ditional washing steps with PBS for 5 min, 30 µL secondary an-
tibody solution (1:250 goat anti-mouse Alexa Fluor 488 (Ther-
mo Fisher, #A-21042), 2% Hoechst 33258 (Merck, #B1155), 
1% goat serum in PBS) were added per chamber and incubat-
ed for 30 min at 37°C. The slides were washed three times with 
PBS, once with distilled water, and finally sealed with glass cov-
er slips using Aqua-Poly/Mount (Polysciences, #18606).

Image acquisition and quantification of O4+ cells
Imaging of stained slides was performed by high-content imag-
ing analysis (HCA) using an automated fluorescence microscope 
(Cellomics ArrayScan VTI, Thermo Fisher Scientific). 

Parameters were adjusted to detect nuclei (Hoechst, ex: 
359 nm; em: 461 nm) and O4 surface expression (Alexa-488, ex: 
495 nm; em: 519 nm). The image analysis was carried out with 
the software Omnisphero (Schmuck et al., 2017). In brief, for 2 
defined areas (1098 mm x 823 mm size; once placed above and 
once below the sphere core) per migration area, the number of 
O4+ cells were normalized to the total number of nuclei. The re-
sulting percentages of the 2 areas from the same sphere were av-
eraged, and the mean and standard deviation were calculated for 
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NPC culture. Only an increase in the QM represents an increase 
in oligodendrocyte maturation. Table 2 describes three possible 
scenarios when comparing the QM of exposed cells to the rele-
vant controls.

Microarray assays
RNA isolation was performed using the RNeasy Mini Kit (Qia-
gen #74106) according to the manufacturer’s protocol. 1,000 
neurospheres with a defined size of 0.1 mm were plated per well 
of PDL/laminin-coated 6-well plates and cultivated for 4, 24, 
and 60 h for TBBPA single treatment alone and 96 h for TBBPA/
T3 co-treatment. Total RNA was quantified (Qubit RNA HS As-
say, Thermo Fisher Scientific), and the quality was measured by 
capillary electrophoresis on a fragment analyzer using the “To-
tal RNA Standard Sensitivity Assay” (Agilent Technologies, Inc. 
Santa Clara, USA). All samples in this study showed high-quali-
ty RNA integrity numbers (RQN; mean = 9.9). 

cDNA synthesis, in vitro transcription of cRNA, synthesis and 
subsequent biotin labeling of cDNA was performed according to 
the manufacturer’s protocol (GeneChip® WT PLUS Reagent Kit 
703174 23. January 2017; ThermoFisher scientific). In brief, 100ng 
total RNA were converted to cDNA, followed by in vitro transcrip-
tion into cRNA, synthesis and biotin labeling of cDNA. After frag-
mentation, labeled cDNA was hybridized to Applied Biosystems™ 
Clariom™ S Human Gene Expression Microarray chips for 16 h 
at 45°C, stained with a streptavidin/phycoerythrin conjugate, and 
scanned as described in the manufacturer’s protocol. 

For validation of microarray analyses, qRT-PCR of a set of 10 
genes was performed (Fig. S21). Briefly, 500 ng RNA from mi-
croarray samples were transcribed into cDNA. RNA isolation, 
cDNA synthesis, and qRT-PCR were performed as described in 
the above section “Quantitative real-time PCR”.

Statistics
Experiments were performed in at least 3 biological replicates 
for each species. All data are represented as mean ± standard er-
ror of the mean (SEM). Statistical significance was calculat-
ed with two-way ANOVA and Bonferroni’s post-hoc tests using 
GraphPad Prism 8.2.1 software. Results with p-values below 0.05 
were termed significant. Benchmark concentration (BMC50 and 
BMC30) calculation was performed using GraphPad Prism 8.2.1 
with sigmoidal curve fitting methods with the therein contained 
BMC model. The BMC values were defined based on the variabil-
ity of the respective endpoints. Therefore, in the case of oligoden-

the 5 neurospheres of every treatment condition.

Quantitative real-time PCR
The total RNA of neurospheres differentiated for 5 days was iso-
lated, and 150 ng RNA were transcribed into cDNA using the 
RNeasy Mini Kit (Qiagen #74106) and the Quantitect Reverse 
Transcription Kit (Qiagen, #205313) according to the manufac-
turer’s instructions. Quantitative real-time polymerase chain re-
action (qRT-PCR) was performed with the QuantiFast SYBR 
Green PCR Kit (Qiagen, #204054) within the Rotor Gene Q Cy-
cler (Qiagen) using the primers listed in Table 1. Analysis was 
performed with the copy number method, and MBP/Mog expres-
sion was normalized to 10,000 ACTB copy numbers to correct 
for differences in the amount of cDNA within the samples (Dach 
et al., 2017). 

Calculation of the maturation quotient (QM)
As first described in Dach et al. (2017), mature oligodendrocytes 
are characterized by increased MBP (human) or Mog (rat) gene 
expression. However, assessment of the gene expression alone 
is not valid, since an increase in the oligodendrocyte percent-
age within the NPC culture would per se lead to higher MBP/
Mog levels without giving information about the maturity of the 
cells. Thus, we calculated the maturation quotient (QM), which 
describes the extent of MBP/Mog expression within the oligo-
dendrocyte population. Thereby, the oligodendrocyte population 
is defined as the percentage of O4+ cells within the differentiated 

1 doi:10.14573/altex.2007201s

Tab. 1: Primers used for quantitative real-time PCR

Name Primer

ACTB human_fw  5′-CAGGAAGTCCCTTGCCATCC-3′

ACTB human_rev  5′-ACCAAAAGCCTTCATACATCTCA-3′

ACTB rat_fw  5′-CCTCTATGCCAACACAGT-3′

ACTB rat_rev  5′-AGCCACCAATCCACACAG-3′

MBP human_fw  5′-CAGAGCGTCCGACTATAAATCG-3′

MBP human_rev  5′-GGTGGGTTTTCAGCGTCTA-3′

Mog rat_fw  5′-TCCATCGGACTTTTGATCCTCA-3′

Mog rat_rev  5′-CGCTCCAGGAAGACACAACC-3′

Tab. 2: Evaluation of QM values

Oligodendrocyte maturation quotient (QM) % O4+ cells MBP/Mog expression 

QM (exposure) > QM (control) no effect ↑ increased maturation

QM (exposure) > QM (control) ↑ ↑↑ increased maturation 

QM (exposure) = QM (control) ↑ ↑ no effect on maturation

https://doi.org/10.14573/altex.2007201s
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one-way ANOVA. A p-value below 0.05 was considered signifi-
cant. The GO terms enrichment analysis was performed using the 
online tool DAVID Bioinformatics Resources 6.8. 

3  Results

3.1  Experimental setup for the identification of  
TH-dependent and -independent  
disruption of oligodendrocyte development
In this study, we combined the assessment of TBBPA’s MoA for 
the development of OLs in a pre-established test method (NPC6) 
(Bal-Price et al., 2018; Dach et al., 2017) with large-scale gene 
expression analyses. Figure 1 is a schematic overview illustrating 
the applied test procedure. Two days prior to the assay, human 
(hNPCs) and rat (rNPCs) NPCs growing as neurospheres are me-
chanically passaged to a size of 0.2 mm diameter to ensure equal 
sphere sizes on the plating day and increase reproducibility. Dif-
ferentiation is initiated by transfer of 0.3 mm spheres into differ-

drocyte number (Fig. 3A), we choose BMC50 instead of BMC30 
due to higher variations between replicates compared to the oligo-
dendrocyte maturation assay. 

Microarray statistical analysis 
Data analyses of Affymetrix CEL files was conducted with 
GeneSpring GX software (Vers. 14.9.1; Agilent Technologies). 
To avoid inter-array variability, probes were pooled by Gene-
Springs’ ExonRMA16 algorithm after quantile normalization of 
probe-level signal intensities across all samples (Bolstad et al., 
2003). Input data preprocessing was concluded by baseline trans-
formation to the median of all samples. After grouping of samples 
(4 biological replicates each) according to their respective exper-
imental condition, a given probe set had to be expressed above 
background (i.e., fluorescence signal of that probe set was detect-
ed within the 20th and 100th percentiles of the raw signal distribu-
tion of a given array) in all 4 replicates in at least one of the condi-
tions to be further analyzed in pairwise or ANOVA comparisons. 
Statistical significance was calculated with moderated t tests or 

Fig. 1: Experimental setup of the oligodendrocyte maturation (NPC6) assay
MBP, myelin basic protein; Mog, myelin oligodendrocyte glycoprotein; PDL, poly-D-lysine; QM, maturation quotient; qPCR, quantitative real-
time PCR; T3, triiodothyronine
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expression have unspecific causes. Furthermore, surface ex-
pression of O4 is detected by immunocytochemical staining, 
and the number of O4+ cells within the differentiated NPC cul-
ture is calculated with automated high-content imaging analysis 
(HCA) (Schmuck et al., 2017). In parallel, gene expression of 
MBP (hNPCs) or Mog (rNPCs) is assessed with quantitative re-
al-time PCR (qRT-PCR). The key feature of the NPC6 assay is 

entiating medium containing T3 and/or the putative TH disruptor 
or solvent control. Over the following five days, approximately 
5% of NPCs differentiate into O4-positive pre-myelinating OLs 
(pre-OLs) (Barenys et al., 2017; Schmuck et al., 2017), there-
by increasing the expression of MBP (hNPCs) or Mog (rNPCs).  
On the fifth day of differentiation, cell viability is measured to 
exclude that the observed effects on pre-OL numbers or gene 

Fig. 2: Human NPCs are especially sensitive to TH-dependent disruption of OL maturation by the synthetic THR antagonist NH-3
Differentiating hNPCs (A) and rNPCs (D) were treated for 5 days with solvent (DMSO), NH-3 (4, 40, 400 nM), T3 (3 nM), or T3 in com-
bination with increasing NH-3 concentrations. The OL number was defined as the percentage of O4-positive cells within the differentiated 
culture. MBP (hNPCs, A) and Mog (rNPCs, D) mRNA expression was assessed via qRT-PCR and normalized to the housekeeping gene 
ACTB. The maturation quotient was defined as MBP (hNPCs, A) and Mog (rNPCs, D) mRNA expression per percentage OL. #, significant 
compared to T3 single-treatment. *, significant compared to the solvent control. Representative pictures of differentiated hNPCs (B) and 
rNPCs (E) stained for O4 to visualize OLs. The concentration-response relationship of the TH-disruption effects of NH-3 in co-treatment 
with 3nM T3 was statistically evaluated in hNPCs (C) and rNPCs (F). BMC30 were calculated with the sigmoidal curve fitting and BMC30 
calculation model of GraphPad Prism 8. At least three independent experiments (hNPCs n = 3; rNPCs n = 4) with 5 technical replicates 
were performed and are represented as mean ± SEM. Statistical significance was calculated using two-way ANOVA and Bonferroni’s 
post-hoc tests (p < 0.05 was termed significant). DMSO, dimethyl sulfoxide; MBP, myelin basic protein; Mog, myelin oligodendrocyte 
glycoprotein; T3, triiodothyronine
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The NPC6 assay was previously established in human and 
mouse NPCs (Dach et al., 2017). Here, the protocol was extended 
to rat neurospheres (Barenys et al., 2017; Baumann et al., 2016; 
Masjosthusmann et al., 2018, 2019), now enabling the comparison 
of compound potency between primary human and rat NPCs in 
the NPC6 assay. Furthermore, transcriptional alterations coincid-
ing with TH-dependent and -independent effects of chemical ex-

the maturation quotient (QM), which is defined as the MBP (hN-
PCs) or Mog (rNPCs) expression in gene copy numbers per per-
centage of pre-OLs within the differentiated NPC culture. The 
QM is a measure for the maturation state of the pre-OLs. T3 ex-
posure increases the QM compared to the solvent control, where-
as co-treatment with a TH-disruptor modulates the T3 effect and 
alters the QM (see Tab. 2). 

Fig. 3: TBBPA is a disruptor of TH-dependent OL maturation with higher potency in human NPCs
(A) Concentration-response relationship between the OL number and TBBPA exposure. BMC50 was calculated with the sigmoidal curve 
fitting model of GraphPad Prism 8. Differentiating hNPCs (B) and rNPCs (E) were treated for 5 days with solvent (DMSO), TBBPA (0.01,  
0.1, 1 µM), T3 (3 nM), or T3 in combination with increasing TBBPA concentrations. The OL number was defined as the percentage of O4+ 
cells within the differentiated culture. MBP (hNPCs, B) and Mog (rNPCs, E) mRNA expression was assessed via qRT-PCR and normalized 
to the housekeeping gene ACTB. The maturation quotient was defined as MBP (hNPCs, B) and Mog (rNPCs, E) mRNA expression  
per percentage of OLs. #, significant compared to the T3 single-treatment. *, significant compared to solvent control. Representative 
pictures of differentiated hNPCs (C) and rNPCs (F) stained for O4 to visualize OLs. The concentration-response relationship of the  
TH-disruption effects of TBBPA in the co-treatment with 3nM T3 was statistically evaluated in hNPCs (D) and rNPCs (G). BMC30 were 
calculated with the sigmoidal curve fitting model of GraphPad Prism 8. Three independent experiments with 5 technical replicates were 
performed and represented as mean ± SEM. Statistical significance was calculated using two-way ANOVA and Bonferroni’s post-hoc  
tests (p < 0.05 was termed significant). DMSO, dimethyl sulfoxide; MBP, myelin basic protein; Mog, myelin oligodendrocyte glycoprotein; 
TBBPA, tetrabromobisphenol A; T3, triiodothyronine
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TBBPA in co-treatment with T3. The BMC30 was almost 
8-fold lower in hNPCs (0.06 µM) compared to rNPCs (0.46 
µM), again emphasizing the greater sensitivity of human OLs 
to TH-disruption (Fig. 3D,G). 

We further identified the surfactant perfluorooctanoic acid 
(PFOA) as a negative substance in the NPC6 assay. PFOA expo-
sure is associated with thyroid disfunction in humans, but with-
out alterations in TH levels (Lin et al., 2013; Xiao et al., 2020). 
In accordance with our hypothesis that the NPC6 assay detects 
TH-disruption at the level of THR-mediated transcription, PFOA 
exposure had no effect on TH-dependent OL maturation. We ob-
served neither alterations in the QM values (Fig. 4A,D) nor ef-
fects on the pre-OL morphology (Fig. 4B,E) in human or rat 
NPCs treated with PFOA in addition to 3 nM T3. Therefore, no 
BMC30 was calculable (Fig. 4C,F). Neither TBBPA nor PFOA 
significantly altered NPC viability (Fig. S1B,C1).

We identified TBBPA, but not PFOA, as a disruptor of TH-de-
pendent oligodendrocyte maturation with a higher potency in 
human cells. Furthermore, the results corroborate our hypothe-
sis that the NPC6 assay is specific in identifying TH disruption 
based on impaired THR-mediated transcriptional regulation.

3.4  TBBPA disrupts TH-dependent oligodendrocyte  
maturation by interfering with  
the transcription of THR-regulated genes
Since we identified TBBPA as an endocrine disruptor in the 
NPC6 assay, we hypothesized that altered transcription of TH re-
sponsive genes evokes the impaired OL maturation. Microarray 
analysis of human NPCs differentiated for 96 h in the presence of 
3 nM T3, 0.1 µM or 1 µM TBBPA, or a combination of T3 and 
TBBPA should reveal the most strongly regulated genes respon-
sible for the phenotypic oligodendrocyte outcome. 

Principle component analysis (PCA) indicated the highest 
transcriptional variation in cells treated with 3 nM T3 compared 
to the solvent control (dark green, Fig. 5A). Smaller variations 
were caused by 1 µM TBBPA single treatment (purple). Co-treat-
ment with 3 nM T3 and 1 µM TBBPA (yellow) partially reversed 
the transcriptional changes induced by T3. Consistent with the 
phenotypic findings (Fig. 3), single and co-exposure with 0.1 µM  
TBBPA changed the transcriptomes only marginally. Compar-
ing the PCA plot with the numbers of differentially regulated 
genes (fold change (FC) ± 1.4, p ≤ 0.05; Fig. 5B), 1 µM TBBPA 
(#1831) regulates more genes than 3 nM T3 (#555). However, 
the PCA shows that the degree of gene regulation is much higher 
in T3- than in TBBPA-treated hNPCs. 

Looking at T3-regulated transcripts affected by TBBPA (in-
creased cut-off stringency of FC ± 2.0, p ≤ 0.05), we identified 
31 gene products as significantly deregulated (Fig. 5C). Addi-
tionally, we added the expression analysis of iodothyronine de-
iodinase 3 (DIO3) and Krüppel like factor 9 (KLF9), since we 
previously identified both genes to be strongly T3-dependent 
(Dach et al., 2017). Of these 33 genes, 23% are related to glia 
and oligodendrocyte development and 13% are reported to be 
TH-responsive genes. 

Differentiation of hNPCs under T3 exposure induced expres-
sion of the TH-responsive genes chromodomain helicase DNA 

posure were characterized using microarray analyses of NPCs dif-
ferentiating in the presence of the test compound alone (6 h, 24 h  
and 60 h) or in combination with 3nM T3 (96 h).

3.2  Human NPCs exhibit higher sensitivity 
to TH-disruption than rat NPCs
To test the performance of the NPC6 assay and study possible 
species-dependent effects on sensitivity to TH-disruption, a com-
parative analysis of OL maturation was performed with both hu-
man and rat NPCs. NPCs were differentiated for five days in the 
presence of 3 nM T3, increasing concentrations of the synthetic 
THR antagonist NH-3, which inhibits TH-dependent OL matura-
tion (Nguyen et al., 2002; Singh et al., 2016), or a combination of 
both substances (Fig. 2). Cell viability was affected neither by T3, 
NH-3, nor the combination of both substances (Fig. S11). 

In both species, single NH-3 treatment (magenta bars) affected 
neither the pre-OL number nor the MBP/Mog expression or QM 
values. On the contrary, single T3 treatment (green bars) signifi-
cantly increased MBP/Mog expression and QM values without 
affecting pre-OL numbers, confirming that T3-mediated THR 
signaling promotes OL maturation. T3 treatment was further ac-
companied by a more mature phenotype, since we observed in-
creased branching and O4-expression, as assessed by immuno-
cytochemistry (Fig. 2B,E). When directly comparing QM values 
of the two species, OL maturation in response to T3 was thrice as 
pronounced in hNPCs (fold-change = 7.37) compared to rNPCs 
(fold-change = 2.38; Fig. 2A,D). Co-treatment of 3 nM T3 with 
increasing NH-3 concentrations decreased the QM value in hu-
man but not in rat NPCs in a concentration-dependent manner. 

To further quantify the effectiveness of NH-3 as a disruptor of 
oligodendrocyte maturation in hNPCs and rNPCs, we calculated 
the BMC30. An NH-3 concentration of 5.4 nM reduced the QM 
by 30% in human NPCs, whereas the BMC30 was not yet reached 
at NH-3 concentrations of 400 nM in rat NPCs (Fig. 2C,F). This 
observation demonstrates the higher sensitivity of human OLs to 
TH signaling and disruption.        

3.3 The flame retardant TBBPA is a potent disruptor 
of TH-dependent oligodendrocyte maturation
Exposure to the flame retardant TBBPA was previously correlat-
ed with altered TH levels in rodents (Cope et al., 2015; Van der 
Ven et al., 2008) and thyroid dysfunction in humans (Mughal et 
al., 2018; Coperchini et al., 2017). Therefore, we studied whether 
TBBPA is a disruptor of TH-dependent OL maturation. Concen-
tration-finding studies revealed that after 5 days, 1.7 µM TBBPA 
specifically reduced the number of O4+ pre-OLs by 50% (Fig. 
3A) without affecting cell viability (Fig. S1A1). Therefore, we 
limited TBBPA exposure in the NPC6 assay to concentrations 
not significantly affecting pre-OL numbers. 

In accordance with our hypothesis, TBBPA concentration-de-
pendently reduced T3-induced OL maturation with significant 
effects at concentrations of 1 µM in both human and rat NPCs 
(Fig. 3). Similar to NH-3, TBBPA decreased the QM  (Fig. 3B,E), 
the branching, and O4-staining intensity (Fig. 3C,F) of pre-
OLs without affecting their numbers. However, we observed 
significant species differences when calculating the BMC30 of  
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the T3-regulated expression of six genes reportedly involved in 
oligodendrocyte development (early growth response 1 (EGR1), 
insulin like growth factor binding protein 4 (IGFBP4), inter-
leukin 33 (IL33), proteolipid protein 1 (PLP1), serpin family E 
member 2 (SERPINE2), and KLF9). EGR1/Krox-24 is expressed 
in OPCs, however, down-regulation is critical for maturation and 
inversely correlated with MBP expression (Sock et al., 1997; To-

binding protein 3 (CHD3), crystallin Mu (CRYM), HR lysine de-
methylase and nuclear receptor corepressor (HR), neuromedin B 
(NMB), thyroid stimulating hormone receptor (TSHR), KLF9, 
and DIO3, emphasizing the successful induction of THR signal-
ing by T3 (Fig. 5D). As expected from a THR antagonist, 1 µM  
TBBPA co-exposure reduced transcription of all mentioned 
TH-responsive genes. Furthermore, TBBPA co-exposure altered 

Fig. 4: PFOA is not a disruptor of TH-dependent OL maturation
Differentiating hNPCs (A) and rNPCs (D) were treated for 5 days with solvent (DMSO), PFOA (2.5, 5, 10 µM), T3 (3 nM), or T3 in 
combination with increasing PFOA concentrations. The oligodendrocyte (OL) number was defined as the percentage of O4+ cells within 
the differentiated culture. MBP (hNPCs, A) and Mog (rNPCs, D) mRNA expression was assessed via qRT-PCR and normalized to the 
housekeeping gene ACTB. The maturation quotient was defined as MBP (hNPCs, A) and Mog (rNPCs, D) mRNA expression  
per percentage of OLs. #, significant compared to T3 single-treatment. *, significant compared to solvent control. Representative pictures 
of differentiated hNPCs (B) and rNPCs (E) stained for O4 to visualize OLs. The concentration-response relationship of the TH-disruption 
effects of PFOA in the co-treatment with 3nM T3 was statistically evaluated in hNPCs (C) and rNPCs (F). BMC30 were calculated  
with the sigmoidal curve fitting model of GraphPad Prism 8. Three independent experiments with 5 technical replicates were performed  
and are represented as mean ± SEM. Statistical significance was calculated using two-way ANOVA and Bonferroni’s post-hoc tests  
(p < 0.05 was termed significant). DMSO, dimethyl sulfoxide; MBP, myelin basic protein; Mog, myelin oligodendrocyte glycoprotein; PFOA, 
perfluorooctanoic acid; T3, triiodothyronine
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3.5  TBBPA exposure disrupts oligodendrogenesis 
by interfering with cholesterol metabolism 
Single exposure to TBBPA also affected oligodendrogenesis 
(BMC50 1.7 µM TBBPA), yet with a TH-independent MoA, as no 
TH was present in the cultures during the differentiation process 
(Fig. 3A). To further characterize the underlying mechanisms,  
we performed microarray analyses of hNPCs differentiated for 6, 
24, or 60 h under exposure to either 1.7 µM TBBPA or vehicle 
(DMSO). 

Similar to observations in our previous study (Masjosthusmann 
et al., 2018), the PCA revealed that the highest variability in gene 
expression (PC1, 91.6% variation) is found over the time course 
of differentiation (Fig. 6A). More precisely, the 6 h samples clus-
ter further from the 24 h samples than the 24 h from the 60 h sam-

pilko et al., 1997). EGR1 expression was increased almost 2-fold 
in the co-treatment compared to the T3 single treatment, indicat-
ing that increased EGR1 expression might prevent OPC matura-
tion. We further detected that TBBPA co-exposure decreases ex-
pression of OL markers IGFBP4 (Mewar and McMorris, 1997), 
IL33 (Sung et al., 2019), PLP1, SERPINE2/Nexin-1 (Blasi  
et al., 2002), and KLF9 (Denver and Williamson, 2009) com-
pared to single T3 treatment, suggesting that TBBPA disturbs 
the transcriptome profile necessary for proper OL development. 
For EGR1, IGFBP4, PLP1, and KLF9, TH-dependent transcrip-
tion has already been reported, while IL33 and SERPINE2 were  
newly identified in this study. 

These data indicate that TBBPA disrupts OPC maturation by 
interfering with the transcription of THR-regulated genes. 

Fig. 5: Transcriptomic profiling of differentiated hNPCs reveals large-scale dysregulation of TH-responsive genes by TBBPA
Differential gene expression between hNPCs exposed to solvent (DMSO), TBBPA (0.1, 1 µM), T3 (3 nM), or TBBPA in combination with 
T3 was statistically determined using one-way ANOVA analyses followed by Tukey’s range tests. Genes with p ≤ 0.05 and fold change 
≥ 1.4 were termed differentially expressed (DEX). (A) Principal component analysis (PCA) was performed based on the expression of 
significantly regulated (p ≤ 0.05) genes that shared the same gene symbol between the above-mentioned exposure conditions. (B) Overlap 
of the number of DEX genes regulated by TBBPA (SC vs. 1 µM TBBPA, #1831), by T3 (SC vs. T3, #555), regulated T3-dependently by 
TBBPA (T3 vs. 1 µM TBBPA + T3, #646), and regulated by co-exposure with TBBPA and T3 (SC vs. 1 µM TBBPA + T3, #1733). (C) Genes 
differentially regulated between SC vs. T3 and SC vs. T3 + 1 µM TBBPA with an increased cut-off stringency of FC ± 2.0 and p ≤ 0.05 
(#31). The numbers in the pie chart represent the percentage of genes assigned to each superordinate process. (D) Expression profile of 
T3-responsive genes (FC ± 2.0 and p ≤ 0.05) significantly regulated by co-exposure with TBBPA and T3. The absolute signal intensity of 
the 31 genes identified in (C), plus DIO3 and KLF9 as reportedly T3-responsive genes (Dach et al., 2017), was compared between hNPCs 
exposed to SC, T3 alone, and T3 in combination with 1 µM TBBPA. Genes are highlighted as reportedly regulated by T3 (green dots), 
related to oligodendrogenesis (blue dots), or associated with TH-dependent regulation of oligodendrogenesis (red dots). DMSO, dimethyl 
sulfoxide; SC, solvent control; TBBPA, tetrabromobisphenol A; T3, triiodothyronine
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creased. To be exact, TBBPA exposure significantly (p ≤ 0.01, fold-
change ≥ 2) regulated gene expression after 6 h (16 genes), 24 h  
(11 genes), and 60 h (34 genes) of NPC differentiation (Fig. 6B). 

Only two genes were regulated by TBBPA throughout the 
whole differentiation process: Expression of TXNIP (thiore-
doxin interacting protein) and the cholesterol exporter ABCA1 

ples, indicating that the majority of transcriptomic changes takes 
place within the first day of differentiation compared to smaller 
changes during later maturation processes. 

The PCA further shows that less variation was caused by  
TBBPA exposure, however, with progressing differentiation, 
time differences between DMSO and 1.7 µM TBBPA samples in-

Fig. 6: TBBPA deregulates a gene cluster involved in cholesterol metabolism independently of TH-signaling
Differential gene expression between hNPCs exposed to solvent (DMSO) or TBBPA (0.1, 1 µM) over the time course (6, 24, and 60 h)  
of differentiation was statistically determined using one-way ANOVA followed by Tukey’s range tests. Genes with p ≤ 0.01 and fold  
change ≥ 2 were termed differentially expressed (DEX). (A) PCA was performed based on the expression of significantly regulated  
(p ≤ 0.01) genes between the above-mentioned exposure conditions. (B) Overlap of the number of DEX genes regulated by 1 µM TBBPA 
over the time course of 6 h (6 h SC vs. 1 µM TBBPA, #16), 24 h (24 h SC vs. 1 µM TBBPA, #11), and 60 h (60 h SC vs. 1 µM TBBPA, #34) 
of hNPC differentiation. (C) Expression profile of differentially regulated genes (fold-change) between SC and 1 µM TBBPA over the time 
course (6, 24, and 60 h) of hNPC differentiation. (D+E) Overrepresented gene ontology (GO) terms for 24 h (D) and 60 h (E) differentiation 
of hNPC under 1 µM TBBPA exposure. GO enrichment analysis was performed using the online tool DAVID Bioinformatics Resources 
6.8. (F) All overrepresented GO terms were sorted by their fold enrichment; GO terms with highest fold-enrichment are displayed. The GO 
terms after 60 h of differentiation were further assigned to 9 superordinate processes based on expert judgment. Numbers in the pie chart 
represent the percentage of GO terms assigned to each superordinate process. DMSO, dimethyl sulfoxide; SC, solvent control; TBBPA, 
tetrabromobisphenol A; T3, triiodothyronine
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placing T3 from the THR and dysregulation of THR-dependent 
transcription (Fig. 7A). Here we hypothesize that dysregulation 
of genes necessary for OL maturation, such as EGR1/Krox-24, 
IL-33, and KLF-9, cause the less mature state we observed in pre-
OLs differentiated in the presence of 1 µM TBBPA. The second 
MoA involves the dysregulation of a whole gene expression net-
work involved in cholesterol metabolism (Fig. 7B). Since effec-
tive cholesterol synthesis and clearance is a prerequisite for OPC 
survival, TBBPA exposure might reduce pre-OL numbers by in-
terfering with early stages of OL development. 

These observations lead us to the drafting of two converging 
putative adverse outcome pathways (AOPs) depicted in Figure 
7C. The “Thyroid Hormone Disruption AOP” starts with the 
competitive binding of a chemical to the THR (MIE), which de-
regulates genes necessary for OL maturation and thus reduces the 
maturation state of the pre-OLs. The “Altered Cholesterol Me-
tabolism AOP” starts with an, until now, unknown MIE, which 
leads to the dysregulation of genes involved in cholesterol me-
tabolism. The disturbed cholesterol homeostasis impairs the sur-
vival of OPCs, thereby reducing the number of pre-OLs. Finally, 
both AOPs converge in a key event (KE) during brain develop-

(ATP-binding cassette (ABC) subfamily-A transporter 1) were 
reduced by TBBPA exposure after 6 h, 24 h, and 60 h of differ-
entiation (Fig. 6C). Yet, of the 51 differentially expressed genes, 
we identified 16 (31%) to be involved in cholesterol metabolism 
(blue dot, Fig. 6C). For 10 of these genes, a correlation with OL 
differentiation or myelination has already been described (blue 
and red dots, Fig. 6C). 

In accordance with that, gene ontology enrichment analysis 
revealed a high proportion of GO terms involved in cholester-
ol metabolism (blue) after 24 h (Fig. 6D) and 60 h (Fig. 6E,F) 
TBBPA exposure. Therefore, we postulate that interference of 
TBBPA with cholesterol metabolism is a second, TH-indepen-
dent MoA for disruption of oligodendrogenesis. How TBBPA in-
terferes with genes involved in cholesterol metabolism, i.e., the 
molecular initiating event (MIE), remains elusive.

3.6  Two putative AOPs for the disruption of OL 
development converge in hypomyelination 
Combining the NPC6 assay with microarray analysis, we identi-
fied two putative MoA by which TBBPA interferes with OL de-
velopment. The first involves TH disruption, most likely via dis-

Fig. 7: Putative schematic AOPs for the converging key events in OL development disrupted by TBBPA
(A) Genes reportedly involved in oligodendrogenesis that are TH-dependently regulated by 1 µM TBBPA. (B) Gene-gene interaction 
network analysis of the genes regulated TH-independently by 1.7 µM TBPPA shows involvement of cholesterol metabolism. (C) The 
putative “Thyroid Hormone Disruption AOP” includes the TH-dependent disruption of OL maturation as a central key event. The “Altered 
Cholesterol Metabolism AOP” comprises reduced OL numbers due to TH-independent dysregulation of cholesterol metabolism as a  
key event. Both AOPs converge in the common key event “lower amount of myelin” resulting in white matter alterations and adverse 
outcomes in the developing brain.
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reproductive toxicity studies in rats revealed altered serum T3 
concentrations (Saegusa et al., 2009; Van der Ven et al., 2008) and 
decreased circulating T4 (Cope et al., 2015; Van der Ven et al., 
2008) after developmental exposure of the offspring. Yet, so far, 
the adverse effects of TBBPA on human TH-dependent neurode-
velopment have been enigmatic. Here we report for the first time 
that TBBPA effectively disturbs T3-mediated THR signaling in 
developing primary human NPCs by i) altering their TH-depen-
dent gene expression and ii) by antagonizing TH-mediated OL 
maturation. 

T3 exposure regulated several genes during hNPC develop-
ment in our study. These included genes that were previously 
reported to be TH-regulated and to contribute to oligodendro-
genesis, i.e., KLF9, PLP1, IGFBP4 and EGR1, as well as genes 
that were newly identified as T3-regulated here (IL33 and SER-
PINE2). The transcription factor KLF9, for example, is induced 
in the mouse hippocampus and cerebellum (Denver and William-
son, 2009), rat cortex, and the zebrafish embryo (Walter et al., 
2019) during development. In addition, T3 induces KLF9 expres-
sion in rat OPCs in vitro (Dugas et al., 2012), suggesting a role 
in oligodendrogenesis and/or myelin production. This is support-
ed by in vivo studies reporting that KLF9 is necessary for T3-in-
duced zebrafish OL maturation and MBP/Mog expression (Du-
gas et al., 2012). In contrast, KLF9-/- mice do not show delayed 
OL differentiation but delayed myelin regeneration in the cor-
tex and the corpus callosum (Dugas et al., 2012). However, since 
TH-dependent OL differentiation and maturation are regulated in 
a species-specific way (Dach et al., 2017), this is not surprising. 
Here we show that co-exposure of developing human NPC with 
T3/TBBPA antagonizes T3-induced KLF9 expression, support-
ing the phenotypic observation that TBBPA decreases T3-depen-
dent human OL maturation. Whether the TBBPA-antagonized 
T3-dependent MBP expression in hNPCs happens directly or is 
mediated through KLF9 is not yet known. 

Besides impaired KLF9 signaling, the increased EGR1/
Krox-24 expression we detected upon T3/TBBPA co-expo-
sure might also contribute to the disturbed OL maturation since 
down-regulation of EGR1 is critical for OPC differentiation in-
to a mature myelinating state (Sock et al., 1997; Topilko et al., 
1997) and coincides with increased MBP expression during OL 
development in rats (Sock et al., 1997). 

In contrast to the negative regulation of EGR1, up-regulation 
of IL33 is necessary for OL lineage progression (Sung et al., 
2019). In this study, IL33 expression is reduced by T3 and fur-
ther down-regulated upon T3/TBBPA co-exposure, indicating its 
involvement in decelerated OL maturation. Of note, mice lack-
ing IL33 exhibit several behavioral deficits (Dohi et al., 2017). 
Besides markers regulating OL lineage progression, co-expo-
sure with TBBPA further reduced the expression of T3-impaired 
PLP1, the main component of myelin produced by mature OLs. 

Consistent with our observations, transcriptomic analyses of 
TBBPA-exposed zebrafish embryos identified oligodendrocyte 
development as the most sensitive GO term (Chen et al., 2016) 
and confirmed suppression of MBP (Zhu et al., 2018). Of note, 
TREs are present within the promoters of KLF9 (Denver and 
Williamson, 2009), EGR1 (Ghorbel et al., 1999), and MBP (Far-

ment where fewer myelin-producing OLs are present. This caus-
es alterations in the white matter, leading to adverse outcomes 
such as cognitive, attentional, behavioral, and social deficits in 
the developing child.

4  Discussion

Oligodendrocytes are indispensable for normal brain develop-
ment and function (Barateiro et al., 2016). Hence, disturbed oli-
godendrogenesis and resulting hypomyelination cause a func-
tional adverse outcome on brain performance, manifesting in 
neurological disorders such as AHDS (Sarret et al., 1993) and 
periventricular leukomalacia (PVL) (Back et al., 2001). Since 
the oligodendrocyte population established in childhood re-
mains remarkably stable in humans, neurodevelopmental inter-
ference in oligodendrogenesis is especially problematic (Yeung 
et al., 2014). Oligodendrogenesis is regulated through a variety 
of hormonal, transcriptional and biosynthetic processes, creating 
various routes of interference for environmental toxicants. Since 
OL development begins during fetal development and continues 
throughout the first two years of life, exposure of pregnant wom-
en and children to compounds interfering with OL development 
has a high potential for causing an adverse outcome for brain de-
velopment. 

In the present study, we identified the flame retardant TBBPA 
as a potent disruptor of oligodendrogenesis. TBBPA is intensive-
ly used in the manufacturing of consumer products and therefore 
reported as a ubiquitous environmental and indoor contaminant 
(Matsukami et al., 2015; Ni and Zeng, 2013; Yang et al., 2012). It 
was detected with high frequency in maternal serum, cord blood 
serum, and breast milk samples (Abdallah and Harrad, 2011; 
Cariou et al., 2008; Kim and Oh, 2014) with average contamina-
tion levels in breast milk increasing steadily over the years (Shi 
et al., 2017). In adults, the bioavailability of TBBPA is relative-
ly low since it is efficiently metabolized and excreted (Schau-
er et al., 2006). Measurements in cord blood, however, show its 
presence in the fetal circulation. Since the gastrointestinal tract 
and the metabolic capacity of fetal and infant liver are not ful-
ly developed (Veereman-Wauters, 1996; Coughtrie et al., 1988), 
TBBPA exposure results in bioaccumulation in the developing 
child in utero (Cariou et al., 2008; Kim and Oh, 2014). 

TBBPA has frequently been discussed concerning its potency 
as an endocrine disruptor, especially of the TH system (Mughal 
et al., 2018; Coperchini et al., 2017). TBBPA impeded the bind-
ing of T3 to the THR (Kitamura et al., 2002, 2005) and enhanced 
the proliferation of the rat pituitary reporter cell line GH-3 in vitro  
(Kitamura et al., 2002; Hamers et al., 2006). Since thyroid hor-
mones are indispensable for fetal development (Patel et al., 2011; 
de Escobar et al., 2004), TBBPA-mediated TH disruption has 
been studied under a developmental context. In vivo studies in 
Danio rerio (zebrafish) (Zhu et al., 2018; Parsons et al., 2019) and 
Xenopus laevis (Wang et al., 2017; Zhang et al., 2014) showed 
that developmental exposure to TBBPA reduced expression of 
THR-regulated genes (THRB and DIO3) and inhibited T3-in-
duced morphological changes in the nanomolar range. Moreover, 
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dust samples from Japanese homes with 490-520 ng TBBPA  
per gram dust (Takigami et al., 2009). Furthermore, the frequent 
exposure to mixtures of several persistent organic pollutants 
may potentiate adverse effects (Lenters et al., 2019; Braun et al., 
2020). 

In conclusion, the increased sensitivity of human compared to 
rodent neurodevelopment, together with the developmental ad-
verse effects upon nanomolar exposure observed in in vivo stud-
ies, indicate a potential hazard of TBBPA in the neurodevelop-
mental context. Kinetic evaluation including IVIVE, physiolog-
ically-based toxicokinetic (PBTK) modeling, and biokinetics of 
intracellular TBBPA distribution within the culture systems are 
needed for a more precise risk characterization. Since the sex evi-
dently affects oligodendrocyte development (Yasuda et al., 2020) 
and the exposure response to TH disrupting chemicals (Leonet-
ti et al., 2016; Przybyla et al., 2018), the use of exclusively male 
hNPCs is a limitation of this study. By integrating female hNPCs 
into the NPC6 assay in the future, we will be able to detect both 
sex- and species-specific effects.

Besides its action as an endocrine disruptor, we observed that 
TBBPA reduces the number of pre-OLs independent of TH-dis-
ruption at similar concentrations. Upon single TBBPA exposure, 
we observed several gene products for enzymes of cholesterol 
biosynthesis (7-dehydrocholesterol reductase (DHCR7), 24-de-
hydrocholesterol reductase (DHCR24), 3-hydroxy-3-methylglu-
taryl-CoA reductase (HMGCR), farnesyl-diphosphate farnesyl-
transferase 1 (FDFT1), farnesyl diphosphate synthase (FDPS)) 
being upregulated (Fig. 6), including the mRNA for the rate-lim-
iting enzyme hydroxymethylglutaryl-CoA synthase (HMGCS1). 

The high rate of cholesterol utilization in myelin-producing 
OLs (Norton and Poduslo, 1973) emphasizes the necessity to 
tightly regulate cholesterol homeostasis, since both insufficient 
and excessive cholesterol levels are associated with brain pa-
thologies. Under physiological conditions, excessive intracellu-
lar cholesterol is bound by the main cholesterol transport protein 
apoE and exported out of the cell by ABCA1. However, TBBPA 
significantly reduced the gene expression of apoE (APOE) and 
ABCA1 in differentiating hNPCs (Fig. 6). This suggests that cho-
lesterol is less efficiently transported by apoE and ABCA1, caus-
ing a positive feedback to cholesterol biosynthesis with subse-
quent accumulation in the developing OLs. 

The importance of cholesterol clearance is elucidated by stud-
ies on ABCA1- and apoE-knockout mice. Disturbed cholesterol 
export in ABCA1-/- mice reduced the proliferation and survival 
of OPCs and impaired myelination in the corpus callosum (Wang 
et al., 2018), whereas increased apoptosis of OLs was detected in 
apoE-/- mice (Cheng et al., 2018). Moreover, knockdown of apoE 
in neural stem cells (NSCs) dramatically decreased the number 
of O4+ OLs, a phenotype that was efficiently rescued by apoE 
protein administration (Gan et al., 2011). The importance of cho-
lesterol transport and export for OL survival is further elucidated 
by several studies reporting that induced expression or adminis-
tration of ABCA1 and apoE increases OPC numbers (Cui et al., 
2017; Safina et al., 2016; Wang et al., 2018), improves myelin-
ation (Zhou et al., 2019; Stoll et al., 1989), and enhances cho-
lesterol efflux (Nelissen et al., 2012). Furthermore, apoE-/- mice 

setti et al., 1992), suggesting that the observed TBBPA-effect is 
at least to some extent dependent on TH disruption on the recep-
tor level.

While most studies report TBBPA as a strong T3-antagonist, 
also agonistic effects were previously reported in in vitro studies 
(Hamers et al., 2006; Kitamura et al., 2002). Why TBBPA in this 
study produces TH-antagonistic and -mimetic effects on TH-reg-
ulated genes in the same cell system remains puzzling. In sum-
mary, these data strongly support the notion that TBBPA inter-
feres with TH signaling of primary human NPC. 

On a cellular level, we demonstrate that TBBPA acts as a THR 
antagonist by reducing the T3-dependent maturation of human 
OL in vitro. Disruption of THR signaling has been reported to 
impair oligodendrogenesis, leading to adverse outcomes in brain 
development (Baas et al., 1997; Billon et al., 2002). In accor-
dance, OL dysfunction causes diverse behavioral and cognitive 
deficits (Kawamura et al., 2020; Back et al., 2001). 

That TBBPA exposure impairs normal brain function through 
interference with neurodevelopmental processes was reported in 
in vivo studies earlier. Developmental TBBPA exposure of ro-
dents increased anxiety-related behavior (Rock et al., 2019), re-
duced the sociability (Kim et al., 2015) and impaired the audito-
ry response (Lilienthal et al., 2008). Moreover, TBBPA concen-
trations in the nanomolar range caused hypoactivity in zebrafish 
embryos both dependent on (Zhu et al., 2018) and independent of 
(Noyes et al., 2015) TH-signaling. We therefore hypothesize that 
TBBPA causes behavioral and cognitive defects at least in part 
via disruption of TH-dependent OL maturation. 

By comparative testing in human and rat NPCs, we elucidated 
species differences in sensitivity to TH-disruption. Human NPCs 
were more sensitive to T3-dependent disruption of OL maturation 
both by the synthetic THR antagonist NH-3 (BMC30 = 5.4 nM in 
hNPCs, not reached in rNPCs) and the flame retardant TBBPA  
(7.7-fold lower in hNPCs). This clearly illustrates the need for 
test systems based on human cells in order to achieve adequate 
predictivity of hazard for humans. 

TBBPA accumulated in the mouse striatum at acute exposure 
doses as low as 0.1 mg/kg/d to measured brain concentrations 
of 0.1 nM, which caused anxiety-related behavioral effects (Na-
kajima et al., 2009). Moreover, behavioral studies in zebrafish 
detected hypoactivity after developmental exposure to 6.4 nM 
TBBPA (Noyes et al., 2015), and studies in xenopus revealed 
efficient disruption of TH-induced morphological changes af-
ter exposure of tadpoles to 10 nM TBBPA (Zhang et al., 2014; 
Wang et al., 2017). These in vivo doses are below the range of the 
TH-disrupting effect of TBBPA observed in this study. However, 
it is difficult to compare a compound’s tissue levels with nominal 
medium concentrations. For a direct comparison of in vivo with 
in vitro potency, IVIVE (in vitro-in vivo extrapolation) has to be 
performed (Wetmore et al., 2012; Bell et al., 2017). 

Human exposure studies measured TBBPA concentrations of 
up to 3.02 nM in breast milk, leading to an estimated daily intake 
of up to 1.314 µg TBBPA by breast feeding alone. Additionally, 
the combined exposure of the infant to TBBPA via breast milk 
and house dust has to be considered (Malliari and Kalantzi, 2017). 
Amongst the highest reported TBBPA exposure levels are house 
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types most sensitive for this MoA. This instance demonstrates 
that DNT MoA can be cell type-specific. When in vitro assays 
are used for DNT hazard assessment, a broad variety of brain cell 
types and neurodevelopmental processes should be used to iden-
tify the largest variety of MoA and reduce uncertainty, especially 
of negative results.

These two identified MoA for disturbance of oligodendro-
cyte development, i.e., TH-disruption and disturbance of cho-
lesterol transport, converge in an AOP network on the KE my-
elin production (Fig. 7). The AOP “Reduced binding of TH to 
THR in developing brain cells leads to mental retardation due 
to alterations in white matter” was already submitted to the 
OECD based on our previous work (Dach et al., 2017). It con-
verges with the recently published AOP network for chemical-
ly-induced thyroid activity (Noyes et al., 2019) at the level of the 
MIE “THRα binding” in developing brain cells. That THRα, and 
not THRβ, is involved in this AOP was hypothesized earlier and 
at this point builds on data from mice and on the approximately 
30-fold higher THRα than THRβ mRNA expression in develop-
ing hNPC (Dach et al., 2017). In contrast, the so far unpublished 
AOP “Disturbance of cholesterol transport leading to mental re-
tardation due to alterations in white matter” is based on the cur-
rent novel observation that TBBPA deregulates gene expression 
of a gene cluster concerning cholesterol biosynthesis and trans-
port coinciding with OL toxicity. 

More compounds acting via these MoA as well as rescue ex-
periments are needed to strengthen these two hypothetical AOPs 
by experimentally establishing KE relationships. Increasing the 
number of and converging KE for DNT will eventually lead to 
a large AOP network facilitating the interpretation of in vitro as-
says for the multiple applications within a risk assessment frame-
work for DNT (Bal-Price et al., 2015). Due to the complexity 
of gene regulation, we cannot exclude that some TH-responsive 
genes are additionally regulated TH-independently by TBBPA. 
However, the strong antagonistic effect of TBBPA on the TH-de-
pendent expression of known TH-responsive genes involved in 
OL maturation such as KLF9 highlights its efficacy as a TH sig-
naling disrupter during oligodendrogenesis.

In summary, we identified two MoA by which TBBPA in-
terferes with the establishment of a population of mature, my-
elin-producing OLs necessary for white matter development. 
Since our comparative analyses revealed a higher sensitivity of 
human compared to rat NPC, we argue that ethical and cost-ef-
ficient in vitro assays based on human cells are needed to iden-
tify chemicals with the potential to disrupt oligodendrogenesis. 
In this study, we brought the previously published oligodendro-
cyte maturation assay (NPC6) (Bal-Price et al., 2018; Dach et 
al., 2017) to a higher readiness level for future applications in a 
regulatory context.

This study demonstrates that species-overarching neurosphere 
assays are well-suited for hazard assessment of DNT and that 
phenotypic combined with transcriptome analyses are powerful 
tools for understanding MoA and eventually building AOPs for a 
better comprehension of DNT hazards. Especially the multi-cel-
lularity of the neurosphere assay, presenting NPCs, radial glia, 
neurons, astrocytes and oligodendrocytes makes this test meth-

fed with a high-cholesterol diet exhibit lipotoxicity as a result of 
impaired cholesterol clearance (Aung et al., 2016). Lipotoxicity 
was also correlated with accumulation of biosynthetic precursors 
and break-down products in oligodendrocytes (Haq et al., 2003; 
Bezine et al., 2017). Hence, we propose that TBBPA, indepen-
dent of TH-disruption, decreases the number of pre-OLs by inter-
fering with cholesterol homeostasis. Further studies are needed 
to elucidate how exactly TBBPA deregulates THR-independent 
gene expression. 

Since OLs represent only approximately 5% of the total dif-
ferentiated hNPC culture, possible effects of TBBPA on the oth-
er cell types (NSCs, radial glia, astrocytes, and neurons) cannot 
be neglected. Therefore, as part of a comprehensive study on 15 
widely used flame retardants (Klose et al., manuscript in prepa-
ration) we screened TBBPA in our established hNPC-based de-
velopmental neurotoxicity (DNT) battery with NPC proliferation 
and viability, radial glia migration, oligodendrocyte differentia-
tion and migration, as well as neuronal differentiation and migra-
tion as phenotypical readouts (Nimtz et al., 2019). Strikingly, we 
identified impaired OL differentiation/number as the most sen-
sitive DNT effect caused by TBBPA exposure across all studied 
endpoints. TBBPA impairs rat neural stem cell (> 25 µM; Cho et 
al., 2020) and human embryonic stem cell-derived neural stem 
cell (> 100 µM; Liang et al., 2019) survival at concentrations we 
did not test (Klose et al., manuscript in preparation) as they are 
most likely not relevant for human exposure. Proper regulation 
of cholesterol homeostasis is crucial for neurons and astrocytes 
(Pfrieger and Ungerer, 2011), and disturbances are associated 
with disease (Valenza et al., 2015). Neither neuronal differenti-
ation nor migration were specifically affected by up to 20 µM 
TBBPA treatment (Klose et al., manuscript in preparation), indi-
cating that these processes are less sensitive towards cholesterol 
homeostasis disturbances than cells of the OL lineage. 

However, transcriptional changes displayed by the microar-
ray analyses of the mixed culture could originate from other cell 
types besides OLs. For example, KLF9 and EGR1, are crucial for 
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Fig. S1: Viability assessment of NPCs treated with NH-3, TBBPA and PFOA alone or in combination with T3  
(A) Concentration-response of human NPCs treated with TBBPA. BMC50 was calculated with GraphPad Prism 8 using the sigmoidal 
curve fitting and BMC50 calculation models. (B,C) Human and rat NPCs were treated with increasing concentrations of NH-3, TBBPA 
and PFOA alone or in combination with 3 nM T3. Viability was assessed as mitochondrial activity by Alamar Blue assay after 120 h 
of treatment. At least 3 independent experiments with 5 technical replicates were performed in hNPCs (n = 6 for NH-3, n = 3 for 
TBBPA and n = 5 for PFOA) and rNPCs (n = 8 for NH-3, n = 4 for TBBPA and n = 5 for PFOA). The data are represented as mean ± 
SEM. Statistical significance was calculated using two-way ANOVA and Bonferroni’s post-hoc tests (p < 0.05 was termed 
significant). TBBPA, tetrabromobisphenol A; PFOA, perfluorooctanoic acid; T3, triiodothyronine 
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Fig. S2: Quantitative RT PCR validation of array analysis  
Validation of microarray data was performed with qRT PCR analysis of a set of ten genes. The fold changes were compared to the 
fold changes of the array analysis. A total of 500 ng RNA from microarray samples were transcribed into cDNA. cDNA, 
complementary DNA; qRT PCR, quantitative real-time PCR; SC, solvent control; TBBPA, tetrabromobisphenol A; T3, 
triiodothyronine 
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Adverse Outcome Pathways (AOPs) sind organisierte Sequenzen von Schlüsselereignissen (KEs), 

die durch ein Xenobiotikum-induziertes molekulares Initiationsereignis (MIE) ausgelöst werden 

und zu einem adversen Effekt (AO) im menschlichen Organismus oder einer ökologischen 

Population führen. Dabei verbindet das AOP-Rahmenwerk kausal toxikologische mechanistische 

Informationen mit apikalen Endpunkten für regulatorische Anwendungen. AOPs sind sehr 

nützlich, um endophänotypische zelluläre Endpunkte, die aus In-vitro-Systemen stammen, mit 

gesundheitsschädlichen Auswirkungen in Beziehung zu setzen. Um die Entwicklungsneurotoxizität 

(developmental neurotoxicity; DNT) in vitro zu untersuchen, können solche zellulären Endpunkte 

beispielsweise mit dem humanen „Neurosphere Assay“ abgebildet werden, welcher verschiedene 

Endophänotypen für eine Vielzahl von entwicklungsneurologischen KEs bietet. Durch die 

Kombination dieses Modells mit groß angelegten Transkriptomanalysen bewerteten wir das DNT-

Gefährungspotential zweier traditioneller chinesicher pflanzlicher Arzneimittel (CHMs), Lei Gong 

Teng (LGT) und Tian Ma (TM), und gaben weitere Einblicke in ihre Wirkungsweisen (MoA). LGT 

störte die hNPC-Migration, was einen außergewöhnlichen Migrationsphänotyp hervorrief. 

Zeitraffermikroskopie und Interventionsstudien zeigten, dass LGT die lamininabhängige 

Zelladhäsion stört. TM beeinträchtigte die Differenzierung zu Oligodendrozyten von humanen, 

jedoch nicht von Ratten NPCs und aktivierte ein Genexpressionsnetzwerk, das mit oxidativem 

Stress in Verbindung steht. Die LGT-Ergebnisse unterstützten ein zuvor veröffentlichtes AOP zur 

Adhäsion radialer Gliazellen aufgrund einer Störung der Integrin-Laminin-Bindung, während die 

Ergebnisse der TM-Exposition den Aufbau eines neuen mutmaßlichen Stressor-basierten AOPs 

hervorbrachten. Diese Studie zeigt, dass die Kombination aus phänotypischen Endpunkten mit 

Transkriptomanalysen einen leistungsstarken Ansatz bietet, um die MoA von Verbindungen 

aufzuklären und die Ergebnisse in neue oder bereits existierende AOPs zu integrieren und welcher 

dabei hilft die DNT-Gefahr in einem regulatorischen Kontext besser wahrzunehmen. 
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Abstract 30 

 31 
Adverse outcome pathways (AOPs) are organized sequences of key events (KEs) that are triggered by 32 

a xenobiotic-induced molecular initiating event (MIE) and summit in an adverse outcome (AO) relevant 33 

to human or ecological health. The AOP framework causally connects toxicological mechanistic 34 
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information with apical endpoints for application in regulatory sciences. AOPs are very useful to link 35 

endophenotypic, cellular endpoints in vitro to adverse health effects in vivo. In the field of in vitro 36 

developmental neurotoxicity (DNT), such cellular endpoints can be assessed using the human 37 

‘Neurosphere Assay’, which depicts different endophenotypes for a broad variety of 38 

neurodevelopmental KEs. Combining this model with large-scale transcriptomics, we evaluated DNT 39 

hazards of two selected Chinese Herbal Medicines (CHMs) Lei Gong Teng (LGT) and Tian Ma (TM), and 40 

provided further insight into their modes-of-action (MoA). LGT disrupted hNPC migration eliciting an 41 

exceptional migration endophenotype. Time-lapse microscopy and intervention studies indicated that 42 

LGT disturbs laminin-dependent cell adhesion. TM impaired oligodendrocyte differentiation in human 43 

but not rat NPCs and activated a gene expression network related to oxidative stress. The LGT results 44 

supported a previously published AOP on radial glia cell adhesion due to interference with integrin-45 

laminin binding, while the results of TM exposure were incorporated into a novel putative, stressor-46 

based AOP. This study demonstrates that the combination of phenotypic and transcriptomic analyses 47 

is a powerful tool to elucidate compounds’ MoA and incorporate the results into novel or existing AOPs 48 

for a better perception of the DNT hazard in a regulatory context.  49 

 50 

Introduction 51 

 52 
New approach methodologies (NAMs) are non-animal-based methods, including in vitro approaches, 53 

which provide toxicodynamic information on chemical hazards, thereby supporting the proposed 54 

paradigm shift in toxicology - moving from the sole use of apical endpoints generated in animals 55 

towards a mechanistic understanding and more human-relevant approaches for regulatory 56 

applications (NRC 2007; Collins et al. 2008). NAMs are no stand-alone methodologies, yet need 57 

embedding into larger frameworks, i.e. integrated approaches for testing and assessment (IATAs). The 58 

IATA concept has been proposed by the Organization for Economic Cooperation and Development 59 

(OECD) member countries to embed alternative testing strategies into weight of evidence assessment 60 

for decision-making using data from various information sources (OECD 2020). IATA information on 61 

toxicodynamics might arise from Adverse Outcome Pathways (AOP), which are structured 62 

organizations of causally related biological events leading to adverse effects and provide mechanistic 63 

information on the molecular initiating event (MIE), molecular, cellular, structural and functional key 64 

events (KE) and associated key event relationships (KER; Ankley et al. 2010; OECD 2016). Thereby, AOPs 65 

serve as a knowledge assembly and communication tool between research and regulatory 66 

communities involved e.g. in regulatory and systems toxicology, biomedical challenges, in safety 67 

evaluations associated with drug development and clinical trial simulations (Carusi et al. 2018), thus 68 

covering a broad biomedical application domain. An essential platform for AOP documentation, that 69 
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is currently most developed, is the AOP-Wiki (https://aopwiki.org/), which provides a formalized, 70 

transparent, and quality-controlled data documentation and hence facilitates knowledge exchange 71 

between different stakeholders (Kandel et al. 2000; Vinken et al. 2017). 72 

Spatiotemporal orchestration of molecular and cellular processes is essential for proper human brain 73 

development and contributes to the formation of a functional central nervous system (Silbereis et al. 74 

2016). This complex interplay of highly dynamic neurodevelopmental processes causes a higher 75 

vulnerability towards adverse chemical effects of the developing compared to the adult brain (Rodier 76 

1994; Rice et al. 2000). Due to the manifold KEs that happen in a time- and brain region-specific 77 

manner, creation of AOPs for developmental neurotoxicity (DNT) that cover the DNT toxicological 78 

space will be a continuous effort that is far from being completed at the moment. To date, seven AOPs 79 

are endorsed by the OECD, eleven were submitted to the AOP Wiki (https://aopwiki.org/) and some 80 

were published in the scientific literature (Bal-Price and Meek 2017; Barenys et al. 2019; Li et al. 2019a; 81 

Spinu et al. 2019; Chen et al. 2020; Klose et al. 2021b). Due to this low abundance of DNT-AOPs, 82 

compound hazard characterization for DNT solely on the basis of AOPs using NAMs is very difficult. 83 

DNT NAMs, in contrast, have been contributing to AOP building (Bal-Price et al. 2016; Masjosthusmann 84 

et al. 2020; EFSA 2021; Klose et al. 2021b) creating an interesting ongoing interplay in the DNT-AOP 85 

arena. 86 

The multitude of Chinese Herbal Medicines (CHMs) are insufficiently characterized concerning their 87 

potential to cause DNT. For centuries, CHMs have been widely used during pregnancy to relieve 88 

symptoms like morning sickness (Flaws 2005) and treat pregnancy complications, especially to prevent 89 

miscarriage during early gestation (Li et al. 2013). Generally, CHMs are considered safe by the 90 

consumers due to their natural origin and availability as teas (Terzioglu Bebitoglu 2020). Yet it cannot 91 

be excluded that CHMs may pose adverse effects to the developing child. We recently reported on the 92 

plant-derived substance class of flavonoids as compounds with suspected developmental toxicity 93 

where – similar to CHMs – the neurodevelopmental potential is so far understudied (Barenys et al. 94 

2017b). We also identified a DNT hazard mode-of-action (MoA) for the green tea catechin 95 

epigallocatechin gallate (EGCG; Barenys et al. 2017a). 96 

In the present study, we performed a case study with two selected CHMs, Lei Gong Teng (LGT; Radix 97 

Et Rhizoma Tripterygii Wilfordii, Common Threewingnut Root) and Tian Ma (TM; Gastrodia elata 98 

Blume, Tall Gastrodia Tuber) by evaluating their adverse neurodevelopmental effects with the test 99 

methods NPC1-5, which are based on developing human neural progenitor cells (hNPCs) in the 100 

‘Neurosphere Assay’, that is part of a current OECD/EFSA (European Food Safety Authority) DNT-in 101 

vitro battery (IVB; Masjosthusmann et al. 2020, EFSA 2021). Data generated in this study are placed in 102 

an AOP-context by applying one and expanding a second already existing putative AOP for DNT.  103 

 104 
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Materials and methods 105 

 106 

Chemicals 107 

 108 
LGT and TM were purchased, quality-controlled, prepared and extracted from crude herbs into 109 

powders by an authorized lab within the Institute of Chinese Medicine at the Chinese University of 110 

Hong Kong. The chemical authentication was conducted by thin-layer chromatography (TLC) or high-111 

performance liquid chromatography (HPLC) according to guidelines of the Chinese Pharmacopoeia 112 

(Chinese Pharmacopoeia Commission 2020). This confirmed the quality and quantity of chemical 113 

components in LGT and TM, also excluding any pesticide, mineral and other biological contamination. 114 

The preparation process of the crude herbs included cleaning, washing, cutting, grinding, and 115 

homogenization into fragments. In the extraction process, LGT and TM were decocted with the same 116 

amount of boiling distilled water for 2 h. The decoction was filtered and dried into powdered form 117 

using a spray-dryer and kept in a desiccator prior to use. Each extraction was prepared in one batch, 118 

and the yield rate was 6.55 % and 65.44 % for LGT and TM, respectively. The ingredients included in 119 

the two crude CHMs are listed in supplementary Table S2, and are based on records in the Chinese 120 

Pharmacopoeia and/or reports in literatures (Chinese Pharmacopoeia Commission 2020). 121 

Both powders were diluted directly in cell culture medium and 1 mg/mL stock solutions were prepared 122 

and stored at 4°C for a maximum of two days. Epigallocatechin gallate (EGCG; > 98 %) was purchased 123 

from TransMIT PlantMetaChem (Giessen, Germany). A stock solution of 10 mM in DMSO was prepared 124 

and stored at -20°C. The final solvent concentration for EGCG was 0.1 % DMSO in microarray 125 

experiments. 126 

 127 

Neurosphere cell culture 128 

 129 
hNPCs derived from whole-brain homogenates of three different male individuals (gestational week 130 

16-19) were purchased from Lonza (Verviers SPRL, Belgium (#PT-2599)). They were thawed and 131 

cultured as previously described (Baumann et al. 2016; Nimtz et al. 2019). Time-matched rat NPCs 132 

(rNPCs) were isolated from postnatal day one (PND 1) pubs by dissecting, digesting and homogenizing 133 

whole brains to obtain a cell suspension that spontaneously formed free-floating neurospheres 134 

(Baumann et al. 2014). The preparation of the rat pubs was approved by the “Landesamt für Natur, 135 

Umwelt und Verbraucherschutz” (LANUV; 81-02.05.50.18.001) and performed according to law on 136 

animal welfare §4 Abs. 3 Tierschutzgesetzt (TierSchG). NPCs were cultured as 3D free-floating 137 

neurospheres in proliferation medium consisting of DMEM (Thermo Fisher, #31966021) and Hams F12 138 

(Thermo Fisher, #31765027) (3:1) supplemented with 2 % B27 (Thermo Fisher, #17504044), 1 % 139 

penicillin and streptomycin (Pan-Biotech, #P06-07100), 20 ng/mL EGF (Thermo Fisher, #PHG0315) and 140 

either 20 ng/mL FGF (R&D Systems, #233-FB) for hNPCs or 10 ng/mL FGF (R&D Systems, #3339-FB-141 
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025) for rNPCs. Neurospheres were cultivated under standard culture conditions at 37 °C with 5 % CO2 142 

in cell culture dishes coated with Poly (2-hydroxyethyl methacrylate) (poly-HEMA; Merck, #P3932). 143 

Once a week, neurospheres were passaged mechanically to 0.2 mm size using a McIlwain tissue 144 

chopper (model TC752) and thrice a week half of the medium was replaced.  145 

 146 

Assay conditions and chemical exposure 147 
 148 

Neurospheres were chopped to 0.2 mm 3 days before plating to reach a defined size of 0.3 mm. 149 

Spheres were plated in five technical replicate wells/condition in 96-well plates (flat bottom, Greiner, 150 

# 655180) with one sphere/well plated in 100 µL of differentiation medium containing 7 concentrations 151 

of CHMs serial dilutions (1:10) starting at 1 mg/ml. The differentiation medium composition was 152 

DMEM (Thermo Fisher, #31966021), Hams F12 (Thermo Fisher, #31765027) 3:1 supplemented with 153 

1 % of N2 (Thermo Fisher, #17502-048) and 1 % penicillin and streptomycin (Pan-Biotech, #P06-07100). 154 

Neurospheres were exposed for 3 (for migration/adhesion endpoints) or 5 (for differentiation 155 

endpoints) days. For the latter, on day 3, half of the exposure/solvent medium was exchanged and the 156 

supernatant was used to detect cytotoxicity by measuring lactate dehydrogenase (LDH) leakage. 157 

 158 

Migration, adhesion and differentiation of NPCs 159 
 160 

By removal of growth factors and plating neurospheres on a poly-D-lysine (PDL, 0.1 mg/mL, Merck, 161 

#P0899) and laminin (12.5 µg/mL, Merck, #L2020)-coated 96-well plate in differentiation medium, 162 

spheres settle down and NPCs migrate radially out of the sphere core and thereby differentiate into 163 

radial glia, neurons, astrocytes and oligodendrocytes.  164 

Migration and adhesion 165 

Radial glia migration distance was assessed after 72 h by taking brightfield images and manual 166 

measurement of the distance between the sphere core and the furthest migrated cells as number of 167 

pixels which is converted to µm. The endpoint-specific control for NPC2 was the src-kinase inhibitor 168 

PP2 (Moors et al. 2007; Baumann et al. 2015) significantly reducing migration (data not shown). As cell 169 

migration requires cell adhesion and motility, time-lapse microscopy using a widefield system (EVOS 170 

FL Auto2, Thermo Fisher Scientific) was performed to record hNPC movement. For the time lapse 171 

experiment a 10x air objective was used and images were recorded every 5 min over a time course of 172 

24 h. Finally, videos were produced with the integrated software FL Auto2.  173 

 174 

 175 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



-6- 
 

Immunocytochemical stainings 176 

After 3 (for migration/adhesion endpoints) or 5 (for differentiation endpoints) days of migration, NPCs 177 

were fixed with a final concentration of 4 % paraformaldehyde (PFA; Merck). The 96-well plates were 178 

incubated for 30 min at 37 °C and directly afterwards washed three times for 3 min with 250 µL PBS (-179 

/-; Biochrom) and stored in PBS at 4 °C until immunostaining was performed. Cells had to be always 180 

covered with at least 40 µL PBS to prevent cell detachment. A blocking solution (PBS, 10 % Goat Serum 181 

(GS; Sigma Aldrich, #G9023))/well was added and incubated for 15 min at 37 °C. After removal of 182 

blocking solution, cells were stained as follows:  183 

Neurospheres (migrated for 3 days) were incubated overnight at 4 °C with a rabbit IgG anti-GFAP 184 

antibody solution (1:100, Sigma Aldrich, #G9269; in PBS-T (PBS containing 0.1 % Triton X-100) and 10 % 185 

GS), followed by three 3 min washing steps by addition and removal of 250 µL PBS. After removal of 186 

PBS, a secondary antibody solution in PBS (1:200 Alexa Fluor 546 anti-rabbit IgG (Invitrogen, #A11010), 187 

2 % GS and 1 % Hoechst 33258 (Sigma Aldrich, #B1155)) was added for 30 min at 37 °C. After washing 188 

steps as previously described, plates were stored in the dark at 4°C until further analysis. 189 

Neurospheres (migrated for 5 days) were incubated overnight at 4°C with a mouse IgM 190 

oligodendrocyte O4 antibody solution (1:400 in PBS with 10 % GS; R&D System, #MAB1326). After 1st 191 

antibody incubation, cells were washed three times with 250 µL PBS for 3 min and a secondary 192 

antibody solution in PBS (1:400 Alexa Fluor 488 anti-mouse IgM (Thermo Fisher, #A-21042) and 2 % GS 193 

was added for 30 min at 37 °C followed by washing steps and a second fixation with 4 % PFA for 30 194 

min at 37 °C. After three additional washing steps, cells were permeabilized in 0.1 % PBS-T for 5 min at 195 

room temperature, followed by a blocking step for 15 min at 37 °C with PBS and 10 % Rabbit Serum 196 

(RS; Thermo Fisher, #10510). For neuronal co-staining, neurospheres were incubated for 1 h at 37 °C 197 

with a conjugated rabbit TUBB3 674 antibody (Abcam, #190575) 1:400 (in PBS with 2 % RS and 1 % 198 

Hoechst 33258). After washing steps, 250 µL PBS were added to each well and the plates were stored 199 

in the dark at 4 °C.  200 

Imaging of immunochemical stainings was performed by high content imaging analysis (HCA) using an 201 

automated fluorescence microscope (Cellomics ArrayScan VTI, Thermo Fisher Scientific). Respective 202 

channels (386 nm for Hoechst stained nuclei, 546 nm for GFAP stained radial glia cells and astrocytes, 203 

647 nm for β(III)-Tubulin stained neurons, 488 nm for O4 stained oligodendrocytes) were acquired with 204 

a 200-fold magnification and a resolution of 552x552 pixel. The image analysis was performed with the 205 

HCA tool Omnisphero (Schmuck et al. 2016).  206 

Differentiation 207 

Differentiation into neurons and oligodendrocytes was determined as the number of all β(III)-Tubulin 208 

and O4 positive cells in percent of the total count of Hoechst positive nuclei. Therefore, for two defined 209 
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areas (1098mm x 823mm size; placed on opposite sides of the sphere core)/migration area, the 210 

number of β(III)-Tubulin and O4 positive cells were counted manually and then normalized to the total 211 

number of nuclei. The resulting percentages of the two areas from the same sphere were pooled and 212 

the mean was calculated for the five neurospheres of each treatment. The growth factor EGF, and 213 

bone morphogenetic protein 7 (BMP7) were used as endpoint-specific controls (Baumann et al. 2015) 214 

as they significantly reduced the total number of neurons and oligodendrocytes, respectively (data not 215 

shown). 216 

 217 

Viability and cytotoxicity 218 

 219 

Viability and cytotoxicity assays were multiplexed within the experiment to distinguish specific 220 

compound effects from secondary effects due to loss of mitochondrial reductase activity and 221 

cytotoxicity. Mitochondrial reductase activity was assessed by an alamar blue assay (CellTiter-Blue 222 

assay (CTB); Promega) in the last two hours of the compound treatment period. Cytotoxicity of treated 223 

NPCs was detected by measuring LDH (CytoTox-ONE membrane integrity assay; Promega) after 3 and 224 

5 days of migration/differentiation. Both assays were performed according to the manufacturer’s 225 

instructions and as published previously (Nimtz et al. 2019). The relative fluorescence unit (RFU) values 226 

of the replicates were averaged and medium without cells was used to correct for background 227 

fluorescence. A reduction in radial glia migration decreases the CTB signal due to a diminished cell 228 

number in the migration area without necessarily affecting cell viability (Fritsche et al. 2018a). Thus, it 229 

is to note, when radial glia migration is inhibited by a compound, the LDH assay is the sole cell death 230 

reference assay for DNT specificity.  231 

 232 

Microarray analysis 233 
 234 

For microarrays analysis, 1.000 neurospheres with a defined size of 0.1 mm were plated per well of a 235 

PDL/laminin-coated 6-well-plate and treated for 6 and 24 h with LGT and EGCG, and 60 h with TM. The 236 

RNA isolation was performed using the RNeasy Mini Kit (Qiagen, #74106) according to the 237 

manufacturer’s protocol. Afterwards, the total RNA was quantified (Qubit RNA HS assay, Thermo Fisher 238 

Scientific) and the quality was measured by capillary electrophoresis on a fragment analyzer using the 239 

‘Total RNA Standard Sensitivity Assay’ (Agilent Technologies, Inc. Santa Clara, USA). All samples had 240 

high RNA Quality Numbers (RQN; mean = 9.9).  241 

cDNA synthesis, complementary RNA (cRNA conversion) synthesis and subsequent biotin labeling of 242 

cRNA was performed according to the manufacturer’s protocol (GeneChip® WT PLUS Reagent Kit 243 

703174 23. January 2017; Thermo Fisher). Briefly, 100 ng of total RNA were converted to cDNA. After 244 
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in vitro transcription into cRNA and 2nd cycle synthesis, cDNA was fragmented and biotin labelled. 245 

Finally, end labelled cDNA was hybridized to Applied Biosystems™ Clariom™ S Human Gene Expression 246 

Microarray chips for 16 hours at 45°C, stained with a streptavidin/phycoerythrin conjugate, and 247 

scanned as described in the manufacturer’s protocol.  248 

For validation of microarray experiments, quantitative real-time polymerase chain reactions (qRT-PCR) 249 

of a set of 10 genes were performed (Suppl. Fig. S2) with the QuantiFast SYBR Green PCR Kit (Qiagen, 250 

# 204054) using a Rotor Gene Q Cycler (Qiagen). Therefore, 500 ng RNA from microarray samples were 251 

transcribed into cDNA using the RNeasy Mini Kit (Qiagen, #74106) and the Quantitect Reverse 252 

Transcription Kit (Qiagen, #205313) according to the manufacturer’s instructions. Analysis was 253 

performed using the software Rotor-Gene Q Series version 2.3.4 (Qiagen). Accordingly, copy numbers 254 

(CN) of the genes of interest were calculated by using gene-specific copy number standards as 255 

described previously in detail (Walter et al. 2019) and normalized to the housekeeping gene BETA-256 

ACTIN. Selected genes and respective primer sequences are given in supplementary Table S3.  257 

 258 

DCFDA ROS assay 259 
 260 

Accumulation of reactive oxygen species (ROS) was measured using 2′,7′-dichlorofluorescein diacetate 261 

(DCFDA; Sigma Aldrich, #D6883). Therefore, 35 neurospheres with a defined size of 0.1 mm were 262 

plated per well of black/clear bottom PDL/laminin-coated 96-well plates (Thermo Fisher, #165305) and 263 

treated with TM for 60 h. As a positive control, cells were incubated with 0.01 mM H2O2 for 45 min at 264 

37 °C an 5 % CO2. After treatments, hNPCs were washed with 100 µL prewarmed PBS and cultured in 265 

100 µL differentiation medium containing 50 µM DCFDA for 30 min at 37 °C and 5 % CO2. Afterwards, 266 

hNPCs were washed on ice using 100 µL refrigerated PBS and fluorescence was determined at 267 

493em/522ex on a Tecan Infinite M200 Pro reader.  268 

 269 

Proliferation 270 
 271 

A detailed description of the methods used to evaluate proliferation is given in the supplementary 272 

Material and Method section. 273 

 274 

Data analysis and statistics 275 
 276 

All results are presented as mean ± standard error of the mean (SEM) from a minimum of at least three 277 

independent biological replicates. Independence is defined as experiments performed with NPCs from 278 

different individuals or from a different passage of cells. For concentration-response curves a sigmoidal 279 

(variable slope) curve fit was applied using GraphPad Prism 8.2.1. Statistical significance was calculated 280 
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with OneWay ANOVA and Bonferroni's post-hoc tests using the same software and results with p-281 

values below 0.05 were termed significant.  282 

Data analyses of Microarray CEL files was conducted with GeneSpring GX software (Vers. 14.9.1; 283 

Agilent Technologies). Probes within each probe set were pooled by the GeneSprings’ ExonRMA16 284 

algorithm after quantile normalization of probe-level signal intensities across all samples, leading to a 285 

reduction of inter-array variability (Bolstad et al. 2003). The process of data input was concluded by 286 

baseline transformation to the median of all samples. After grouping of samples (4 biological replicates 287 

each) according to their respective experimental condition, a given probe set had to be expressed 288 

above background (i.e., fluorescence signal of that probe set was detected within the 20th and 100th 289 

percentiles of the raw signal distribution of a given array) in all 4 replicates in at least one of the 290 

conditions to be further analyzed in pairwise or ANOVA comparisons. Statistical significance was 291 

calculated with moderate t-tests or OneWay ANOVA (p ≤ 0.05 was termed significant) followed by 292 

Benjamini-Hochberg tests. The overrepresented gene ontology (GO) enrichment analysis was 293 

performed using the online tool DAVID Bioinformatics Resources 6.8 (DAVID). Therefore, genes with 294 

p ≤ 0.05 and fold change ≥ 1.5 (LGT and EGCG), ≥ 2 (TM) were termed differentially expressed (DEX). 295 

 296 

Results and discussion 297 

 298 
In the last decades, the consumption of CHMs during pregnancy has been increasing not only in Asian 299 

countries, but worldwide. There are over 60 % and 45 % pregnant women in Canada (Hollyer et al. 300 

2002) and in the United States (Glover et al. 2003), respectively, using CHMs during their pregnancy, 301 

while the consumption in European countries averages to up to 20 % (Hemminki et al. 1991; Glover et 302 

al. 2003; Nordeng and Havnen 2004). However, the hazard of most CHMs has not been thoroughly 303 

investigated, since safety evaluations are commonly performed in in vivo studies (Li et al. 2019b). 304 

Especially DNT in vivo hazard assessments are extremely resource-intensive, require high amounts of 305 

animals, time and money and are thus insufficient for large scale testing (Lein et al. 2005; Crofton et 306 

al. 2012). This is one of the reasons why they are not mandatory for safety assessment of compounds 307 

in general, including CHMs. In addition, there are some uncertainties in their methodology, evaluation, 308 

and regulation and they bear the issue of species extrapolation (Tsuji and Crofton 2012; Terron and 309 

Bennekou Hougaard 2018; Sachana et al. 2019). To cover the need for DNT testing for regulatory 310 

purposes, the OECD is currently supporting the delivery of a guidance document that will facilitate the 311 

use of DNT-NAMs within a DNT-IVB in an IATA context (Sachana et al. 2021). This guidance document 312 

is supported by case studies including mechanistic evaluation of different compound classes in the 313 

DNT-IVB in a regulatory context (Sachana et al. 2021). The present study extends the OECD case studies 314 

by investigating the DNT effects of two CHMs, which belong to a totally different compound class, in 315 
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test methods of the current DNT-IVB set up to assess the DNT effects of two CHMs on the 316 

neurodevelopmental KEs NPC proliferation, NPC migration and adhesion, as well as differentiation into 317 

neurons and oligodendrocytes in a 3D neurosphere-based in vitro model consisting of human and rat 318 

NPCs (Baumann et al. 2016; Barenys et al. 2017a; Masjosthusmann et al. 2018; Nimtz et al. 2019; 319 

Masjosthusmann et al. 2020; Klose et al. 2021a; Sachana et al. 2021). This case study exemplifies the 320 

need for hazard characterization of substances not considered hazardous during pregnancy, like the 321 

two selected CHMs, TM and LGT. 322 

As recorded in Chinese Pharmacopoeia (Chinese Pharmacopoeia Commission 2020) LGT is classified as 323 

a toxic herb, as it is known to be toxic to humans, dogs, pigs and insects, but non-toxic to sheep, rabbits, 324 

cats and fish (Chinese Pharmacopoeia Commission 2020). Toxicity was reported for the gastrointestinal 325 

system (Liu et al. 2018a), the central nervous system (hypothalamus, midbrain, medulla, cerebellum 326 

and spinal cord; Wang et al. 2016) and the cardiovascular system (Wang et al. 2020), while bleeding 327 

and necrosis of the liver was also recorded (Li et al. 2020b). LGT is mainly used as a treatment for 328 

leprosy, rheumatoid arthritis, tuberculosis and other chronic lung disorders (Chen 2001; Wang et al. 329 

2018; Song et al. 2020a). Contrary, TM is classified as a non-toxic herb, as in vivo studies showed its 330 

safety in acute and sub-acute toxicity tests (Yuan et al. 2013; Zhan et al. 2016). It has a wide clinical 331 

application including headaches, dizziness, neurasthenia, facial cramps, limb numbness, hemiplegia, 332 

epilepsy, hypertension and tetanus (Dai et al. 2017; Liu et al. 2018b; Chen et al. 2019). Furthermore, 333 

TM is associated with insomnia relief, heart protection, memory enhancement, neuronal system 334 

protection and improvement of synaptic plasticity (Manavalan et al. 2012; Wang et al. 2014; Zhan et 335 

al. 2016; Lin et al. 2017; Huang et al. 2018). A detailed list of LD50 values for both compounds can be 336 

found in the supplementary material (Suppl. Table S1). Both TM and LGT are commercially available 337 

and usually dissolved in a cup of hot water, hence orally consumed.  338 

  339 

LGT disturbs fundamental KEs of human NPC development in vitro  340 

Proliferation of NPCs determines brain size (De Groot et al. 2005), illustrating an essential 341 

neurodevelopmental KE. In order to assess the impact of LGT on hNPC proliferation, we found 342 

that 0.1 mg/mL LGT significantly reduced hNPC proliferation measured by sphere size increase as well 343 

as BrdU incorporation into the DNA to 65.8 % ± 5.2 % and 30.4 % ± 2.9 % of untreated controls, 344 

respectively, without reducing viability or triggering cytotoxicity (Suppl. Fig. S1). The highest 345 

concentration of LGT tested (1 mg/mL) lead to a total inhibition of both hNPC proliferation 346 

measurements. However, also viability and cytotoxicity were significantly affected at this 347 

concentration (Suppl. Fig. S1).  348 
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Another fundamental neurodevelopmental KE is NPC migration. Cortex development takes place 349 

during the fetal phase of brain development and involves radial glia migration leading to the formation 350 

of a scaffold that is especially used by neurons to migrate and build the cortical layers ensuring normal 351 

brain structure and function (Borrell and Götz 2014). LGT exposure disturbed hNPC migration as the 352 

most sensitive endpoint (MSE; Fig. 1A, D) across the battery of test methods, since LGT significantly 353 

reduced radial glia migration distance (72 h) to 61.9 ± 11.3 % and 1.5 ± 0.2 % of control at 354 

concentrations of 0.01 mg/mL and 0.1 mg/mL, respectively (Fig. 1A), without inducing cytotoxicity (Fig. 355 

1C). 1 mg/mL LGT completely inhibited hNPC migration due to cytotoxicity (112.0 ± 19.7 % (72 h) and 356 

112.3 ± 12.7 % (120 h) of the lysis control; Fig. 1C). Similar to the migration distance measurement 357 

shown in Fig. 1A, LGT significantly reduced the number of migrated Hoechst positive nuclei to 45.5 ± 358 

22.8 % of control at 0.01 mg/mL with a complete loss of nuclei due to absence of migration at 0.1 359 

mg/mL and 1 mg/mL LGT. The decreased number of nuclei serves as a second readout for the disturbed 360 

cell migration. Within the migration area, hNPCs differentiate into different effector cells of the human 361 

brain, e.g. neurons and oligodendrocytes. To analyze the influence of LGT on hNPC neuronal and 362 

oligodendrocyte differentiation, all β(III)-Tubulin and O4 positive cells in percent of Hoechst positive 363 

nuclei in the migration area after 120 h of differentiation were quantified (Fig. 1B). Under influence of 364 

LGT (≤ 0.001 mg/mL), differentiation into neurons and oligodendrocytes was not affected. Neurons 365 

and oligodendrocytes were not quantifiable after exposure to ≥ 0.01 mg/mL LGT due to the altered 366 

phenotype of the migration area (Fig. 1D) displaying an irregular migration pattern containing gaps 367 

and arborized structures with cells seeming to adhere to each other.  368 
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  369 

Fig. 1: Effects of LGT on hNPC migration and differentiation supporting the AOP ‘Disrupted laminin-beta1-integrin 370 
interaction leading to impaired cognitive function’. Spheres with a defined size of 0.3 mm were plated for hNPC migration 371 
analyses onto poly-D-lysine/laminin-coated 96-well plates in presence and absence of LGT for 120 h. Radial glia migration 372 
(72 h) was determined by manually measuring the radial migration from the sphere core (A). Differentiation into neurons and 373 
oligodendrocytes was determined by performing immunocytochemical stainings and using the software Omnisphero 374 
(Schmuck et al. 2016). The number of all β(III)-Tubulin positive (red) and O4 positive (green) cells in the migration area after 375 
120 h of differentiation were counted manually and their percent of Hoechst positive nuclei (blue) was calculated (B, D). In 376 
parallel, cytotoxicity (C) was assessed by the LDH assay. At least three independent experiments with 5 technical replicates 377 
were performed and presented as mean ± SEM. Statistical significance was calculated using OneWay ANOVA followed by 378 
Bonferroni's post-hoc tests (p ≤ 0.05 was considered significant). The schematic AOP ‘Disrupted laminin-beta1-integrin 379 
interaction leading to impaired cognitive function’ includes the laminin-dependent decreased adhesion of NPCs as a central 380 
key event resulting in cortical layers alterations and adverse outcomes in the developing brain. This AOP is based on published 381 
results: *Barenys et al. 2017 and Kühne et al. 2019; #Graus-Porta et al. 2001; °Belvindrah et al. 2007; +Amin and Borrell 2020, 382 
Fernández et al. 2016, and Long and Huttner 2019. nq = not quantifiable. 383 
 384 

Cell migration requires cell adhesion as well as cell motility. In order to investigate whether LGT affects 385 

hNPC movement or adhesion, we next performed time-lapse microscopy of plated neurospheres over 386 

a time course of 24 h (Online Resource). The videos clearly demonstrate that 0.01 and 0.1 mg/mL LGT 387 

did not affect hNPC motility but their adhesion, since cells try to attach to the extracellular matrix 388 

(ECM) and upon unsuccessful attachment migrate back into the sphere. This impaired adhesion causes 389 

an irregular migration pattern with gaps and arborizations similar to Fig. 1D.  390 
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This specific neurosphere ‘gap and arborization’ endophenotype was previously observed upon 391 

neurosphere treatment with the flavonoid EGCG (Barenys et al. 2017a), the most abundant catechin 392 

in green tea (Rothwell et al. 2013).  393 

Based on these data in human and rat NPCs (Barenys et al. 2017a), we generated the putative AOP 394 

‘Disrupted laminin-1-integrin interaction leading to impaired cognitive function’ (Bal-Price et al. 2016; 395 

Fig. 1E), which was submitted to the OECD in 2019. The MIE identified in this AOP is the interference 396 

of a compound with the ECM protein laminin, thereby disturbing binding of NPCs via their β1-integrin 397 

receptors to laminin. Laminin is a major component of the brain’s extracellular matrix and is essential 398 

for normal brain development and function (Chen et al. 2009). The in vivo relevance of β1-integrin 399 

function for cortical development was demonstrated in conditional β1-integrin deficient (CNS-(nestin-400 

Cre)-β1-integrin-deficient) mice. These animals display defects in the organized laminar 401 

cytoarchitecture of cortical structures due to defective anchoring of glial endfeet (Graus-Porta et al. 402 

2001). In vitro, nestin-Cre-β1-integrin-deficient glia cells from these mice do not develop cell processes 403 

with their typical radial glia fibers (Belvindrah et al. 2007), suggesting that the transmembrane β1-404 

integrin complex regulates glial process outgrowth and endfeet anchorage, a prerequisite for neuronal 405 

migration and positioning. Lately, the significant modulating effect of the ECM including laminin and 406 

integrins for cortex morphogenesis, especially for gyrencephalic species like humans, has been 407 

appreciated (Long and Huttner 2019; Amin and Borrell 2020). Hence, the AO of this AOP is ‘Impaired 408 

cognitive function’ as a result of disturbed cortical radial glia adhesion and migration, which are 409 

pathognomonic for disturbed cortical architecture with impaired cortical folding during development 410 

that lead to severe intellectual disability when caused by gene mutations (Fernández et al. 2016). 411 

Induction of this phenotype was recently used for prioritization of EGCG analogues for possible clinical 412 

application (Kühne et al. 2019). 413 

  414 

LGT disturbs radial glia adhesion of human NPCs in vitro by interacting with the extracellular matrix 415 

glycoprotein laminin 416 

To elucidate if also LGT produces – similar to EGCG (Barenys et al. 2017a) – the migration 417 

endophenotype of ‘gap and arborization’ by binding to laminin and thereby disrupting laminin-integrin 418 

binding, we performed experiments with three different LGT exposure scenarios: (i) Spheres and ECM 419 

were exposed to LGT during the whole migration period of 72 h, (ii) the ECM was pre-exposed to LGT 420 

for 24 h prior to plating LGT-unexposed spheres, and (iii) proliferating spheres were pre-exposed to 421 

LGT for 24 h and plated in absence of LGT on an unexposed laminin matrix (Fig. 2A). 422 
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 423 

Fig. 2: LGT disturbs migration by interacting with laminin. Spheres with a defined size of 0.3 mm were plated onto an 424 
extracellular matrix (ECM) consisting of poly-D-lysine (PDL) and Laminin, and cultured for 72 h in presence and absence of 425 
LGT under following conditions: Spheres and ECM were exposed to LGT for 72 h during the whole migration period; ECM was 426 
pre-exposed to LGT for 24 h and used to culture spheres without LGT; spheres were pre-exposed to LGT for 24 h and cultured 427 
without LGT on a non-treated ECM (A). To visualize the migration area and radial glia orientation, immunocytochemical 428 
stainings of GFAP positive cells (red) and Hoechst positive nuclei (blue) were performed. Representative immunocytochemical 429 
stainings (B) and measurement of the migration distance in µm (C) of hNPCs exposure to increasing LGT and laminin 430 
concentrations. Data shown in (C) are derived from at least three independent experiments with 5 technical replicates and 431 
presented as mean ± SEM. Statistical significance was calculated using OneWay ANOVA followed by Bonferroni's post-hoc 432 
tests (* p ≤ 0.05 was considered significant) and Two-way ANOVA followed by Tukey’s multiple comparison test (# p ≤ 0.05 433 
was considered significant). * significant compared to respective solvent control; # significant compared to the 0.1 mg/mL 434 
LGT treatment plated on 0.0125 mg/mL laminin. Schematic experimental setup (A) was created with BioRender.com. 435 

For visualization of the migration pattern as well as the radial glia orientation, we performed 436 

immunocytochemical stainings of GFAP+ cells. The alterations in the migration phenotype are only 437 

observed when the ECM was exposed or pre-exposed to LGT (Fig. 2A, conditions ii+iii) and not when 438 

the spheres were pre-exposed to the compound and plated onto an unexposed ECM (Fig. 2A, 439 

condition i). These results suggest that LGT binds to laminin, thereby prohibiting laminin-cell surface 440 

receptor interaction, leading to a disturbed cell adhesion. To confirm this hypothesis, we performed 441 

LGT/laminin co-exposure experiments (Fig. 2B, C). Increasing the assay’s laminin concentration in the 442 

‘Neurosphere Assay’ from 0.0125 mg/mL to 0.025 mg/mL and 0.1 mg/mL antagonized the LGT-induced 443 

migratory endophenotype (Fig. 2B) and the decreased migration distance (Fig. 2C) in a concentration-444 

dependent manner. 0.1 mg/mL laminin rescued the strong, LGT-induced reduced migration distance 445 
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(39.4 ± 5.0 µm) to 597.0 ± 71.4 µm, yet did not completely compensate the adverse effect, while 0.025 446 

mg/ml laminin completely antagonized the migration inhibition caused by 0.01 mg/ml LGT. 447 

Cell adhesion to the ECM protein laminin primarily depends on integrins, which are composed of a 448 

family of α/β heterodimeric transmembrane receptors which are responsible for the cell adherence to 449 

the ECM and take part in specialized cell-cell interactions (Hynes 2002). Integrin dimers containing β1- 450 

and β4 subunits are known to be responsible for laminin binding, with the β1-subunit playing the major 451 

part (Humphries et al. 2006; Barczyk et al. 2010). Chemicals that have a binding affinity to the ECM 452 

protein laminin mask the laminin-β1 and/or β4-integrin receptor and are therefore suggested to affect 453 

important cellular key aspects of neurodevelopment including cell adhesion, cell orientation and cell 454 

migration thus disturbing cortical development (Graus-Porta et al. 2001; Belvindrah et al. 2007; Tzu 455 

and Marinkovich 2008; Warren et al. 2012; Lubbers et al. 2014; Barenys et al. 2017a). 456 

That hNPC adhesion is also mainly dependent on β1-containing receptors, was shown earlier by 457 

Barenys et al. (2017a). In this study, RT-PCR analyses revealed mRNA expression of β1- and β4-integrin 458 

subunits in migrating hNPCs. By using functional blocking antibodies against β1-integrin we observed 459 

a decrease in hNPC migration and an irregular migration pattern, while a functional blockage of β4-460 

integrin did not result in altered hNPC migration (Barenys et al. 2017a). This migration endophenotype 461 

of ‘gaps and arborization’ seems to be specific for disturbed hNPC adhesion, because compounds 462 

inhibiting migration due to alterations of intracellular signaling like methylmercury chloride (MeHgCl) 463 

or the src kinase inhibitor PP2 decrease hNPC migration without causing gap formation in the migration 464 

area (Moors et al. 2007; Fritsche et al. 2018a; Masjosthusmann et al. 2018). Due to the striking 465 

similarity with the endophenotype observed after EGCG treatment, we suggest that also the LGT-466 

induced migration phenotype is caused by interference of the compound with binding of the β1-467 

integrin subunit to laminin. The relevance of the previously described AOP (Bal-Price et al. 2016; Fig. 468 

1E) for the LGT MoA is supported by experimental data, i.e. antagonization of LGT effects by laminin 469 

(Fig. 2C) and observation of the chaotic orientation of GFAP+ radial glia cells (Fig. 2A, B). 470 

 471 

Transcriptome analyses of migrating hNPCs exposed to LGT and EGCG 472 

To further elucidate the mechanism(s) underlying the LGT or EGCG-induced migratory phenotype, we 473 

performed microarray analyses of hNPCs differentiated for 6 h and 24 h in presence of 0.01 mg/mL 474 

and 0.1 mg/mL LGT or 10 µM EGCG and their respective solvents (N2 Medium for LGT; 0.1 % DMSO for 475 

EGCG; Fig.3).  476 
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 477 

Fig. 3: Transcriptome profiling of migrated and differentiated hNPCs treated with LGT and EGCG. Differential gene 478 
expression between hNPCs exposed to solvent (N2 Medium for LGT; DMSO for EGCG), LGT (0.01, 0.1 mg/mL) and EGCG (10 479 
µM) over the time course (6 and 24 h) of differentiation was statistically determined using one-way ANOVA followed by 480 
Benjamini-Hochberg tests. Genes with p ≤ 0.05 and fold change ≥ 1.5 were termed differentially expressed (DEX). Overlap of 481 
the number of DEX genes regulated by LGT and EGCG over the time course of 6 h (A; SC vs. 0.01 mg/mL LGT, #834; SC vs. 0.1 482 
mg/mL LGT, #389; SC vs. 10 µM EGCG, #1255) and 24 h (C; SC vs. 0.01 mg/mL LGT, #91; SC vs. 0.1 mg/mL LGT, #752; SC vs. 10 483 
µM EGCG, #1718) of hNPC differentiation. Overrepresented gene ontology (GO) terms for 6 h (B) and 24 h (D) of differentiated 484 
hNPCs under influence of LGT and EGCG. GO enrichment analysis was performed using the online tool DAVID Bioinformatics 485 
Resources 6.8 (DAVID). All overrepresented GO terms were sorted by their number of genes involved (blue bars). Additionally, 486 
the p-value of each GO term is given (red bars). GO terms with highest number of genes involved are displayed. SC = solvent 487 
control. 488 

 489 

The Venn-diagrams illustrate the total number of gene changes (Fig. 3A, C). Both concentrations of LGT 490 

(0.01 mg/mL and 0.1 mg/mL) as well as 10 µM EGCG significantly (p ≤ 0.01, fold-change ≥ 1.5) regulated 491 

the expression of 834, 389 and 1255 genes, respectively, already after 6 h (Fig. 3A), indicating that 492 

transcriptome changes take place within the first hours of migration. After 24 h of migration the 493 

number of significantly regulated genes increased to 752 and 1718 in 0.1 mg/mL LGT- and EGCG-494 

treated spheres, respectively, while 0.01 mg/mL LGT regulated with 91 genes less than after 6h (Fig. 495 

3C). In general, EGCG regulates more genes than LGT after both timepoints measured. Both 496 

compounds commonly regulated only 22 and 18 genes after 6 h and 24 h, respectively (Suppl. Tab. S4). 497 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



-17- 
 

Strikingly, just one gene (cell-adhesion molecule-related/down-regulated by Oncogenes; CDON) within 498 

the 22 genes regulated after 6 h is directly associated with cell migration and/or adhesion, while after 499 

24 hours none of the overlap genes is directly related to migration and/or adhesion processes. CDON 500 

has been identified as a Sonic hedgehog (Shh) receptor with affiliations to the neural cell adhesion 501 

molecule (N-CAM) family (Tenzen et al. 2006; Zhang et al. 2006). Specifically, CDON plays an important 502 

role during neuronal differentiation as it binds to N-cadherin, a cell-adhesion molecule, thereby 503 

inducing p28/MAPK signaling to direct cell differentiation (Lu and Krauss 2010). Contrary to CDON 504 

upregulation caused by LGT (0.01 mg/mL FC 1.8; 0.1 mg/mL FC 2.0) and EGCG (FC 5.6), knockdown of 505 

CDON in zebrafish neural crest cells (NCCs) resulted in aberrant migration, as NCCs are still able to 506 

migrate out of the neural tube but delay directly after the initiation of migration (Powell et al. 2015). 507 

Furthermore, this study illustrates via live cell imaging a reduced directedness of migration, increased 508 

velocity and mispositioned cell protrusions, indicating that any disturbance in this gene results in an 509 

adverse migratory phenotype. In our case here, it can be speculated that CDON expression might be a 510 

compensatory mechanism for the aberrant migration produced by compound exposure. This has to be 511 

more thoroughly studied in the future. 512 

In accordance with these observations, gene ontology (GO) enrichment analyses and the ten highest 513 

overrepresented biological processes sorted by their number of genes involved, revealed no enriched 514 

migration and/or adhesion process after 6 h and 24 h 0.1 mg/mL LGT and 10 µM EGCG hNPC (Fig. 515 

3B, D). However, three of the enriched processes are directly brain-related (‘nervous system 516 

development’, ‘neurogenesis’ and ‘neuron differentiation’) and overrepresented in all conditions. In 517 

addition, the GO term ‘neuron development’ is present after 24 h of hNPC treatment with 10 µM EGCG 518 

(Fig. 3D). With the exception of 6 h 0.1 mg/mL LGT, there is one process ’cell surface receptor signaling 519 

pathway’ overrepresented in all conditions, which needs further attention regarding our findings of 520 

altered cell-adhesion to the ECM. Here, EGCG had a greater impact since 79 (6 h) and 45 genes (24 h) 521 

are involved, while LGT led to a deregulation of 24 genes relevant for this GO enrichment. Precisely, 522 

only nine genes in total (Receptor-type tyrosine-protein phosphatase T, PTPRT; Semaphorin 3E, 523 

SEMA3E; Integrin beta-5, ITGB5; Cadherin-6, CADH6; Membrane-associated guanylate kinase, MAGI2; 524 

Adhesion G protein-coupled receptors (GPCRs) latrophilin 2 and 3, ADGRL2, ADGRL3; Contactin-1, 525 

CNTN1; CDON) are directly associated with cell-adhesion. This lack of transcriptome data contributing 526 

to the knowledge on the MoA of LGT and EGCG is not surprising, considering that the common MIE 527 

‘binding of a chemical to the extracellular matrix protein laminin’ up to the KE2 ‘decreased adhesion 528 

of NPC to laminin in vitro’, ultimately leading to the observed migratory endophenotype, are 529 

orchestrated without genomic involvement. Therefore, we interpret the observed minor 530 

transcriptomic changes as a secondary effect and compensatory response of the cell to the defective 531 

cell-matrix adhesion/interaction and subsequently migration.  532 
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 533 

Clinical observations concerning LGT 534 

Strikingly, general toxicity of LGT exhibits enormous species differences in vivo, as it is toxic to humans, 535 

dogs, pigs and insects, but non-toxic to sheep, rabbits, cats and fish (Chinese Pharmacopoeia 536 

Commission 2020). Species differences might be caused by species-specificities in toxicodynamics or 537 

toxicokinetics (Dragunow 2020). As we did not observe species differences in EGCG potency on adverse 538 

human and rat NPC migration (Barenys et al. 2017a), it is highly likely that the adversity on NPC 539 

adhesion/migration observed in this study is species-overarching and independent of the general 540 

toxicity observed in earlier in vivo studies. 541 

This is the first time that the specific impact of the whole LGT extract on cell adhesion was shown in 542 

human cells in vitro, as most studies deal with single components and/or specific target-related in vivo 543 

models trying to evaluate single MoA. Previous work from Kong et al. (2013) demonstrated for 544 

triptolide, a diterpenoid triepoxide LGT constituent, matrigel-induced cell adhesion adversities in 545 

human fibroblast-like synoviocytes of rheumatoid arthritis and human umbilical vein endothelial cells. 546 

If the LGT-induced altered adhesion of hNPCs to laminin is also caused by triptolide is not known, 547 

however, it can be assumed since triptolide represents one of the main active component of LGT (He 548 

et al. 2013). To get a deeper understanding of prenatal LGT toxicity, further studies are needed, 549 

especially to identify and quantify the adhesion-disturbing component(s) in the LGT extract mixture 550 

we used. Moreover, single component experiments and a better understanding of the in vitro and in 551 

vivo pharmacokinetics of the substance(s) are warranted. The latter will allow moving from hazard 552 

characterization to risk assessment. 553 

 554 

TM exposure disrupts oligodendrogenesis by producing oxidative stress  555 

Next, we analyzed the impact of the second CHM, TM, on hNPC proliferation, radial glia migration and 556 

differentiation into neurons as well as oligodendrocytes (Fig. 4). The proliferation of hNPCs, measured 557 

by the increase of sphere size and by BrdU incorporation into the DNA was not significantly altered by 558 

TM concentrations up to 1mg/mL over 72 h (Suppl. Fig. S1), nor did TM affect migration (Fig. 4A) or 559 

neuronal differentiation (Fig. 4B) at the concentration tested. However, 1 mg/mL TM significantly 560 

reduced the differentiation into oligodendrocytes to 27.6 ± 9.5 % of control (Fig. 4B, D), without 561 

significantly affecting the number of nuclei (Fig. 4B), viability (Fig. 4C) or inducing cytotoxicity (Fig. 562 

4A, C).  563 
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 564 

Fig. 4: Effects of TM on hNPC migration and differentiation. Spheres with a defined size of 0.3 mm were plated onto poly-D-565 
lysine/laminin-coated 96-well plates and exposed to increasing TM concentrations over 120 h. Radial glia migration (72 h) 566 
was determined by manually measuring the radial migration from the sphere core (A). Differentiation into neurons and 567 
oligodendrocytes was determined by performing immunocytochemical stainings and using the software Omnisphero 568 
(Schmuck et al. 2016). The number of all β(III)-Tubulin positive cells (B) and O4 positive cells (B, D; green) in percent of Hoechst 569 
positive nuclei (blue) in the migration area after 120 h of differentiation was calculated manually. In parallel, viability and 570 
cytotoxicity (A, C) were assessed by the Alamar Blue and the LDH assay. At least three independent experiments with 5 571 
technical replicates were performed and depicted as mean ± SEM. Statistical significance was calculated using OneWay 572 
ANOVA followed by Bonferroni's post-hoc tests (p ≤ 0.05 was considered significant). 573 

 574 

Since oligodendrocyte differentiation was the only analyzed neurodevelopmental endpoint affected 575 

by TM, we performed microarray analyses of hNPCs differentiated for 60 h under exposure to either 576 

1 mg/mL TM or vehicle (differentiation medium without TM; Fig. 5) to help identify the underlying 577 

MoA. 578 

Exposure to 1 mg/mL TM during the 60 h of neurosphere differentiation significantly (p ≤ 0.05, fold 579 

change ≥ 2) regulated the expression of 22 genes compared to the respective controls (Fig. 5A, C). A 580 

gene set enrichment analysis revealed only 12 GO terms, of which more than half (58 %) were 581 

associated with cell death/apoptosis, while 25 % and 17 % were related to cell signaling and other 582 

biological processes, respectively (Fig. 5A). Looking at the GO terms associated with cell death, a set of 583 

5 genes (oxidative stress induced growth inhibitor 1, OSGIN1; heme oxygenase 1, HMOX1; NAD(P)H 584 

dehydrogenase quinone 1, NQO1; glutamate-cystein ligase modifier subunit, GCLM; malic enzyme 1; 585 

ME1) related to oxidative stress were overrepresented. In accordance with that, STRING gene-gene 586 

interaction network analysis based on the 22 significantly regulated genes revealed a high correlation 587 

of the 5 genes involved in oxidative stress response (Fig. 5B). In addition to the 5 differentially 588 

expressed genes related to oxidative stress (red dots, Fig 5C), we identified 1 gene (high density 589 

lipoprotein (HDL) binding protein, HDLBP) to be involved in lipid/cholesterol metabolism (green dot, 590 
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Fig 5C), a process necessary for myelination and thereby for proper oligodendrogenesis (Berghoff et 591 

al. 2016). HDLBP binds HDL, such as cholesterol, thereby regulating excess cholesterol levels in cells. 592 

An HDLBP up-regulation (FC 2.3) caused by TM may lead to excessive HDL binding, thus reducing the 593 

availability of HDL for myelin formation, which in turn disturbs oligodendrogenesis (Li et al. 2020a). 594 

Next to NQO1 and HMOX1, 3 additional DEX genes (mitogen-activated protein kinase kinase 1, 595 

MAP2K1; SRY-Box transcription factor 5, SOX5; Wnt family member 3, WNT3) are associated with 596 

oligodendrogenesis (blue dots, Fig 5C). Downregulation of Wnt signaling, Sox5 transcriptional activity 597 

and MAP2K1-dependend ERK1/2 activation are necessary for oligodendrocyte precursor (OPC) 598 

proliferation and differentiation (Shimizu et al. 2005; Langseth et al. 2010), the maintenance of OPCs 599 

in an undifferentiated state (Baroti et al. 2016), and the synthesis of myelin or remyelination (Jeffries 600 

et al. 2016), respectively. In case of SOX5, the observed up-regulation (FC 2.1) might lead to a 601 

continuous sojourn of OPCs in the immature state (Baroti et al. 2016), thereby decelerating 602 

oligodendrogenesis and decreasing oligodendrocyte numbers. Since we observed WNT3 to be down-603 

regulated (FC 2.0) and MAP2K1 to be up-regulated (FC 2.1) upon TM treatment, we hypothesize a 604 

compensatory mechanism in response to the reduced oligodendrocyte differentiation. These 605 

observations have to be more intensively examined in the future. 606 

Altogether, based on these transcriptomic findings, we hypothesize that oxidative stress plays a 607 

significant role in the oligodendrocyte reduction observed after treatment with TM. 608 
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 609 

Fig. 5: Transcriptomic profiling of differentiated hNPCs treated with TM. Differential gene expression between hNPCs 610 
exposed to 1 mg/mL TM and untreated hNPCs over 60 h of differentiation was statistically determined using moderated t-611 
Test followed by Benjamini-Hochberg tests. Genes (#22) with p ≤ 0.05 and fold change ≥ 2 were termed differentially 612 
expressed (DEX). Overrepresented gene ontology (GO) terms for hNPCs differentiated under the influence of 1 mg/mL TM 613 
for 60 h (A). GO enrichment analysis was performed using the online tool DAVID Bioinformatics Resources 6.8 (DAVID). The 614 
significantly regulated GO terms (#12) after 60 h of differentiation were further assigned to 3 superordinate processes based 615 
on expert judgment. Numbers in the pie chart represent the percentage of GO terms assigned to each superordinate process. 616 
Gene-gene interaction network analysis of the genes regulated by 1 mg/mL TM shows involvement of oxidative stress (B). 617 
Expression profile (absolute signal intensity) of the 22 differentially regulated genes identified in (A) between SC and 1 mg/mL 618 
(C). Genes are highlighted as reportedly regulated by oxidative stress (red dots), involved in lipid/cholesterol metabolism 619 
(green dot) or associated with oligodendrogenesis (blue dots). ROS accumulation (D) was measured via DCFDA oxidation over 620 
60 h in hNPCs treated with 0.01 and 1 mg/mL TM. Exposure to 0.01 mM H2O2 was used as a positive control. Human and rat 621 
spheres with a defined size of 0.3 mm were plated onto poly-D-lysine/laminin-coated 96-well plates and exposed to increasing 622 
TM concentrations over 120 h. The differentiation into oligodendrocytes was determined as number of all O4 positive cells 623 
in percent of the total amount of Hoechst positive nuclei in the migration area (E). At least three independent experiments 624 
with 5 technical replicates were performed and presented as mean ± SEM (in (D) TM treatment n=4; H2O2 n=3). Statistical 625 
significance was calculated using OneWay ANOVA followed by Bonferroni's post-hoc tests and unpaired t-test for H2O2 (p ≤ 626 
0.05 was considered significant). SC = solvent control (N2-medium); OSGIN1 = oxidative stress induced growth inhibitor 1, 627 
HMOX1 = heme oxygenase 1, NQO1 = NAD(P)H dehydrogenase quinone 1, GCLM = glutamate-cystein ligase modifier subunit, 628 
ME1 = malic enzyme 1, HDLBP = high density lipoprotein binding protein, H2O2 = hydrogen peroxide. 629 
 630 
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Oxidative stress is defined as an imbalance between the production of reactive oxygen species (ROS) 631 

and the antioxidant capacity of the cell. Measurements of ROS accumulation in differentiated hNPCs 632 

exposed to 1 mg/mL TM (60 h) revealed significantly induced ROS levels up to 158.5 ± 14.4 % of 633 

untreated controls (Fig. 5D). As expected, the phenotypically unobtrusive concentration of 634 

0.01 mg/mL TM did not cause oxidative stress (Fig. 5D). Hence, the ROS measurements support the 635 

transcriptomic data and the endophenotypic observation of decreased hNPC oligodendrocyte 636 

differentiation. However, at this point we cannot exclude that our findings on the transcriptomic level 637 

and the ROS induction can be attributed to other cells but oligodendrocytes in our mixed culture 638 

system. However, concerning TM exposure, oligodendrocytes are the most sensitive cell type (Fig. 4B). 639 

Our hypothesis of ROS-induced oligodendrocyte toxicity is supported by previous clinical and cell 640 

biological investigations. Specifically developing human oligodendrocytes, i.e. pre-oligodendrocytes 641 

(Volpe et al. 2011; van Tilborg et al. 2016), exert a high susceptibility towards ROS. The pathognomonic 642 

relevance of ROS for impaired oligodendrogenesis is expressed in white matter injuries (WMI) 643 

occurring in premature infants. Here, free radical attack on pre-oligodendrocytes was identified as one 644 

of the major pathomechanisms responsible for the disease causing either oligodendrocyte death or 645 

oligodendrocytes with impaired cellular functions, e.g. reduced differentiation or myelination (Volpe 646 

et al. 2011). The ROS-sensitivity of pre-oligodendrocytes has multiple causes. On the one hand, it is 647 

due to their low glutathione (GSH)- and superoxide dismutase-dependent antioxidative defense, their 648 

increased expression of ROS-producing 12/15 lipoxygenase (Folkerth et al. 2004; Haynes and Van 649 

Leyen 2013) and their enormous intracellular stores of iron, which is the largest in the brain (Juurlink 650 

1997; Back et al. 1998; Marinelli et al. 2016). Iron ions in presence of hydrogen peroxide and 651 

superoxide anions catalyses formation of the highly reactive hydroxyl radical by the Haber-Weiss-652 

reaction (Haber and Weiss 1934). Furthermore, oligodendrocytes synthesize more than 3-fold their 653 

own weight of myelin (Norton and Poduslo 1973) and facilitate membrane production of up to 100x 654 

the weight of their cell bodies per day (Ludwin 1997; McTigue and Tripathi 2008; Bradl and Lassmann 655 

2010). The myelin sheath is characterized by a high content of lipids (70 % - 85 %; Williams and Deber 656 

1993; Poitelon et al. 2020) illustrating the high vulnerability of oligodendrocytes towards ROS-initiated 657 

lipid peroxidation leading to cell death or malfunction of oligodendrocytes (Haq et al. 2003; Bezine et 658 

al. 2017).  659 

In general, TM was suggested to possess antioxidative and neuroprotective properties (reviewed in 660 

Zhan et al. 2016 and Heese 2020; Xian et al. 2016). However, most studies deal with single TM 661 

components and/or are based on in vivo studies in adult animals (Shuchang et al. 2008; Park et al. 662 

2015; Liu et al. 2018b, 2020; Jiang et al. 2020). So far, only a few human cell-based studies reported 663 

altered ROS responses after exposure to gastrodin, one of the main components of TM. Here, gastrodin 664 

acted as an antioxidant on human retinal endothelial cells (Zhang et al. 2018), while it induced ROS-665 
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associated cytotoxicity in human glioblastoma cells (Liang et al. 2017). In vivo, TM exerted no obvious 666 

adverse effects, e.g. malformations, on prenatally treated rat fetuses (Yuan et al. 2013). However, 667 

WMI, especially more subtle forms like diffuse WMI or punctate white matter lesions (van Tilborg et 668 

al. 2016), were not investigated in these studies. Hence, in vivo effects cannot be excluded by the 669 

currently available data. Another possibility is that due to species differences between rodents and 670 

humans, an animal experiment could deliver a false-negative result. Including time-matched rat 671 

neurospheres into our studies (Workman et al. 2013; Baumann et al. 2014), we observed no TM-672 

induced oligodendrocyte toxicity in differentiating rat NPCs, which is in strong contrast to the TM-673 

induced disturbance of oligodendrocyte differentiation we detected in hNPCs (Fig. 5E). We previously 674 

demonstrated that human NPCs are more sensitive towards arsenite-induced oxidative stress than rat 675 

NPCs due to their approximately three times lower basal expression of GSH-dependent and –676 

independent antioxidative defense-related genes and their lower GSH content (Masjosthusmann et al. 677 

2019). Regarding oxidative stress, higher protection against ROS-mediated toxicity in rodents 678 

compared to humans was reported for arsenite-exposed embryonic mouse brains (Allan et al. 2015), 679 

thalidomide-mediated toxicity in rat and rabbit whole embryo cultures (Hansen et al. 1999), embryonic 680 

fibroblasts in vitro, and adult heart tissue in vivo (Janssen et al. 1993; Knobloch et al. 2008). It is 681 

increasingly recognized that the physiology of laboratory animals often differs from human physiology 682 

(Knight 2007; Leist and Hartung 2013). For example, Olson et al. (2000) demonstrated that rodents 683 

identified only 43 % of 150 pharmaceuticals known to be toxic in humans. This is especially true for 684 

cellular aspects concerning the brain as central nervous system (CNS) drug development has been 685 

plagued by a failure to translate effective therapies from the lab to the clinic (Dragunow 2020).  686 

 687 

Putative AOP for the disruption of oligodendrocyte development  688 

Combining the endophenotype of the ‘Neurosphere Assay’ with microarray analysis, we identified one 689 

putative MoA how TM might interfere with oligodendrocyte development. This MoA involves the 690 

dysregulation of a gene expression network involved in oxidative stress. Since especially pre-691 

oligodendrocytes are highly susceptible towards oxidative stress, TM exposure might reduce the 692 

number of differentiated oligodendrocytes from hNPC by increasing intracellular ROS levels. This 693 

observation leads us to the implementation of a further stressor-dependent AOP with the MIE 694 

‘increased reactive oxygen species production’ along with KEs connected to oxidative stress into our 695 

recently published stressor-based AOP network (Klose et al. 2021b; Fig. 6). Increased ROS production 696 

(KE257; https://aopwiki.org/) as a MIE was previously observed in response to oxidative stressors (e.g. 697 

radiation, metals and organics) and is currently under development within the AOP wiki (Song et al. 698 

2020b; https://aopwiki.org/; #238, #299, #311, #327-330, #386-387). One AOP (#17; 699 

http://aopwiki.org) already in the AOP wiki describes a linkage between oxidative stress and 700 
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impairment in learning and memory, yet independent of oligodendrocytes. The AOP network around 701 

the reduced number of oligodendrocytes will therefore link to AOP #17 via the KE ‘Oxidative stress’. 702 

Moreover, both the KE ‘Altered cholesterol metabolism’ and KE ‘Response to oxidative stress’ in our 703 

AOP network impair oligodendrocyte differentiation, thus reducing their numbers and potentially 704 

impairing myelin production. In addition, also effects on oligodendrocyte maturation (KE ‘Reduced 705 

oligodendrocyte maturation’) can in the end result in reduced brain myelin. Lower myelin causes 706 

alterations in the white matter leading to adverse outcomes such as cognitive, attentional, behavioral, 707 

and/or social deficits (Back et al. 2001; Gika et al. 2010; La Piana et al. 2015; Berghoff et al. 2017). 708 

Obviously, more compounds acting via these MoA need to be identified in order to strengthen this 709 

hypothetical AOP. In addition, KE relationships have to be experimentally established. 710 

 711 

Fig. 6: Putative AOP network for impaired oligodendrocyte development. The previously established oligodendrocyte 712 
development AOP network (Klose et al. 2021b) is enlarged by the MIE ‘increased reactive oxygen species production’ and KEs 713 
regarding oxidative stress. ↑ = increased effects.  714 

 715 

 716 

Summary and conclusions 717 
 718 

In summary, we tested two selected CHMs, LGT and TM, for their potential to induce 719 

neurodevelopmental toxicity by application of the human cell-based in vitro ‘Neurosphere Assay’, 720 

which is part of the EFSA DNT-in vitro battery (Masjosthusmann et al. 2020). Both CHM caused 721 

previously observed DNT endophenotypes, i.e. disturbed radial glia migration and impaired 722 

oligodendrocyte differentiation. Transcriptome analyses added molecular data to the cellular 723 
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phenotypic observations. The LGT-induced migration endophenotype could be successfully correlated 724 

to disturbances in cell adhesion to laminin, thus mapping our new observations to an already published 725 

AOP on ‘Disrupted laminin-beta1-integrin interaction leading to developmental neurotoxicity’ (Bal-726 

Price et al. 2016; Barenys et al. 2017a). The molecular data on TM exposure unraveled a novel stressor-727 

dependent AOP on disturbed oligodendrocyte differentiation upon ROS accumulation along with 728 

oxidative stress that was added to the previously published AOP network on impaired oligodendrocyte 729 

development (Klose et al. 2021b). Hence, CHM are a valuable example for compounds in broad public 730 

use with insufficient hazard characterization concerning DNT. By testing whole CHM extractions, 731 

thereby covering mixtures of natural substances instead of pure compounds, we addressed a relevant 732 

“real-life” exposure scenario.  733 

This study demonstrates the power of combining phenotypic with transcriptomic analyses for better 734 

understanding MoA and applying or building AOPs for DNT. Especially the multi-cellularity of the 735 

‘Neurosphere Assay’, comprising NPCs, radial glia, neurons, astrocytes and oligodendrocytes, makes 736 

this test method an effective instrument for multiple MoA discovery due to its broad applicability 737 

domain (Masjosthusmann et al. 2020). Increasing the number of test methods to cover more KEs, such 738 

as neuronal network formation, synaptogenesis and radial-/astro-/microglia formation/function or 739 

activation, will eventually lead to larger DNT-AOP networks. Besides CHM, for most substances in our 740 

direct environment we lack information concerning their effects on neurodevelopmental endpoints 741 

(Tsuji and Crofton 2012; Fritsche et al. 2018b; Sachana et al. 2019). This concerns single compounds as 742 

well as mixtures. In the future, in vitro and in vivo toxicokinetics need to be considered for moving 743 

from hazard to risk assessment for a broad variety of substance classes to best protect the brains of 744 

our future generations. 745 
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Supplementary Table S1: LD50 values of the Tian Ma and Lei Gong Teng extracts as well as of single components.  34 

CHM extract / 
components 

Administration Species LD50 Reference 

TM (whole extract) 

intraperitoneally mouse (male) 61.4 g/kg 
(Shen and Chang 1963) 

intraperitoneally mouse (female) 51.4 g/kg 

intravenously mouse 39.8 g/kg (Huang 1985) 

Vanillic alcohol intraperitoneally mouse 891.3 mg/kg 
(Liu et al. 1974) 

Vanillin intraperitoneally mouse 946.0 mg/kg 

 

LGT (whole extract) 
intragastrically  mouse 112.0 g/kg 

(Zhen et al. 1982) 
intraperitoneally mouse 50.5 g/kg 

Total glycoside 
intragastrically mouse 159.7 mg/kg 

(Zhen 1983) 
intraperitoneally mouse 93.9 mg/kg 

Root bark decoction intragastrically rat (female) 21.6 g/kg (Zhang et al. 1983) 

Triptolide 

intraperitoneally mouse 1.41 mg/kg (Zhang et al. 1980) 

intravenously mouse 0.80 mg/kg 

(Zhen et al. 1994) intraperitoneally mouse 0.90 mg/kg 

intravenously dog 160.0 μg/kg 
 35 

 36 

Supplementary Table S2: Ingredients included in extractions of Lei Gong Teng and Tian Ma. Research was based on records 37 
in Chinese Pharmacopoeia and/or literatures. Divided in respective parts of the plant. 38 

CHM Part of plant Main components/compounds 

Ti
an

 M
a 

(G
as

tr
o

d
ia

 e
la

ta
 B

lu
m

e
) R

h
iz

o
m

a 

Gastrodin 

Gastrodioside 

p-hydroxybenzyl alcohol  

p-hydroxybenzaldehyd 

4-hydroxybenzyl methyl ether  

4- (4'-hydroxybenzyloxy)- benzyl methyl ether 

Bis-(4-hydroxybenzyloxy) ether 

Vanillyl alcohol 

Citric acid 

Methyl citrate 

Succinic acid 

Palmitic acid 

β-sitosterol 

Daucosterol 

Sucrose 

St
e

m
/r

o
o

t
/r

o
o

ts
to

ck
 Gastrodia antifungal protein 

Chitinase 

β-1,3-glucanase 

Gastrodia elata polysaccharide 

Trace elements: Fe / F / Mn / Zn / Sr / I / Cu 

Fr
e

sh
 p

la
n

t 

Gastrodin 

p-hydroxybenzyl alcohol  

p-hydroxybenzaldehyd 

3,4-dihydroxybenzyloxybenzaldehyde 

4,4-dihydroxydiphenyl methane 

p-hydroxybenzyl ethyl ether 

4,4-dihydroxydibenzyl ether 

4-ethoxymethylphenyl-4'-hydroxybenzyl ether 

Tris-[4-(β-D-glucopyranosyloxy)-benzyl] citrate, Parishin 

4-ethoxymethylphenol 



CHM Part of plant Main components/compounds 

Le
i G
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T

e
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g 
(C

o
m

m
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n
 T

h
re

ew
in

gn
u

t 
R

o
o

t)
 

R
o

o
t 

Wilfordine Celacinnine 

Wilforine Celafurine 

Wilforgine Wilforlide A, B 

Wilfortrine Triptonoterpenol 

Wilforidine 16-hydroxytriptolide 

Wifornine, Euonine Triptolide 

Wilforzine Epitriptriolide 

Neowilforine Tripterifordine 

1-desacetyl wilfordine Antriptolactone 

1-desacetyl wilfortrine Tripterygic acid 

2-debenzoyl-2-nicotinoyl wilforine  Orthosphenic acid 

Isowilfordine β-sitosterol 

Wilforcidine Daucosterol 

Celagbenzine  

X
yl

e
m

 o
f 

ro
o

t 

Triptoterpenoid lactone A 2α,3α,24-trihy- droxy-12-ursene-28-
oic acid 

Wilforlide A, B Tripterygone 

Celastrol or Tripterine Tripchlorolide 

3β-22α-dihydroxy-12-oleanen-29-
oic acid 

Triptriolide 

3,24-dioxo-friedelan-29-oic acid Linolenic acid 

3-epikatonic acid 8,9-octadecadienoic acid 

Salaspermic acid Oleic acid 

Triptotriterpenic acid A, B, C 9-hexadecenoic acid 

Orthosphenic acid Palmitic acid 

3β,22β-dihydroxy-12-oleanen-29-
oic acid 

Stearic acid 

Sk
in

 o
f 

ro
o

t 

Wilfordine Triptonoterpene methyl ether 

Wilforine Triptolidenol 

Wilforgine Hypolide 

Wifornine, Euonine Hypolide methylether 

Wifornine Isoneotriptophenolide 

Wilforjing Triptriolide 

Wilfortrine Triptotetraolid 

Triptonolide Isotr iptetraolide 

Triptonide Wilforonide 

Triptolide Wilforlide A 

Tripdiolide    Glut-5-en-3β, 28-diol 

Trip-tophenolide Ursan-3β, 5α-diol 

Triptophenolide methyl ether Polpunonic acid, Populnonic acid, 
Maytenonic acid 

Neotriptophenolide Triptodihy-droxy acid methyl ester 

Triptonoterpene, 14-hydroxy-
abieta-8, 11, 13-trien-3-one 
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Supplementary Material and Method 44 

Proliferation 45 

To evaluate the impact of LGT and TM on hNPC proliferation, both CHMs were tested in serial dilutions 46 

(1:3) with 7 concentrations as well as respective solvent (proliferation medium) and plated in five 47 

replicate wells per condition in a 96-well U-bottom plate. Per well, one sphere with a defined size of 48 

0.3 mm was plated in 100 µL of proliferation medium containing the respective CHM concentration 49 

and incubated for 72 h. The proliferation by area was assessed as slope of the increase in sphere size 50 

up to 3 days (0 h, 24 h, 48 h and 72 h) measured by brightfield microscopy and using high content 51 

imaging (Cellomics Scan software, Version 6.6.0; Thermo Fisher Scientific). Proliferation by 52 

Bromdesoxyuridin (BrdU) was analyzed after 72 h of exposure via a luminescence-based BrdU assay 53 

(Roche) as previously published in Nimtz et al. (2019). 54 

In parallel, viability and cytotoxicity assays were performed. Therefore, hNPC viability was assessed as 55 

mitochondrial activity by using an Alamar blue assay (CellTiter-Blue assay (CTB); Promega) in the last 56 

two hours of the 72 h exposure. Cytotoxicity of treated hNPCs was detected by measuring LDH in the 57 

supernatant, which was removed before the CTB assay was started by using the CytoTox-ONE 58 

membrane integrity assay (Promega).  59 

 60 

Supplementary Figure S1 61 

 62 

 63 

Fig. S1: Influence of LGT and TM on proliferating hNPCs. Spheres with a defined size of 0.3 mm were plated in 96-well U-64 
bottom plates and exposed to increasing CHM concentrations over 72 h. Proliferation was studied by measuring the increase 65 
of sphere area (A) and by quantifying BrdU incorporation into the DNA (B). In parallel, viability and cytotoxicity (C) were 66 
assessed by performing Alamar Blue (viability) and LDH assay (cytotoxicity). Data are presented as mean ± SEM. Statistical 67 
significance was calculated using OneWay ANOVA followed by Bonferroni's post-hoc tests (p ≤ 0.05 was considered 68 
significant). BrdU = bromodeoxyuridine. 69 

 70 

 71 

 72 

 73 



Supplementary Figure S2 74 

 75 

Fig. S2: Quantitative RT PCR validation of array analysis. Validation of microarray data was performed with quantitative real-76 
time polymerase chain reactions (qRT-PCR) analysis of a set of ten genes. The fold changes of qRT-PCR (grey bars) were 77 
compared to the fold changes of the array analysis (black bars). A total of 500 ng RNA from microarray samples were 78 
transcribed into cDNA (complementary DNA). qRT-PCR was performed using the QuantiFast SYBR Green PCR Kit and a Rotor 79 
Gene Q Cycler (Qiagen). Analysis was performed using the software Rotor-Gene Q Series version 2.3.4. SC = solvent control; 80 
HMOX1 = heme oxygenase 1; OSGIN1 = oxidative stress induced growth inhibitor 1; NQO1 = NAD(P)H dehydrogenase quinone 81 
1; GFAP = Glial fibrillary acidic protein; HES5 = Hes Family BHLH Transcription Factor 5; ASNS = Asparagine Synthetase; OLIG2 82 
= Oligodendrocyte Transcription Factor 2; PLP1 = Proteolipid Protein 1; TXNIP = Thioredoxin Interacting Protein; HMGCS1 = 83 
Hydroxymethylglutaryl-CoA synthase 1. 84 
 85 

 86 

Supplementary Table S3: Set of 10 genes used for microarray validation. Forward and reverse primer sequences are listed in 87 
5’-3’. HMOX1 = heme oxygenase 1; OSGIN1 = oxidative stress induced growth inhibitor 1; NQO1 = NAD(P)H dehydrogenase 88 
quinone 1; GFAP = Glial fibrillary acidic protein; HES5 = Hes Family BHLH Transcription Factor 5; ASNS = Asparagine Synthetase; 89 
OLIG2 = Oligodendrocyte Transcription Factor 2; PLP1 = Proteolipid Protein 1; TXNIP = Thioredoxin Interacting Protein; 90 
HMGCS1 = Hydroxymethylglutaryl-CoA synthase 1. 91 

Primer Forward sequence Reverse sequence 

BETA-ACTIN 5’-CAGGAAGTCCCTTGCCATCC-3‘ 5’-ACCAAAAGCCTTCATACATCTCA-3‘ 

HMOX1 5’-GCCATGAACTTTGTCCGGTG-3‘ 5’-GGATGTGCTTTTCGTTGGGG-3‘ 

OSGIN 5’-TCATCATTGTGGGTAACGGC-3‘ 5’-CTTCGTGTAGGGTGTGTAGC-3‘ 

NQO1 5’-TATCCTGCCGAGTCTGTTCT-3‘ 5’-TGCAGGGGGAACTGGAATA-3‘ 

GFAP 5’-CACTGTGAGGCAGAAGCTC-3‘ 5’-CCTCCAGCGACTCAATCTTC-3‘ 

HES5 5’-TCCCTGCCGTTTTAGGACAA-3‘ 5’-TACGGGCCCTGAAGAAAGTC-3‘ 

ASNS 5’-CTGCACGCCCTCTATGACA-3‘ 5’-TAAAAGGCAGCCAATCCTTCT-3‘ 

OLIG2 5’-CCGATGACCTTTTTCTGCCG-3‘ 5’-CCACTGCCTCCTAGCTTGTC-3‘ 

PLP1 5’-TTGGCGACTACAAGACCACC-3‘ 5’-GGGAAGGCAATAGACTGGCA-3‘ 

TXNIP 5’-CCTGAAAAGGTGTACGGCAG-3‘ 5’-TCTCATTCTCACCTGTTGGC-3‘ 

HMGCS1 5’-TATTCCAAGCCCTGCCAAGA-3‘ 5’-TCCAACTGTTCCCATACCCC-3‘ 
 92 



Supplementary Table S4: Gene regulation of migrating neurospheres exposed to 0.01, 0.1 mg/mL Lei Gong Teng (LGT) and 93 
10 µM Epigallocatechin gallate (EGCG) for 6 h (#22) and 24 h (#18). The fold changes of genes regulated by both compounds 94 
were identified by array analysis. Upregulated genes are shown as positive values and downregulated genes are shown as 95 
negative fold changes (-).  96 

Timepoint Gene regulated by 0.01 LGT regulated by 0.1 LGT regulated by 10 µM EGCG 

6
 h

o
u

rs
 

FAXDC2 1.5 1.9 1.9 

ACSS3 1.6 2.1 -2.4 

MT1H -1.9 1.7 -2.0 

MT1G -2.1 1.6 -2.4 

ZNF567 1.6 1.8 1.5 

HIST1H2BM -2.0 -1.5 2.0 

ST7 2.2 2.0 1.8 

THOC1 2.0 2.0 1.6 

NIN 2.0 1.8 1.9 

TLR3 1.9 2.2 2.1 

THAP2 1.8 1.8 1.7 

KIAA1715 1.6 1.9 1.5 

SESN3 1.6 2.0 2.3 

GLCCI1 1.6 1.9 5.4 

CDK19 1.6 1.7 1.6 

ZIK1 1.6 1.6 1.6 

NBR1 1.6 1.8 1.5 

RASGEF1B 1.5 1.8 2.8 

HIST3H2BB -1.5 -1.5 1.6 

SPRY4 -1.6 -2.0 -1.7 

CDON 1.8 2.0 5.6 

TCP11L2 1.6 1.7 1.5 

 

2
4

 h
o

u
rs

 

SNRPD3 1.6 1.7 1.5 

MT1H -1.9 -2.1 -4.0 

MT1X -1.6 -2.8 -4.6 

MT1B|MT1CP -1.9 -2.3 -4.2 

PLEC -1.7 -2.8 -2.1 

OSTM1 1.5 2.0 1.5 

ICE2 1.6 1.7 1.7 

ATAD2B 1.6 1.6 1.5 

LGALS1 -1.6 -2.1 -1.9 

IFITM3 -1.6 -1.8 -12.8 

SNAP29 1.6 1.6 1.5 

RBM48 1.5 1.5 1.8 

MT1A -1.7 -2.3 -3.3 

MT2A -1.7 -2.4 -3.1 

MT1L -1.6 -2.1 -4.0 

MAPK14 1.5 1.5 1.7 

PAPOLG 1.7 1.7 1.7 

RGCC 1.6 1.5 2.4 

 97 
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3 Discussion 

 
Humans are exposed to a multitude of chemicals from many sources, including everyday-products 

and releases into the environment from agriculture and industrial plants (Egeghy et al. 2016). 

During the last decades, there has been considerable concern that exposure towards chemicals 

might be a contributing factor to the increasing incidence of neurodevelopmental disorders in 

children (Schettler 2001; Grandjean and Landrigan 2006, 2014; Bennett et al. 2016). Besides 

prenatal exposure when pregnant women are exposed towards chemicals, e.g. with properties to 

pass placental barrier, postnatal exposure can emerge as well either indirectly through 

breastfeeding or via direct contact to the chemical. In general, compared to adults, the internal 

doses of infants’ or children are higher due to their immense hand-to-mouth activities and higher 

body surface area to internal mass ratio (Mizouchi et al. 2015; Butt et al. 2016; Sugeng et al. 2017).  

Human brain development is constituted of a series of unique and complex processes, which have 

to take place in a correct spatiotemporal order. This precise neurodevelopmental clockwork offers 

manifold possibilities for chemical interactions and thus explains the high vulnerability of the 

developing brain towards chemicals. These fundamental neurodevelopmental processes include 

progenitor cell proliferation, differentiation into neuronal and glial cells, migration, apoptosis, 

axonal and dendritic outgrowth, myelination, synapse formation and formation of functional 

neural networks (Fig. 4). Importantly, an adverse chemical action during brain development, if not 

compensated, will manifest in cognitive or behavioral changes. However, in many cases it is 

challenging to identify associations between early-life chemical exposure and adverse 

neurodevelopmental effects. These associations still remain to be clearly demonstrated and it is 

expected that ongoing efforts worldwide, e.g. the ‘Neurosome’ or the ‘Japan Environment and 

Children’s Study’ (https://www.neurosome.eu/, https://www.env.go.jp/chemi/ceh/en/ 

index.html), as well as new research advancements (Cheroni et al. 2020) will help to identify 

possible causal associations.  

Historically, screening and testing of chemicals for DNT is performed according to EPA or OECD in 

vivo Test Guidelines (EPA 1998; OECD 2007), which are based on animals models, preferably rats, 

to investigate alterations in neuroanatomical, neurophysiological, neurochemical and 

neurobehavioral parameters, by following perinatal chemical exposure (Makris et al. 2009; Tsuji 

and Crofton 2012; Tohyama 2016). Testing for DNT for regulatory purposes is currently not a 

standard requirement within the EU (Pistollato et al. 2021), and only mandatory when triggered 

based on structure-activity relationships, required for substances that cause neurotoxicity or 
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endocrine disruption and specifically for pesticides in the US (Schmidt et al. 2016; Pistollato et al. 

2021). Beside this fact, these guidelines are highly resource intensive (animals, cost and time) and 

bear the issues of test complexity, difficulty in interpreting data as well as ethical reservations, 

leading to an limited use of the in vivo DNT test guidelines (Lein et al. 2005; Tsuji and Crofton 2012; 

Leist and Hartung 2013; Terron and Bennekou Hougaard 2018). All these issues lead to a huge gap 

regarding DNT hazard information for most of the existing chemicals worldwide. To date, data on 

DNT potential is estimated to be available only for 110-140 compounds (Grandjean and Landrigan 

2006; Makris et al. 2009; Paparella et al. 2020). The limited DNT in vivo testing, coupled with the 

recent paradigm shift in toxicity testing, triggered the interest of the regulatory and research 

community to develop more efficient, cost-effective and human relevant alternative methods for 

assessing DNT exposure, hazard and risk (EFSA 2013; Crofton et al. 2014; Bal-Price et al. 2015a, 

2018; Fritsche et al. 2015, 2017, 2018c, a).  

 

3.1 The ‘Neurosphere Assay’ as part of a DNT in vitro testing battery (DNT-IVB) 

The OECD/EFSA workshop (Fritsche et al. 2017) proposed the systematic testing of chemicals in a 

battery of validated and established in vitro assays, covering neurodevelopmental endpoints in a 

temporal context. A test battery instead of a single DNT assay is needed, since a single in vitro test 

system cannot fully mimic the enormous complexity of the human brain development and its 

maturation.  

It is to note, that such a DNT-IVB is not envisioned to be a direct replacement of the in vivo 

guideline tests, especially for derivation of hazard-based decisions. However, there are some 

regulatory relevant scenarios for which data from the in vitro testing strategy could be applied to 

inform decision-making (Sachana et al. 2021a). Therefore, the DNT-IVB can contribute to 

screening of a large number of chemicals for first indications of their DNT potential and 

prioritization for further testing. This specifically applies to chemicals with limited data on their 

DNT potential. In addition, the battery can be used to screen a small number of structure/class 

specific chemicals to prioritize replacements for these compound classes (Manuscript 2.6 - Klose 

et al. 2021a). Moreover, a DNT-IVB can serve as a follow-up screening for positive chemicals 

identified via QSAR, read-across or other predictive computational models of DNT. In the case of 

single chemical hazard assessments, when no in vivo DNT data is available, the DNT-IVB can be 

used to determine if and what kind of follow-up testing (e.g. orthogonal assays, alternative models 

or guideline studies) should be performed. For existing but equivocal in vivo DNT data, the DNT-

IVB can be implemented to notify the weight-of-evidence (WoE)-based assessment for DNT. If the 

existing in vivo DNT data is negative, but concern exists from new or novel MIE-based or 
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alternative species assay, a regulatory choice could be to run the DNT-IVB for in-depth clarification 

(Crofton et al. 2011; Bal-Price et al. 2015a; Fritsche et al. 2017). Over all, it is envisioned that the 

AOP framework will be the basis of organizing data and developing IATA (OECD 2016, 2020).  

During the last decades, several potential assays have been developed for quantitative 

assessment of chemical effects on neurodevelopmental processes in vitro (Fritsche 2017; Bal-Price 

et al. 2018). These assays are based on a variety of neural cell types derived from human and 

animal sources and are focused in the measurement of molecular, morphological and 

electrophysiological endpoints. A recent publication evaluated the readiness of 17 DNT testing 

methods for use in testing and evaluating chemicals DNT potential (Bal-Price et al. 2018). Thereby, 

respective scores were assigned on the basis of publicly available information extracted from 

publications. The ones selected for the current DNT-IVB have been scored with the highest 

readiness and/or followed the recommendations of Crofton et al. (2011) in their development. 

Furthermore, the laboratories that developed the selected assays expressed the willingness and 

had the resources to pursue a large chemical testing (Masjosthusmann et al. 2020). The readiness 

evaluation was based on several criteria, which have been proposed by the OECD and are 

clustered in four categories (Tab. 1; OECD 2014).  

Table 1: Example for ranking parameters for in vitro methods to detect chemicals. Ranking parameters were 
established by the OECD for thyroid-disrupting chemicals to determine readiness of tests for validation (OECD 2014). 

CATEGORY 1 
Initial high priority considerations 

CATEGORY 2 
Method performance considerations 

- Biological plausibility 
- Extrapolation to humans or broadly applicable across 
vertebrates/phyla 
- Availability of resources 
- Reference chemicals 

- Within-laboratory reproducibility 
- Between-laboratory reproducibility 
- Assay variability 
- Accuracy 
- Assay specificity/sensitivity 

CATEGORY 3 
Technical capability 

CATEGORY 4 
Other practical considerations 

- Dynamic range/concentration test range 
- Detection/adjustment of confounding factors and/or 
incorrect/inconclusive measurements and/or other bias 
- Response characterization 

- Technological transferability/proprietary elements 
- Transparency of the method 
- Documentation of development and utility of the 
method 

 
The criteria implemented in category 1 represent the highest priority. Each criterion within this 

category is considered to have equal weight and all are essential to demonstrate the readiness of 

the assay, e.g. the assessment of the biological plausibility is considered to be very important in 

defining readiness of the method for validation. Many DNT tests cover multiple mechanisms and 

processes with varying levels of plausibility and data on their in vivo relationship. Thus, the 

practical value of such criteria for DNT methods needs to be considered case-by-case. Whereas 

criteria in this category are hard to quantify, criteria for category 2 are better defined and 

quantifiable. They relate to the evaluation of reliability and efficacy of the method. Sufficient 

positive and negative compounds should be included to assess specificity and sensitivity. 
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Moreover, the focus should be given to the robustness of the assay. Regarding category 3, the 

criteria are also relevant to assay performance evaluation. However, the particular performance 

issues are considered to be of less significance during initial phases of test development and 

evaluation. The criteria of category 4 are considered as good to meet in order to gain broad 

acceptance.  

Finally, the DNT testing battery proposed under this procurement is the sum of single assays, 

covering neurodevelopmental processes from the fetal and postnatal phase through different 

stages of cell development (Fig. 6; Masjosthusmann et al. 2020).  

 
 

Figure 6: Assays of the DNT in vitro testing battery. Respective assays of a DNT in vitro testing strategy covering 
neurodevelopment endpoints during fetal and postnatal stages of brain development. Assays are grouped according to 
the neurodevelopmental processes (rows, yellow boxes) and test systems (columns). Each box represents the respective 
assay and its test method name (italics) and the test/cell system used. The home institution of the developer and 
operators are color-coded: Leibniz Research Institute for Environmental medicine Düsseldorf (IUF Düsseldorf; green), 
University of Konstanz (red), US Environmental Protection Agency (US EPA; blue). Assays which need further 
development are identified as gaps (grey boxes). Modified from Masjosthusmann et al. 2020. 

 

These test methods were previously set up with mainly human-based cell systems, representing 

different cell types of the developing brain, including human induced pluripotent stem cell (hiPSC)-

derived neural crest cells (NCC), lund human mesencephalic (LUHMES) and immature dorsal root 

ganglia (iDRG) cells, as well as hiPSC-derived or primary NPCs, which have the ability to 

differentiate into neurons, astrocytes and oligodendrocytes. While most cell systems allow to 

study at least one neurodevelopmental process, the ‘Neurosphere Assay’ is a multicellular cell 

system, thus containing cell-cell as well as cell-matrix interactions (NPC2-5) and therefore 

abundantly represented in the DNT-IVB. During the last years, all cell systems were characterized 

on molecular and cellular level to ensure that they are the appropriate matrices for 

neurodevelopmental endpoint evaluation. In case of the ‘Neurosphere Assay’ using NPCs, FACS 

analyses revealed that these cells are > 98 % NESTIN+ and > 96 % SOX2+ confirming their NPC 
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nature (Hofrichter et al. 2017). During hNPC migration/differentiation, microarray gene 

expression analyses indicate a transcriptomic change reflecting a multitude of 

neurodevelopmental processes including cell differentiation, where specific gene expression 

products for radial glia, neurons, astrocytes and oligodendrocytes increase in their expression 

during the early differentiation process (Manuscript 2.4 - Masjosthusmann et al. 2018). These 

findings are underpinned by respective phenotypic descriptions: GFAP+ and/or NESTIN+ radial glia 

migration and differentiation as well as neural and oligodendrocyte differentiation (Fritsche et al. 

2005; Moors et al. 2007, 2009, 2012; Baumann et al. 2015; Dach et al. 2017; Masjosthusmann et 

al. 2018).  

As outlined before, the species aspect should be considered when testing proceeds from human 

in vitro to rodent in vivo testing. One way of understanding species aspects is given by comparative 

species-overarching in vitro models. The ‘Neurosphere Assay‘ has the capability to enable a direct 

species comparison as neurospheres can additionally be gained from rat, mouse (Gassmann et al. 

2010; Baumann et al. 2014, 2015) and rabbit (Manuscript 2.5 - Barenys et al. 2021) NPCs. This 

approach allows studying compounds’ toxicodynamics in a relatively simple and inexpensive way, 

and species differences can be revealed directly (Manuscript 2.7 - Klose et al. 2021b; Baumann et 

al. 2016; Dach et al. 2017). According to the parallelogram approach (Baumann et al. 2016) existing 

animal-based in vivo data can be compared to in vitro data of the same species to illustrate in vivo 

– in vitro similarities/differences. Moreover, animal-based in vitro data can be compared with 

human in vitro data to obtain information regarding interspecies differences and all data then 

allow an extrapolation to the human in vivo situation. However, human-based and/or human-

derived test systems are preferred since they minimize interspecies extrapolation issues and due 

to advances in stem cell biology that have made human cells more accessible, human-derived test 

methods are becoming more common. Yet, specifically human neural cells can be difficult to 

culture and in comparison to rodent-derived neural cells, the developmental timeline of human-

derived cells may be much longer (Odawara et al. 2016; Barry et al. 2017; Nimtz et al. 2020). 

Therefore, for some processes (neuronal maturation and synaptogenesis), only assays based on 

rodent-derived cells are available and currently usable for the DNT-IVB.  

In many cases, multiple assays are available to assess a single KE. These assays are used in a 

complementary manner and are important, due to differences between test systems (e.g. neural 

stem vs. primary neural cell cultures) and methods (e.g. developmental timing, assay duration, 

endpoints, exposures), which might lead to the possibility of different outcomes from assays for 

the same neurodevelopmental process. Within the current DNT-IVB this is the case for two assays 

that measure migration, the UKN2 and NPC2 assay. The first one is based on hiPSC-derived NCC 
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and their ability to migrate early during embryogenesis. Once they arrive at their final destination, 

e.g. tissues outside the central nervous system, they differentiate in many cell types (Mayor and 

Theveneau 2013). Conversely, the NPC2 assay utilizes radial glia cell migration (NPC2a) as a 

prerequisite for proper cortex formation (Borrell and Götz 2014) and oligodendrocyte migration 

(NPC2c) representing a timepoint later in development, since more mature cells have to arise and 

migrate (Barateiro and Fernandes 2014). Altogether, the interplay of these test systems reflects 

differences in the biology of migration (Minoux and Rijli 2010; Sild and Ruthazer 2011; Ortega et 

al. 2012), thus providing different targets and pathways for feasible chemical interactions. 

Another example for complementarity is given for the endpoint neuronal network formation 

(NNF). Both assays (cortical MEA and NNF assay) are based on the same basic cell types, neurons 

and astrocytes, and suitable for assessing NNF and its activity, but from different species. Whereas 

the well-established US EPA assay is based on rat mixed primary cortical cultures containing 

neurons and glia cells (Frank et al. 2017; Shafer et al. 2019), the human-based NNF assay applies 

hiPSC-derived excitatory and inhibitory neurons as well as human primary astrocytes and is 

recently under development at the IUF, yet unpublished. However, assay results may be different 

due to differences in developmental timing as well as differences in the pathways and proteins 

expressed in both species (Saavedra et al. 2021).  

Recently, the DNT-IVB was assembled to test 119 compounds (e.g. carbamates, metals, 

neonicotinoids, organochlorines/fluorines, organophosphates pyrethroids and flame retardants 

(Manuscript 2.6 - Klose et al. 2021a)) in the test methods NPC1-5 and UKN2,4,5, that were 

performed by the Institute for Environmental Medicine (IUF) Düsseldorf and the University of 

Konstanz, respectively (Masjosthusmann et al. 2020). This study concluded that the applied DNT 

testing strategy is a promising approach for hazard assessment and compound prioritization since 

its performance demonstrated a sensitivity of 82.7 % and a specificity of 88.2 % using selected 

known human DNT positive and negative compounds as benchmark. As shown in Fig. 6, US EPA 

added possibly redundant assays for proliferation, apoptosis, neurite outgrowth and maturation 

as well as NNF and synaptogenesis to the battery. Currently, the US EPA aims at contributing data 

for all of these 119 compounds as well. 

Knowing that this battery is not complete, i.e. endpoints still needing test method development 

and endpoints not being represented at all, gaps in the testing battery are pointed out (Fig. 6). For 

example, in vitro assays permitting evaluation of glia specific processes, such as radial glia 

proliferation and differentiation, astrocyte development or myelin formation, as well as neuronal 

subtype development or human-based synaptogenesis, and especially functional response to an 

exposure to chemical(s) are still not well developed or missing. Taking these gaps into 
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consideration the European Chemical Industry Council (CEFIC) has recently published a call titled 

“Expansion of a regulatory accepted in vitro testing battery for developmental neurotoxicity (DNT) 

evaluation”, that aims to deliver missing in vitro assays that could be incorporated into the existing 

DNT in vitro testing battery (Sachana et al. 2021b), like radial glia-, astrocyte- and microglia-

based/enhanced test systems. This project (LRI AIMT 11) is recently under development at the IUF 

and UKN.  

Thus, it is important to note that an in vitro assay, which is not listed as part of this battery, might 

still be able to provide useful data for a decision regarding DNT. However, such an assay needs to 

be closely evaluated to determine its validity and reproducibility with e.g. known positive and 

negative control compounds. 

 

3.2 From scientific validation to compound classification and prioritization  

The interpretation and appropriate use of data derived from individual in vitro assays that might 

comprise the DNT-IVB is based on demonstrating that they have biological and toxicological 

relevance (e.g. scientific rationale for use of test system, linking endpoints measured to a relevant 

adverse outcome), acceptable technical qualification (e.g. reproducibility, reliability, predictive 

capacity) and comparative interpretation of results across different assays (Crofton et al. 2011; 

Eskes and Whelan 2016).  

 

3.2.1 Scientific validation of DNT-in vitro assays 

The respective cell culture system should be characterized for its ability to accurately quantify 

chemical-induced changes in one or more specific neurodevelopmental endpoint(s) as well as 

simultaneous measurement of viability and/or cytotoxicity to distinguish DNT-specific from 

unspecific effects (Manuscript 2.3 - Nimtz et al. 2019). All research manuscripts included in this 

thesis contain compound’s impact on viability and/or cytotoxicity assessment. Besides the 

characterization and identification of the application domain of the alternative model, it should 

be demonstrated that the model is robust and generates reproducible data. Assay’s dynamic 

range and reproducibility should include estimates of criteria such as signal-to-background ratio 

(mean signal / mean background) and signal-to-noise ratio (mean signal – mean background / 

standard deviation of background). Here, the signal is defined as endpoint measurements under 

maximal conditions, while the background refers to the endpoint at baseline or solvent control 

conditions. Both ratios should be determined to provide an indication of the dynamic range of the 

assay. Although there is no consensus on an acceptable value, it is assumed that larger numbers 
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generally indicate a better dynamic range (Masjosthusmann et al. 2020). However, such ratios do 

not adequately take into consideration the assay variability between wells.  

The variation between plates and over time (between single experiments) is useful to evaluate 

reproducibility and can be demonstrated in a medium- to high-throughput testing format by using 

multi-well plates and by assessing the endpoint response under control and treated (endpoint-

specific positive controls) conditions. In case of the ‘Neurosphere Assay’ (NPC1-5), assay 

performance in 96-well format in combination with high content image analysis enables such 

medium- to high-throughput testing strategy (Manuscript 2.3 - Nimtz et al. 2019; Manuscript 2.6 

- Klose et al. 2021a; Manuscript 2.8). Endpoint-specific controls are chemicals that are known to 

alter in a concentration depended manner selectively the endpoint of concern in a particular test 

system, without affecting the general test system characteristics including cell viability. An 

endpoint-specific positive control should consistently alter the respective endpoint. For the 

‘Neurosphere Assay’ and thereby for all research manuscripts included in this thesis, endpoint-

specific controls were used that demonstrate a consistent modulation of the respective endpoint 

and the reproducibility of the assay. Among these was the SRC kinase inhibitor PP2 which 

specifically inhibits the SRC kinase dependent migration (Moors et al. 2007), EGF that significantly 

inhibits neuronal differentiation (Baumann et al. 2015), BMP7 which significantly reduces 

oligodendrocyte differentiation and induces the differentiation to astrocytes (Gross et al. 1996; 

Baumann et al. 2015) as well as NH-3 that inhibits the T3-dependent oligodendrocyte maturation 

in a significant manner (manuscript 2.7 - Klose et al. 2021b). Endpoint-specific controls for other 

endpoints, like NPC1 or NPC4, are currently under development.  

To further demonstrate the biological relevance and practical ability of the assay to screen 

moderate numbers of chemicals in a time-efficient manner, the model should be challenged with 

a set of different test compounds (Crofton et al. 2011). Therefore, compounds with a known MoA, 

that specifically affect one endpoint and reflecting a ‘training set’, and known DNT positive and 

negative compounds, that are used as a ‘test set’ to determine the performance characteristics of 

the assay, should be applied to the assay. Whereas the ‘training set’ is used to determine the 

ability of an assay to correctly measure an endpoint, the ‘test set’ analyzes the ability of an assay 

to correctly identify positives (sensitivity) or negatives (specificity; Kadereit et al. 2012; Mundy et 

al. 2015; Baumann et al. 2016; Masjosthusmann et al. 2020).  

 

3.2.2 In vitro data analysis 

In order to provide a common metric of comparison across the battery of assays, identical 

methods for data analysis are indispensable. Data analyses typically start with comparative 
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compound testing design and statistical analyses. Therefore, an assay should include solvent 

controls and a wide concentration range for a chemical within a multi-well plate over multiple 

experimental runs. The next step is normalization of data to control wells within a plate to correct 

for plate-to-plate variability, e.g. setting raw values in percentage to the respective control. The 

normalized concentration-response data then have to be pooled across all experiments and are 

subjected to curve fitting using multiple models (linear and non-linear). Finally, the best curve fit 

can be used to determine a reference point, a point on the concentration-response curve 

corresponding to an estimate of potency (e.g. EC50) or a threshold defining a critical level of 

response (e.g. 30% change from control). For deriving a reference point the Benchmark Dose 

(BMD) approach is recommended by the EFSA Scientific Committee (Hardy et al. 2017). For in vitro 

toxicity testing, BMC is comparable to the BMD (Krebs et al. 2020) and defines the concentration 

that is associated with a specific change in response, the BMR, which is based on the variability of 

the respective endpoint, thus should be higher than the general variability of the measured 

endpoint.  

All experimental manuscripts of this thesis include respective solvent controls, a wide 

concentration range (for single compound testing at least 7 concentrations), data normalization 

(usually percentage or fold-changes to the control), statistical analyses (mostly OneWay ANOVA 

followed by Bonferroni's post-hoc tests and p-value cut-offs), single experiment pooling and finally 

respective curve fitting performance (except manuscript 2.4). In case of manuscript 2.6 (Klose et 

al. 2021a) and 2.7 (Klose et al. 2021b) the BMC model was used ensuring a direct compound 

and/or species comparison.   

 

3.2.3 Compound classification 

Ultimately, data from the respective assay must be interpreted for compound classifications. 

Here, a decision model has to provide an algorithm or established rules to classify chemical activity 

as ‘DNT-specific’ (i.e. ‘active’, ‘hit’ or ‘positive’), as ‘DNT-unspecific’ (i.e. ‘nonspecific’ or ‘non-

selective’) or as ‘DNT-inactive’ (i.e. ‘no effect’ or ‘negative’). Therefore, the respective decision 

model has to determine whether a compound has affected the neurodevelopmental process 

assessed in the assay. First of all, the decision model should include an evaluation based on 

statistical analyses of the data to determine whether a change/threshold (BMR) for a DNT-specific 

hit has been reached or exceed. Moreover, the affecting compound concentration on the 

endpoint of interest needs to be compared to a concurrent measurement of effects on viability 

and/or cytotoxicity to determine specific effects on neurodevelopmental process versus 

secondary effects due to loss of viability and cytotoxicity. The decision model would then classify 
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the compound (i) as ‘DNT-specific’, when the BMC of viability/cytotoxicity can be separated from 

the BMC of the specific endpoint; (ii) as ‘DNT-unspecific’, when both BMCs cannot be separated 

or overlap, and (iii) as ‘DNT-inactive’ in case the BMC is not reached for neither the endpoint nor 

viability/cytotoxicity. In some cases, a fourth category defined as ‘borderline-hit’ has been used 

(Delp et al. 2018; Masjosthusmann et al. 2020) specifically for compounds for which the 

separation between both BMCs is not clear. This category is of great importance for not generating 

too many false-negatives due to statistical reasons (Leontaridou et al. 2017).  

Despite the common goal of assay hit definition, the outcome of decision models that interpret 

chemical data from individual assays is dependent on variables that are inherent to the assay, like 

complexity of the test system, measurement technology used and biological variability. This leads 

to different approaches for different assays.  

One approach is to apply a classification model, which is based on overlap of confidence intervals 

(CI) of the BMCs calculated for the DNT-specific endpoints and the endpoints related to 

cytotoxicity/viability. This is used for NPC1-5 of the current DNT-IVB (Masjosthusmann et al. 2020; 

Manuscript 2.6 - Klose et al. 2021a). Thereby a compound is classified as ‘DNT-specific’ if the CI do 

not overlap, as ‘DNT-unspecific’ if the CI overlap is greater than 10 % or as ‘borderline’ if the lower 

confidence limit of cytotoxicity/viability overlaps by less than or equal to 10 % with the CI of the 

specific endpoint. In case no confidence interval is available for cytotoxicity/viability because the 

BMR is not reached, the lower confidence limit is set as the highest tested concentration 

(Masjosthusmann et al. 2020). Another approach, applied for the UKN assays, is based on a ratio 

cutoff for the ratio between the BMC for cell viability and the specific endpoints (Krug et al. 2013b; 

Hoelting et al. 2016; Nyffeler et al. 2017a). Here, individual fixed BMR levels were set up for the 

neurodevelopmental and cytotoxicity/viability endpoints which consider differences in the 

underlying biological process and/or the baseline variability. If a compound does not reach the 

fixed BMR, its classified as ‘no hit’ and not followed up with any further testing. In comparison, a 

specific classification model is applied, when the compound leads to a response above the fixed 

BMR. To be classified as ‘DNT-specific’, different criteria for each assay have to be fulfilled: ratio 

BMC10 viability/BMC25 migration ≥ 1.3 in UKN2 assay; ratio BMC25 viability/BMC25 neurite area ≥ 4 

in UKN4 assay or ≥ 3 in UKN5 assay. In case of an unaffected viability in UKN4/5, the viability can 

be defined more cautiously with BMC10. Moreover, if the calculations do not reach the ratio 

required to define a compound as a specific hit, the lower confidence limit instead of the BMC25 

is used for the same calculation. If the ratio cut-off is still not reached, the compound is defined 

as cytotoxic, otherwise the compound is categorized as ‘borderline’. 
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To date, the procedure for classifying chemicals is not standardized and allows for flexibility in 

adjusting the decision model for a fit-for-purpose use. However, most decision models set 

parameters that maximize both sensitivity (the correct prediction of a positive compound) and 

specificity (the correct prediction of a negative compound) to limit the number of false positives 

(Hsieh et al. 2015; Filer et al. 2017). 

 

3.2.4 Compound prioritization 

After generating relevant and reliable data within a DNT-IVB, potency is a crucial factor for hazard 

characterization and further testing. Compounds can be ranked and prioritized based on 

comparison of relative potencies across all assays within the DNT-IVB. Therefore, hazard of 

compounds with potent effects in multiple assays might be ranked higher compared to those that 

are potent in just one assay. However, in similarity to the classification also consensus-based 

prioritization models are under development and not standardized. In order to provide an overall 

compound ranking and clustering, several procedures and tools have been applied for the data 

currently available for the DNT-IVB (Masjosthusmann et al. 2020) as well as for the manuscript 2.6 

included in this thesis (Klose et al. 2021a). For one, BMC values with CI allow distinguishing 

between DNT-specific and DNT-unspecific hits giving objective potency ranking measures. In 

addition, compounds can be ranked by using the lowest BMC identified over the whole battery 

and the assay with the lowest BMC is then defined as the most sensitive endpoint (MSE, Baumann 

et al. 2016) considered as a relevant endpoint for further targeted testing. Obviously, other 

endpoints affected in a similar range of the MSE, should be considered, too. Thought, almost all 

in vitro assays, including the ‘Neurosphere Assay’ deal with nominal medium concentrations and 

adverse effects are not related to the actual free compound concentration in the cell, which can 

influence the process of compound prioritization since both values can differ up to two orders of 

magnitude (Kramer 2010). Therefore, especially the biokinetic behavior of the chemical as well as 

other conditions (see 3.4) should be considered for prioritization. 

The MSE-Prioritization takes only the MSE and not, e.g., the number of affected endpoints into 

consideration. To address this point, compound effects based on both, the number of endpoints 

affected and the respective potency can be analyzed by using hierarchical clustering, resulting in 

a visualized heatmap, which provides a cluster of chemicals with similar effects (Harrill et al. 2018). 

This method enables identification of chemicals with a common MoA. Another currently 

propagated compound prioritization instrument is the Toxicological Prioritization Index (ToxPi) 

tool introduced by the US EPA (Reif et al. 2010; Gangwal et al. 2012; Marvel et al. 2018). This tool 

yields an explicit, prioritized order of compounds as well as a visualization of the underlying, 



Discussion 

-236- 
 

weight-of-evidence scheme that specifies the contribution of each data source to a chemical’s 

activity or risk profile (Marvel et al. 2018). Here, the ToxPi tool hierarchically clusters compounds 

according to their potency and assay hit patterns. It is possible to produce ToxPi information on 

compound clustering and ranking of a compound class for “general” toxicity (e.g. ToxCast data) 

and “specific” toxicity (e.g. DNT-IVB data). Comparison of clustering between both gives the first 

indication whether a substance class produces a DNT-specific effect or if general toxicity of these 

compounds predicts DNT toxicity well. In case of manuscript 2.6 (Klose et al. 2021a) the ToxPi tool 

revealed a distinct ranking, suggesting that DNT hazard of FRs is not well predicted by ToxCast 

assays.  

 

3.3 Mechanistical investigations for developing AOPs 

The IATA concept has been proposed by the OECD to embed alternative testing strategies into 

WoE assessment for regulatory decision-making by using data from various information sources, 

including in silico, in chemico, in vitro and in vivo (OECD 2016, 2020). Thereby, the IATA-based 

chemical hazard characterization relies on an integrated analysis of existing information available 

for the chemical(s) of interest, e.g. with the optional use of the AOP conceptual framework. The 

AOP framework connects toxicological mechanistic information to apical endpoints for hazard and 

risk assessment strategies and regulatory sciences (OECD 2013; Leist et al. 2017). Thereby, AOPs 

are based on a sequence of measurable KE, that are expected to be triggered by a MIE and finally 

end up in an AO of regulatory relevance. AOPs assist in structuring the available information in 

terms of MIE, KEs and AO as well as in the identification of missing data and/or in the design of 

new testing strategies (Sachana et al. 2021a).  

Using an AOP within an ITATA appears particularly challenging. To date, the number of putative 

and reviewed AOPs relevant to DNT is limited (Bal-Price et al. 2017; Barenys et al. 2019; Li et al. 

2019; Spinu et al. 2019; Chen et al. 2020; Klose et al. 2021; http://aopwiki.org). Most of the assays 

used for DNT, especially those within the DNT-IVB represent several KEs, but do not measure MIEs. 

This does not directly impact the use of DNT data in AOP-based IATAs, but this uncertainty impacts 

the further use of in silico models, which are mainly based on chemical interactions with the MIE. 

This clearly illustrates the need of validated assays in addition to the DNT-IVB, which represent 

MIEs, e.g. impact on ion channels, neurotransmitter or growth factor receptors, thyroid hormone, 

cell adhesion molecules to just name a few. Another challenge for creating DNT-AOPs, is based on 

the understanding of the pathological pathways leading from functional in vitro endpoints to 

behavioral changes at the organism level. The basic hypothesis is that if a chemical affects KEs in 

vitro, it is assumed to have a similar potential in vivo. However, in the real-life situation, many 

http://aopwiki.org/
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circumstances (biological, genetic, environmental, social) may impact the outcome (Cheroni et al. 

2020; Paparella et al. 2020).  

So far, the use of in vitro data, e.g. just derived from the DNT-IVB is not sufficient for making 

regulatory decisions. However, it is important to determine the amount of data to be gathered in 

an AOP-informed IATA, since all uncertainties will decrease as more data are being generated and 

experience is gained in regulatory use. Therefore, the identification of the most common and/or 

highly connected KEs and KERs is one of the main aims for developing an AOP network for human 

DNT. 

Oligodendrocyte differentiation was the endpoint most frequently altered in the manuscripts 

included in this thesis (manuscript 2.6 - Klose et al. 2021a; manuscript 2.8), as well as over the 

whole DNT-IVB (Masjosthusmann et al. 2020). 

Oligodendrocytes are the myelinating cells of the CNS and responsible for axon myelination to 

facilitate rapid saltatory conduction of action potentials. To properly myelinate, oligodendrocyte 

development is based on a series of differentiation steps from neural stem/progenitor cells: 

oligodendrocyte precursor cells (OPCs) → non-myelinating preoligodendrocytes → pre-

myelinating, immature oligodendrocytes → myelinating, mature oligodendrocytes (Baumann and 

Pham-Dinh 2001; Barateiro and Fernandes 2014; Marinelli et al. 2016). OPCs are proliferative cells 

migrating to different regions of the brain in a highly regulated, fine-tuned process of migration, 

proliferation, differentiation and myelination that accelerates towards the end of gestation and 

continues throughout the first two postnatal decades (Emery 2010; Insel 2010; van Tilborg et al. 

2018). As a backup pool for oligodendrocyte production, OPCs also reside in the adult brain 

(reviewed by Insel 2010). Specifically, developing oligodendrocytes can be affected by a large 

variety of substances through a broad spectrum of MoA. They exert a high susceptibility to 

stressors like reactive oxygen species and are sensitive to excitotoxicity and endoplasmatic 

reticulum stress (Bradl and Lassmann 2010; Volpe et al. 2011; Marinelli et al. 2016). This 

vulnerability is due to their high metabolic rate, oxygen consumption and adenosine triphosphate 

(ATP) production, as they synthesize more than 3-fold their own weight of myelin (Norton and 

Poduslo 1973) and support membrane production up to 100x the weight of their cell bodies per 

day (Ludwin 1997; McTigue and Tripathi 2008; Bradl and Lassmann 2010). ROS sensitivity is 

reinforced by their enormous intracellular stores of iron, which is the largest in the brain (Juurlink 

1997; Back et al. 1998; Marinelli et al. 2016). A major constituent of myelin is cholesterol. 

Therefore, oligodendrocytes possess the highest capacity of de novo cholesterol biosynthesis 

amongst the different brain cell types (Arenas et al. 2017), rendering them extremely susceptible 

to compounds that interfere with this metabolic pathway (Manuscript 2.7 - Klose et al. 2021b). 
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This plethora of knowledge has been gained from clinical and disease-related studies on the 

functional adverse outcomes related to oligodendrocyte toxicity manifesting in neurological 

disorders, such as the Allan-Herndon-Dudley Syndrome (López-Espíndola et al. 2014; Tonduti et 

al. 2014) or periventricular leukomalacia (Back et al. 2001). Altogether, this indicates that 

oligodendrocytes strongly differ from neurons regarding their chemical sensitivity. However, in 

the toxicological context, oligodendrocytes are an understudied cell type as most studies deal with 

neurons, eventually followed by astrocytes (Fritsche et al. 2015). 

In order to bring the ‘Neurosphere Assay’ to a higher readiness level for future applications in a 

regulatory context, phenotypic outcomes were combined with transcriptome analyses, thereby 

understanding single MoA of selected compounds, which are helpful to develop AOPs for a better 

comprehension of DNT hazards. The manuscripts included in this thesis mainly focused on the 

most affected endpoint oligodendrocyte differentiation/oligodendrogenesis. 

Different AOPs can cross and overlap when they share one or more KE(s) or have the same AO 

leading to the formation of complex AOP networks. Thus, one single MIE can cause multiple AOs 

and the same AO can be caused by more than one MIE. The latter one can be observed in the case 

of the brominated flame retardant TBBPA (Manuscript 2.7 - Klose et al. 2021b). Using the NPC6 

Assay (TH-dependent oligodendrocyte maturation assay) in combination with microarray analyses 

TBBPA was identified to be a TH disruptor, as it impairs TH-dependent human oligodendrocyte 

maturation by dysregulation of oligodendrogenesis-associated genes. On the other hand, TBBPA 

disrupts a gene expression network regulating cholesterol homeostasis, leading to a reduction of 

oligodendrocyte number independently of TH signaling. Thus, TBBPA targets different KEs of 

human oligodendrocyte development resulting in two novel AOPs. However, both AOPs converge 

in the common KE “lower amount of myelin”, resulting in one merged AOP with the same AO 

caused by more than one MIE. Whereas the MIE for the ‘Thyroid Hormone Disruption AOP’ is 

known (competitive binding of a chemical to the TH receptor in developing human brain cells; 

Dach et al. 2017), the MIE explaining how TBBPA interferes with cholesterol-related genes is yet 

to be identified.  

Within manuscript 2.8, also for one of the analyzed CHMs, TM, oligodendrocyte differentiation 

was identified as the most sensitive endpoint. The underlying molecular mechanisms were 

unraveled using microarray analysis, thus detecting that TM dysregulates a gene expression 

network involved in oxidative stress. Since effective oxidative stress response is a requirement for 

developing oligodendrocytes and their survival, TM exposure might reduce the number of hNPC 

differentiated oligodendrocytes by inducing the intracellular ROS level. This observation leads to 

the implementation of a further MIE ‘increased reactive oxygen species production’ along with 
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KEs connected to oxidative stress into the AOP network mentioned above for TBBPA-induced 

disturbance of oligodendrocyte development. This work demonstrates that including a so far 

unknown new KE may expand an existing AOP.  

Another approach to place data in an AOP-context is the application of an already existing AOP as 

a basis for chemicals’ hazard assessment (Manuscript 2.8). By performing the ‘Neurosphere Assay’ 

upon cellular LGT exposure, it was possible to identify a specific neurosphere ‘gap and 

arborization’ migration endophenotype, that was previously identified upon neurosphere 

treatment with the flavonoid epigallocatechin gallate (EGCG; Barenys et al. 2017). Based on these 

data, the working group around Prof. Fritsche generated the putative AOP ‘Disrupted laminin-1-

integrin interaction leading to impaired cognitive function’ (Bal-Price et al. 2016; Fig. 1E), which 

was submitted to the OECD in 2019. Keeping that AOP in mind, experiments under influence of 

LGT were performed, to reconstruct AOP-relevant KEs and especially the MIE. Thus, by comparing 

special endophenotypes within compound screenings, existing AOPs can be helpful to envision 

probable MoAs and thereby serve as a basis for hazard assessment.   

 

3.4 Moving from hazard characterization to risk assessment 

The traditional concept of toxicity testing is to determine safety factors for human exposure based 

on the evaluation of the outcome of animal tests. For human risk assessment, the dose that has 

no adverse effect in the animal needs to be extrapolated to the no-effect dose in humans based 

on the application of uncertainty factors that account for toxicodynamic and toxicokinetic inter-

species differences as well as inter-individual susceptibilities (EFSA 2012; Konietzka et al. 2014).  

Toxicity screening based on in vitro methods can efficiently identify the potential biological activity 

of chemicals. However, adverse effect concentrations observed in human in vitro assays cannot 

be used to directly evaluate the safety factor for human exposure. Once an effect concentration 

has been obtained in vitro, a translation to relevant in vivo exposure is necessary. The usual 

procedure for this is an in vitro-to-in vivo extrapolation (IVIVE; Blaauboer 2010; Basketter et al. 

2012).  

One requirement for this extrapolation is the knowledge of the biokinetic behavior of the 

chemical. Commonly, adverse effects found in vitro are related to the nominal medium 

concentrations. Certainly, this medium concentration can substantially deviate from the actual 

free compound concentration in the cell system due to evaporation, cell density imbalances, 

active vs. passive uptake into cells or multi-cellular tissues, as well as binding to the plastics of cell 

plates and/or to medium serum proteins (Paini et al. 2019), the latter being a rather critical issue 

for lipophilic compounds (e.g. PBDEs; Gülden and Seibert 2003). For some compounds free cellular 
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concentrations can differ up to two orders of magnitude from the nominal concentrations, 

showing the importance of understanding, measuring and modeling in vitro biokinetics (Kramer 

2010; Croom et al. 2015). Important to note is that actual analytical measurement of medium and 

cellular concentrations of a substance in in vitro DNT studies, including the DNT-IVB, are very 

rarely done. 

Another tool complementing IVIVE is physiologically based biokinetic (PBBK) modelling. This 

model is essential for effect prediction, as it incorporates relevant information on physiology and 

requires knowledge on barrier passage, metabolism, and excretion. For example, measuring the 

DNT potential of a compound without considering the ability of the compound to pass the blood-

placenta or blood-brain barrier and reach the fetus may lead to incorrect conclusions (Prieto et al. 

2004). In many cases these specific data for compounds are not available. Therefore, 

computational methods, such as quantitative structure-property and structure-activity (QSPR and 

QSAR) relationships can be addressed to find structurally similar and comparable compounds with 

known physiological properties (Berhanu et al. 2012). 

Another approach for a very first estimation and crude risk assessment could be the comparison 

from studied in vitro hazards to biomonitoring data, similar to the way described for the case study 

of FRs (Manuscript 2.6 - Klose et al. 2021a). It is to note, that such superficial comparisons do not 

account for in vitro kinetics or for actual fetal brain concentrations in vivo. Nevertheless, 

extrapolating the DNT-IVB BMCs to children’s FR exposure via breast milk suggests a low risk for 

the here tested individual compounds. However, it raises concern, as humans are generally 

exposed to compound mixtures including FRs, pesticides, pharmaceuticals, toxic metals and other 

environmental contaminants. Therefore, individual compound effects easily add up to mixtures at 

relevant human exposure concentrations that might exert additive, synergistic or antagonistic 

effects, especially when the same converging endpoint is affected. Yet, mixture experiments as 

well as sophisticated IVIVE are needed to substantiate these concerns. 

Overall, without addressing IVIVE, a toxicological risk assessment on the basis of in vitro methods 

cannot be performed. In the future, regulatory agencies will more and more be forced to utilize 

alternative in vitro and in silico NAMs as discussed here due to the increasing ethical pressure on 

reducing animal experiments and the accompanying need for a higher throughput in 

chemical testing. 
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4 Abstract 

Human brain development is based on complex and spatiotemporally orchestrated processes, 

which make it highly sensitive towards toxic chemicals. Only few compounds are known to be 

developmentally neurotoxic (DNT) in humans, whereas the DNT potential for the majority of 

chemicals is unknown. Currently used DNT in vivo guideline studies are not suitable for large scale 

testing as they need high amounts of animals, time, and money and bear the issue of species 

extrapolation. Therefore, regulators, academia, and industry agreed on a need for a 

mechanistically informed, fit-for-purpose and human-relevant DNT testing strategy, which allows 

fast and cheap DNT hazard assessment, while at the same time meeting regulatory requirements.  

The three reviews included in this thesis summarize the development (manuscript 2.1) and 

availability (manuscript 2.2) of alternative human stem/progenitor cell-based assays, that can be 

used to set up a DNT in vitro testing battery (DNT-IVB) covering key neurodevelopmental 

processes. A well-suited model for this purpose is the ‘Neurosphere Assay’, which employs human, 

rodent and rabbit neural progenitor cells (NPC) grown as 3D neurospheres and allows the 

assessment of distinct neurodevelopmental key events (KE), including NPC proliferation, 

migration and differentiation into neural effector cells (astrocytes, neurons and 

oligodendrocytes), as well as thyroid hormone (TH)-dependent oligodendrocyte maturation 

(manuscript 2.3). Two research manuscripts included in this thesis are focused on the 

characterization of the ‘Neurosphere Assay’. One manuscript (manuscript 2.4) deals with the 

biological and molecular characterization of developing neural progenitor cells in a species 

comparative manner, whereas the other one (manuscript 2.5) is focused on the establishment of 

rabbit neurospheres illustrating the usefulness as a complementary method to the rodent-based 

‘Neurosphere Assay’. Furthermore, this thesis contains two case studies of data-poor substance 

classes on their DNT hazard. One is dealing with the screening and prioritization of flame 

retardants (FRs) using a DNT-IVB (manuscript 2.6), and the other one characterizes the DNT 

potential of two Chinese Herbal Medicines (CHMs) using the ‘Neurosphere Assay’ (manuscript 

2.8). Differentiation into oligodendrocytes was identified to be the endpoint affected by most 

tested chemicals, indicating that oligodendrocytes represent a crucial cellular target for 

compounds during neurodevelopment. By incorporation of large-scale transcriptomic analyses, I 

provide further insight into the mode(s)-of-action (MoA) of selected compounds (manuscript 2.7 

+ 2.8). Additionally, data generated in this thesis are placed in an adverse outcome pathway (AOP)-

context by applying and extending putative DNT-AOPs. 

In summary, this thesis demonstrates that the combination of endophenotypes with 

transcriptome analyses builds a powerful tool for understanding a compounds’ MoA and 

applying/extending AOPs for a better perception of the DNT hazard in a regulatory context.  
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5 Zusammenfassung 

Die Entwicklung des menschlichen Gehirns besteht aus einer Vielzahl streng zeit-und räumlich 

kontrollierter und komplexer Prozesse, welche durch ihre große Plastizität breite Angriffsflächen für 

Toxine bieten. Für eine Vielzahl der sich im Umlauf befindlichen Chemikalien ist das 

entwicklungsneurotoxische (DNT) Potential nicht bekannt.  Derzeit verwendete DNT-in-vivo-

Richtlinienstudien eignen sich nicht für Tests in großem Maßstab, da sie viele Tiere, Zeit und Geld 

benötigen. Zusätzlich bergen sie das Problem der inter-Spezies-Extrapolation. Daher sind sich 

Aufsichtsbehörden, Wissenschaft und Industrie einig, dass eine mechanistisch informierte, 

zweckmäßige und für den Menschen relevante DNT-Teststrategie erforderlich ist, die eine schnelle und 

kostengünstige Bewertung des DNT-Gefährdungspotentials ermöglicht und gleichzeitig die 

regulatorischen Anforderungen erfüllt werden müssen. 

Die drei in dieser Dissertation enthaltenen Übersichtsarbeiten fassen die Entwicklung (Manuskript 2.1) 

und Verfügbarkeit (Manuskript 2.2) alternativer Assays auf der Basis menschlicher Stamm- / 

Vorläuferzellen zusammen, welche Schlüsselprozesse (KE) der neurologischen Entwicklung zum Einsatz 

in einer DNT-in-vitro-Testbatterie (DNT-IVB) abbilden können. Ein gut geeignetes Modell für diesen 

Zweck ist der "Neurosphären Assay", bei dem neurale Vorläuferzellen (NPC) von Menschen, Nagern 

und Kaninchen in 3D kultiviert werden und die Analyse verschiedener KE der Gehirnentwicklung, 

einschließlich der Proliferation und Migration von NPCs, sowie Differenzierung in neurale 

Effektorzellen (Astrozyten, Neuronen und Oligodendrozyten) und die von Schilddrüsenhormon (TH) 

abhängige Oligodendrozyten-Reifung (Manuskript 2.3) ermöglichen. Zwei Manuskripte befassen sich 

mit der Charakterisierung des „Neurosphären Assays“, indem sie sich mit der biologischen und 

molekularen Charakterisierung sich entwickelnder neuronaler Vorläuferzellen auf 

speziesvergleichende Weise befassen (Manuskript 2.4) und Kaninchen-Neurosphären als ergänzendes 

Zellsystem beschreiben (Manuskript 2.5). Darüber hinaus enthält diese Arbeit zwei Fallstudien von 

Substanzklassen, für welche nur eingeschränkte Informationen über ihr DNT-Potential verfügbar sind. 

Eine befasst sich mit dem Screening und der Priorisierung von Flammschutzmitteln (FRs) unter 

Verwendung einer DNT-in vitro Batterie (Manuskript 2.6), und das zweite charakterisiert das DNT-

Potential zweier traditioneller chinesischer pflanzlicher Arzneimittel (CHMs) unter Verwendung des 

„Neurosphären Assays“ (Manuskript 2.8). Die Differenzierung zu Oligodendrozyten wurde als der am 

häufigsten beeinflusste Endpunkt identifiziert, was darauf hinweist, dass Oligodendrozyten während 

der neuralen Entwicklung ein entscheidendes zelluläres Angriffsziel für Chemikalien darstellen. Die 

Einbeziehung von Transkriptomanalysen ermöglichte es, die Wirkungsweise ausgewählter 

Chemikalien näher zu analysieren (Manuskript 2.7 + 2.8). Darüber hinaus werden die in dieser Arbeit 

generierten Daten durch Anwenden und Erweitern putativer DNT-AOPs (Adverse Outcome Pathways) 

in einen AOP-Kontext eingebettet. 

Zusammenfassend zeigt diese Dissertation, dass die Kombination aus phänotypischen Endpunkten des 

„Neurosphären Assays“ mit transkriptionellen Analysen einen vielversprechenden und 

leistungsstarken Ansatz bietet, welcher zum Verständnis des DNT-Gefährdungspotentials von 

Substanzen beiträgt und für zukünftige Risikobewertungen geeignet ist. 
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Abbreviations  

 

2D  Two-dimensional  

3D  Three-dimensional  

ABCA1  ATP-binding cassette (ABC) subfamily-A transporter 1 

AC50  Half maximal activity concentration 

ACTB  Beta actin 

ADGRL2  Adhesion G Protein-Coupled Receptor latrophilin 2 

ADGRL3  Adhesion G Protein-Coupled Receptor latrophilin 3 

ADHD  Attention Deficit Hyperactivity Disorder  

ADME  Absorption, Distribution, Metabolism and Excretion 

aFR  Alternative flame retardant 

AHDS  Allan-Herndon-Dudley syndrome 

ANOVA  Analysis of variance 

AO  Adverse outcome 

AOP  Adverse outcome pathway 

APOE  Apolipoprotein E 

BBB  Blood Brain Barrier 

BBOEP  Bis-(2-butoxyethyl) phosphate 

BDE-47  2,2′,4,4′-tetrabromodiphenylether 

BDE-99  2,2′,4,4′,5-pentabromodiphenylether 

BDNF  Brain derived neurotrophic factor 

BFRs  Brominated flame retardants 

BG  Background control 

BGRFR  Multiple bandpass emission filter and excitation filters 

BMC  Benchmark concentration  

BMD  Benchmark dose 

BMP2  Bone morphogenetic protein 2 

BMP7  Bone morphogenetic protein 7 

BMR  Benchmark response 

BP  Basal progenitor 

BrdU  Bromodeoxyuridine 

BSA  Bovines serum albumin 
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C. elegans  Caenorhabditis elegans 

CAAT  Johns Hopkins Center for Alternatives to Animal Testing  

CADH6  Cadherin-6 

CAS  Chemical Abstracts Service 

cDNA  Complementary deoxyribonucleic acid 

CDON  Cell-adhesion molecule-related/down-regulated by Oncogenes 

CEFIC  European Chemical Industry Council  

CHD3  Chromodomain helicase DNA binding protein  

CHMs  Chinese Herbal Medicines  

CI  Confidence intervals  

cMINC/UKN2  Neural Crest Cell Migration Assay 

CN  Copy numbers 

CNN  Convolutional neural network 

CNPase  Cyclic-nucleotide-phosphodiesterase 

CNS  Central nervous system 

CNTN1  Contactin-1 

cRNA  Complementary ribonucleic acid 

CRYM  Cyrystallin Mu 

CTB  CellTiter-Blue 

d  Days  

DA  Dopaminergic 

DAPT  n-[n-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester 

DCFDA  2′,7′-Dichlorofluorescin diacetate  

DDE  Dichlorodiphenyldichloroethylene 

DDT  Dichlorodiphenyltrichloroethane 

DEX  Differential gene expression 

DHCR24  24-dehydrocholesterol reductase 

DHCR7  7-dehydrocholesterol reductase 

DIO3  Iodothyronine deiodinase 3 

DIV  Days in vitro 

DMEM  Dulbecco’s modified Eagle’s medium 

DMSO  Dimethyl sulfoxide 

DNA  Deoxyribonucleic acid 

DNT  Developmental neurotoxicity 
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DNT-IVB  Developmental neurotoxicity in vitro testing battery  

EC50  Half maximal effective concentration 

ECM  Extracellular matrix 

ECVAM  European Centre for the Validation of Alternative Methods  

EdU  Ethynyldeoxyuridine 

EFSA  European Food Safety Authority 

EGCG  Epigallocatechin gallate  

EGF  Epidermal growth factor  

EGFR  Epidermal growth factor receptor 

EGR1  Early growth response 1 

EHDPHP  2-ethylhexyl diphenyl phosphate 

EPA  Environmental Protection Agency 

EtOH  Ethanol 

EU  European Union 

FACS  Fluorescence-activated cell scanning 

FCS  Fetal calf serum 

FDA  US Food and Drug Administration 

FDFT1  Farnesyl-diphosphate farnesyltransferase 1 

FDPS  Farnesyl diphosphate synthase 

FDR  False discovery rate 

FGF  Fibroblast growth factor  

FGFR  Fibroblast growth factor receptor 

FRs  Flame retardants  

GALC  Galactosylceramidase 

GCLM  Glutamate-cystein ligase modifier subunit 

GFAP  Glial fibrillary acidic protein 

GO  Gene Ontology 

GPCRs  G protein-coupled receptors  

GS  Goat Serum 

GSH  Glutathione 

GW  Gestational week 

h  Hours 

H2O2   Hydrogen peroxide 

HCA  High content image analysis  



Abbreviations 

 

-248- 
 

HCl  Hydrochloric acid 

HDL  High density lipoprotein 

HDLBP  High density lipoprotein binding protein 

hESC  Human embryonic stem cell 

hiPSC  Human induced pluripotent stem cell  

HMGCR  3-hydroxy-3-methylglutaryl-CoA reductase 

HMGCS1  Hydroxymethylglutaryl-CoA synthase 

HMOX1  Heme oxygenase 1 

hNPC  Human neural progenitor cell 

HPLC  High-performance liquid chromatography  

HTA  High-throughput assay  

hUCBSC  Human umbilical cord blood mesenchymal stem cell 

IATA  Integrated Approaches to Testing and Assessment 

ICC  Immunocytochemical 

IDDPHP  Isodecyl diphenyl phosphate 

iDRG  Dorsal root ganglia (induced) 

IGFBP4  Insulin like growth factor binding protein 4 

IL33  Interleukin 33 

IPC  Intermediate progenitor cells 

IPPHP  Triphenyl isopropylated phosphate 

IPs  Intermediate progenitors 

IQ  Intelligence quotient 

IST-NET  International Stakeholder NETwork  

ITGB5  Integrin beta-5 

IUF  Leibniz Research Institute for Environmental Medicine  

IUGR  Intrauterine growth restriction  

IVIVE  In vitro-to-in vivo extrapolation  

KE  Key event 

KER  Key event relationships 

KLF9  Krüppel-like factor 9 

KR  Key regulators 

KSR  Knock-out serum replacement 

LC  Lysis control 

LD50  Medium lethal dose 
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LDH  Lactate dehydrogenase 

LGT  Lei Gong Teng 

LUHMES  Lund human mesencephalic cell 

MAGI2  Membrane-associated guanylate kinase 

MBP  Myelin basic protein  

MCT-8  Monocarboxylate transporter 8 

MD  Media control 

ME1  Malic enzyme 1 

MEA  Microelectrode Array 

MeHgCl  Methylmercury chloride 

MeOH  Methanol 

mESC  Mouse embryonic stemm cells 

MIE  Molecular initiating event  

min  Minutes 

mNPC  Mouse neural progenitor cell 

MoA  Mode-of-action 

MOBP  Myelin-associated oligodendrocytic basic protein 

Mog  Myelin oligodendrocyte glycoprotein  

mRNA  Messenger ribonucleic acid 

MSE  Most sensitive endpoint 

NAMs  New approach methodologies  

N-CAM  Neural cell adhesion molecule  

NCC  Neural Crest Cell Migration Assay 

NEP  Neuroepithelial precursor 

NeuriTox/UKN4  Neurite Outgrowth of CNS (LUHMES) Neurons Test 

NH-3  Thyroid hormone receptor antagonist NH-375 

NMB  Neuromedin B 

NNF  Neuronal network formation 

NOAEL  No Observed Adverse Effect Level 

NPC  Neural progenitor cell 

NPC1a  Primary hNPC Proliferation Assay by Area  

NPC1b  Primary hNPC Proliferation Assay by BrdU  

NPC2a  Primary hNPC Migration Assay 

NPC2b  Primary hNPC Neuronal Migration Assay 
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NPC2c  Primary hNPC Oligodendrocyte Migration Assay 

NPC3  Primary hNPC Neuronal Differentiation Assay 

NPC4a  Primary hNPC Neuronal Morphology (neurite length) Assay 

NPC4b  Primary hNPC Neuronal Morphology (neurite area) Assay 

NPC5  Primary hNPC Oligodendrocyte Differentiation Assay 

NPC6  Primary hNPC Oligodendrocyte Maturation Assay 

NQO1  NAD(P)H dehydrogenase quinone 1 

NRC  US National Research Council 

NSCs  Neural stem cells 

NSPCs  Multipotent neural stem/progenitor cells 

NT  Neurotoxicity 

NT4  Neurotrophin 4 

NTP  National Toxicology Program  

O4  Oligodendrocyte marker O4 

OECD  Organization for Economic Co-operation and Development  

OLs  Oligodendrocytes (immature and mature) 

OPCs  Oligodendrocyte precursor cells 

OPFRs  Organophosphorus flame retardants 

ORA  Overrepresentation analyses 

oRG  Outer radial glia 

OSGIN1  Oxidative stress induced growth inhibitor 1 

OSVZ  Outer subventricular zone 

PBBK  Physiologically based biokinetic  

PBDEs  Polybrominated diphenyl ethers 

PBS  Phosphate-buffered saline 

PBS-T  Phosphate-buffered saline containing Triton X-100 

PC  Positive control 

PCA  Principle component analysis 

PCBs  Polychlorinated biphenyls  

PCW  Post conceptual weeks 

PDGFRα  Platelet-derived growth factor receptor A 

PDL  Poly-D-lysine 

PeriTox/UKN5  Neurite Outgrowth of PNS Neurons (hiPSC-derived) Test 

PFA  Paraformaldehyde 
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PFOA  Perfluperfluorooctanoic 

PLO  Poly-L-ornithine 

PLP  Proteolipid protein 

PND  Postnatal day 

Poly-HEMA  Polyhydroxyethylmethacrylate 

PP2  Inhibitor for Src-family kinases 

pre-OLs  Pre-myelinating oligodendrocytes 

PTPRT  Receptor-type tyrosine-protein phosphatase T 

PVL  Periventricular leukomalacia 

QM  Maturation qoutient 

QSAR  Quantitative structure relationships  

QSPR  Quantitative structure-property 

REACH  Registration, Evaluation, Authorization, and Restriction of Chemical substances 

ReNcell CX  Immortalized human neural progenitor cell line 

RFU  Relative fluorescence unit 

RG  Radial glia 

RIN  RNA integrity number 

RNA  Ribonucleic acid 

RNASeq  Ribonucleic acid sequencing 

rNPC  Rat neural progenitor cell 

ROI  Region of interest 

ROS  Reactive oxygen species  

RS  Rabbit Serum 

RT-qPCR  Quantitative real-time polymerase chain reaction 

SC  Solvent Control 

SD  Standard deviation 

SEM  Standard Error of the Mean 

SEMA3E  Semaphorin 3E 

SERPINE 2  Serpin family E member 2 

Shh  Sonic hedgehog  

SNVs  Somatic single nucleotide variants 

SVZ  Subventricular zone 

T3  L-triiodothyronine 

T4  Thyroxine 
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TBBPA  Tetrabromobisphenol A 

TBOEP  Tris (2-butoxyethyl) phosphate 

t-BPDPHP  Tert-butylphenyl diphenyl phosphate 

TCEP  Tris (2-chloroethyl) phosphate 

TCIPP  Tris (1-chloro-isopropyl) phosphate 

TCM  Traditional Chinese Medicine  

TCP  Tricresyl phosphate 

TDCIPP  Tris (1,3-dichloro-isopropyl) phosphate 

TH  Thyroid hormone  

THR  Thyroid hormone receptor 

TLC  Thin-layer chromatography  

TM  Tian Ma 

TOCP  Tri-O-cresyl phosphate 

ToxCast  Toxicity Forecaster (EPA) 

ToxPi GUI  Toxicological Prioritization Index Graphical User Interface 

TPHP  Triphenyl phosphate 

TPM  Transcript per KilobaseMillion 

TREs  Thyroid hormone response elements 

TSHR  Thyroid stimulating hormone receptor 

TUBB3  Beta-III-tubulin  

TXNIP  Thioredoxin interacting protein 

US  United States 

US EPA  United States Environmental Protection Agency 

vs  Versus 

VZ  Ventricular zone 

WHO  World Health Organization 

WoE  Weight-of-evidence  
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