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1

SUMMARY

Summary

Human exposure to chemicals by environmental pollution, food or drug constituents
has been linked to developmental neurotoxicity (DNT) in epidemiological studies. In
vitro models open up new possibilities to study toxicity on a molecular level, which is
expected to improve human risk assessment. A starting point for the development of
these models may be pluripotent stem cells as they can replicate development of an
embryo in vitro.
In this thesis, I discuss how DNT can be modelled in vitro using stem cell
derived, differentiating neural cultures. Transcriptional profiling is suggested as a
sensitive endpoint to detect toxic effects of substances. For this purpose, we developed
comprehensive lists of marker genes for cells of different developmental stages within
developing neural cultures. These were used to describe the effect of chemicals on
embryonic stem cells (ESC) that differentiate to neurons.
Until now, in vitro neurotoxicology has mainly focussed on neurons, the
primary effector cells of the brain. However, other cells, such as astrocytes also play a
role in generation of toxicity in the brain, either by causing an overshooting
inflammatory response upon activation by pathogens or toxicants, or by metabolic
activation of xenobiotics. At the start of this thesis, no protocols that described the
generation of pure and functional astrocytes from ESC were known. Therefore, I
developed two methods for the differentiation of mouse embryonic stem cell derived
astrocytes (MEDA).
The first method aimed at producing subtypes of astrocytes to study possible
differences in astrocyte subpopulations. It relies on a 2-step protocol and yielded
mixed subpopulations of astrocytes. While most cells (81 ± 16%) express the astrocyte
marker S100β, only a subpopulation of these MEDA (31 ± 18 %) was positive for the
standard astrocyte marker GFAP.
With the second protocol, homogeneous astrocyte populations were obtained in
very short time. ESC were first differentiated into pure populations of neural precursor
cells. These precursor cells were then differentiated within 3-5 days to GFAP-positive
MEDA. The fast transition into astrocytes makes them ideally suited for studies of
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developmental toxicity, as drugs interfering with astrocyte development can be picked
up quickly.
Both types of stem cell derived astrocytes were characterised in depth as to
their inflammatory competence, metabolic activity, and their ability to provide trophic
support to developing neuronal cultures. They were also compared to primary
astrocytes isolated from mouse brain. To our knowledge, this work comprised the first
functional characterisation of astrocyte subpopulations, and we found that GFAPnegative astrocytes contribute to inflammatory responses, and are able to support
neurons in the same way as their GFAP-positive counterparts. In co-cultures with
neurons, we found that MEDA were able to prolong neuronal survival. Furthermore,
when plated on astrocytes, neurons grew at low cell-densities allowing single cell
analysis of individual neurons. We propose that MEDA are an adequate alternative to
primary isolated astrocytes.
The new cell models generated during the course of this thesis are expected to
be useful for research on brain disease and the development of novel test systems to
detect (developmental) neurotoxicity.
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Zusammenfassung
In epidemiologischen Studien konnte ein Zusammenhang zwischen Umweltgiften und
Chemikalien

in

Medikamenten

und

Nahrungsmittelzusätzen

und

Entwicklungsstörungen des menschlichen Gehirns (developmental neurotoxicity,
DNT) hergestellt werden. In vitro-Modelle eröffnen neue Möglichkeiten die giftige
Wirkung von Substanzen auf molekularer Ebene zu untersuchen, wodurch eine
verbesserte Risikoabschätzung für den Menschen erwartet wird. Grundlage für diese
Modelle

könnten

pluripotente

Stammzellen

sein,

mit

denen

sich

die

Embryonalentwicklung des Gehirns in vitro nachstellen lässt.
In dieser Arbeit stelle ich vor wie DNT durch aus Stammzellen gewonnene
Gehirnzellen untersucht werden kann. Transcriptions-Profiling wird als sensible
Methode für die Erfassung toxischer Effekte von Substanzen vorgestellt. Dafür wurden
umfassende Listen zelltypspezifischer Marker-Gene für verschieden Stadien der
Gehirnentwicklung ausgearbeitet. Mit diesen Marker-Genen wurden die Effekte von
Chemikalien auf ESC, die zu Neuronen differenzieren, untersucht.
Die in vitro-Neurotoxikologieforschung hat sich bisher hauptsächlich auf
Nervenzellen als die Haupteffektorzellen des Gehirns konzentriert. Astrozyten sind
jedoch auch beteiligt an der Entstehung von toxischen Prozessen im Gehirn, z. B.
durch

eine

überschießende

Immunantwort

nach

einer

Substanz-induzierten

Aktivierung, oder auch durch eine Aktivierung von xenobiotischen Substanzen durch
Stoffwechselprozesse. Am Anfang dieser Arbeit war keine Möglichkeit bekannt, reine
Kulturen von funktionalen Astrozyten aus embryonalen Stammzellen (ESC) zu
generieren. Ich habe im Laufe dieser Arbeit zwei Protokolle zur Gewinnung
funktionaler Astrozyten entwickelt. Mit der ersten Methode konnten gemischte
Subpopulationen von Astrozyten hergestellt werden, welche sich in der Expression des
Astrozyten-Markers GFAP unterschieden. Diese Subtypen wurden auf potentielle
funktionale Unterschiede untersucht.
Im zweiten Protokoll wurde eine reine Kultur aus neuralen Stammzellen
gewonnen, aus welcher sich in kürzester Zeit (3-5 Tage) reine Kulturen von GFAPpositiven Astrozyten differenzieren ließen. Diese äußerst schnelle Umwandlung zu
reinen Populationen machen diese Astrozyten zu einer idealen Plattform, um
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beispielsweise den Einfluss von Substanzen auf die Entwicklung von Astrozyten zu
untersuchen.
Beide Astrozytenkulturen wurden umfassend auf ihre inflammatorische
Kompetenz, ihre metabolische Aktivität und die Fähigkeit sich entwickelnde
Neuronenkulturen zu unterstützen charakterisiert und mit aus Mäusehirnen isolierten
Astrozyten verglichen. Nach unserem Wissen, erlaubten es unsere Kulturen, zum
ersten Mal eine funktionelle Charakterisierung von Astrozyten-Subpopulationen
durchzuführen.
In Cokulturen mit Neuronen konnten wir feststellen, dass abgesonderte
Faktoren von ESC-derivierten Astrozyten (MEDA) die Überlebensdauer von
Neuronen positiv beeinflussten. Weiterhin ließen sich in Cokulturen Neuronenkulturen
in sehr niedriger Zelldichte herstellen, was eine Einzelzellanalyse von Neuronen
ermöglichte. Durch meine Arbeit konnte ich herausfinden, dass MEDA eine gute
Alternative zu primär-isolierten Astrozyten darstellen könnten.
Die während dieser Arbeit entstandenen zellbasierten Modelle werden zum
Verständnis von der Entstehung von Gehirnkrankheiten beitragen und die Entwicklung
von Testsystemen für die Erfassung von (Entwickungs-)Neurotoxizität ermöglichen.
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GENERAL INTRODUCTION

General introduction

2.1 Markers of murine embryonic and neural stem cells,
neurons and astrocytes: reference points for developmental
neurotoxicity testing
Chapter 2.1 is part of a publication in ALTEX (Kuegler et al. 2010).

2.1.1 Introductory remarks and overall summary of 2.1
Developmental neurotoxicity (DNT) is a serious concern for environmental chemicals,
as well as for food and drug constituents. Animal-based DNT models have relatively
low sensitivity, and they are burdened by high work-load, cost and animal ethics.
Murine embryonic stem cells (mESC) recapitulate several critical processes involved
in the development of the nervous system if they are induced to differentiate into
neural cells. They therefore represent an alternative toxicological model to predict
human hazard. Below, it is discussed how mESC can be used for DNT assays. We
have compiled a list of mRNA markers that define undifferentiated mESC (n = 42),
neural stem cells (n = 73), astrocytes (n = 25) and the pattern of different neuronal and
non-neuronal cell types generated (n = 57).

2.1.2 Introduction to ESC-based test systems
Embryonic stem cell (ESC)-based novel test systems are amongst the most dynamic
areas of in vitro toxicology and biomedicine, and their development is funded e.g. by a
large scale EU project (ESNATS http://www.esnats.eu/). They may become future
alternatives to animal testing and a key element of modern risk assessment approaches
(Pellizzer et al. 2005). At the start of such a paradigm shift in toxicology it is essential
to define the new test systems and their performance to the maximum possible degree.
Therefore this review undertakes a first attempt to define markers for mESC and
derived cell types as a starting point for an intense scientific discussion and further
improvements in this area.
Murine embryonic stem cells (mESC) are pluripotent cells able to differentiate
into all cell types in the mouse, including functional germ cells. Under appropriate
5
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conditions, mESC can be kept as in vitro cultures with an indefinite capacity for selfrenewal (Evans and Kaufman 1981; Martin 1981). The derivation, use and properties
of murine and human embryonic stem cells (ESC) have been reviewed earlier (Leist et
al. 2008a), also with the perspective of generating induced pluripotent stem cells
(iPSC) by reprogramming of somatic cells from various species, including humans
(Baker 2010; Lee and Studer 2010; Nagy and Nagy 2010). Pluripotent cells are
suitable for molecular biological manipulations, such as homologous recombinations
with exogenous DNA to alter sequences of their genome. These properties have been
used successfully for the generation of knock-out and knock-in mice from modified
mESC (Capecchi, Martin and Smithies, Nobel Prize 2007). Such mice stand as in vivo
proof that every stage and every cell of the nervous system can develop from mESC
under appropriate conditions, and that the produced cells display different phenotypes
according to the genotype of the mESC used initially for generation of the mice. It has
also been demonstrated, that mESC can differentiate in vitro to different neuronal or
glial subtypes (Wobus and Boheler 2005). In theory, this offers the possibility to study
all steps – in detail, in real time and at the resolution of individual cells – that lead
from the multipotent mESC to the formation of neuroectoderm tissue, and further to
the generation of neural stem cells (NSC), neuroblasts and various intermediate and
mature types of neural cells (Bain et al. 1996; Conti et al. 2005; Fraichard et al. 1995;
Strübing et al. 1995; Ying and Smith 2003). The in vitro differentiation of mESC or
human ESC (hESC), as well as of murine or human iPSC or neural precursor cells
(NPC) to neurons or other defined cell types is of high interest to the understanding of
developmental biology, but also its disturbances. Thus, such test systems appear useful
for the examination of teratogenicity and the wide field of reproductive toxicity (RT).
Moreover, introduction of neural endpoints relevant for developmental neurotoxicity
(DNT) at different stages of development and development of more predictive and
more sensitive model systems may significantly improve this testing strategy (Breier et
al. 2009; Coecke et al. 2007; Lein et al. 2007; Moors et al. 2009).
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2.1.3 Towards new test systems for developmental neurotoxicity
Lessons from the history of developmental neurotoxicity (DNT) testing
The area of developmental toxicology (DT) came into public focus 50 years ago. At
that time, the drug thalidomide caused severe birth defects, while the metal-organic
contaminant methylmercury caused Minamata disease (Harada 1995). The latter also
includes a congenital form, which is triggered by exposure of the unborn fetus to the
toxicant. It has been shown that the mercury concentration in umbilical cord blood can
be significantly higher than in the maternal blood (Sakamoto et al. 2004). Decades
later, but still in consequence of this miniepidemic of methylmercury intoxication,
autopsy studies revealed that this compound targeted the fetal neural system (e.g. (Eto
et al. 1992)), and thereby, Minamata disease contributed significantly to the
identification of developmental neurotoxicity (DNT) as an important endpoint in
toxicology.
At the same time, the problem of developmental ecotoxicology (e.g. reduced
reproductive success of birds due to pesticides in their food chain) was introduced by
Rachel Carson in her book “silent spring”. The above mentioned examples provide
insights into the specific problems of DT. Another example for specific DNT issues is
thalidomide that has a defined “window of sensitivity”. It did not cause problems when
taken by pregnant women earlier than about 20 days after conception or later than
about 35 days after conception. However, within this window it caused different
effects, such as facial paralysis, when taken rather early, malformations of arms and
legs in the middle and e.g. deformities of the intestine when only taken late during the
window of sensitivity. Notably, although thalidomide acted as a sedative in rats and
mice (just as in humans), it had no teratogenic effects in these rodent species most
frequently used for toxicity testing.
In Minamata, Chisso Corporation was found responsible for having caused the
disease by introducing mercury waste into the Minamata bay. However, it was much
more difficult in the case of the victims of the congenital disease (who had never eaten
contaminated fish, but had been exposed in utero) to prove a causal relationship
between their disease and the methylmercury contamination. The situation was similar
with other environmental contaminants, where a cause-effect relationship was disputed
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until R. Carson’s book became one of the key triggers for a wave of public concern
that resulted in the ban of dichlordiphenyltrichlorethane (DDT). These examples
illustrate the specific problems of the discipline of developmental toxicology, i.e. the
difficulty to provide evidence for cause-effect relationships, and to identify suitable
test systems. This fundamental weakness is also evident from less dramatic and more
prevalent human poisonings that have reached the pandemic scale. The most
prominent example of such an omnipresent contaminant is lead. It causes human
developmental neurotoxicity, associated with a reduction of intelligence estimated to
have resulted in an economic cost of > 100 billion $/year for each birth cohort born
between 1960 and 1990 (Grandjean and Landrigan 2006). The average lead blood
levels in children fell by 90% after the eventual ban of lead additives to gasoline
(Grandjean and Landrigan 2006). However, those exposed earlier may keep suffering
from lead neurotoxicity due to its long biological half-life in addition to the DNT
effects (Cory-Slechta 1990). In the case of the developmental toxicity of lead, the
overwhelming epidemiological evidence finally helped to convince regulators to
reduce acceptable thresholds, and the availability of trustworthy human reference data
helped to optimise a suitable experimental system to improve the toxicity evaluation.
There are still many other wide-spread contaminants with effects below the threshold
of a pandemic, but with the potential to affect a large population.
For most of these hazardous compounds evidence from human epidemiology is
not available. Therefore, standardised test systems, mainly rodent-based bioassays, are
used to derive points of departure (POD) for human health risk assessment in
regulatory toxicology. In the 1960s, it became evident that developmental exposure to
chemicals and drugs can alter behavioural function in young and adult animals (e.g.
(Werboff and Dembicki 1962). As an indirect measure of neurotoxicity, behavioural
readouts have been used and validated since the 1960s. These behavioural alterations
are considered as an observable expression of effects on nervous system function
(Reiter 1978). Therefore, guidelines and test batteries have been developed (Moser and
MacPhail 1990; Moser and MacPhail 1992) and validated for use in behavioural
toxicology. In the 1980s, the U.S. Environmental Protection Agency (U.S. EPA)
developed the first DNT guidelines and initiated the standardisation of this testing
strategy by the Organisation of Economic Co-operation and Development (OECD).
The development of the pertinent OECD test guideline 426, which was finally
8
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accepted in 2007 (Makris et al. 2009), was guided by two ideas: first, the methods
need to yield reproducible results within and across laboratories, and second, they must
be sensitive to the effects of a range of neurotoxic agents (Middaugh et al. 2003). A
recent review (Makris et al. 2009) revealed that just over 100 compounds have been
tested in studies using the OECD 426 draft guideline. Most of these compounds were
pesticides (66%) and only 8 industrial chemicals were included. Another review
identified about 174 compounds for which neurobehavioural risk assessment had been
performed, in many cases also on the offspring of the exposed animals (F1 generation).
Only 1% of these compounds were industrial chemicals (Middaugh et al. 2003). The
available data for this relatively new area of toxicology of industrial chemicals is
therefore rather limited. Some of the studies indicate that compounds exist for which
DNT testing is the most sensitive of all toxicity endpoints in a broad safety evaluation
battery. Therefore inclusion of DNT testing in compound safety evaluation
programmes such as REACH is likely to add important information for regulatory
decisions (Makris et al. 2009; Middaugh et al. 2003). At present the available data is
insufficient to predict how representative these findings are.
In summary, the historical development of DNT testing strategies was strongly
based on the statistical concepts of reliability and sensitivity, and biological modes of
action played a relatively minor role. In addition to the relatively low numbers of
animal studies, few human reference data are available. Thus, the predictive value of
traditional DNT testing for human health is hard to estimate. Establishment of
alternative and additional approaches remains a huge scientific challenge requiring
new strategies.
The road to a mechanism based developmental toxicology
The number of chemicals with potential for environmental exposure is large. The new
European law entitled REACH triggered an administrative procedure aiming at
registration, evaluation and authorisation of all chemicals produced in the EU at > 1
t/year and not tested under the chemical safety law of 1982. It is expected that at least
30,000 chemicals will be registered, amongst these several thousand that are produced
or used at > 100 t/year (Rovida and Hartung 2009). A considerable percentage of these
chemicals is found in the environment or at work places, where human exposure could
potentially trigger DT. As these substances should all be evaluated for their
9
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reproductive toxicity, experiments involving millions of animals would be performed
to satisfy the legal requirements (Hartung and Rovida 2009). However, these tests of
individual chemicals constitute only the tip of the iceberg. Practically, and
scientifically, we should also consider mixtures of compounds that humans and the
environment are exposed to. Already a dozen compounds can form thousands of
different mixtures, which would be impossible to test by classical toxicological
approaches based on animal experiments. Even though some of the most relevant
chemicals will be tested for their effects on reproduction, these tests will most likely
leave open the safety questions concerning low dose effects on DNT. As indicated
above, testing for DT in the low-dose range and basing legal decisions on these data
has proven very difficult, if not impossible, in most cases. This is even more an issue
for the subarea of DNT. Within the REACH testing requirements, DNT is only
addressed in exceptional cases triggered by positive findings from other studies.
Dedicated studies are otherwise not required. Thus, the concern remains that subtle,
and predominantly functional, DNT effects triggered by chemicals might remain
undiscovered. A comprehensive safety assessment will therefore require alternative
approaches. Technical (limited test capacities), ethical (reduction of animal testing)
and scientific reasons call for new strategies in toxicology testing (Bottini et al. 2007;
Hartung 2009a; Leist 2008b; Stingl et al. 2009). One such strategy was suggested by
the National Research Council (NRC 2007). This milestone publication has been
described in many reviews (Collins et al. 2008; Hartung 2009b; Hartung and Leist
2008; Leist 2008c), and the strategy is now often summarised under the heading
“tox21c” (toxicology for the 21st century). Two changes are particularly important:
first, novel test systems would be based on cell cultures (human, where possible) and
simple model organisms (e.g. worms and flies) instead of rodents and other higher
vertebrates; second, the essential primary endpoints should cover disturbances of
cellular (e.g. signalling, metabolic, homeostatic, proliferation, differentiation)
pathways, and the overall resulting toxicological effect on humans would be predicted
by systems biology-based approaches from these mechanistic data. The vision is that
the new test systems would allow a much higher throughput of compounds and would
work better in the low-dose range relevant for human exposure. The use of a systemsbased approach (e.g. omics data, quantitative models linking cellular processes to
adverse effects) is expected to be more predictive of human toxicity (see above issue
10
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of rodent testing of thalidomide). Added value may come from the possibility to use
and to compare cells of different species, including humans.
For this vision to become reality, the new methods must be trusted and
accepted globally (Bottini et al. 2007; Bottini and Hartung 2009). For instance,
technical/scientific barriers are linked to the problem of validation (Hartung 2007), as
detailed for the areas of food safety and cosmetics safety (Hartung 2008b; Hartung
2008; Vogel 2009). New technologies and ideas can be imported and developed with
specialists of other disciplines (e.g. (Mitterhauser and Toegel 2009; Schrattenholz and
Klemm 2007), and teaching of alternative approaches may be achieved in different
ways (Hartung 2009; Jukes 2008; Jukes 2009; Leist 2006)). However, much research
in the 3R field addresses technical problems within already established concepts (e.g.
(Bahramsoltani et al. 2009; Hagelschuer et al. 2009; Hartung and Hoffmann 2009;
Heindl et al. 2008; Li 2008a; Li 2008b; Manzer et al. 2009; Rothen-Rutishauser et al.
2008; Sauer et al. 2009; Wanner and Schreiner 2008). The next generation of methods
(see chapter below on ESDNT V2.0) should set its own standards instead of aiming at
a 1:1 substitution of existing animal protocols with their own set of problems (Hartung
2008a; Pelkonen et al. 2009; Sauer 2009; Vedani et al. 2009).

2.1.4 Markers for DNT testing
Challenges for an in vitro DNT test system
A number of questions arise when one considers developing mESC, iPSC or hESC as
potential test systems for DNT.
These involve species, source, genotype, developmental status, throughput and
endpoints of the model system. At the present stage, all different options and their
combinations require testing, standardisation of protocols and exploratory activities,
and a large variety of different approaches should be promoted and explored for a
sufficiently long time before a rational selection process can be initiated with the goal
of identifying a smaller set of assays that may be used for regulatory decisions.
Therefore only some general considerations are highlighted here:
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Species
For human predictivity, hESC may appear more promising than rodent systems.
However, for comparison with already existing murine and rat in vivo databases,
mESC may be more suitable. In general, mESC presently represent a system with
higher throughput and robustness: neurons are generated much faster and with higher
yield than in the human system. As many more laboratories have worked with mESC
compared to hESC, there is more experience in using the murine cultures. They are
easier to handle, and the tools to genetically modify these cells are more advanced,
while hESC show considerable variability in vivo and in vitro (Abeyta et al. 2004;
Osafune et al. 2008; Parsons et al. 2009; Wu et al. 2007). It is also evident that hESC
behave differently from mESC concerning the pathways that control stemness. It has
been suggested that they correspond to epiblast stem cells rather than to inner cell
mass-derived cells, as do mESC, and they may not be able to form chimeras and an
organism (Li and Ding 2009). Continuing basic research on robust and more rapid
hESC protocols is still needed to eventually provide a model system that avoids the
species differences and the necessity for an interspecies extrapolation.
Type of cells used as starting material
Different cell types have been used to study aspects of DNT. ESC are derived from the
inner cell mass of blastocysts ((Evans and Kaufman 1981; Martin 1981) reviewed in
(Leist et al. 2008a)), and, using ESC-based models, all developmental steps are
accessible for examination (Winkler et al. 2009). The downside of this approach is that
the cells need to be directed through all differentiation steps, preferably in a
synchronised way, even under circumstances when only information on the last step is
of interest. To avoid this problem, various other cell types have been used to study
particular stages of DNT. For instance primary neurons or certain neuroblastoma,
phaeochromocytoma or teratoma cells can differentiate to a partially neuronal
phenotype (e.g. axonal elongation and maturation), and this forms the basis for many
test systems, which are of more limited scope but often of high reproducibility and
throughput (Hogberg et al. 2009; Hogberg 2010; Radio et al. 2008; Radio et al. 2009;
Radio and Mundy 2008). An intermediate solution would be the use of neural stem
cells or neuroblast-like cells, which may be developed from ESC and that do not
necessitate the initial differentiation steps required for ESC but still have the potential
12
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to develop into a number of different, morphologically and functionally mature
neuronal and glial cell types (Breier et al. 2008; Buzanska et al. 2009; Wang et al.
2007). The advantages and disadvantages of such systems illustrate an important issue
of DNT testing. The downside is that such NSC-based systems cannot model the initial
phase of neuroectoderm specification and formation. Thus, the effect of compounds on
this developmental period, associated with an important coordinated wave of gene
transcription, cannot be tested. The upside of the use of NSC is that other phases, e.g.
the step from NSC or neuroblasts, can be examined with highly synchronised cells and
therefore less experimental noise. Ideally, many different test systems will be used to
optimally test potential DNT during all important phases of nervous system
development with high sensitivity and specificity.
Culture quality
The particular setup of the cultures is a major factor for the success of a DNT test
system, independent of the endpoint chosen. Therefore we will just briefly list some of
the factors that may be important for transcription markers in ESC-based systems.
Some cultures are grown on feeder cells, which might affect the pattern of RNAs
detected as well as the differentiation process and the effect of chemicals on the overall
culture system. Similarly, undefined components of the culture medium, antibiotics or
the adhesion matrix might have complicating effects. Most importantly, the quality of
the cells is a major factor for the experimental outcome. The most serious deficiency
of a test system would be infection or genetic alteration. However, also mycoplasmafree, genetically intact cells may be altered epigenetically, and this may be a major
source of experimental variation (Fig. 2.1-1). Only frequent and stringent controls and
efforts to avoid uncontrolled factors as listed above can lead to robust experimental
test systems.
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Figure 2.1-1: Different neuronal differentiation potential of mESCs from the same strain.
CGR8 mESC were kept under routine culture conditions (details available from Leist lab). High
(passage 115, p115) and low (passage 39, p39) passage cells were triggered to differentiate towards the
neuronal lineage in parallel. After 20 days of differentiation, total mRNA was extracted and analysed by
quantitative real time PCR for marker genes of mESC (Oct4), NSC (Nestin) or neuronal (βIII Tubulin,
MAP-2, Synaptophysin). Gene expression levels were first normalised to the housekeeping gene
GAPDH and then to the expression in undifferentiated mESCs (day 0), which was arbitrarily set to 1.
Data represent means ± SD from triplicates. *** p < 0.001

Genotype
In the 21st century we can begin to ask whether there is an interaction of genetic and
environmental factors (gene x environment effect) for DNT and whether our test
systems could also yield such information and identify groups specifically at risk. For
example, hESC from different ethnicities, genders and genotypes can now be
compared. New opportunities have arisen from the general availability of the technique
to generate human induced pluripotent stem cells (hiPSC), which behave like hESC
but can be generated from presumably all somatic cell types including skin samples of
individuals. Soon, libraries will be available of human iPSC with defined genetic
defects occurring in human diseases and with allelic variations as identified in many
human individuals. The use of such cells for more genotyperelated information in
safety sciences appears very attractive. The murine counterpart is the availability of
over 20,000 gene trapped mESC lines (defined reporter insertions at intron-exon
boundaries that may be further genetically engineered e.g. to generate transgenic
reporter or selection lines for many endogenous promoters) (Singla et al. 2010) and of
thousands of transgenic and knock-out mice with the corresponding mESC derived
therefrom. Such mESC may be generated by targeting of the second allele of
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heterozygous knock-out mESC (Madan et al. 2009) or from the mice in two different
ways. Traditionally, mESC would be derived from blastocysts of homozygous
matings. This process has been greatly simplified lately by small molecule chemicals
that support mESC generation (Li and Ding 2009; Ying et al. 2008). An emerging
technology promises the generation of pluripotent stem cells from cells of mice by
different techniques of reprogramming (Carey et al. 2010; Kim et al. 2009a; Lewitzky
and Yamanaka 2007; Stadtfeld et al. 2010). Transgenic approaches, that also allow
expression of human proteins in mice, have already been applied to the examination of
the role of certain genes in diseases and pathologies. Especially the availability of
mESC with reporter constructs has been broadly applied to high-throughput screens,
e.g. for compounds affecting DNT (Conti et al. 2005; Suter and Krause 2008; Suter et
al. 2009a). Similar reporter constructs have been introduced and used in hESC or
iPSC, but there is still ample room for further development and improvement.
Pluripotency status and capacity to form any neural cell
The use and culture of ESC is a demanding technology requiring high standards of
good cell culture practice. The lack of standardised protocols used for cell
differentiation appears to be a main source of low reproducibility. Additionally, at
present no single marker can indicate conclusively that a cell has left the
developmental status of mESC or hESC and that this cell may therefore not be suitable
for DNT testing any longer. Only groups of markers can be used (also see Table 3.11). Similar questions apply when iPSC are generated but need to be evaluated for their
“real” pluripotency. This practical problem is illustrated by data shown in Figure 2.1-1.
The cells from different passages (mESC, CGR8 strain) behaved similarly when they
were maintained in culture (similar growth rate and morphology). Only when the
differentiation potential was tested did dramatic differences become obvious. Similar
findings have been reported for hESC that expressed similar levels of a small set of
markers (Nanog, Oct4, Tdgf1) but had dramatically different differentiation potentials
(Osafune et al. 2008). It has been shown beyond doubt that intact mESC have the full
potential of a pluripotent stem cell, i.e. to generate every cellular phenotype (including
every neural cell) in the organism. If DNT assays were to be developed on the basis of
hESC, one objection may be that formation of complete brains has not been
demonstrated. Both for scientific and ethical reasons this ultimate proof of
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pluripotency is unlikely ever to be provided. However, many relevant neural cell types
can be formed from hESC. For instance, cells derived from hESC have been used for
transplantation into brains of immunodeficient mice and integrated functionally
(Elkabetz et al. 2008; Koch et al. 2009; Laflamme et al. 2007; Sharp et al. 2009).
Also, 3-dimensional “brain-like” engineered neural tissue (ENT) has been generated in
vitro from hESC (Preynat-Seauve et al. 2009). Thus it appears that hESC should be
also suitable as a test system to cover the full range, or at least most aspects, of DNT
once simple and robust protocols and a full characterisation of the functionality of
resultant cultures are available.
DNT specific processes and endpoints
Neurodevelopment is a highly complex biological process that involves proliferation,
migration, apoptosis, differentiation, synaptogenesis, neurite and network formation,
as well as gliogenesis and myelinisation. All these processes need not only to be
functional, but also require correct timing and complicated balances within a
microenvironment often referred to as a “niche”. Therefore, one single type of
endpoint is unlikely to be sufficient for a comprehensive description of the overall
outcome. Experimental endpoints that have been tested comprise electrophysiology,
neurotransmitter release, immunostaining and other methods of protein quantification
including several proteomics techniques, methods of RNA quantification, functional
cellular assays and evaluations of cellular morphology. In general, endpoints that have
been shown to be suitable for other cellular test systems should also be useful for
mESC or hESC. However, there can be practical limitations. These are mainly due to
the heterogeneity of the cultures, which precludes certain methods of quantification.
This heterogeneity may be desired, e.g. for generation of “organ simulating tissues”. In
most cases it is accidental or stochastic, as currently-used protocols lead to the
generation of different cell populations that are not homogeneously distributed but
may rather grow in patches or islands within a dish. Moreover, some cells grow
preferentially on top of or under other cells. In this situation it is particularly important
to select endpoints that guarantee robustness (reproducible results, also when
experimental conditions vary slightly), are biologically plausible and allow optimal
predictivity. It is beyond the scope of this review to evaluate the usefulness of all
different endpoints for DNT testing, and the experimental evidence for this. Instead,
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general principles of assay set-up will be discussed below in more detail for embryonic
stem cell-based developmental neurotoxicity testing (ESDNT) testing.

2.1.5 In vitro DNT testing and validation: ESDNT V1.0 vs. ESDNT
V2.0
Every in vitro toxicity test system consists of three elements: the biological system, the
endpoint/test procedure and the prediction model. This is exemplified by the already
validated and well-established embryonic stem cell test (EST) used as a general
predictor of teratogenicity (Genschow et al. 2004; Laschinski et al. 1991; MarxStoelting et al. 2009; Seiler et al. 2006). The biological test system uses in this case
mESC and murine fibroblasts under different growth and differentiation conditions,
one of them being a relatively non-specific differentiation of mESC to cardiomyocytes.
The test procedure is defined by INVITTOX PROTOCOL no. 113 (DB-ALM data
base; http://ecvam-dbalm. jrc.ec.europa.eu/). The presence of foci of beating cells is
the endpoint for cardiac differentiation. The prediction model involves mathematical
comparisons between different endpoints (e.g. IC50 of the cytotoxicity to fibroblasts
and altered efficiency of cardiac differentiation), classification of the potential results
and translation of these classes into potential human toxicity classes. As evident from
this example, each of the three main elements can be developed and optimised
relatively independently from the others. A number of developmental neurotoxicants
are also identified in this assay, presumably due to their broad teratogenic potential
(Buesen et al. 2009; Chapin and Stedman 2009).
For the validation of each test system, three major domains need to be
considered (Hartung et al. 2004; Hoffmann and Hartung 2006):
Reproducibility
This includes parameters like robustness of the test system, comparability of data
obtained in different laboratories or by different operators, on different days or in
parallel replicates. It is related to technical features of the assay.
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Predicitivity
The correlation of the in vitro results with the known human data or a corresponding
“gold” standard (often in vivo animal data). Predictivity can be fine tuned by changes
in the biological system, the test procedure or the prediction model. However, it
remains in the end a mathematical-correlative exercise, which neither requires, nor
indicates, relevance. Correlations may also be generated easily by simple mathematical
tricks (Fig. 7 in (Leist 2008c)). The definition of predictivity on the basis of
correlations has some implicit consequences. As the set of compounds used for the
correlations is necessarily small, compared to all possible compounds that may be used
in the test system, it may not be representative to the same degree for all classes of
compounds. Therefore, the prediction model has a certain applicability domain, e.g. it
applies to a certain group of compounds used for the validation process (e.g. genotoxic
carcinogens for the Ames test). It may fail completely when different compounds (e.g.
epigenetic carcinogens in the above example) are used.
Biological relevance
For the above reason, this third domain is highly desired in a test system. It has been
given less priority than the two other domains in the development of the first
generation of alternative methods. With the rise of the tox21c idea, this should become
the dominant domain in the near future. Biological relevance should be the basis of
predictive systems biology. This has a major impact on the design of new test systems
for DNT.
The EST would be considered a first generation test system optimised for
predictivity based on correlation. With respect to neurally-active teratogens (DNT
field) it may be called an ESDNT V1.0 (embryonic stem cell based developmental
neurotoxicity test, version 1.0). It operates predominantly as a black box system,
similar to reproductive toxicology studies in animals. Understanding of the
mechanisms is not required to derive the results and the regulatory consequences in
both, positive or negative cases. Moreover, and it is difficult to obtain information
from this system on why positive compounds are positive and why negative
compounds are negative. However, as this information is not required for regulatory
testing of chemicals, a good correlation was sufficient for successful validation.
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The EST may be adapted in different ways for DNT testing. However, in all
cases a fundamental difference between cardioteratogenicity and neuroteratogenity
needs to be considered: the heart consists of a limited number of cell types in a
relatively homogeneous tissue arrangement, and most developmental effects on the
heart have some form of histological or morphological correlate. The nervous system
consists of many different cell populations, and DNT, as well as many CNS diseases,
can have predominantly behavioural and functional consequences (e.g. on regulation
of mood, intelligence, attention, concentration, motor activity) without obvious
morphological correlates. This needs to be taken into account when test systems are
being developed. For instance, the difference in the ratio between different neuronal
populations needs to be detectable in the absence of an overall loss of cells. As
different brain regions develop during different time windows, they display different
sensitivities to neurotoxicants at different times. For instance, the DNT compound
methylazoxymethanol (MAM) has different effects on the brain when given on
different days of embryonic development ((Penschuck et al. 2006) and references
therein). Thus DNT test systems must also provide the option to apply potential
toxicants in different phases of development.
Simple endpoints (for instance the number of all neurons or of functional
neurons – similar to those used in the EST) are likely to be insufficient for DNT test
systems. More refined endpoints that describe neuronal subpopulations and
differentiation states are required. The use of RNA-based markers is suggested here as
one possible approach to be explored.
Moreover, to make the test systems independent of narrow applicability
domains and to design them for broad testing right from the start, the tox21c strategy
suggests a toxicity pathway and mechanism-based approach (NRC 2007). Such assays
would examine quantitative cause-effect relationships with reference to relevant
toxicity pathways, and the prediction model would integrate the rich information from
multiple endpoints. Such future assay systems may then be labelled ESDNT V2.0.
Here an initial basis is provided for the characterisation of the cells used in such
assays.
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The introduction continues with a chapter on astrocytes, their functions and the
differentiation of astrocytes from embryonic stem cells. The review article is
continued in chapter 3.1.

2.2 Astrocytes
2.2.1 Astrocytes – underappreciated cells of the brain
There are four major cell types in the brain: neurons, microglia, oligodendrocytes and
astrocytes. The latter two are also often referred to as (macro-)glial cells. The primary
function of neurons is the intercellular signal transmission by electric and chemical
signalling and between synapses. Oligodendrocytes myelinate axons of neurons to
enable faster and better electric signal conduction. Therefore, they are crucial for
signal transmission of neurons and play a role in neurodegenerative and inflammatory
diseases like multiple sclerosis (Compston and Coles 2002).
In contrast to neurons, oligodendrocytes and astrocytes, microglia do not
originate from the neuroectoderm but are of mesodermal origin and are closely related
to blood cells (Prinz and Mildner 2011). They correspond to macrophages in
peripheral tissues and act as primary defense line against pathogen invasion.
Astrocytes are generated later in development than neurons (Miller and
Gauthier 2007). The first glial precursor cells (A2B5+) have been observed in rodents
at around embryonic day 13.5 (E13.5), and are known to generate various
phenotypically-different cell populations (Bignami et al. 1972; Lendahl et al. 1990;
Miller and Szigeti 1991). The first astrocytes positive for glial fibrillary acidic protein
(GFAP; a marker for astrocytes) are found on E16, develop further beyond birth, and
do not reach maturity until several weeks later.
While neurons have been extensively studied, and much is known about
neuronal subtypes and their specific functions, only little is known about the diversity
of astrocytes and their specific functions or localisations within the brain. Astrocytes
are commonly identified by expression of glial fibrillary acidic protein (GFAP), and
primary astrocyte cultures have been optimised towards cultures with high contents of
GFAP expressing cells. GFAP is upregulated in activated astrocytes and its expression
is low in brain tissue from healthy human subjects. In the healthy rat brain, only 40%
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of the astrocytes express GFAP (Walz and Lang 1998). Apart from GFAP expression
levels, astrocytes differ in function and morphology and regional specific subtypes of
astrocytes are known (Allen and Barres 2009; Kimelberg 2004; Kimelberg and
Nedergaard 2010; Matyash and Kettenmann 2010; Walz 2000; Wang and Bordey
2008). Astrocytes of the white matter are recognised by their typical elongated and
fibrillary structures, while protoplasmic astrocytes of the grey matter usually adopt a
flat morphology with multiple branches (Kimelberg 2004).
As far as we know today, astrocyte heterogeneity is dependent on brain region,
local cellular environment, the activation state and age. The exact definition of
astrocyte subtypes is difficult due to a lack of markers. Therefore, only regional
differences or differences in marker expression patterns can be observed. The same
population can express a different set of markers after partial activation. This is further
complicated by the lack of a pan-astrocytic marker that is present in all astrocyte
subpopulations. This impedes cell type identification in mixed cultures.

2.2.2 Astrocyte function
The crucial role of astrocytes in brain function has long been underestimated. After
their discovery, they were named “astrocyte” (greek: astro = star) due to their starshaped morphology. Astroglial cells (glia = “glue” in greek) were historically thought
to merely provide structural guidance in the developing brain (Kettenmann and
Ransom 2005).
In recent years however, knowledge about astrocyte functions has greatly
improved. Today it is known that astrocytes play vital roles in almost all processes in
the brain. In the developing brain they provide guidance cues for migratory neuronal
progenitor cells and are involved in the physical structuring of the brain. Using their
endfeet, they interconnect with neurons and are also tightly associated with the blood
brain barrier (BBB) (Bauer et al. 2005). Together with endothelial cells of the BBB,
astrocytes regulate the pore size and fenestration of the BBB. Furthermore, they are
responsible for recruiting lymphocytes through the BBB into the inflamed brain by
secretion of chemotactic proteins, such as IL-8 (Aloisi et al. 1992). They actively
support neuronal signalling by regulating ion homeostasis through ion transport
channels (mainly potassium) (Coles and Deitmer 2005). They also directly contribute
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directly to synaptic transmission by releasing and regulating neurotransmitters. For
instance, astrocytes remove excess glutamate or γ-aminobutyric acid (GABA) from the
synaptic cleft, thus preventing toxic accumulations of these neurotransmitters
(Swanson 2005). By secreting neurotrophic factors such as IL-6, NGF and nutrients
(e.g. lactate) they support neuronal survival. Together with microglia, astrocytes are
responsible for the detection of pathogen associated molecular patterns (PAMP), tissue
damage and toxic events (Falsig et al. 2008). Upon detection of such noxious events,
they switch from a “resting” to an activated state and mount an inflammatory response
(reactive gliosis) by secreting soluble factors (e.g. NO, IL-6) (Falsig et al. 2004). An
overshooting inflammatory reaction by astrocytes, called reactive gliosis, can lead to
severe damage in the brain. Chronic brain inflammation is a common symptom in most
neurodegenerative diseases and is usually associated with reactive gliosis (Eng et al.
2000).
Activated astrocytes rapidly proliferate into damaged tissue and build up a
“glial scar”. This can be a problem in traumatic nerve injuries (e.g. paraplegia) as the
astrocytic tissue prevents regeneration of neuronal circuits.

Figure 2.2-1: Simplified scheme of CNS differentiation from embryonic stem cells.
Embryonic stem cells (ESC) can differentiate into cells of all three germ layers of the body. Ectodermal
differentiation leads to a Nestin-positive neural stem cell or neural precursor cell population which can
give rise to astrocytes, neurons and oligodendrocytes. Microglia, the fourth cell type of the brain, is of
mesodermal origin and thus more related to blood cell types. Green: cell-type marker candidates.
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2.2.3 In vitro cultures of astrocytes
In vitro cultures of astrocytes are usually done with astrocytes isolated from the brain
of newborn rodents. Astrocytes have been isolated from the brain and cultured in vitro
from all developmental stages of rats, mice and humans (Garcia-Abreu et al. 1995;
Lovatt et al. 2007; Zhang and Barres 2010). Most data has however been obtained
from neonatal astrocytes, and experiments with adult astrocytes are rarely done and
have only become possible in recent years. For mostly historical reasons, most
isolation procedures for astrocytes have been optimised for GFAP-positive astrocytes.
Functional astrocytes can be obtained in reasonable quantities from postnatal mice by
manual dissection of the cortex, removal of the meninges, and subsequent purification
by gradient centrifugation (Weinstein 2001). Thereby, pure cultures of astrocytes
virtually devoid of microglial contamination can be obtained (Henn et al. 2011).
However, this procedure requires intensive expert training and is very operator
dependent. Furthermore, the quality and purity of the culture has to be determined for
each preparation. Normally, mature astrocytes do not divide. However, in the dentate
gyrus and the ventricular zone, rapidly dividing populations of astrocyte-like cells can
be found that behave like neural stem cells (Buffo et al. 2008; Doetsch 2003; Doetsch
et al. 1999; Kriegstein and Alvarez-Buylla 2009; Seri et al. 2001; Seri et al. 2004).
These astrocytic cells are most likely radial glia cells, a special type of neural
progenitor cell that can generate subtypes of astrocytes and neurons (Goldman 2003).
Mature astrocytes do not divide however when taken into culture, astrocytes
start to proliferate. One possible explanation is that in vitro cultures are most likely
generated from a pool of isolated astrocyte progenitor cells which mature in culture.
Furthermore, the origin of these cells is restricted to only a few regions of the brain.
This is supported by the finding that in vitro cultures of astrocytes have an immature
phenotype (Zhang and Barres 2010). Progress has been made on the isolation of
(more) mature astrocytes (Cahoy et al. 2008; Pihlaja et al. 2011) though maintaining
these cells in culture is still difficult. Primary astrocyte cultures are isolated regionallyspecific from brain, and thus only reflect a limited population of the diverse set of
astrocyte subpopulations. A lack of subtype-markers makes the identification of
astrocyte-subtype difficult. The definition of astrocytic subtypes is unclear in terms of
marker expression, and is usually based on morphology and the location of the brain
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the subtype has been identified in. Naturally, this is difficult to replicate in culture.
Because of these restrictions, in vitro cultures generated from primary astrocytes most
likely do reflect the astrocyte populations in the brain. But, due to a lack of
alternatives, they have served as gold standards for in vitro astrocytes and have
nevertheless helped to bring light into the mystery of astrocyte function. Nowadays, in
vitro cultures of primary astrocyte cultures are routinely used to elucidate the role of
astrocytes in brain inflammation (Falsig et al. 2004; Falsig et al. 2006b; Henn et al.
2011) or the contribution to onset and progression of degenerative brain diseases (Di
Giorgio et al. 2007; Nagai et al. 2007).
Embryonic stem cells (ESC) can differentiate into all cell types of the body and
thus may provide alternative sources of astrocytes (Figure 2.2-1). Apart from ESC,
more specialised neural stem also offer access to differentiated astrocytes in vitro.
Neural stem cells are already committed to the neural lineage, and can only give rise to
oligodendrocytes, neurons and astrocytes. Astrocytes have been obtained by
differentiation from various neural stem cell populations isolated from brain (Gritti et
al. 1994; Reynolds and Weiss 1992; Vanhoutte et al. 2004). In a similar way, the
generation of astrocytic cultures from human and murine embryonic stem cell (ESC)
derived neural stem cells has been described (Conti et al. 2005; Glaser et al. 2007;
Pollard et al. 2006). Attempts to differentiate astrocytes directly from ESC have also
been made. For instance, Rao and colleagues report the generation of astrocyte
progenitor cells from murine ESC (Mujtaba and Rao 2002) and Kamnasaran and
colleagues isolated GFAP-positive astrocytes from differentiated ESC. However, stem
cell derived astrocyte cultures are characterised usually only by expression of GFAP
and little is known about functional competence of these cultures.
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2.3 Aim of this study
The present thesis was set within the context of the group that develops strategies and
models allowing the in vitro testing of potential detrimental effects on the brain and
brain development.
One objective was to define new endpoints to detect and analyse toxic effects
in (mixed) cultures, development of methods to generate neural cell cultures from
embryonic stem cells and their adaptation into a testing format.
At the time when this thesis was started, protocols for the efficient generation
of functional astrocytes from embryonic stem cells (ESC) had not been developed.
Therefore, the major aims of this thesis were the development of methods to
differentiate pure astrocyte cultures from ESC. These astrocytes were to be compared
to primary astrocytes isolated from mouse brain and characterised as to their
(a) inflammatory competence,
(b) metabolic capacity and
(c) functional support of developing neurons in in vitro cultures.
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3.1 Markers of murine embryonic and neural stem cells,
neurons and astrocytes: reference points for developmental
neurotoxicity testing
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We propose that transcriptional profiling can be used as a sensitive endpoint in
toxicity assays to distinguish neural differentiation states during normal and disturbed
development. Importantly, we believe that it can be scaled up to relatively high
throughput whilst still providing rich information on disturbances affecting small cell
subpopulations. Moreover, this approach can provide insight into underlying
mechanisms and pathways of toxicity. We broadly discuss the methodological basis of
marker lists and DNT assay design. The discussion is put in the context of a new
generation of alternative assays (embryonic stem cell based DNT testing = ESDNT
V2.0), that may later include human induced pluripotent stem cells, and that are not
designed for 1:1 replacement of animal experiments, but are rather intended to
improve human risk assessment by using independent scientific principles.

3.1.1 The definition of stem cell genes
Transcription-based markers
For the definition of cell types and of transitions from one cell type to another,
different sets of markers may be applied. These range from definition of the genome
(primary sequence and epigenetic status) to definition of the proteome (protein based
or antigen-based), and include the metabolome, functional characteristics (e.g.
electrophysiological responses) and characterisation of the transcriptome (mRNAs and
miRNAs). These approaches have different sensitivities, dynamic ranges, specificities,
sample requirements, technical requirements and throughput.
The most frequently used approaches are antigen based methods and
transcriptional profiling. The former have been dealt with elsewhere, and extensive
studies in the stem cell field have been performed e.g. by BD Biosciences
(www.bdbiosciences.com). Briefly, they are particularly useful for single cell
characterisation and for sorting cells, only limited by antibody availability (works best
for surface antigens). Quantitative evaluations by this approach usually involve flow
cytometric analysis and work particularly well in non-adherent cultures or with cells
that can be detached by enzymatic treatment without affecting the epitope. Use on
adherent cells requires advanced imaging technologies and is often harder to quantify
and to control. On a semi-quantitative or qualitative level, antigen staining offers an
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easy option to characterise mixed cell populations and to determine co-localisation of
different markers within a given cell.
RNA-based measurements have been suggested to be particularly useful to
characterise the differentiation of ESC (Noaksson et al. 2005) and to detect
neurotoxicity and DNT (Bal-Price et al. 2009; Hogberg et al. 2009; Stummann et al.
2009). Transcriptional profiling has been used in many fields, for instance to indicate
cellular activation states (Falsig et al. 2006a; Henn et al. 2009; Lund et al. 2006). The
method is frequently used successfully for quantitative studies in homogeneous
populations of cells. More or less every gene transcript can be examined (few
exceptions due to highly repetitive or highly GC-rich sequences). The expression
pattern can be interpreted as a “signature” of the status of the tested cell population.
The “signature” can be examined in terms of known cell specific markers, gene
ontology (GO) classification systems and known gene interaction networks. For
instance, different types and differentiation stages of neurons and glial cells differ in
their RNA profiles, and these profiles differ from that of ESC (Table 3.1-2) or neural
stem cells (NSC – Table 3.1-3). Therefore, definition of reference profiles for different
culture states should permit the detection of subtle effects of developmental
neurotoxicants and give information on the affected pathways. Deviations from the
“default transcription signature” may permit the detection of subtle effects of
developmental neurotoxicants, and give information as to the pathways affected. They
may also occur as a consequence of cell cycle progression or cellular activation state.
Such signatures and their alterations can also be obtained from a non-homogeneous
mixed cell population and can give information on its relative composition. The
transcriptional profiling approach has particular advantages for quantitative studies in
inhomogeneous populations of adherent cells or for complex mixtures of cells, if
appropriate cell specific markers and reference genes are available (see below – point
(3)). The big disadvantage of the technology is that co-localisation studies are not
readily possible, and therefore the specific cell subpopulation that undergoes changes
in response to the toxin can be difficult to identify.
The use of transcription based endpoints (e.g. Northern blot, gene microarrays
and PCR) also requires some technical considerations, as briefly summarised in Table
3.1-1. Microarray platforms may indicate relative expression differences with varying
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sensitivities and accuracies for different genes. Without detailed background data,
information on a single gene may not be reliable. As an alternative, sets of interesting
cell- or state-specific genes can be selected for detailed quantification of relative gene
expression changes by quantitative real-time PCR methods. If profiling is performed
by PCR on a selected set of genes, the technology is available in most laboratories at
reasonable cost and throughput, and optimised primers for amplification can be
derived from online databases (RTPrimerDB, http://medgen.ugent.be/rtprimerdb/).
As this review focuses on the compilation of gene lists that should be useful as
background description of cellular states in DNT assays, three major technical issues
of gene selection and classification will be discussed:
Table 3.1-1: Issues concerning identification and selection
Definition of applicability domain
Selection of criteria for appropriate markers (assay dependent)
Method for identification/qualification of markers
Selection of negative (exclusion) and positive markers
Assembly of set of markers (no single marker is adequate)
(Semi-)Quantitative relationship of markers (ratios; thresholds; yes/no)
Definition of differentiation status
Composition of culture over time
Selection of control population(s) for cell type specific endpoints
Biological validation of endpoint-markers with (positive and negative) controls
Timing of chemical exposure (duration and differentiation status)
Use of reference databases for cross-validation of data
Statistical and standardisation issues within and between experiments
Known species differences

Gene annotation
First, the literature, including also relatively recent publications, is filled with strongly
varying abbreviations for one given gene. This is due to the discovery and cloning
process, which often occurred in parallel in different places, initial discovery in
different species, protein and antigen names that differ from the gene name, and
changes of names upon consolidation of the fully sequenced mouse and human
genomes. We have chosen to include the currently-used official gene symbol that can
be retrieved from PubMed (http://www.ncbi.nlm.nih.gov/pubmed) in addition to
various other names in common use. In addition, the transcript accession number (as
an unambiguous identifier) is listed. Notably, these accession numbers do not refer to
the genes as such, but define cDNAs. They may e.g. characterise particular transcripts
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of genes with multiple splicing variants. Thus, one gene can have more than one
accession number. This is highly important for expression analysis and corresponding
database searches, as a given gene can form different transcripts in different cell types
or at different differentiation stages. Therefore, problematic situations might arise
where analysis of gene regulation by different methods (different PCR primers,
different hybridisation oligos, etc.) yields different results. In such situations, different
transcripts might have been analysed. To cover this situation, accession numbers for
different splice and annotation variants of the same gene are also included in the
tables. The NCBI RefSeq database provides annotated individual transcripts and
protein sequences (derived from its predecessor, Genbank) with accession numbers
that

are

distinguished

by

a

two-letter

prefix

(http://www.ncbi.nlm.nih.gov/RefSeq/key.html). Curated transcripts for mRNA,
noncoding RNA and protein sequences are distinguished by the prefixes NM_, NR_,
and NP_, respectively. Other prefixes indicate original Genbank annotations (twoletter prefixes without a following underscore) or Refseq sequences that are
undergoing annotation or curation (Typically XM_, XR_, XP_) among others.
Ensembl, an alternative informative annotation and curation effort by the European
Bioinformatics Institute (EBI) also curates sequences and splice variants derived
thereof (www.ensembl.org). Typically, it is helpful to design gene expression
strategies against the curated sequences, although it is important to be aware of (and
design around) the potential for underlying variation in that transcript. The collective
variation in gene expression can be viewed with the aid of online genome browsers as
provided by the University of Santa Cruz (http://genome.ucsc.edu/) or the EBI
(http://www.ensembl.org/index.html).
GO categories
When large-scale transcriptional profiling is performed, identified genes are often
associated with gene ontologies (GO). The Gene Ontology Project is an initiative to
classify genes and gene products according to known molecular functions with a
defined and finite vocabulary (http://www.geneontology.org). GO classifications
associate gene products with appropriate categories in the three principal areas
“cellular component”, “biological process”, and “molecular function”. They are
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organised by a hierarchical relationship between these groups. When the
transcriptional profile of a cell population changes, the altered transcripts often cluster
to certain GOs, and these GOs can give useful information on the types of changes that
are occurring (structural, signalling, differentiation). Thus, it may be useful to pick the
genes of a hypothetical “mESC GO” to define the starting population of DNT
experiments and the changes of genes characteristic for this population. Unfortunately
such a GO does not exist, as GOs do not define cell types, but rather related functions
of genes. Therefore mESC genes as endpoints of DNT tests need to be defined and
agreed upon as in Table 3.1-2.
Standardisation and statistical issues
They can strongly influence the identification of marker genes. This applies in
different ways to individual studies as well as to meta-analyses. In the former,
normalisation, standardisation and cut-off procedures are mostly hidden in materials
and methods in a way that makes them hard to control or to reproduce by peers.
Alterations of expression levels are often calculated relative to housekeeping genes,
but the stability and variance of these reference points is only very rarely indicated.
However, these data and procedures have a large impact on specificity and sensitivity
of the overall analysis. Housekeeping genes may be selected based on various criteria.
Most importantly, the gene needs to be expressed in equal amounts relative to the total
amount of cellular mRNA. In many cell types, this condition is fulfilled for Gapdh,
18S ribosomal RNA (18S rRNA), and β2 microglobulin (b2m). Other markers that are
also used frequently comprise Hprt, 28S ribosomal RNA (28S rRNA), Actb or Acta1.
More rarely found options are Ribosomal protein L32 (RPL32) or Phosphoglycerate
kinase 1 (PGK1). However, these housekeeping mRNAs do not always behave
according to the criteria set above (e.g. (Der et al. 1998)). This problem is particularly
pronounced in differentiation experiments, as described here. In this case, the final cell
type in the dish can be very different (overall phenotype, size, cell cycle status,
metabolic activity, etc.) from the starting cell, and therefore express housekeeping
genes at different levels. Similar problems may occur upon exposure to toxicants.
Another type of problem lies in the heterogeneity of cells in DNT test systems. The
cultures may contain different subpopulations that express house-keeping genes at
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different levels. Upon differentiation, the relative amounts of these subpopulations
may change dramatically, leading to enormous practical challenges concerning the
standardisation of gene expression levels. To circumvent this, samples are often
referenced to a group of housekeeping genes instead of a single gene only. In other
cases, it may be useful to employ subpopulation-specific reference points, such as B3
tubulin or Fox-3 (NeuN) for neurons, and e.g. Doublecortin or Neurogenin to refer
shifts in patterning markers more specifically to neuroblast-like cells within the overall
population. Concerning meta-analysis (e.g. (Assou et al. 2007; Bhattacharya et al.
2005; Bhattacharya et al. 2009; International Stem Cell Initiative et al. 2007)),
additional problems need to be considered. The statistical criteria and quality of the
studies included in the meta-analysis might vary strongly, and the initial conditions
and rules set within these analyses might be hard to trace. Therefore, it is dangerous to
rely blindly on the summary of the outcome. This applies also to the table compilations
presented here. If they are put to experimental scrutiny and trigger a constructive
discussion and an improved second version, then a major goal of this review will
already have been reached. Possibly subsets will have to be selected, according to the
specific culture conditions and cell lines used and the questions asked.

3.1.2 What are stem cell genes?
At first sight, it may seem easy to extract stem cell genes from the existing literature.
Dozens of papers have dealt with such genes and large numbers of microarray studies
have been performed to identify such genes, but also doubt has been voiced on
whether stem cells are really a defined entity at all, or whether they rather represent
one of many possible transient states (Efroni et al. 2009; Zipori 2004). The expression
pattern associated with such states may vary between different stem cell lines. Such
effects may be linked to higher dynamics of the genome than commonly expected. For
instance, non-protein coding line elements, which make up a large proportion of the
human genome, have been shown to be active as transposons in ESC and, even more
commonly, in NSC. Such activity might affect the activity of classical genes directly,
e.g. by insertion, or indirectly, by modification of pervasive transcription (Coufal et al.
2009; Garcia-Perez et al. 2007; Muotri et al. 2005; Muotri and Gage 2006; Muotri
2007).
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For assay development we have to take a closer look at the important
distinction between “stemness genes” and “stem cell marker genes”. For the specific
purpose of this review, the focus of the discussion will be on ESC (and NSC) markers.
Unfortunately, the term “stem cell marker gene” is less clear upon closer
inspection than it appears. An easy definition would for instance be “a gene that is only
expressed in mESC, and in no other cell type”. Unfortunately, no such gene exists. The
reverse definition may also be applied. “Negative stem cell markers” are genes that are
by no means expressed in mESC. This is a definition that is useful in practice for
quality control and for defining the onset of differentiation, but it is not sufficient for
defining mESC (Assou et al. 2007; Bhattacharya et al. 2009). The definition of
negative markers is also not without ambiguity, as mESC cultures may often be
contaminated with more differentiated cells. Upon transcriptome analysis it may then
appear that apparently pure stem cells “express” certain genes usually not associated
with mESC, such as B3 tubulin, Keratins-8 and -18 or Alpha cardiac actin
(Bhattacharya et al. 2005; Ginis et al. 2004). To establish an ESC database free of
contaminations, cells may be sorted prior to analysis or selected on the basis of the
activity of a sharply-regulated stemness gene like Utf-1 (Tan et al. 2007).
A pragmatic approach to the identification of ESC genes is to characterise
transcriptome changes when ESC differentiate and to define those genes that are
differentially highly expressed in ESC as stem cell genes. This approach has been
taken many times in many variations (reviewed in (Bhattacharya et al. 2009; Efroni et
al. 2009)). The result was that these approaches consistently identified a small group
of “usual suspect genes” for ESC, such as Lefty2, Oct3/4, Nanog, Utf-1 and Tdgf1.
However, astonishingly large differences were observed between the studies. It was
surprising that some studies found that mESC genes overlap with hESC genes only to
a low degree, i.e. between 15 and 35% (Bhattacharya et al. 2005; Ivanova et al. 2002;
Ramalho-Santos et al. 2002). This may indicate some intrinsic weaknesses of these
studies (see e.g. paragraph on standardisation and statistics issue). An alternative
explanation may be that the derivatisation of the lines affects their later phenotype
(Navara et al. 2007). In addition, much of the variation may be due to real species
differences. In fact, the biology of mESC and hESC shows distinct differences with
regard to signals required to maintain pluripotency (Eckfeldt et al. 2005; Wang et al.
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2009; Wei et al. 2005). In this situation, it is tempting to conclude quickly that hESC
are more relevant for human physiology. However, strong evidence indicates that
mESC may resemble cells of the human inner cell mass of the blastocyst more closely
than hESC (Li and Ding 2009). Moreover, it is not known whether some differences of
ESC in culture have any effects on readouts for DNT. This can only be determined
experimentally, and should be done so.
The overall approach of differential transcription profiling to identify ESC
markers has some conceptual shortcomings: First, the factor of differential expression
that is used as cut-off is often relatively low (e.g. 2-3 fold). This means that it would be
very hard to identify an ESC contamination of around 30% within an otherwise fully
differentiated cell population. This low cutoff also reduces the level of specificity such
studies can achieve. Second, the “differentiated population” used for comparison was
frequently obtained from embryoid bodies (EBs), i.e. 3-dimensional spheroids formed
from ESCs when they are left to differentiate “wildly” (in a non-guided way, only
triggered by withdrawal of pluripotency factors). This population contains cells from
all three germ layers, and may not be relevant for the identification of differentiallyexpressed genes between ESC and differentiating neurons. Thirdly, this approach is
bound to identify many “false positives”, as two populations with different
proliferation characteristics are being compared. Thus, genes involved in DNA
synthesis, chromatin structuring and cell cycle regulation would be selected as putative
stem cell genes. A variant of this approach was taken by the International Stem Cell
Initiative (ISCI) to define hESC markers. Genes were grouped according to the
similarity of their behaviour to that of Nanog when over 50 hESC lines were
differentiated to EBs. The top 6 group comprises Nanog, Tdgf1, Gabrb3, Dnmt3b,
Gdf3, Pou5f1/ Oct4 and the top 20 group additionally contains Fgf4, Gal, Leftb, Ifitm1,
Nodal, Tert, Utf1, Foxd3, Ebaf, Lin28, Grb7, Podxl, Cd9 and Brix (International Stem
Cell Initiative et al. 2007).
A third approach to identify stem cell genes is based on the concept that genes
qualify for inclusion when they are required for the function and maintenance of ESC.
These genes would be biologically defined as “stemness genes”. This definition would
also form the basis for the opening of a GO category under the field of “biological
function”. The most prominent examples for such genes are Pou5f1/Oct4 and Nanog
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(Mitsui et al. 2003) or the Klf (Krüppel-like factor) genes. However, Oct4 is also found
in germ stem cells or cardiac differentiation (Stefanovic and Pucéat 2007), Nanog
plays a role in neuronal differentiation (Molero et al. 2009) and Klf-4 is also an
oncogen (Rowland et al. 2005). The Wnt, FGF and BMP/TGF-ß pathways – and
associated genes – are clearly involved in the maintenance of stemness, but they also
play a role in dozens of other processes. The same type of ambiguity is found when
one examines the genes that can be used for reprogramming. In addition to Oct4,
Nanog and Klf-4 above, for instance Sox2, Lin28 and Myc are used. Sox2 and Myc play
roles not only in reprogramming but also in stem cell maintenance. However, they are
not specific for ESCs, as e.g. Sox2 is highly expressed (and functional) in NSCs, and
Myc is upregulated in many tumours and rapidly dividing cells.
In conclusion, simple rules for the selection of ESC marker genes cannot be
applied. More advanced algorithms based on multiple markers are required as
described below.
Definition of mESC markers
Based on the above, markers were filtered from the literature according to the
following criteria:
(a) The gene needs to be expressed in mESC (differences between mESC and
hESC need to be taken into account).
(b) The gene needs to be expressed in mESC considerably higher than in most
other cell types. Frequently, ESC were compared to embryoid bodies (EBs). In other
approaches mESC were compared to mNSC and other stem cell types
(haematopoietic) to identify unique marker genes (Ivanova et al. 2002; RamalhoSantos et al. 2002). An interesting approach in that direction was also taken by groups
at the NIH (Bhattacharya et al. 2005; Bhattacharya et al. 2004; Bhattacharya et al.
2009; Ginis et al. 2004), when ESC were compared to RNA pools from normal
differentiated tissue. This approach was taken one step further in a large meta-analysis,
in which hESC expression profiles were compared to data retrieved from databases on
over 100 tissue analyses (Assou et al. 2007). For the compilation of Table 3.1-2,
especially co-expression at similar levels in NSC was used as an exclusion criterion.
Notably, as mESC are defined by a group of genes, the criterion of absence of
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expression in other cells needs not be applied stringently, providing that it refers to
different cell types for different marker genes. If a sufficiently large group of mESC
marker genes is selected, it is likely that expression in other cells is cancelled out
(averaged), while each of the genes should be expressed in mESC.
(c) The marker gene should not be expressed in neural stem cells and
neuroectodermal cells and thus be different from the ones listed in Table 3.1-3. This
condition is a specific limitation of condition 2 and applies particularly for mESC
markers used in DNT experiments. For instance, Galanin is a frequently-identified
mESC gene, but also plays a role in NSC and certain mature neurons. Genes with such
behaviour may not be downregulated upon mESC differentiation towards the neuronal
lineage and are therefore useless as m ESC markers for this particular purpose. A vast
amount of gene expression data is available to identify relevant genes. Here, both
individual papers (e.g. (Abranches et al. 2009)) and databases were used for
identification and exclusion of candidates. For instance, the EU fifth framework
research programme (FP5)-consortium FunGenES provides extensive transcriptome
profiling information on the differentiation of mESC to neurons, coupled to web-based
analysis software (FunGenES consortium  http://www.fungenes.org/) (Schulz et al.
2009). Similar approaches are taken for instance by the StemBase of the Ontario
Genomics Innovation Center (StemBase  http://www.stembase.ca/?path=/) (PerezIratxeta et al. 2005; Porter et al. 2007).
(d) Genes with a known functional role for the maintenance of mESC (e.g. loss
of stemness upon their knockdown or knockout (Mitsui et al. 2003)) are included as
markers if they do not have multiple roles also in other cell types. The reasoning is
similar as for the markers identified by expression level. Stemness genes are not
included when their expression is relatively low compared to neural tissue expression.
(e) Only mRNAs coding for proteins have been considered for this analysis.
Information on micro RNAs (miRNA) is still relatively limited. However, it appears
that expression of miRNA can be relatively cell type-specific. Thus, miRNAs with
relatively high expression levels in mESC compared to other cell types may be
identified (Lakshmipathy et al. 2007a; Lakshmipathy et al. 2007b). Similarly, miRNAs
important for defined steps in neuronal development have been identified (Yoo et al.
2009). Future profiles may therefore also include miRNAs. A further step may be a
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more detailed analyses of the promoters themselves and their epigenetic state by chipon ChIP experiments (microarray analysis of chromatin immunoprecipitates), bisulfite
sequencing (identification of methylcytosine as altered base in the DNA structure) or
one of the many related new technologies. For instance, it has been suggested that the
ESC genome may be characterised and defined by relatively open chromatin
architecture (Eckfeldt et al. 2005; Zipori 2004). This has been corroborated on the
molecular level by genome-wide mapping of the chromatin state of ESC and other
cells and indeed has functional consequences (Mikkelsen et al. 2007). The resultant
pervasive transcription is particularly prominent in ESC, and a major difference
between ESC state and more lineage committed differentiation stages may be the
extent of this genome wide transcriptional activity (Efroni et al. 2009), that involves
many non-protein coding RNAs (Berretta and Morillon 2009; Dinger et al. 2009;
Jacquier 2009; Mikkelsen et al. 2007). To transform this knowledge into robust test
endpoints and defining markers, the identification of ESCspecific non-coding RNA
would appear useful. Indeed, recently over a thousand conserved large intervening
non-coding RNAs (lincRNAs) have been identified (Guttman et al. 2009). About 100
were regulated by Oct4 and Nanog and functionally implicated in a stemness network,
and at least one was only expressed in ESC. Thus, lincRNAs are candidates for future
lists of differentiation and cell activation-defining lists of markers.
(f) Last, but definitely not least, negative markers should be used in
transcription-based cell characterisations. The mESC table contains only positive
markers, as naturally all genes listed in Table 3.1-3 (or other tables presented here)
represent the corresponding negative markers. Typical markers for endodermal
differentiation (e.g. intestine, glands, liver) would be VegfR2, Sox17, Ttr, ApoA1,
Lim1, Cytokeratin19, FoxA2, Alphafetoprotein or Gata-4 (also mesendoderm and
cardiac mesoderm); for mesoderm (e.g. muscles, bones, heart, blood): Hand1,
Brachyury, Smooth muscle actin, Cd31, Cd34, Cd325 or Eomes (also trophoblast), and
e.g. Ncam1 or certain keratins (Krt 18) indicate ectoderm. Other useful and sensitive
markers for initial differentiation away from ESC may be Fibronectin-1, Naalad2,
Profilin-1 and Slc40a1.
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Neurodevelopmental biology and definition of neural stem cell markers
Differentiation of mESC towards neurons triggers coordinated waves of gene
transcription that can be identified by unbiased cluster analyses (Abranches et al.
2009; Schulz et al. 2009). Accordingly, the cells move from the multipotent stem cell
state over an early neuroectoderm state to a state in which they can form rosettes that
still have the potential to develop to central and peripheral neurons. This state is
closely linked to the production of neural precursor cells or NSC. Such NSCs (human
or murine) may be enriched and clonally expanded under appropriate culture
conditions (Barberi et al. 2003; Conti et al. 2005; Elkabetz et al. 2008; Koch et al.
2009; Okabe et al. 1996; Ying and Smith 2003). NSC markers may be derived from
gene expression profiling of clonally-expanded NSC-like cells. This has for instance
been done for human rosette-type cells vs. hESC (Elkabetz et al. 2008), but multiple
comparisons against different populations (including more mature neurons) would be
required to define the genuine NSC genes. NSCs, while sharing common properties of
undifferentiated progenitors, may exhibit distinct regional capacities for neural
differentiation to specific lineages or neurotransmitter phenotypes (Klein and Fishell
2004). Similarly, ESC-derived NSC-like cells can acquire region-specific phenotypes
depending on the differentiation protocol (Bouhon et al. 2006; Gaspard et al. 2009).
Therefore, not all cells fulfilling basic criteria for NSC can still be differentiated to all
CNS cell types. Differences also exist between ESC-derived NSC, and brain-derived
NSC (both can only be obtained by extensive in vitro culturing, potentially leading to
artefacts), for instance in the readiness to generate astroglial cells, or between spinal
cord NSC and cortical NSC in the expression of many patterning marks and genes with
broadly varying biological function (Kelly et al. 2009). Thus, it is not a straightforward
and unambiguous approach to define NSC markers by characterising one given NSC
population that can be maintained in culture.
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Table 3.1-2: Marker genes for mESC.
name

accession
number

Bat1a

NM_019693

Cd9

NM_007657

Cxxc1

NM_028868

Myc

NM_010849

Dppa2

NM_028615

Dppa3
Dppa4
Dppa5a
2410004
A20-RIK

NM_139218
NM_028610a)
NM_025274

Eras

NM_181548

Esrrb

NM_011934b)

Fbxo15

NM_015798

Fgf4

NM_010202

Gab1

NM_021356

Gjb3

NM_008126c)

Gnl3

NM_178846

d)

Khdc1a

NM_183322

Khdc1b

XR_031927e)

Klf4

NM_010637

Klf5

NM_009769

Lefty2

NM_177099

Lefty1

NM_010094

Lin28

NM_145833

Msh2

NM_008628

Msh6

NM_010830

Nanog
Phc1
Phf17

NM_028016f)
NM_007905g)
NM_172303h,i,j)

Pou5f1

NM_013633

Rest

NM_011263

Sox2

NM_011443

full name
HLA-B-assoc. transcript
1A
Tspan29

NM_025890

comment

cell migration and adhesion
Cgbp knock-out cells are viable but
Cgbp, Cxxc finger 1 (PHD
unable to differentiate upon removal
domain)
of LIF
Cmyc, myelocytomatosis
oncog.
expressed in human pluripotent stem
dev. Plurip.-assoc. 2
and germ cells
Stella, dev. Plurip. Assoc. 3
dev. Plurip. assoc. 4
inner cell mass
Esg1, dev. plurip. assoc. 5
Ecat1, ES cell assoc.
also called Oeep 48
transcript 1
Ecat5, ES cell-expressed
involved in the control of ES cell
Ras
proliferation
activates Oct4 transcript., sustains
estrogen receptor, beta
self-renewal and plurip.
ecat3, F-box only protein
target of Oct4/Sox2
15
fibroblast growth factor 4 target of Oct4/Sox2, activates Erk
GRB2-assoc. binding
expressed in blastocyst
protein 1
gap junction protein, specific for
Cx31, Connexin 31
mESC
Nucleostemin
low in EB, but also in NPC
member of the
KH domain containing 1A
Khdc1/Dppa5/Ecat1/Oeep family
Khdc1c, KH domain cont. member of the
1C
Khdc1/Dppa5/Ecat1/Oeep family
inhibits cell differentiation, target of
Kruppel-like factor 4
Oct4/Nanog
Kruppel-like factor 5
related to Klf4
left-right determination
antagonistic Tgfbeta ligand,
factor 2
sometimes called Leftb
Left-right det. factor 1
target of Klf4/Oct4/Sox2
reprogramming factor, RNA-binding
ln-28 homolog
protein
DNA repair protein, downregulated
mutS homolog 2
during diff.
DNA repair protein, downregulated
mutS homolog 6
during diff.
Nanog homeobox
polyhomeotic-like 1
regulation of Hox genes via Polycomb
Phd finger protein 17
Oct4, POU domain, class
transcription factor regulating plurip.
5, transcription factor 1
RE1-silencing transcription maintains self-renewal and plurip.,
factor
(also NSC), discussed
SRY-box containing gene transcription factor regulating plurip.,
2
(also NSC)

ref
1
2
3

4
5,6
6
5,6
6,23
7
8-10
11,12
8,13,
14
14,15
16,17
18
19,20
7,21
21
22,23
24
25
26,27
28,29
30
30,31
8,32
33
34
14,32
35-39
14,32
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Stat3

NM_213660k,l)

Stip1

NM_016737

Tcfcp2l1 NM_023755
Tdgf1

NM_011562

Tdh

NM_021480

Tead4

NM_011567

Tert

NM_009354
NM_028602

Tex19.1
Timp1

NM_011593m)

Utf1

NM_009482

Zfp42

NM_009556

Zic3

NM_009575

signal transducer and
activator of transcription 3
stress-ind. phosphoprot.
transcription factor CP2like 1
Cripto, teratocarcinomaderived growth factor 1
L-threonine dehydrogenase
TEA domain family
member 4, TEF-1-related
factor 1
telomerase (RT)
Nuclear protein

involved in LIF signaling

23,40

role in plurip. signaling

41
2,23

target of nanog, Oct4, SMAD

8,42
43

expressed from 2 cell stage on to
blastocyst

44

reverse transcriptase

45

also germ line

46

tissue inhibitor of
metalloproteinase 1
undifferentiated embryonic target of Oct4/Sox2
cell transcription factor 1
Rex1, zinc finger protein
42
zinc finger protein of the
required for maintenance of plurip. in
cerebellum 3
ES cells and neural crest development

2,47
8,14
48-50
8
51,52

Additional accession numbers: a) NM_001018002, b) NM_001159500, c) NM_001160012, d)
NM_153547, e) NM_001033904, f) NM_001080945, g) NM_001042623, h) NM_001130184, i)
NM_001130185, j) NM_001130186, k) NM_213659, l) NM_213660, m) NM_001044384
1. (Sharov et al. 2003); 2. (Abranches et al. 2009); 3. (Carlone et al. 2005); 4. (Lewitzky and Yamanaka
2007); 5. (Maldonado-Saldivia et al. 2007); 6. (Bortvin et al. 2003); 7. (Imamura et al. 2006); 8. (Mitsui
et al. 2003); 9. (Takahashi et al. 2003); 10. (Sorrentino et al. 2007); 11. (Zhang et al. 2008b); 12. (Feng
et al. 2009); 13. (Tokuzawa et al. 2003); 14. (Okumura-Nakanishi et al. 2005); 15. (Kunath et al. 2007);
16. (Schaeper et al. 2007); 17. (Xie et al. 2005); 18. (Worsdorfer et al. 2008); 19. (Tsai and McKay
2002); 20. (Beekman et al. 2006); 21. (Pierre et al. 2007); 22. (Li et al. 2005); 23. (Wei et al. 2005); 24.
(Ema et al. 2008); 25. (Hamada et al. 2001); 26. (Farthing et al. 2008); 27. (Nakatake et al. 2006); 28.
(Hagan et al. 2009); 29. (Hanna et al. 2009); 30. (Roos et al. 2007); 31. (Mason et al. 2009); 32.
(Chambers and Tomlinson 2009); 33. (Isono et al. 2005); 34. (Tzouanacou et al. 2003); 35. (Singh et al.
2008); 36. (Canzonetta et al. 2008); 37. (Johnson et al. 2008); 38. (Buckley et al. 2009); 39.(Jørgensen
et al. 2009); 40. (Kues et al. 2005); 41. (Longshaw et al. 2009); 42. (Liu et al. 2005); 43. (Wang et al.
2009); 44. (Nishioka et al. 2009); 45. (Armstrong et al. 2005); 46. (Kuntz et al. 2008); 47. (Singla and
McDonald 2007); 48. (van den Boom et al. 2007); 49: (Nishimoto et al. 2005); 50: (Okuda et al. 1998);
51: (Lim et al. 2007); 52. (Nakata et al. 1998).
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Figure 3.1-1: Basic concepts of neurodevelopment.
Very early during embryonic development (about day 7.5) the neural plate forms as an area of early
neuroectodermal
tissue,
whereas
flanking
regions
form
ectoderm
(ED).
A. Within the next 24 h this plate invaginates and closes to form the neural tube, which is the precursor
stage of the central nervous system. Cells at the lateral margins of the neural tube form the neural crest
cells (NC) that migrate to various locations and form parts of the peripheral nervous system among other
cell
types.
B. The neural tube (light gray) is flanked by non-neural tissue (dark grey) and extends from the head
region towards the prospective tail region. At this stage, clear patterns of neurons along different axes
are established, which lead to different neuronal subpopulations in the adult. The major axes are from
back (dorsal = d) to belly-side (ventral = v) and from head (rostral = r) to tail-side (caudal = c).
C. lateral view of a day 10.5 embryo (E10.5): the caudal end (c) represents the spinal cord (SC), the
rostral end (r) develops into the brain, where forebrain (FB), midbrain (MB) and hindbrain (HB) can be
distinguished. The dorso-ventral axes (d-v) remains present both in the spinal cord (motor neurons in the
ventral part) and in the brain (e.g. the dorsal forebrain differentiates to cortical structures (Ctx).
D. Embryonic stem cells (ESC) can differentiate to neural stem cells (NSC) with characteristics
resembling those of proliferating cells found in the early development of the nervous system. The
mESC-derived NSC-like cells, like their in vivo counterparts, retain the capacity to acquire regionspecific identities and differentiate into neurons and/or glia via intermediate lineage-restricted
progenitor cell stages in vitro.

Defined protocols for mESC neuronal differentiation typically involve initial
neural specification and expansion under NSC growth conditions, followed by
withdrawal of growth factors and neuronal differentiation. The differentiation process
is usually not 100% synchronised, and cellular differentiation stages form a
continuum. Therefore, the wave of NSC gene expression may overlap with the
antecedent mESC gene expression and with the following wave of NSC-derived
neuronal/glial gene expression. Consequently, it is difficult to strictly define NSC
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patterns of gene expression solely within the context of an in vitro differentiation
system. For this reason, changes in gene expression are interpreted with reference to
those observed during neural specification and lineage progression in vivo (Rubenstein
and Puelles 1994; Rubenstein et al. 1998).
A basic characteristic of the nervous system is the high diversity of different
cell types, which is necessary for appropriate function. Neuronal differentiation
proceeds in a region-specific manner, depending on the position of neuroepithelial
progenitors along the rostrocaudal or dorsoventral axes (Figure 3.1-1). This regional
patterning is thought to be achieved by cell-extrinsic, contrasting gradients of
morphogens and growth factors, including Bone Morphogenetic Proteins (BMPs),
Sonic Hedgehog (Shh), Retinoic acid, Fibroblast Growth Factors (FGFs), etc. These
chemical gradients establish a positional axis that confers region-specific patterns of
gene expression and directs lineagespecific differentiation. This information has been
used to compile the list of markers for in vitro differentiation (Table 3.1-3). The
translation of knowledge from developmental gene expression to in vitro gene
expression is not without caveats. For instance, the gradients formed in vivo are
complex and not stable over time. For instance, NSC formation in the neural tube
structure begins rostrally, and zones of NSC formation and patterning are moving in a
rostro-caudal (from head to tail) way along the neural tube (Wilson and Maden 2005).
In vivo neurulation is also a desynchronised process. Homogenates used for
transcriptional profiling will contain both NSCs and differentiating neurons. Therefore,
NSC and their progeny can be hard to disentangle at the level of transcription without
reference to cellular, spatial distinctions in gene expression profiles (e.g. as determined
by high resolution in situ hybridisation).
Ideally,

mESC-derived

NSC

gene

expression

should

broadly

recapitulate

developmental patterns of gene expression observed during neuroepithelium
specification, or within proliferative progenitor zones at later stages. Such information
has also been used here (amongst others) for filtering of suggested marker genes
(Figure 3.1-2). For our compilation, we used the strong expression and/or significant
role of a gene in differentiated neurons and/or glia as exclusion for its definition as an
NSC marker, even though the gene may be expressed in NSCs. This important filtering
step is admittedly biased, and new information will require adaptations.
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Table 3.1-3: Neural stem cell markers.
accession
number
A230098 NM_175485
A12Rik
Ascl1
NM_008553
Atoh1
NM_007500
Bmi1
NM_007552
Calcr
NM_007588a)
Cdh2
NM_007664
Chd1
NM_007690
name

Chrdl1
Crabp2

NM_001114385b)
NM_007759

CtnnB1
Cxcr4
Cyp24A1
Dbx1

NM_007614
NM_009911
NM_009996
NM_001005232

Dbx2
Dll3
EfnB2
Fabp7
Fgf5
Fgfr2
FoxB2
FoxD3
Frzb1
Fut4
Fzd1
Fzd3
Gata2

NM_207533
NM_007866
NM_010111
NM_021272
NM_010203
NM_201601c)
NM_008023
NM_010425
NM_011356
NM_010242
NM_021457
NM_021458
NM_008090

Gpr23
Gsh2
Hes5
Hes6
Id2
Ireb2

NM_175271
NM_133256
NM_010419
NM_019479
NM_010496
NM_022655

Lhx1
Lhx9
Lrp

NM_008498
NM_001025565d)
NM_008512

Mbnl
Meis1

NM_020007
NM_010789

Metrn
Msi1H*
Msx1
Nedd9
Nes
NeuroD4
Nfe2L2

NM_133719
NM_008629
NM_010835
NM_001111324e)
NM_016701
NM_007501
NM_010902

full name

comment

Prtg protogenin homolog

transient neuroepithel. progenitor

Mash 1
Math1
Polycomb complex protein BMI-1
Calcitonin receptor
N-cadherin
Chromodomain-helicase-DNAbinding prot. 1
Chrodin like protein 1
Cellular retinoic acid-binding
protein 2
Catenin beta-1
C-X-C chemokine receptor type 4
Vitamin D-hydroxylase
Developing brain homeobox
protein 1
developing brain homeobox 2
Delta-like protein 3
Ephrin-B2
Fatty acid-binding protein, brain
Fibroblast growth factor 5
Fibroblast growth factor receptor 2
Forkhead box protein B2
Forkhead box protein D3
frizzled-related protein
Alphafucosyltransferase
Frizzled-1
Frizzled-3
Endothelial transcription factor
GATA-2
lysophosphatidic acid receptor 4
GS homeobox 2
Hairy and enhancer of split 5
Hairy and enhancer of split 6
Inhibitor of DNA binding 2
Iron-responsive element-binding
protein 2
LIM/homeobox protein Lhx1
IM/homeobox protein Lhx9
low density lipoprotein receptorrelated protein
muscleblind-like 1
Myeloid ecotropic viral integration
site 1
Meteorin
Musashi 1
Msh homeobox 1-like protein
Enhancer of filamentation 1
Nestin
Neurogenic differentiation factor 4
Nuclear factor erythroid 2-related

important for proliferation

adult and foetal NSC, signalling
also adult NSC
foetal NSC; Notch ligand
assoc. with nestin
especially RG
neurectoderm
very early
CD15, SSEA1, Lex
Shh signalling
Shh signalling

Notch-target
Notch-target
BMP/TGF pathway

also astrocytes
RNA-binding
inhibits neuronal differentiation
Gold standard, broad profile
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Nhlh2
Notch1
Nr2F1
Nr6A1

NM_178777
NM_008714
NM_010151
NM_001159548f)

Ntrk3
Numb
Otop1
Otx2*
Pax3
Pax6*
Prkcz
Prom1
Pxmp3
Ror2

NM_008746g)
NM_001136075h)
NM_172709
NM_144841
NM_008781i)
NM_013627
NM_008860j)
NM_008935
NM_008994k)
NM_013846

Rtn1
Runx1
Rxra
Ryr3
Sema5b
Sfrp2
Sox1
Sox11
Sox2
Tal2

NM_153457l)
NM_001111022m)
NM_011305
NM_177652
NM_013661
NM_009144
NM_009233
NM_009234
NM_011443
NM_009317

Tcf4
Tnnc2
Wnt5a
Wnt8b
Zic1

NM_013685n)
NM_009394
NM_009524
NM_011720
NM_009573

factor 2
Helix-loop-helix protein 2
Notch 1
COUP transcription factor 1
Nuclear receptor subfamily 6 group
A memb 1
NT-3 growth factor receptor
Protein numb homolog
Otopetrin-1
Orthodenticle homolog 2
Paired box protein Pax-3
Paired box protein Pax-6
Protein kinase C zeta
Prominin-1, CD133
Peroxisome assembly factor 1
Tyrosine-protein kinase
transmembrane R.
Reticulon-1
Runt-related transcription factor 1
Retinoic acid receptor RXR-alpha
ryanodine receptor 3
Semaphorin-5B
Secreted frizzled-related protein 2
Transcription factor SOX-1
Transcription factor SOX-11
Transcription factor SOX-2
T-cell acute lymphocytic leukemia
protein 2
Transcription factor 4
Troponin C
Protein Wnt-5a
Protein Wnt-8b
Zinc finger protein 1

also in some cells at later stages
also at later stages
also other (haematopoietic) SC
membrane receptor

in foetal NSC
also in ESC

RG: radial glia; NSC: neural stem cells; OG: oligodendrocytes
Additional accession numbers : a) NM_001042725, b) NM_031258, c) NM_010207, d)
NM_001042577, NM_010714, e) NM_017464, f) NM_010264, NM_001159549, g) NM_182809, h)
NM_010949, i) NM_001159520, j) M_001039079, k) NM_008994, l) NM_001007596, m)
NM_009821, NM_001111021, NM_001111023, n) NM_001083967

A different approach would be to look at functional importance. While some of
the most frequently used mESC markers also have a functional role in stemness, many
of the typical NSC and radial glia markers are e.g. cytoskeletal elements (Nestin, Gfap,
Vimentin) without known function in NSC maintenance. Others, with known and
important functions, such as the transcription factors Sox2 or Zic1, or signal
transduction molecules like Jak2, Hes5 and Fgfr3 also have roles in other cells. Thus,
at present, it appears necessary to combine all different approaches to select candidate
NSC genes and to further filter those by manual cherry-picking based on literature
studies. Such attempts have been made repeatedly, and the table (Table 3.1-3)
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presented here is strongly based on the publications of (Abranches et al. 2009; Barberi
et al. 2003; Gaspard et al. 2008; Ghosh et al. 2008; Kelly et al. 2009; Liu et al. 2004;
Maisel et al. 2007).
Definition of differentiation markers for different neuronal stages
After the generation of NSC, neuronal differentiation proceeds. The currently accepted
model of neural developmental proposes that extracellular signalling molecules act on
NSC and their progeny and determine what type of neurons or glia they will become.
This would be accompanied by migration of the neuroblasts and by generation of new
signalling gradients due to factors secreted from neural cells themselves. Cells at a
differentiation stage after the NSC stage that are not yet mature neurons are frequently
referred to as neuroblasts. However, the definition of these cells has some caveats.
During organ development, the neuroblast is essentially a post-mitotic neuron that is
distinguished from a maturing or mature neuron by its specialisation for migration
rather than for functional integration. Postnatally, neuroblasts are a distinct population
of cells, which are capable of proliferation and are neuronally committed.
Therefore, we use the expression NSC in this review to signify proliferative
cells with self-renewal capacity, the ability to form neuronal and glial cells, and a
dependence on EGF and bFGF for optimal proliferation (mESC depend on LIF). The
neuronally committed progeny of NSC includes maturing neurons at different stages,
which we denote as “neuroblasts” when referring to early stages and as neurons when
referring to late stages.
Table 3.1-4: Markers for fine mapping of DNT effects in developing neural cells.
category

name

rostralcaudal

FoxG1
Emx1
Emx2
Dlx1
Nkx2.1
Gsx2
En1
Otx1
Otx2
Atoh1
Irx3
HoxA2

accession
number
NM_008241a)
NM_010131
NM_010132
NM_010053
NM_009385
NM_133256
NM_010133
NM_011023
NM_144841
NM_007500
NM_008393
NM_010451

full name
forkhead box G1 (Bf1)
empty spiracles homolog 1
empty spiracles homolog 2
distal-less homeobox 1
Titf1, NK2 homeobox 1
GS homeobox 2
engrailed 1
orthodenticle homolog 1
orthodenticle homolog 2
Math1, atonal homolog 1
Iroquois related homeobox 1
Homeobox A2

comment
very rostral
forebrain
midbrain
dorsal fore- and midbrain
dorsal fore- and midbrain
hindbrain
caudal
rostral hindbrain
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HoxB1
HoxB4
HoxB6
Shh
Gli3
Olig2
Isl1
Nkx2.2
Neurog2
Nr2f1

NM_008266
NM_010459
NM_008269
NM_009170
NM_008130
NM_016967
NM_021459
NM_010919b)
NM_009718
NM_010151

Ascl1

NM_008553

Msx1
Dll1
GAD2
Gat3
Calb1
Calb2
TH
VGlut2
Adra2b
Tph1
Chat

NM_010835
NM_007865
NM_008078
NM_144512
NM_009788
NM_007586
NM_009377
NM_080853
NM_009633
NM_009414
NM_009891

Mnx1

NM_019944

Sox10
Dcx
NeuroD4
Tubb3
Elavl4
Epha7
Sox17

XM_128139
NM_010025c)
NM_007501
NM_023279
NM_010488d)
NM_010141e)
NM_011441

non
Acta2
ectodermal
germ
T
layers
Gata4
Afp
Col4a1
ECM
Ncan
component
Tnc
s
Col1a1
Syp
Grin1
Nrg1
neuronal
Nrxn 1
marker
Stx1a
Snca
Mapt

NM_007392f)
NM_009309
NM_008092
NM_007423
NM_009931
NM_007789g)
NM_011607
NM_007742
NM_009305
NM_008169
NM_178591
NM_020252
NM_016801
NM_009221h)
NM_010838i)

Homeobox B1
Homeobox B4
Homeobox B6
sonic hedgehog
GLI-Kruppel family member
OC transcription factor 2
ISL1 transcription factor
NK2 transcription factor
neurogenin 2
nuclear receptor subfamily 2
Mash1, achaete-scute complex
homolog 1
homeobox msh-like 1
delta-like 1
glutamic acid decarboxylase 2
solute carrier family 6a13
calbindin 1
calbindin 2, calretinin
tyrosine hydroxylase
solute carrier family 17a6
adrenergic receptor
tryptophan hydroxylase 1
choline acetyltransferase
HB9, motor neu. And panc.
homeobox 1
SRY-box containing gene 10
Doublecortin
neurogenic differentiation 4
tubulin beta 3
emb. lethal abnormal vision-like 4
Eph receptor A7
SRY-box containing gene 17
SMA, actin, alpha 2, smooth
muscle
Brachyury
GATA binding protein 4
alpha fetoprotein
collagen type IV alpha 1
Neurocan
tenascin C
collagen type I, alpha 1
Synaptophysin
NMDA1
neuregulin 1
neurexin I
syntaxin 1A
Synuclein alpha
microtubule-associated protein tau

caudal hindbrain
spinal cord
ventral
dorsal forebrain
hindbrain
forebrain
ventral
dorsal forebrain
ventral forebrain
ventral midbrain
GABAergic neurons
GABA subtypes
dopaminergic neurons
glutamatergic neurons
adrenergic neurons
serotonergic neurons
motor neurons
transcription factor
cytoplasmic protein
transcriptional activator
cytoskeleton protein
RNA binding protein
growing axons
mesoderm
endoderm
early marker in diff.
late marker in diff.
synaptic vesicle assoc.
ionotropic glutamate R.
schiz. assoc.
autism, schiz. assoc.
synapse assoc.
parkinson assoc.
alzheimer assoc.

OC: oligodendrocyte, panc: pancreas, neu: neuron, NCC: neural crest cell, emb: embryonic, R:
receptor, schiz: schizophrenia, assoc: associated
Additional accession numbers: a) NM_001160112, b) NM_001077632, c) NM_001110222,
NM_001110224, NM_001110223, d) NM_001038698, e) NM_001122889, f) NM_183274, g)
XM_913832, h) NM_001042451, i) NM_001038609
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Similar processes occur also in in vitro culture, which explains that e.g. the density of
cells has a major impact on the end result of the differentiation. Chemicals can act in
this phase on the cells or their signalling molecules, and the exposure may result in a
shift of the balance between neuronal subtypes (Gaspard et al. 2008) or between glia
and neurons (Fritsche et al. 2005; Steinhart et al. 2007). Such early events have been
speculated to have a late impact e.g. on development of neurodegenerative disease
(Landrigan et al. 2005), and it has been demonstrated experimentally that e.g. exposure
to polychlorinated biphenyls (PCBs) in utero can affect the outcome of stroke in later
life without major effects on brain development (Dziennis et al. 2008). Thus, we have
to assume that DNT does not necessarily affect the number of neurons or other major
cell types, but the specific patterning of the nervous system and relationships between
neuronal populations. For such endpoints, transcriptional profiling at different phases
of development appears to be a useful approach to detect deviations from the normal
pattern. An example of markers to define such patterning is displayed in Table 3.1-4.
A future refinement may be the selection of differentially spliced genes that form
highly cell-type or development-specific transcripts. For instance the well known
neuronal marker NeuN affects neuronal-specific splicing (Kim 2009b), and the
mitochondrial fusion-fission-regulating gene Drp1 expresses a specific splice variant
only in brain (Uo et al. 2009). New microarray platforms that allow reliable detection
of exon splicing may enable detailed analysis of postmitotic neuronal differentiation.
Astrocyte markers
A discussion of all markers relevant for the different developmental phases is beyond
the scope of this review. As one example for the complexity, we chose a relatively
simple neural population: astrocytes. Although these cells make up more than half of
the brain mass, they have been relatively neglected as potential targets of toxicity or
DNT. It is generally assumed that astrocytes are identified by the intermediary
filament protein GFAP. However, recent research has shown that antibodies to this
protein also label radial glia (NSC-related cells) (Buffo et al. 2008; Ganat et al. 2006;
Götz and Steindler 2003; Seri et al. 2001), and that about 50% of astrocytes in the
brain may not express significant amounts of GFAP (Cahoy et al. 2008; Lovatt et al.
2007). Moreover, knockout of Gfap has no major effects on astrocyte development or
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brain function (Gomi et al. 1995; Pekny et al. 1995). Thus, a broader panel of
astrocyte markers, as compiled here (Table 3.1-5), is urgently needed, similar to the
markers for mESC and mNSC presented in Tables 3.1-2 and 3.1-3.
Most notably, the underlying principle for the definition of astrocyte markers
differs from that of stem cell markers. All of the stem cell markers are expected to be
expressed in all stem cells. In contrast to this, not all “astrocyte markers” are expressed
in all astrocytes. They rather define subpopulations of astrocytes and different
developmental stages of such subpopulations. Only this comprehensive picture based
on multiple markers will yield meaningful information on the fate of the diverse group
of astrocytes as a whole and on effects of chemical and other influences on their
development.
Toxicity pathways
In this review we have focussed on markers useful for the description of subtle
phenotypic effects caused by toxicants – independent of their mode of action. An
interesting additional aspect of transcription-based endpoints may be the possibility to
identify cellular toxicity pathways and fingerprints involved in the effect of the
chemicals. Especially fingerprinting is already established for other organ toxicities, in
particular hepatotoxicity (Blomme et al. 2009; Ruepp et al. 2005; Steiner et al. 2004).
These two different approaches may be applied independently or be combined. An
example may best demonstrate the underlying principle: For instance, a chemical may
be identified as a potential developmental neurotoxicant based on shifts in the
patterning markers presented in Table 3.1-5. It may e.g. increase dorsal markers and
decrease ventral markers relative to house keeping genes. On closer (mechanistic)
examination, one may notice, that in particular sonic hedgehog (Shh) target genes were
down-regulated upon exposure to the chemical. The mechanism of toxicity may thus
involve inhibition of Shh signalling. Alternatively, chemicals may be screened
specifically for disturbances of key signalling pathways by reporter assays or
transcriptome analysis coupled with systems biology approaches. One compound may
be identified to block the Shh signalling pathway, and upon subsequent examination of
DNT effects, it would lead to a dorsalisation of the developing neurons. Cyclopamine
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Table 3.1-5: Marker genes for astrocytes.
name
ActA2

accession
number
NM_007392

full name

comment

ref

also in smooth muscle

[1]

also in GFAP-neg AC

[2]

AldoC
ApoE

NM_009657
NM_009696

Alpha-actin-2
Aldehyde dehydrogenase family 1
member L1
Fructose-bisphosphate aldolase C
Apolipoprotein E

Aqp4

NM_009700

Aquaporin-4

Bysl
Car2
Cbs
Csad

NM_016859
NM_009801
NM_178224a)
NM_144942

Bystin
Carbonic anhydrase 2
Cystathionine beta-synthase
Cysteine sulfinic acid decarboxylase

Gfap

NM_001131020b) Glial fibrillary acidic protein

labels subset of AC

GjA1

NM_010288

AC specific in the brain

Aldh1L1 NM_027406

Connexin 43
c)

GjB6

NM_001010937

Glul

NM_008131

Kcnj10

NM_001039484

MaoB
NFIA
NFIB
NFIX
Pla2g7
PygB
S100b

NM_172778
NM_010905d)
NM_001113209e)
NM_001081982f)
NM_013737
NM_153781
NM_009115

Slc1A2

NM_001077515g)

Slc1A3

NM_148938

SparcL1

NM_010097

ATP-sensitive inward rectifier
potassium channel 10, Kir4.1
Monoamine oxidase type B
Nuclear factor 1 A-type
Nuclear factor 1 B-type
Nuclear factor 1 X-type
PAF acetylhydrolase
Glycogen phosphorylase, brain form
S100beta
GLT-1, excitatory amino acid
transporter 2
Glast-1, excitatory amino acid
transporter 1
SC1, SPARC-like protein 1

Vim

NM_011701

Vimentin

also synthesised by MG
also RG, endfeet at
vessels
in reactive AC
also in OC

[3]
taurine biosynthesis

Connexin 30
Glutamine Synthetase

[3]
[4]
[5],
[6]
[7]

also in GFAP-neg AC

[8],
[9]
[6],
[10]
[10]
[11],
[12]

absent in immature AC

[3]

mitochondrial
also in OC, NSC
also in OC, NSC
also in OC
useful RNA marker
specific for AC in brain
also in early AC, NSC

[13]
[13]
[13]
[2]
[14]
[15]

early AC, also NSC, RG [16]
mature AC

[16]

[17]
[18],
also RG, NSC, early AC
[19]

AC: astrocytes; RG: radial glia; NSC: neural stem cells; OG: oligodendrocytes; MG: microglia
Additional accession numbers: a) NM_144855, b) NM_010277, c) NM_008128, d) NM_001122952,
NM_001122953, e) NM_008687, NM_001113210, f) NM_010906, NM_001081981, g) NM_011393,
NM_001077514
1: (Lecain et al. 1991); 2: (Cahoy et al. 2008); 3: (Hatada et al. 2008); 4: (Gee and Keller 2005); 5:
(Nakahama et al. 1999); 6: (Fatemi et al. 2008); 7: (Sheng et al. 2004); 8: (Rodnight et al. 1997); 9:
(Ghandour et al. 1979); 10: (Lovatt et al. 2007); 11: (Steffek et al. 2008); 12: (Wu et al. 2005); 13:
(Wilczynska et al. 2009); 14: (Pfeiffer et al. 1992); 15: (Burette et al. 1998); 16: (Chaudhry et al. 1995);
17: (McKinnon and Margolskee 1996); 18: (Dahl et al. 1981); 19: (Zamora and Mutin 1988).

is a substance that behaves as described above. Other toxicity pathways, which may be
identified in a similar manner, involve e.g. retinoic acid synthesis, notch processing or
Wnt, TGF-beta or Ah-receptor signalling. The above examples show the independence
of mechanistic and phenotypic approaches and the huge potential of using and
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combining both. In the context of ESC-based neurodevelopmental test systems, it is
important to note that the phenotypic approach necessarily requires a complex and
difficult experimental test system (differentiating ESC). In contrast to this, the
mechanistic approach may also be applied to (and work much better in) much simpler
systems involving the respective pathways. Differentiating ESC are in fact, due to their
complexity, not very suitable as a mechanistic screen system. This review has
predominantly focussed on the markers that may be useful for DNT/teratogenicity
screening approaches in the nearer future.

3.1.3 Conclusions
The transcription-based markers discussed in this review represent an effort to
characterise subtle disturbances in the waves of gene inductions leading from mESC to
differentiated neural cells. With more experience, and for specific applications,
possibly small subgroups of markers can be selected to obtain relevant information. A
step further would be the use of genetically-modified mESC with reporter constructs.
In this case, easily quantifiable enzymes, like luciferase or secreted alkaline
phosphatase (Suter et al. 2009a; Volbracht et al. 2009), driven by cell- and stagespecific promoters would be used as endpoints of gene induction, also in very complex
cell mixtures. As with all transcription-based assays, the endpoints suggested here do
not necessarily correlate with protein or function, and this issue will require further
characterisation and validation (Schrattenholz and Soskić 2008). In the end, the proof
of the pudding is in the eating. In extreme cases, certain well-established markers
cannot be detected at all on the RNA-level for technical reasons (e.g. highly repetitive
sequences) or because they are antigenically defined. These comprise the early
astrocyte precursor marker A2B5, the mESC marker SSEA-1 or the NSC marker
polysialylated-NCAM

(PSA-NCAM).

Such

markers

are

linked

to

specific

glycosylations or keratin sulfates, and in extreme cases glycosylation itself (GalNAcEpitopes on multiple proteins) can be an excellent marker for mESC (Nash et al.
2007). Such antigenic markers are ideally combined with RNA markers and, in the
future, RNA marker sophistication will increase by the inclusion of miRNAs,
lincRNAs or other non-coding RNAs, and of tissue specific splice variants. Altogether,
this approach seems to be powerful enough to define exactly the differentiation
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capacity of ESC, also to germ layers other than neuroectoderm, and it should therefore
be a suitable substitute for old-fashioned assays testing teratoma formation in vivo to
establish pluripotency of a cell population. This review focussed mainly on mESC
differentiation, but the underlying principles also apply to hESC. For the human
counterparts, some excellent compilations of stem cell markers exist (Assou et al.
2007; Bhattacharya et al. 2005; Bhattacharya et al. 2009; International Stem Cell
Initiative et al. 2007), and it needs to be noted in this context that clear species
differences may exist (Ginis et al. 2004; Sato et al. 2003). For instance, the above
mentioned marker SSEA-1 does not work for hESC, while those are characterised by
SSEA-3/4, which do not work for mESC. Genes like threonine dehydrogenase (Tdh)
(Wang et al. 2009), FoxD3 or the genes coding for the receptor of the mESC growth
factor LIF (which is dispensable for hESC) are regulated in a species-specific manner.
With these well known differences taken into account, mESC still remain a very robust
system for studying neural development and are possibly able to provide human DNT
relevant information on compounds more sensitively than the currently used animal
models.
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3.2 Coordinated waves of gene expression during neuronal
differentiation of embryonic stem cells as basis for novel
approaches to developmental neurotoxicity testing
Chapter 3.2 has been published in Cell Death Differentiation (Zimmer et al. 2011).

B Zimmer1, PB Kuegler1, B Baudis1, A Genewsky1, V Tanavde2, W Koh2, B Tan2, T
Waldmann1, S Kadereit1 and M Leist*,1
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Doerenkamp-Zbinden Chair for In Vitro Toxicology and Biomedicine, University of Konstanz,
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138671, Singapore

52

Chapter 3.2

RESULTS
GENE EXPRESSION DURING NEURONAL DIFFERENTIATION

3.2.1 ABSTRACT
As neuronal differentiation of embryonic stem cells recapitulates embryonic
neurogenesis, disturbances of this process may model developmental neurotoxicity
(DNT). To identify the relevant steps of in vitro neurodevelopment, we implemented a
differentiation protocol yielding neurons with desired electrophysiological properties.
Results from focussed transcriptional profiling suggested that detection of noncytotoxic developmental disturbances triggered by toxicants such as retinoic acid or
cyclopamine was possible. Therefore, a broad transcriptional profile of the 20-day
differentiation process was obtained. Cluster analysis of expression kinetics, and
bioinformatic identification of overrepresented gene ontologies revealed waves of
regulation relevant for DNT testing. We further explored the concept of superimposed
waves as descriptor of ordered, but overlapping biological processes. The initial wave
of transcripts indicated reorganisation of chromatin and epigenetic changes. Then, a
transient upregulation of genes involved in the formation and patterning of neuronal
precursors followed. Simultaneously, a long wave of ongoing neuronal differentiation
started. This was again superseded towards the end of the process by shorter waves of
neuronal maturation that yielded information on specification, extracellular matrix
formation, disease-associated genes, and the generation of glia. Short exposure to lead
during the final differentiation phase disturbed neuronal maturation. Thus, the wave
kinetics and the patterns of neuronal specification define the time windows and
endpoints for examination of DNT.

3.2.2 INTRODUCTION
Ultimately, the entire complexity of the mammalian central nervous system (CNS) is
generated during ontogenesis from a few single cells. Neuronal generation and
differentiation, can be recapitulated by embryonic stem cells (ESC) under appropriate
culture conditions (Abranches et al. 2009; Barberi et al. 2003; Conti and Cattaneo
2010; Gaspard et al. 2008; Götz and Huttner 2005; Kuegler et al. 2010). ESC-based
studies of neurodevelopment allow investigations not easily possible in vivo (Leist et
al. 2008a). However, known differentiation protocols differ in their suitability for
toxicological studies. For instance, older protocols involve a step of embryoid body
(EB) formation (Strübing et al. 1995). Frequently, only a small number of the initially53
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present ESC form neurons, and the observation of individual cells is hardly possible.
Other protocols use co-cultures with stromal cell lines to differentiate ESC towards
neurons, and would therefore introduce additional complexity into models for
developmental neurotoxicity (DNT). A recently developed monolayer differentiation
protocol allows monitoring of the differentiation procedure and of possible effects of
different chemicals during the whole period of differentiation on a single cell level
(Ying and Smith 2003).
DNT is the form of toxicity least examined and hardest to trace, as it is not
necessarily related to cell loss. Less than 0.1% of frequently used industrial chemicals
have been examined, and for the few known toxicants the mechanism of action is still
elusive (reviewed in (Bal-Price et al. 2009; Grandjean and Landrigan 2006; Makris et
al. 2009). Behavioral pathology in the absence of cell loss is also known from disease
models, e.g. for Huntington’s disease (Hansson et al. 1999) or schizophrenia
(Penschuck et al. 2006). Toxicants, such as mercury or lead may trigger behavioral or
cognitive deficits without histophathological hallmarks (Grandjean and Landrigan
2006). Cellular physiology may be affected during the period of exposure (Rossi et al.
1993). This may eventually lead to changes in differentiation and patterning in the
CNS, which is the basis for long term effects that are observed after the exposure to
toxicants has ceased.
CNS development is assumed to be orchestrated by waves of gene expression
(Aiba et al. 2006; Wei et al. 2002) that determine different intermediate cell
phenotypes. Some periods may be more sensitive to certain toxicants than others.
Epidemiological proof for such “windows of sensitivity” in organ development with
long term consequences for the organism comes from thalidomide exposure in man
(Kuegler et al. 2010) and various animal models (Jongen-Relo et al. 2004).
Current test systems based on the differentiation of stem cells to either
cardiomyocytes (Marx-Stoelting et al. 2009) or neural cells (Bal-Price et al. 2009)
neither yield mechanistic info, nor do they account for the complexity of CNS
development, i.e. the establishment of a balance between multiple neuronal cell types
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Table 3.2-1: GO categories significantly overrepresented in cluster IIa.
genes
in IIa

p-value

Nervous system development

51

3e-14

Neurod4, Nes (nestin), Cdh2 (N-cadherin),
Fgf5, Sema5b, Efnb2

Regulation of nervous system
development

17

7e-09

Nefm (neurofilament M), Chrna3 (cholinergic
R.), Ntrk3, Isl1, Foxg1

Regulation of neurogenesis

16

9e-09

Hoxa2, Smo, Dll1 (delta-like 1), Hes3, Metrn,
Ntrk3 (= Trkc)

13

2e-05

Epha7, Mtap1b, Myh10 (myosin heavy chain),
Egr2, Epha7, Isl1

Central nervous system
development

21

1e-06

Mtap1b (microtubule-associated protein),
Bmi, Foxg1, Isl1, Fgfr3

Neuron projection
regeneration

5

2e-06

Mtap1b, Bcl2, Smo, Chst3 (carbohydrate
sulfotransferase)

Parasympathetic nervous
system development

4

4e-06

Hoxb2, Egr2, Smo (smoothened), Hes3 (hairy
and enhancer of split)

Neuron development

20

5e-06

Mtab1b, Foxg1, Epha7 (Eph receptor A7),
Isl1, Ulk2, Bmpr1b

Cranial nerve development

5

1e-05

Gli3, Hoxb2, Egr2 (early growth response),
Smo, Hes3

Dorsal/ventral pattern formation

9

7e-07

SP8, Foxg1, Bmpr1a, Bmpr1b (bone
morphogenic protein R.), Hoxa2

Tissue development

28

1e-06

Homer1, Prox1 (prospero-related homeobox
1), Fzd2, Sdc1 (syndecan)

MAPKKK cascade

12

2e-06

Mapk8, Fgf13, Jak2, Nrg1, Fgfr3, Tgfbr1,
Mapk8 (=Jnk)

Anterior/posterior pattern
formation

12

4e-06

Hoxb2, Hoxa2, Tgfbr1 (transforming growth
factor, beta receptor)

Regulation of ossification

8

3e-05

Smad5, Calca (calcitonin), Sfrp1 (secreted
frizzled-rel. protein 1), Egr2

Biological process (GO)*

Neuron projection
morphogenesis

examples of upregulated genes listed in the
GO

* All categories identified by gProfiler bioinformatics analysis, with their p-values indicated after
correction by removal of “nervous system development” genes from non-neuronal GOs.

(Kuegler et al. 2010; Rao 2005). The “toxicology for the 21st century” initiative
(Collins et al. 2008; Leist 2008b) suggests the identification of pathways as opposed to
the current black-box test systems. In the case of ESC-based models of DNT, this
requires a detailed understanding of the developmental process leading to multiple
different cell types. Detailed knowledge on the waves of gene induction controlling
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Figure 3.2-1. Protein and mRNA-based markers of robust neuronal differentiation of mESC.
(A) Cultures of mESC were fixed and stained on day 20 of differentiation. DNA, (blue) was stained
with H-33342. Proteins are indicated as text on the micrograph in the same color as used for the display
of their staining pattern. Tuj1: neuronal form of beta-III tubulin; NeuN: nuclear neuron-specific nuclear
antigen, encoded by fox3)(Abranches et al. 2009; Barberi et al. 2003; Zimmer et al. 2011); GAD:
glutamate decarboxylase; SV2: synaptic vesicle glycoprotein 2a; PSD95: post-synaptic density protein
95. Scale bars: 20 µm. (B) mESC cultures (n = 5 biological experiments) were differentiated towards
neurons, and RNA was prepared at the indicated days of differentiation. Gene expression of the
stemness factor Oct4, ne neural stem cell marker Nestin, the mature neuronal marker Synaptophysin and
the glial marker Gfap was quantified by quantitative RT-PCR. The means ± SD of the relative
expression compared to day 0 (set to 1 on each diagram) was calculated and displayed (dotted lines).
Relative gene expression data were also obtained by chip analysis and the means (n = 2) are displayed
(solid line). Note the different scaling of the axes for chip or RT-PCR analysis, respectively, which was
chosen for reasons of better comparability of the overall curve shapes. The figures in the diagram
indicate the relative expression level on DoD20 (DoD7 for nestin) vs DoD0, and thus define the axis
scaling.

different developmental steps would be an essential prerequisite. However, CNS
development is proceeding at different paces. For instance, the anterior and posterior
part of the neural tube follow different kinetics, and some regions of the CNS continue
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neurogenesis, while in other regions cells have already reached fully postmitotic stages
(Rao 2005).
Our study was undertaken to analyze the wave-like expression pattern of mESC
neurodevelopment as a basis for the definition of test windows and markers. This
knowledge should help to identify non-cytotoxic, but neuroteratogenic compounds
able to shift neuronal composition or phenotypes. Finally, the markers should
distinguish multiple cell types and differentiation stages, and be able to indicate
subpopulations of cells.

3.2.3 RESULTS
Monolayer differentiation of mESC to neurons
On day-of-differentiation 20 (DoD20), the majority of cells was positive for the panneuronal markers Tuj1 and NeuN. Many cells also expressed the synapse associated
markers SV2 and PSD95 (Figure 3.2-1 A). As a more quantitative overall measure for
the robustness of the differentiation protocol, we chose mRNA expression, which we
followed over time. The kinetics for different markers were highly reproducible across
experiments (Figure 3.2-1 B). Differentiation to mature, electrophysiologically-active
neurons was shown by the presence of voltage-dependent Na+ and K+ and Ca2+
channels in individual patch-clamped neurons (Figure 3.2-2 A-C, Supporting Figure
3.2-1). Further experiments also identified spontaneous neuronal electrical activity
(Figure 3.2-2 D) and action potentials (Supporting Figure 3.2-1). Currents ere also
evoked by exposure to N-methyl-D-aspartate or kainic acid and blocked by the
respective selective antagonists (Figure 3.2-2 E). Thus, our differentiation protocol
yielded bona fide neurons.
Transcription-based endpoints to identify disturbed neuronal differentiation
We next investigated whether subtle perturbations of the differentiation process below
the cytotoxicity threshold would be detectable by mRNA-based readouts. Parallel
mESC cultures were differentiated for 7, 15 and 20 days and mRNA was prepared for
quantitative RT-PCR analysis. These cells were treated during two different time
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Figure 3.2-2. Electrophysiological evidence for successful neuronal development.
Cells were differentiated on glass cover slips towards the neuronal lineage for 20-24 days and then
placed into a temperature controlled recording chamber for whole cell patch-clamp studies. (A)
Representative example for the currents observed during the 20 ms voltage steps of the whole cell
voltage clamp recording protocol displayed in (B) Note that Na+ currents (downwards deflection) are
observed at voltages ≥ -40 mV (solid line). Strong depolarizing and repolarizing (K+ currents; upwards
deflection) are observed at depolarization to 0 mV (dashed line). (C) For voltage clamp recording
(voltage step from – 80 mV to 0 mV) of Ca2+ channels Na+ and K+ channels were blocked by addition of
tetrodotoxin, tetraethylammoniumchloride (5 mM), 4-aminopyridine (10 mM), and substitution of
intracellular K+ ions by 120 mM Cs+. Moreover, the measurement of Ca-currents was favoured by a bath
solution containing barium ions (10 mM) instead of calcium ions. Current traces were obtained without
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Ca2+-channel blocker, or with the blockers nimodipine (1 µM) or Cd2+ (1 mM) added. Current data at 15
ms after the voltage step were corrected for cell capacitance (indirect measure for cell size) and
displayed. Data represent means ± SD. ** p < 0.01. (D) Spontaneous action potentials were recorded in
current clamp mode (0 pA). At the time indicated by an arrow, tetrodotoxin was added. The dashed line
indicates 0 mV membrane potential. The scale bars indicate the dimensions of the membrane potential
and the time domain. (E) Recordings at individual neurons excited with specific glutamate receptor
agonists in the presence or absence of blockers. Current traces were recorded after application of Nmethyl-D-aspartate (NMDA) or kainic acid. All agonists were also tested in the presence of their
respective specific antagonist (traces with 5-aminophosphovalerate (AP-5), 6,7-dinitroquinoxalin-2,3dione (DNQX)). The scale bars represent the current and time dimensions of the experiment. Data are
representative for n ≥10 neurons (for agonists) and n = 3 for antagonists (on neurons with positive
agonist response).

windows (DoD1-7, DoD8-15) with two neuro-teratogens (Figure 3.2-3 A). With the
concentrations used here cell death was not detectable (data not shown) and cells
looked viable and were morphologically indistinguishable from untreated cells (Figure
3.2-3 B). We used the morphogen retinoic acid (RA) as a known in vivo and in vitro
reproductive toxicant and cyclopamine for its ability to alter sonic hedgehog (Shh)
signaling resulting in the disruption of patterning gradients responsible for floor plate
and ventral neurons (Gaspard et al. 2008; Rao 2005). As expected from the literature
(Irioka et al. 2005), RA induced accelerated neuronal differentiation (increased
synaptophysin expression) whereas cyclopamine reduced the expression of markers
typical for more ventrally-located neurons like Shh, Nkx2.1 and Dlx1 but not overall
neuronal differentiation (Figure 3.2-3 A). Thus, marker genes can indicate subtle shifts
in differentiation patterns not visible morphologically. When cultures were exposed to
cyclopamine from DoD1-7 and immediately analyzed thereafter, treatment did not
affect the overall formation of NPC, but the reduced Shh expression suggested a
reduced ventral development. In cells left to differentiate further without the
compound, reduced shh expression was still observable on DoD15. A shift of
neurotransmitter phenotype from GABAergic (Gad2 as marker) to glutamatergic
(vglut1 as marker) (Gaspard et al. 2008) was not observed after treatment for the first
seven days, but a significant decrease of Gad2 (more ventrally prominent) was
observable when the cells were treated between DoD8 and 15. In the case of RA, the
acceleration of development (synaptophysin) was already significant at early stages
and we found upregulation of markers usually expressed in caudal parts of the neural
tube (hoxa6, hb9), and associated with the development of motor neuron precursors
(isl1) (Figure 3.2-3). We also examined whether inhibited differentiation was
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Figure 3.2-3. Detection of non-cytotoxic developmental disturbances by transcriptional analysis.
Cultures of mESC were neuronally differentiated for 7, 15 or 20 days as indicated in a-d. They were
exposed to retinoic acid (RA) or cyclopamine (Cyclo) for the time periods indicated by the hatched
boxes. (A) RNA was isolated at the indicated days (diamond) and used for quantitative RT-PCR
analysis of selected differentiation and patterning markers. Headings indicate the overall biological
effect, such as accelerated neuronal differentiation (e.g. Neuronal diff. (+)) or altered patterning (e.g.
Caudalization). Names are the official gene names, apart from the following: Vglut1 = Slc17a7, HB9 =
Mnx1. The data indicate relative expression levels in % compared to untreated controls at the same time
point, and are means ± SD from two to three independent experiments for each treatment and exposure
schedule. Significance levels (by ANOVA within a given experimental condition) are indicated (*: p <
0.05, **: p < 0.01, ***: p > 0.001). The complete data set with standard deviations is given in
Supporting Figure 3.2-2. (B) Representative images of cultures on DoD15 in condition a. RA and
Cyclopamine-treated cultures were viable indistinguishable from controls (ctrl.).

detectable by RNA markers. Early exposure to 3i, a kinase inhibitor mix known for
inhibiting differentiation of
mESC (Ying et al. 2008), resulted in cultures with retarded neural differentiation
indicated by a decreased expression of hes5, nestin and betaIIItubulin and an increased
expression of Oct4 (Figure 3.2-2). Treatment of cells with 3i after DoD7 (after neural
differentiation had been initiated) did not return them to the stem cell state, but was
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cytotoxic. These examples demonstrated the usefulness of transcript profiling for
detection of patterning disturbances.
It may be necessary to measure the impact on differentiation at different DoD,
and specific markers need to be selected for each stage.

Figure 3.2-4. Cluster analysis of mRNA time course profiles, and their association with distinct
phases of differentiation.
(A) Gene expression kinetics were determined for all genes represented on the chip. An unbiased
clustering analysis of the kinetic profiles of all regulated genes was performed. For each cluster (named
Ia, Ib, IIa, IIb, IIIa, IIIb, IV, V), the means of the absolute expression level of all genes in the respective
cluster, for each analysis time point is displayed and plotted on a logarithmic scale; n: number of genes
in the cluster. (B) Number of genes expressed in mESC (ESC = 40 analyzed, 33 found), neural precursor
cells (NPC = 73 analyzed, 63 found) and developing neurons (N) were analyzed by extensive literature
search (mESC, NPC) or GO-analysis (N). The relative distribution of these genes across the different
clusters was calculated (in %) and displayed (e.g. 65% of all ESC markers were found in cluster Ia, 35%
of all N markers in cluster III).
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Identification of clusters of genes regulated during neuronal differentiation of
mESC.
Using oligonucleotide microrarrays, we analyzed changes in the transcriptome over
time to identify toxicity markers. The differentiation kinetics of the cultures used for
microarray analysis matched the ones observed during many other well-controlled
experiments (Figure 3.2-1 B). The kinetics of expression of each gene represented on
the chip was used as input for an unbiased clustering analysis, which yielded eight
regulation profiles (Fig ure 3.2-4 A, Supporting Figure 3.2-3), besides the genes not
regulated at all. Cluster Ia was characterized by rapid, and cluster Ib by slow
downregulation. These two clusters exemplify the principle of superimposed gene
regulation waves with different amplitudes. Clusters IIa and IIb contained genes that
were transiently regulated at DoD7 (IIa: up, IIb: down). Cluster IIIa and IIIb were
characterized by a rapid increase of transcripts between day 0 and DoD7 maintained
then at high levels. Cluster IV contained genes, which remained low until DoD7 and
then reached high levels on DoD15. The final cluster V comprised transcripts that were
hardly upregulated until DoD15, and reached their maximum on DoD20 (Figure 3.2-4
A).
The genes were subjected to a more detailed analysis. Of 40 genes that
characterize the initial mESC stage (Kuegler et al. 2010), 33 were identified and all
were downregulated. All mESC markers identified on the chip were found to be
downregulated during differentiation (Figure 3.2-4 B). Most neural precursor cell
(NPC) markers were found in clusters IIa and IIIa/b, containing genes upregulated
early. In contrast to this, most neuronal markers were found in the clusters with
increasing gene expression (III-V), while about 20% were found in cluster IIa
(transient upregulation on DoD7) (Figure 3.2-4 B). The clusters identified by unbiased
bioinformatics methods may therefore correspond to waves of real biological processes
underlying the differentiation of mESC to neurons. To explore this working
hypothesis, we continued with an analysis of the biological significance of genes in
individual clusters.
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Loss of pluripotency is accompanied by progressive changes in transcripts
responsible for chromatin organization and DNA/cell cycle functions
Genes in cluster I were analyzed for GO categories significantly overrepresented.
Besides the cell cycle, we found chromatin structure and epigenetic processes to be
affected (Figure 3.2-5 A, Supporting Figure 3.2-4). All genes known to be associated
with chromosome structure, DNA replication, DNA repair and DNA methylation were
downregulated. Also, most of the genes coding for histones, histone modifiers,
chromatin remodelling and chromatin substructuring were found in clusters Ia/b.
Confocal microscopy showed that chromatin distributed relatively homogeneously
over the nucleus in mESC, but was organized entirely differently after 20 days of
differentiation (Figure 3.2-5 B).
Correlation of neural precursor formation with a strong, transient change of gene
expression levels
We examined whether genes of cluster II were specifically linked to the process of
neural precursor cell (NPC) formation. Nestin was expected, and found, in cluster IIa.
Nestin-positive cells were often arranged in ring-like structures, reminiscent of
rosettes, or two-dimensional neural tubes (Elkabetz et al. 2008; Zhang et al. 2001)
(Figure 3.2-6 A). Quantification by flow cytometry analysis confirmed the
immunocytochemical finding that about 80% of all cells in the culture became nestinpositive (Figure 3.2-6 B). High synchronization of differentiation was suggested by the
sharp expression profile of genes in cluster IIa (Figure 3.2-6 C). Besides nestin, many
other genes typically associated with neuroepithelial precursors (NPC) and
neurogenesis were found in cluster IIa (Supporting Figure 3.2-3). Also some genes
associated with early, but definitive neuronal development, were identified (Dll1,
Hes3). Cluster IIa also contained apparently unspecific genes (e.g. Jak2, Foxd4, Bcl-2,
Kif21a, Agtr1a, Moxd1, Aacs, Arl2bp, Scd2). We examined which gene ontology
(GO) categories were statistically overrepresented by cluster IIa genes. The GO
“nervous system development” emerged with a p-value < 10-13, and only
neuronal/neurodevelopmental GOs were identified with the exception of ossification
(eight weakly significant genes) (Table 3.2-1). Thus, genes of cluster IIa represent an

63

Chapter 3.2

RESULTS
GENE EXPRESSION DURING NEURONAL DIFFERENTIATION

Figure 3.2-5. Indication of a progressive change in chromatin organization and epigenetic factors
in waves of fast and slow downregulation.
Gene lists of relevant processes were assembled both with the help of the GO data base and extensive
literature search. The clusters were then queried for the presence of these genes.
(A) Processes linked to chromatin or DNA-repair and –replication are displayed, and for each of them
the number of genes found to be regulated during neuronal differentiation of mESC is displayed in
brackets. The individual genes are listed in Supporting Figure 3.2-4. Among the identified genes, four
(Smarca1, Myst4, Jmjd3 and Hdac11) are known to be neurospecific, and five (Suz12, Ezh2, Bmi1,
Cbx2 and Cbx8) are components of the polycomb repressor complexes (PRC), which play an important
role in differentiation-related control of gene promoters. These genes could serve as sensitive markers to
detect negative effects of compounds on early developmental processes. For each process, the
percentage of genes present in the different clusters is indicated by colour-coded pie charts. All green
shades represent clusters of genes downregulated from DoD0 to DoD20. (B) Changes in chromatin
structure during differentiation were visualized by DNA staining with DAPI (green) and confocal
microscopic analysis. Left panel: undifferentiated mESC; right panels: neuronally differentiated cells on
DoD20 that were stained with neuron-specific betaIIItubulin antibody (red). Scale bar: 10 µm.

important endpoint for testing of disturbed proliferation and differentiation during the
neuroectodermal/neuronal development time window.
Markers of regional fate decisions in the CNS
We examined the expression of regional markers in cluster IIa. Amongst the few
markers expressed, those for forebrain (Foxg1) and hindbrain (Hoxa2/b2) were evenly
distributed (Figure 3.2-6 D). Also in the clusters containing continuously upregulated
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genes (IIIa/b, IV+V), forebrain (Reln), midbrain (En1/2), and hindbrain (Lmx1a or
Hoxa1) markers were evenly distributed (Supporting Figure 3.2-5). Accordingly, our
experimental model appears to reflect several parallel lines of in vivo neural
specification, and the ratios of expression of different patterning markers may provide
sensitive indicators of disturbed neurodevelopment.
Specificity for neuronal induction with respect to glial cells
The transcriptional profile allowed us a detailed analysis of potentially contaminating
non-neuronal cells. Some small GFAP-positive cell areas were reproducibly (1-2 small
islands/cm2) identified by immunocytochemistry (Figure 3.2-7 A). As an unbiased
search for overrepresented GO categories did not result in any hits related to
gliogenesis (Table 3.2-2), we used a list of 25 astrocyte-related genes (Kuegler et al.
2010) and found 11 of them to be upregulated on DoD20 compared to DoD20 (Figure
3.2-7 B). The early upregulation of 4 apparent astrocytic markers may be due to the
generation of radial glia-like NPC at DoD7. This cell type, as exemplified by the
upregulation of Fabp7 in cluster IIIb (Feng et al. 1994) or Ascl1 (=Mash1) (Battiste et
al. 2007) shares many markers with astrocytes (Götz and Huttner 2005). The late
upregulation of astroglial markers was corroborated by qPCR (Figure 3.2-7 C). Small
increases of this astrocytic population may affect toxicity testing during the later
differentiation phases. Microglia appeared to be absent. The contribution of
oligodendrocytes appears to be negligible.
Specificity for neuronal induction with respect to other germ layer lineages
All GO categories significantly overrepresented by the genes of clusters III-V
(upregulation on DoD20 vs DoD0) were determined bioinformatically, and searched
for evidence of non-neural cell type formation. Individual clusters did not indicate any
non-neural cell types while representation of neuronal GOs was highly significant
(Table 3.2-2). Upon pooled analysis of clusters IV and V, the GOs “blood vessel
development” and “muscle organ development” emerged as significant. Thus a
subpopulation of cells present on DoD20 may display smooth muscle features.
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Figure 3.2-6. Correlation of neural precursor formation with a transiently upregulated group of
genes.
(A) On DoD7, cultures were immunostained for the neural stem cell marker nestin (green) and DNA
(red). Scale bar: 100 µm. (B) For quantification of nestin-positive NPC, cells were immunostained for
nestin on DoD7, and analyzed by flow cytometry. Data are means ± SD of 7 independent
differentiations. ***: p < 0.001. (C) Relative expression profiles of genes from cluster IIa were
calculated by normalization of expression of each gene to DoD0 expression, which was arbitrarily set to
1. The expression kinetics for each gene within that cluster are displayed. (D) Genes upregulated during
neuronal differentiation of mESC were analyzed for their role in regional specification of the brain and
classified accordingly (colour-coding). The number of genes associated with each of the three chosen
subregions of the brain, are displayed separately for each regulation cluster. A detailed list of genes with
their regional assignment is given in Supporting Figure 3.2-5.

Waves of clustered genes related to neuronal induction
For characterization of the cultures, we used non-biased bioinformatics methods to
identify overrepresented GOs (Table 3.2-2). In a complementary approach, based on
literature and expert judgement we hand-picked interesting groups of genes
(Fig. 3.2-8). The major result from this combination of strategies was our finding that
the differentiation did not proceed as sequence of sequential steps, but rather involved
strongly overlapping processes with one underlying large wave (cluster IIIa/b)
superseded by shorter waves (cluster IV and V). For instance, generation of neurons
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and axogenesis/growth cone formation seemed to be ongoing in the entire period from
DoD7 to DoD20 as indicated by groups of neuroreceptors and growth cone/axon
guidance-related genes in cluster III (Figure 3.2-8 A, B). A larger group of genes
associated with synaptic vesicles or the transmission of nerve impulse only appeared
later (cluster IV/V). In the latest phase, genes associated with “responses to stress” and
“hormonal stimuli”, “regulation of extracellular matrix components”and genes known
to be “associated with hereditary neurodegenerative diseases” were strongly upregulated (Table 3.2-2, Figure 3.2-8 C). Reanalysis by PCR confirmed the latter
finding. The regulation factors for disease associated genes from DoD0 to DoD20 (n =
2 differentiations) were: 92-fold and 16-fold for the Alzheimer’s disease associated
genes App and Mapt, 273-fold for the schizophrenia-associated gene Nrnx1, 91-fold
for the prion protein Prnp, and 19-fold/ 56-fold for the Parkinson’s disease-related
genes Pink1/ Snca.
We wondered whether toxicants with a purported role in the developmental
origins of neurodegenerative diseases (see Supporting Figure 3.2-6), such as lead
affect this very late phase of neuronal differentiation. The transcript levels of two
neuronal markers and the set of disease associated genes were used to examine
differences in differentiation. Lead exposure had a dampening effect on the expression
of App, Mapt, Nrnx1 and Prnp (Fig. 3.2-8 D). Thus, the knowledge on markers
together with that of the expected timing of their expression provides an ideal toolkit
for fine-mapping of subtle developmental disturbances.

3.2.4 DISCUSSION
We have here demonstrated a concept of overlapping waves of gene regulation and
suggested its use to define protocols, test windows and endpoints for developmental
neurotoxicity testing. Our findings should be helpful to close a gap between two highly
developed, but isolated disciplines: experimental developmental neurobiology and
toxicology. The former has been highly successful in defining the functional
importance, regional expression and cell type association of genes. The latter has an
urgent need for robust and sensitive marker genes to identify disturbances of
development. We showed that subtle changes in the speed of differentiation, or in
dorso-ventral or anterior-posterior patterning due to toxicants can be detected by using
67

Chapter 3.2

RESULTS
GENE EXPRESSION DURING NEURONAL DIFFERENTIATION

the right choice of mRNA markers. Such changes may be considered in vitro correlates
of known teratogenic effects of the chosen compounds. For instance, cyclopamine
causes dramatic patterning disturbances (holoprosencephaly) in a defined period of
brain development; and retinoic acid causes shifts in the anterior-posterior axis
organisation favouring the more posterior parts, as found here by transcript markers.
Lead affects multiple neuronal types, which is in agreement with the broad pattern of
disturbances found here (see Supporting Figure 3.2-6 for references). The data also
suggest some warning on the limitations of in vitro – in vivo correlations. Although our
cyclopamine data suggest a disturbance in patterning, they would not indicate a
problem in the separation of the forebrain hemispheres, as observed in animal studies.
Thus, observations from stem cell systems will have a major value for raising alerts on
certain compounds and pinpointing potential mechanisms, while complementary data
from other systems may be required to predict specific effects on humans.
Transcriptional profiling studies relying predominantly on bioinformatics
analysis, suffers from the weakness and errors of data bases and algorithms. For
example, assignment of genes to GO categories is not always perfect. For instance, the
GO for gliogenesis contains ubiquitous signalling and metabolic molecules as well as
highly specific transcription factors. On the other hand, typical astrocyte markers such
as Gfap and glutamine synthetase are not members of this GO. Moreover the equal
weight given to ubiquitous vs. specific genes in statistical analysis results in biological
skewing. An additional problem is the visualization of the large amount of data in a
form that generates meaningful knowledge. With these considerations in mind, we
chose to combine bioinformatic analysis with classical knowledge-based approaches.
During this procedure, the entire hit list of several thousand genes was manually
screened, sorted and annotated. A consortium of experts was consulted, and results
were compiled in an open access review format (Kuegler et al. 2010). We strongly
advocate such combined approaches for toxicological systems biology, which is at
present driven too strongly by computational methods (Hartung and Hoffmann 2009;
Leist 2008b).
Electrophysiology studies have a rather qualitative character, as the cells that
were patched may not represent the entire culture. However, our results fully
corroborate earlier findings that functional neurons can be generated from mESC (Lee
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et al. 2000; Strübing et al. 1995). Immunostaining and quantitative RT-PCR were used
as classical and established methods to link chip-based transcript profiling to other
experiments that have been performed with much higher replicate number. In the
future, extensive studies, involving RT-PCR controlled by internal standards, will be
necessary for a quantitative definition of a final set of markers. Notably, we did not use
differences in absolute numbers of regulations in the present study as basis for any of
our conclusions, and all major conclusions are built on groups of co-regulated and
biologically linked genes as opposed to speculations based on the presence or absence
of a single gene. Even though mRNA correlated well with protein levels, as e.g. in
brain inflammation studies (Lund et al. 2006), our approach should not be interpreted
as phenotype definition on single cell resolution. The genes grouped within the clusters
described here are not necessarily expressed in the same cell and therefore do not
automatically describe a single biological entity. However, with these caveats, we feel
that indicators of disturbances of the default development can be selected with
confidence on the basis of our study.
In the area of developmental toxicology and especially in DNT, cause-effects
relationships are still mostly unknown, and human epidemiological data are only
available for a handful of industrial chemicals (Grandjean and Landrigan 2006).
Rodent data based on the OECD test guideline 426 are available for about 200
substances (Makris et al. 2009). With this lack of human-relevant information and the
better animal data base, it appears reasonable to us to perform proof-of-principle
experiments for the usefulness of a new approach in rodent cells first, and to validate
human cells against these in case of a positive outcome.
At present, DNT studies are based on e.g. behavioral, cognitive or
neuropathological endpoints, and the next step towards mechanistic information would
be an understanding of changes on the level of cells and gene expression. The
overlapping waves defined here would provide a conceptual framework for this. Such
waves (i.e. temporally and spatially shifting activation) of gene expression are known
from many pioneering studies of mammalian in vivo CNS development (Rao 2005)
and are for instance well-characterized in high density and resolution in the
hippocampus (Mody et al. 2001). Waves have also been defined in vitro in mESC
(Aiba et al. 2006; Schulz et al. 2009) or differentiating embryonic carcinoma cells
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(Przyborski et al. 2003; Wei et al. 2002). Here, we extended this concept, by relating
regulation clusters to underlying biological processes important for toxicity testing.
This translation from developmental biology to the toxicological perspective defines
the windows of sensitivity relevant for test protocols.
In the field of cardiac development, the mESC based embryonic stem cell test
(EST) has been frequently applied (Marx-Stoelting et al. 2009). Exposure of cells
during the entire test period is confounded by relatively unspecific toxicity. Therefore,
separation of exposure into the proliferation and differentiation phase has been
suggested (van Dartel et al. 2009). We want to expand this principle here by
suggesting four relevant test periods. DoD1-7: testing of lineage commitment,
efficiency of NPC formation and of epigenetic changes associated with the transition
from pluripotent cells to more committed NPC. DoD8-15: major phase of neuronal
patterning and vesicle development. DoD15-20: a more unexpected, but highly
interesting and relevant phase, when most proliferation has ceased, and maturation
becomes evident by expression of matrix components, important transporters and
disease-associated genes. Our data on lead exposure during this phase show that it will
be of high importance for future testing. DoD20+ has not been explored here. It
requires further investigation to determine whether this period can be used as stable
reference for neurotoxicity vs DNT, or whether new processes such as synaptogenesis,
gliogenesis, or myelination take a dominant role here.
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Figure 3.2-7: Analysis of glia-associated genes.
(A) DoD20 cultures were fixed and stained for GFAP (green; to identify astrocytes) and Tuj1 (red; to
identify neurons). The left image shows a representative overview with large neuronal areas and one
typical astrocytic island. The right image shows an astrocytic island in greater detail. Scale bars = 100
µm. (B) The table in the bottom part indicates the glia-related genes identified in this study, sorted by
the cluster of expression kinetics they fell into. Astrocyte-related genes searched for, but not identified
here were glutamine synthetase (Glul), S100b, Slc1a2 (Glt-1, Eaat2), Connexin 30/43 (Gjb6/Gja1),
NfiA (also found in oligodendrocytes). Oligodendrocyte-related genes not found here were ATP-binding
cassette, sub-family A (Abca2), CNPase (Cnp1), a microtubule-associated protein (Mtap4), myelinglycoproteins (Omg and Mog), Olig2/3 (Olig2, Olig3), myelin protein zero (Mpz), Ng2 (Cspg4), NfiA.
(C) Expression of selected astrocyte-related genes was monitored by qPCR on day 0, 7, 15 and 20 of
two differentiations. Data for each differentiation are given individually. The lines indicate the
respective mean values.
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The major task for the future will be the validation of a larger set of such
markers, first with known specific and mechanistically-defined disruptors of
developmental pathways, then with known DNT compounds, in order to select the
smallest group of final markers useful for a comprehensive description of toxicities
triggered by the test compounds.

Table 3.2-2: GO categories that are overrepresented in the clusters comprising genes upregulated
during differentiation.

Cluster

IIIa/b

IV

V

Biological
Process
(GO)*

number of
genes

p-value

examples of upregulated genes

Nervous
system
development

107

2e-32

Hes5, Notch3, Otx1, FoxA2, Nkx2.2, Ntrk3,
Nrxn2 (neurexin)

Generation
of neurons

69

6e-23

Sox5, Shh (sonic hedgehog), Wnt3a, Dcx
(doublecortin), Nog (noggin)

CNS
development

49

1e-16

Zic1, Wnt7a, Fgf8, Pitx2

Neuron
development

39

7e-13

Gap43, Gprin2 (inducer of neurite outgrowth),
App (Aβ precursor protein), Reln

Axogenesis

28

3e-12

Cdk5r1 (kinase), EfnB1 (ephrin), Ntng1
(netrin), Stxbp1 (syntaxin binding protein)

Axon
guidance

19

3e-10

Apbb1 (APP-binding), Cxcr4, Slit2, Kif5C
(kinesin), Ephb1 (ephrin-R)

Neuron
projection

32

4e-7

Grik5 (glutamate-R), Gria3 (glutamate-R),
Cacna1g (Ca2+ channel), Mtap2 (map2)

Vesicle

33

2e-7

Sv2a (synaptic vesicle glycoprotein), Syn2
(synapsin), Syt1 (synaptotagmin)

Nervous
system
development

43

4e-7

Neurog2 (neurogenin), Unc5b (netrin-R), Bai2,
FoxD1, Egfr, Dner, En1 (engrailed)

Extracellular
matrix

24

10e-11

Lipid storage

5

4e-6

Apoa1 (apolipoprotein), Gm2a (ganglioside
activator), Enpp1, Cav1 (caveolin)

Response to
stress

42

1e-5

Hspa2 (heat shock protein), Fas (fas), Fos,
Pparg (PPAR-gamma). Pink1, Snca

Dcn (decorin), Col1a1 (collagen), Spon2
(spondin), Lum (lumican), Tnc (tenascin)
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Extracellular
matrix

39

3e-11

Col1a2 (collagen), Col3a1 (collagen), Ecm1
(extracellular matrix), Efemp2 (fibulin)

Response to
hormone
stimulus

38

7e-10

Rbp4 (retinol BP), Rxra, Thra, Rgs9, Igfbp7
(insulin binding)

Nervous
system
development

70

2e-10

Nrxn1 (neurexin), Mapt (tau), Tgfbr2, Dlx1

Blood vessel
development

29

5e-9

Cdh13 (cadherin-H), Prrx1, SphK1
(sphingosine kinase), Cul7 (cullin)

Neuron
projection

33

5e-7

Tubb4 (tubulin), Syt1 (synaptotagmin), Psd2,
Syt4, Ttyh1 (tweety homolog)

Neurogenesis

44

9e-7

Myo6 (myosin), Nrn1 (neuritin), En2
(engrailed), Hoxa1, Lhx5

Synaptic
vesicles

14

1e-6

Syp (synaptophysin), Slc17a6, Rabac1 (rab
acceptor)

Muscle organ
development

22

3e-6

Gata6, Des (desmin), Myl2 (myosin ligh
chain), Vamp5 (vesicle associated protein)

Transmission
of nerve
impulse

23

2e-5

Gria2 (glutamate-R), Slc17a6 (vGlut), Chrnb1
(ACh-R), Kcnmb4 (K+ channel)

* All categories identified by gProfiler bioinformatics analysis, with their p-values indicated after
correction by removal of “nervous system development” genes from non-neuronal GOs
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Figure 3.2-8: Functional assignment of neuronal genes up-regulated in different waves.
A combination of bioinformatics tools and literature information was used to search all upregulated
clusters for conspicuous biological themes and for genes associated with them. Themes are displayed,
and corresponding genes (with original NCBI gene names) are colour-coded according to the clusters
they were found in (displayed graphically besides the legend, with dots on the lines representing DoD0,
DoD7, DoD15 and DoD20). (A) Core neurochemical themes. Note a relatively early induction of
receptors and channels, compared to late emergence of genes coding for transporters and synaptic
vesicles, and those related to neurodegenerative disease. (B) Themes related to neurite growth indicate
an early focus on growth cone formation and guidance. (C) Genes related to extracellular matrix are
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displayed. (D) The cells were treated with a non cytotoxic concentration (assessed by resazurin
reduction and LDH release, data not shown) of lead (1 µM) only during the last phase of differentiation
(DoD14-DoD20). RNA was isolated on DoD20 and used for quantitative RT-PCR analysis of genes
associated with neurodevelopment and known to affect neuronal disease. Pink1 and Snca were not
affected. Also their relative increase with respect to the pan-neuronal marker synaptophysin was not
significant The data indicate relative expression levels in % compared to the untreated controls of the
first differentiation on DoD20, and are means ± SD (n = 2). Significance levels (ANOVA) are indicated
(*: p < 0.05, **: p < 0.01, ***: p > 0.001).
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SUPPLEMENTAL INFORMATION

Supporting Figure 3.2-1: Additional electrophysiological data.
Cells were differentiated on glass cover slips towards the neuronal lineage for 20-24 days and then
placed into a temperature controlled recording chamber for whole cell patch-clamp studies. (A) Whole
cell voltage clamp recording: Overall K+ currents were pharmacologically isolated from Na+ currents in
the presence of 500 nM tetrodotoxin. The 120 ms cycle involved an initial hyperpolarization phase at 90 mV, a 20 ms ramping step (to -10 mV, 0 mV, 10 mV) and a -70mV repolarization step as indicated.
(B) A subgroup of K+ channels with slow activation kinetics and no spontaneous inactivation was
triggered, when cells were held at -40 mV before the depolarizing voltage step. (C) Mathematical
subtraction of B from A indicates another group of K+ channels with fast activation, and spontaneous
inactivation characteristics. The scale bars indicate time and current dimensions for figures A-C. (D)
Action potentials were evoked by triggering with a defined outward current of 20 pA. The trace
indicates the voltage signal obtained in current clamp mode. Data are representative for 10 cells from 2
differentiations. Reversal of the current (-10 pA) showed only passive biophysical membrane properties
on the voltage trace. Injection of a smaller current (5 pA) triggered action potentials with lower
frequency (in 15 out of 19 cells; not shown). (E) Current traces were recorded after stimulation of
neurons with GABA in the presence or absence of the specific antagonist picrotoxin. The scale bars
represent the current and time dimensions of the experiment. Data are representative for N ≥ 10 neurons
(agonists) and n = 3 for antagonists.
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Supporting Figure 3.22: Additional data (standard deviations for Figure 3.2-3).
Cultures of mESC were neuronally differentiated for 7, 15 or 20 days as indicated in a-d. They were
exposed to retinoic acid (RA), cyclopamine (Cyclo) or 3i for the time periods indicated by the hatched
boxes. RNA was isolated at the end of the incubations and used for quantitative RT-PCR analysis of
selected differentiation and patterning markers. The data indicate relative expression levels (in %)
compared to untreated cultures at the same time point and are means ± SD from two to three cultures for
each treatment and exposure schedule. Non-significant expression differences with untreated
differentiation cultures are indicated by grey shading; Up- and downregulations are color-coded: p <
0.05 (light green,down), , down),p < 0.01(green, down), p < 0.001 (dark green, down), p < 0.05 (light
red, up), p < 0.01 (red, up), p < 0.001 (dark red, up). Headings indicate the overall biological effect, such
as accelerated neuronal differentiation (e.g. Neuronal diff. (+)), altered patterning (e.g. Caudalization) or
evidence for altered cell composition (e.g. Neurotransmitters or Diff. block). Names are the official gene
names, apart from the following: Vglut1 = Slc17a7, Oct4 = Pou5f1, HB9 = Mnx1. N.D.: not determined,
as cells did morphologically not differentiate.

Supporting Figure 3.2-3: Complete listing of the assignment of genes to the different clusters.
The genes are named according to their official NCBI PubMed annotation and can be used without
further modification for different bio-informatic analyses, such as testing for overrepresented gene
ontologies with g:Profiler (http://biit.cs.ut.ee/gprofiler/). Note that the separator (comma, or blank)
needs to be adjusted, depending on the software used.
Cluster Ia
0610005K03Rik, 0610039J04Rik, 1110002N22Rik, 1110006G06Rik, 1110030K22Rik, 1110033J19Rik, 1190003J15Rik,
1190005I06Rik, 1300013J15Rik, 1500001L15Rik, 1520401A03Rik, 1600021C16Rik, 1700007J06Rik, 1700012H05Rik,
1700013B16Rik, 1700013H19Rik, 1700019D03Rik, 1700019H03Rik, 1700028N11Rik, 1700029P11Rik, 1700071K01Rik,
1810008K03Rik, 1810015A11Rik, 2010001H14Rik, 2010111I01Rik, 2200001I15Rik, 2310003C23Rik, 2310008H09Rik,
2310042N02Rik, 2310045B01Rik, 2310073E15Rik, 2410004A20Rik, 2410004F06Rik, 2410008K03Rik, 2410012C07Rik,
2410018M08Rik, 2410081M15Rik, 2410116G06Rik, 2410127L17Rik, 2600005C20Rik, 2610103J23Rik, 2610305D13Rik,
2700038I16Rik, 2810410M20Rik, 4432409M07Rik, 4632409L19Rik, 4732467B22, 4922503E23Rik, 4930447C04Rik,
4930504E06Rik, 4930539E08Rik, 4930572J05Rik, 4931417G12Rik, 4933405K07Rik, 4933409I22, 4933437F05Rik,
5430425C04Rik, 5730436H21Rik, 5730593N15Rik, 5830436D01Rik, 5830482F20Rik, 5830482G23Rik, 6030457N17Rik,
6330406L22Rik, 6330579B17Rik, 8430410A17Rik, 9030407H20Rik, 9130210N20Rik, 9130422G05Rik, 9630015D15Rik,
9630033F20Rik, 9630048M01Rik, A230050P20Rik, A730016F12Rik, A830080D01Rik, A930010I20Rik, A930014K01Rik,
Abi3, Acadm, Acate2, Acate3, Acoxl, Acrbp, Acsl1, Ada, Adam23, AI256711, AI427138, AI467606, AI747699, AI847670,
Aim2, Aire, AK122209, Akap1, Aldh3a1, Aldh3b1, Alox12, Alox5ap, Amhr2, Ampd1, Angptl4, Ankrd25, Ankrd47, Aoah,
Apobec3, Arc, Arhgap30, Arntl, Ase1, Ash2l, Asna1, Atic, Atp10a, Atp6v1c1, Atxn3, AU018091, AU023871, Aven, Avpi1,
AW061290, AW491445, AY078069, B3gnt7, BC013481, BC038822, BC060631, BC067068, BC088983, BC099439, Bcas1,
Bcas3, Bcat2, Bcl3, Bcl6b, Bid, Bnc2, Bnipl, Bpnt1, Bspry, Bteb1, C030039L03Rik, C030048B08Rik, C230052I12Rik,
C330003B14Rik, C330016O10Rik, C330023M02Rik, C430004E15Rik, C730015A04Rik, C77032, C80913, C87860, Calca,
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Calml4, Camk1d, Cbr3, Cbx7, Ccrn4l, Cd6, Cdc37l1, Cdc5l, Cdh1, Cdh3, Cdkl2, Cds1, Cdsn, Cdyl, Cdyl2, Ceacam1, Centa1,
Centb1, Chchd4, Chek2, Chrna9, Chtf18, Clca4, Clcnka, Clcnkb, Clpp, Clps, Clra, Clstn3, Cltb, Cobl, Coch, Cog8, Cox11, Crlf3,
Cth, Cul4b, Cyb561, Cyc1, D030070L09Rik, D11Ertd636e, D14Ertd668e, D15Mgi27, D1Pas1, D230005D02Rik, D4Bwg1540e,
D4Ertd22e, D5Bwg0834e, D630023F18Rik, D6Wsu176e, D8Ertd812e, D9Ertd280e, Dapp1, Ddc, Ddx27, Ddx4, Ddx49, Ddx58,
Def6, Depdc6, Dhps, Dhrs10, Dhx16, Diap1, Dlc1, Dnaja3, Dnajc6, Dnd1, Dnmt3l, Dppa3, Dppa4, Dus3l, E130012A19Rik,
E130014J05Rik, E130016E03Rik, E430034L04Rik, Ebaf, Eed, EG436240, Eif4ebp1, Ell3, Enah, Enpp4, Epb4.9, Epha2, Eras,
Esco2, Esrrb, Etsrp71, Etv4, Etv5, Exosc5, Farsb, Fblim1, Fbxo15, Fbxo31, Fcgr2b, Fetub, Fgf1, Fgf17, Fgf4, Fiz1, Fkbp11,
Fnbp1, Foxh1, Foxp1, Fpgs, Frrs1, G22p1, Gab1, Gabpa, Gclm, Gcnt2, Gdf3, Gfod1, Gfpt2, Gjb4, Gloxd1, Gls2, Glt28d1, Glud1,
Gm1070, Gm128, Gm129, Gm1631, Gm1967, Gna14, Gnat1, Gngt2, Gnmt, Gnpda1, Got1, Gpr114, Gps1, Gpx2, Grhl3, Grtp1,
Gsta4, Gtf2h1, Hars2, Hcph, Helb, Hirip5, Hist1h2ae, Hist1h2bf, Hist1h2bh, Hist1h2bk, Hist1h3a, Hist1h3d, Hist1h3e, Hist1h4i,
Hist1h4j, Hist1h4k, Hist1h4m, Hk2, Hmgb2l1, Hmox1, Hook2, Hormad2, Hprt, Hr, Hsd17b1, Hspa9, Hspbap1, Hspca, Ide,
Ifitm1, Ifitm2, Ifrd2, Igfals, Il17d, Il23a, Il27ra, Ildr1, Impa2, Inhbb, Irak3, Irf1, Isyna1, Itgae, Itgb7, Itpk1, Jak3, Jmjd1a, Jmjd2c,
Kcnk5, Klf2, Klf5, Klf8, Krt1-17, Krt42, L1td1, L3mbtl2, Lad1, Laptm5, Lck, Leftb, Liph, LOC214531, LOC217066,
LOC229665, LOC233038, LOC234374, LOC245128, LOC381411, LOC433801, LOC434197, LOC435970, LOC545471,
LOC627585, LOC630579, LOC634428, Lrch4, Lrmp, Lrrc34, Ltbp4, Ly6g6c, Ly6g6d, Ly75, Manba, MAp19, Mapkapk3,
Mbldc1, Mcl1, Mef2b, Mfap5, Mftc, MGC117846, Mia1, Mif4gd, Mlh3, Morc3, Mov10, Mras, Mrpl1, Mrpl40, Mrps18b,
Mrps31, Mrps5, Ms4a6d, Msc, Msh6, Msrb2, Mtap7, Mtf2, Mthfd1, Mtss1, Mtus1, Mybl2, Myc, Mylpf, Myo1f, Myo1g, Myst4,
Napsa, Nefh, Niban, Nlrp14, Noc4, Nol1, Nol6, Nos3, Nos3as, Notch4, Nqo3a2, Nr0b1, Nr1d2, Nr5a2, Nrp2, Nubp2, Oas2,
Olfr985, Orc1l, Orc5l, ORF21, Osm, OTTMUSG00000010673, Ovol1, Parp14, Pcaf, Pcdh21, Pcolce2, Pcyt1b, Pdcd2, Pde4dip,
Pdhb, Pdk1, Pdyn, Pecam1, Pfc, Pfkp, Pgc, Phc1, Phf17, Phlda2, Pigl, Pip3ap, Pitpnc1, Pla2g1b, Plcg2, Plekha4, Plekhf2,
Plekhg5, Pml, Pnma2, Poli, Polr2e, Pou5f1, Ppan, Ppm1b, Prdm1, Prps1, Prx, Psmb10, Ptbp1, Ptk9l, Pwp2, Pycard, Rab25,
Rab27a, Rabggta, Rad9b, Raet1b, Ralbp1, Rapsn, Rarg, Rasal1, Rasgrp2, Rasip1, Rbm13, Rbm35a, Rbp7, Rbpms, Rfx2, Rhebl1,
Rmnd5b, Rnf125, Rnf138, Rnf17, Rnu3ip2, Rpl4, Rpp25, Rps6ka1, Rps6kl1, Sall1, Sall4, Sema4a, Sema4b, Sephs2, Sept1,
Serpinb6c, Setd6, Sgk, Sgk2, Sgk3, Sh3gl2, Shmt1, Si, Sip1, Six1, Skap2, Skil, Slc11a1, Slc23a2, Slc25a12, Slc25a26, Slc27a2,
Slc28a1, Slc35f2, Slc37a1, Slc7a3, Slc7a7, Smpdl3b, Snai3, Sntb2, Socs2, Socs3, Sod2, Sox2, Spats1, Spc24, Spnb4, Spp1,
Spry4, Srm, St6galnac2, Stac2, Stat4, Steap, Stk31, Syt9, Tada2l, Taf5l, Taf7, Tbc1d10c, Tbc1d15, Tcea3, Tcf15, Tcfcp2l2,
Tcfcp2l3, Tcfl5, Tdgf1, Tdh, Tek, Tekt1, Tex10, Tex11, Tex14, Tex19, Tfpi, Tgm1, Timp1, Tjp2, Tm4sf3, Tm4sf5, Tmc6,
Tmem54, Tmem8, Tmprss13, Tmsb10, Tnip1, Tomm34, Tor3a, Tpd52, Trap1, Trib3, Trim28, Triml1, Trip12, Trp53, Tsga2, Tst,
Ttc29, Tuba4, Tuba6, Ubash3a, Ubtf, Ubxd4, Ung, Upk1a, Upk2, Upp1, Usp28, Usp7, Utf1, Vangl1, Vwf, Was, Wdr20, Wdr31,
Yrdc, ZBTB45, Zfp259, Zfp296, Zfp371, Zfp42, Zfp459, Zfp473, Zfp52, Zfp57, Zfp97, Zic3, Zp3, Zscan10, Zswim1

Cluster Ib
0610007P06Rik, 0610009E20Rik, 0610041E09Rik, 0910001A06Rik, 1110001A07Rik, 1110001A12Rik, 1110002E23Rik,
1110005A23Rik, 1110007A13Rik, 1110007C24Rik, 1110032N12Rik, 1110064P04Rik, 1110067D22Rik, 1200003I07Rik,
1200006O19Rik, 1200008O12Rik, 1200009B18Rik, 1200011O22Rik, 1200016B10Rik, 1300001I01Rik, 1300018L09Rik,
1500001M20Rik, 1500016H10Rik, 1700012G19Rik, 1700022C21Rik, 1700023O11Rik, 1700034H14Rik, 1700065O13Rik,
1810003N24Rik, 1810007M14Rik, 1810008O21Rik, 1810014F10Rik, 1810014L12Rik, 1810035L17Rik, 1810044O22Rik,
1810055E12Rik, 2010003J03Rik, 2010316F05Rik, 2310003F16Rik, 2310010B21Rik, 2310031L18Rik, 2310036O22Rik,
2310037I24Rik, 2310042G06Rik, 2310044G17Rik, 2310047C04Rik, 2310050B20Rik, 2310056P07Rik, 2310061F22Rik,
2310061I09Rik, 2310066N05Rik, 2310079N02Rik, 2410002O22Rik, 2410004L22Rik, 2410005K20Rik, 2410015N17Rik,
2410016F19Rik, 2410017P07Rik, 2410042D21Rik, 2410080P20Rik, 2410118I19Rik, 2510005D08Rik, 2510012J08Rik,
2600001B17Rik, 2600001J17Rik, 2600005O03Rik, 2600013N14Rik, 2610012O22Rik, 2610016F04Rik, 2610019N13Rik,
2610020C11Rik, 2610020N02Rik, 2610020O08Rik, 2610028L19Rik, 2610029G23Rik, 2610029K21Rik, 2610033H07Rik,
2610034N24Rik, 2610040E16Rik, 2610042L04Rik, 2610044O15Rik, 2610101N10Rik, 2610207I05Rik, 2610312B22Rik,
2610318I01Rik, 2610318N02Rik, 2610510J17Rik, 2610511O17Rik, 2610528A15Rik, 2610528E23Rik, 2610528H13Rik,
2610528M18Rik, 2700007P21Rik, 2700050L05Rik, 2700050P07Rik, 2700085M18Rik, 2700094F01Rik, 2700097O09Rik,
2810004A10Rik, 2810004N23Rik, 2810008M24Rik, 2810021B07Rik, 2810028N01Rik, 2810036L13Rik, 2810037C03Rik,
2810047L02Rik, 2810422B04Rik, 2810428I15Rik, 2810430M08Rik, 2810457M08Rik, 2810485I05Rik, 2900001O04Rik,
2900057D21Rik, 3110002L15Rik, 3110010F15Rik, 3110082I17Rik, 3200002M19Rik, 3300001M20Rik, 3300001P08Rik,
3732409C05Rik, 4122402O22Rik, 4632417K18Rik, 4732465J09Rik, 4732497O03Rik, 4833424P18Rik, 4921505C17Rik,
4921524P20Rik, 4921537D05Rik, 4930427A07Rik, 4930432B04Rik, 4930453N24Rik, 4930485D02Rik, 4930519N13Rik,
4930542G03Rik, 4930547N16Rik, 4930562C03Rik, 4931400A14Rik, 4931407G18Rik, 4931431L11Rik, 4932441K18Rik,
4933403G14Rik, 4933411K20Rik, 4933424A10Rik, 4933424M23Rik, 4933424N09Rik, 4933435A13Rik, 5430400N05Rik,
5430438H03Rik, 5730466H23Rik, 5730555F13Rik, 5730599I05Rik, 5830411K18Rik, 5830416A07Rik, 5830426I05Rik,
5832424M12, 6230416J20Rik, 6330503K22Rik, 6330534C20Rik, 6430601A21Rik, 6530405K19, 6720458F09Rik,
6720485C15Rik, 6820449I09Rik, 7420416P09Rik, 8430423A01Rik, 9030612M13Rik, 9330134C04Rik, 9430010O03Rik,
9430034D17Rik, 9830124H08Rik, A030012M09Rik, A730024A03Rik, A730098D12Rik, A930009M04Rik, AA408296,
AA408556, Aars, Aarsd1, Aatf, AB041544, Abce1, Abcf2, Abi2, Acac, Acly, Acot7, Acsl5, Actb, Actl6a, Actn3, Actr6, Adat1,
Adk, Adprtl2, Adsl, Adss, AF233884, Aftph, Agps, Ahsa1, AI326906, AI449175, AI449441, AI838661, AK122525, Akap12,
Akap9, Akr1b3, Amd2, Anapc5, Ankrd10, Anln, Anp32a, Anp32e, Aoc3, Ap3m1, Apitd1, Appbp1, Aprin, Aqr, Ard1, Arhgap12,
Arl6ip2, Armc6, Armc8, Armcx1, Arpp19, Ars2, Asf1a, Asf1b, Aspscr1, Atad1, Atad2, Atad3a, Atf2, Atf4, Atic, Atm, Atp13a1,
Atp5g1, Atrx, Attp, Atxn3, AU021838, AW011752, AW046396, AW060766, AW540478, AW549877, AW550801, AW555814,
Axot, B020018G12Rik, B130055D15Rik, B230219D22Rik, Bag4, Banf1, Bbs5, BC002199, BC003885, BC003993, BC004701,
BC006705, BC008103, BC016226, BC018399, BC018601, BC025462, BC027061, BC027231, BC030867, BC033596,
BC048355, BC049806, BC050092, BC055324, BC062951, BC085271, Bcap37, Bcas2, Bccip, Bckdhb, Bclaf1, Bhlhb9, Bing4,
Birc2, Birc5, Blm, Bms1l, Bok, Bop1, Bpnt1, Brca1, Brca2, Brip1, Brp16, Brwd1, Btbd14b, Bub1b, Bxdc1, Bxdc2, Bzw1, Bzw2,
C1qbp, C230052I12Rik, C330005L02Rik, C330017I15Rik, C330018L13Rik, C6.1A, C77032, C78212, C79407, C86302,
C920006C10Rik, Cacybp, Calmbp1, Catnal1, Cbfb, Cbr3, Cbx5, Ccar1, Ccdc111, Ccdc132, Ccdc58, Ccm1, Ccnb1, Ccnc, Ccne1,
Ccne2, Ccnf, Cct3, Cct6a, Cct7, Cct8, Cdc14b, Cdc20, Cdc2l2, Cdc45l, Cdc6, Cdc7, Cdca2, Cdca3, Cdca5, Cdca7, Cdk2,
Cdk2ap1, Cdkal1, Cenph, Cenpi, Cenpj, Cenpp, Cetn3, Cfdp1, Cggbp1, Chaf1a, Chaf1b, Chc1, Chd1, Chd1l, Chek1, Chek2,
Cherp, Chic1, Chordc1, Chuk, Ciapin1, Clcn3, Clk1, Clk4, Clns1a, Clock, Clspn, Cnot10, Cnot2, Cnot4, Cnot7, Cops2, Cops3,
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Cox10, Cpsf6, Crbn, Crk, Crsp7, Crsp9, Csda, Csde1, Cse1l, Cspg6, Cstf2, Cstf3, Ctcf, Ctdp1, Ctdspl2, Ctps, Cugbp1, Cul1, Cul5,
Cwf19l2, Cyb5r4, Cycs, Cyld, D0H8S2298E, D10627, D10Ertd322e, D130060C09Rik, D16Bwg1547e, D16Ertd472e,
D19Bwg1357e, D19Ertd678e, D19Ertd703e, D1Wsu40e, D3Ertd194e, D4Wsu114e, D5Ertd689e, D7Rp2e, D8Ertd457e, Dars,
Dbf4, Dbr1, Dbt, Dctd, Dcun1d4, Ddx1, Ddx18, Ddx20, Ddx21, Ddx3x, Ddx3y, Ddx46, Ddx48, Ddx50, Ddx51, Ddx52, Ddx54,
Dek, Denr, Depdc1b, Dhodh, Dhx15, Dhx36, Dhx38, Dhx9, Diap3, Dicer1, Dido1, Dlg7, Dmtf1, Dnaja2, Dnajb1, Dnajc10,
Dnajc2, Dnajc7, Dnajc8, Dnm1l, Dnmt1, Dnmt3b, Dok2, Dph2, Dpp3, Drbp1, Drg1, Dscr2, Dutp, E230015L20Rik, E2f2, E2f4,
E430004F17Rik, E430028B21Rik, E430034L04Rik, Ebna1bp2, Ecd, Ecsit, Edd1, Eef1d, Eef1e1, Eftud2, EG433923, Ehmt1,
Eif1a, Eif2b1, Eif2s2, Eif2s3y, Eif3s10, Eif3s4, Eif3s6ip, Eif3s7, Eif3s8, Eif3s9, Eif4g2, Eif5, Eif5a, Elac2, Elavl1, Elavl2,
Elmo1, Elovl6, Elys, Eno1, Epc2, Eprs, Erh, Erich1, Espl1, Etf1, Evi5, Exo1, Exosc1, Exosc2, Exosc6, Exosc7, Ezh2,
F630043A04Rik, F730047E07Rik, Fancd2, Fancl, Farsb, Fbl, Fbxo30, Fbxo33, Fbxo8, Fcmd, Fen1, Fgfr1op, Fignl1, Fkbp4,
Fkbp5, Fmip, Fnbp3, Fnip1, Fnta, Fntb, Foxred1, Ftsj3, Fubp1, Fubp3, Fundc1, Fusip1, G22p1, G3bp, G3bp2, G430022H21Rik,
G6pdx, Gabpa, Gars, Gart, Gbx2, Gca, Gcc2, Gcn5l2, Gemin4, Gemin5, Gemin6, Gga3, Gk5, Gldc, Gm83, Gnl3, Golga4, Gpbp1,
Gpd2, Gpiap1, Gprk6, Gps1, Gpt2, Grcc2f, Grwd1, Gsg2, Gspt1, Gtf2e2, Gtf2h2, Gtf3c2, Gtf3c3, Gtpbp1, Gtpbp4, Gtse1, Guk1,
H2afz, Hapln4, Hccs, Hcfc1, Hdac1, Hdgf, Hdlbp, Heatr1, Heatr3, Herc4, Hist1h2ab, Hist1h2ad, Hist1h2ag, Hist1h3c, Hist1h3h,
Hist1h4f, Hmga1, Hmgb2, Hn1l, Hnrpa1, Hnrpa2b1, Hnrpdl, Hnrpf, Hnrph1, Hnrpk, Hnrpm, Hnrpu, Homer1, Hps3, Hrb2,
Hsd3b2, Hsp105, Hspa4, Hspcb, Hspd1, Htatsf1, Hus1, Iars, Ibtk, Igf2bp1, Impact, Incenp, Ipmk, Iqgap2, Ireb2, Irgm, Isg20l2,
Isy1, Itgb4bp, Ivns1abp, Jam2, Josd3, Jtv1, Kars, Kbtbd8, Kif11, Kif15, Kif18a, Kif22, Kif23, Kif4, Klhdc4, Kntc1, Kpna1,
Kpna2, Kpna3, Kpnb1, Kpnb3, Kras2, Lama1, Lars, Lbr, Ldh1, Leo1, Lgtn, Lig1, Lin28, Lin54, Lin7c, Lmnb2, LOC211660,
LOC216443, LOC237877, LOC329575, LOC380625, LOC381795, LOC382010, LOC432879, LOC433182, LOC434858,
LOC639396, Lrpprc, Lsm4, Lsm6, Lyar, Lypla1, Lyrm5, Mad2l1, Map2k3, Map3k7ip3, Mars, Mat2a, Mat2b, Matr3, Mbd3,
Mbip, Mbtd1, Mbtps2, Mcm10, Mcm2, Mcm3, Mcm4, Mcm5, Mcm6, Mcm7, Mcph1, Mdn1, Me2, Med18, Melk, Mettl2, Mettl3,
Mfap1b, Mgea6, Mier1, Mina, Mki67ip, Mme, Mnd1, Mns1, Mphosph6, Mre11a, Mrpl10, Mrpl12, Mrpl15, Mrpl18, Mrpl20,
Mrpl35, Mrpl36, Mrpl37, Mrpl45, Mrpl49, Mrpl50, Mrps25, Mrps26, Mrps31, Mrps7, Ms4a10, Msh2, Msh3, Mt1, Mtbp,
MTERF, Mthfd2, Mto1, Mtrf1, Mtx1, Mum1, Mutyh, Mybbp1a, Myef2, Myg1, Mysm1, Nap1l1, Narg1, Narg1l, Narg2, Nars,
Nasp, Ncaph2, Ncbp2, Ncl, Ncoa6ip, Ncor1, Ndc80, Nde1, Nedd1, Nfat5, Nfatc3, Nfyb, Nfyc, Nip7, Nipbl, Nipsnap1, Nle1, Nlk,
Nme1, Nmt1, Nob1, Nol1, Nol10, Nol11, Nol5, Nol5a, Nola1, Nola2, Nola3, Npm3, Nqo1, Nsbp1, Nsd1, Nsf, Nsun2, Nsun5,
Nubp1, Nudc, Nudcd3, Nudc-ps1, Nup107, Nup133, Nup155, Nup160, Nup43, Nup54, Nup62, Nup85, Nup88, Nup93, Nusap1,
Nutf2, Nvl, Odc1, Ogt, Oprs1, Orc6l, Oxr1, Pa2g4, Paf53, Pafah1b1, Pank1, Papola, Papolg, Park7, Parl, Parp1, Pcf11, Pdcd10,
Pdcl, Pdha1, Pdss1, Pes1, Pex13, Pfkl, Pfn1, Pgam1, Pgd, Phf5a, Phtf2, Piga, Pinx1, Pipox, Pir, Pitpnb, Pkm2, Plaa, Plk1, Plk4,
Plp, Pmm2, Pnrc2, Pola2, Pold1, Pold2, Pold3, Poldip2, Pole, Polr3b, Polr3g, Polr3k, Pop1, Pou2f1, Ppa1, Pparbp, Ppat, Ppid,
Ppm1g, Ppp1cb, Ppp1cc, Ppp1r9a, Ppp2r5c, Ppp4r1, Prkdc, Prkr, Prkwnk1, Prmt3, Prmt5, Prmt6, Prodh, Prosc, Prpf3, Prpf38b,
Prpf39, Prpf8, Prps2, Psat1, Psip1, Psmb3, Psmc2, Psmc3ip, Psmc4, Psmc5, Psmd1, Psmd11, Psmd12, Psmd14, Psmd7, Psme3,
Psme4, Psors1c2, Ptbp1, Ptpn12, Ptprk, Pum2, Pus3, Pvrl3, Pwp2, Pycr2, Qdpr, Qprt, Rab5a, Rad17, Rad23a, Rad50, Rad51,
Rad51c, Rad54l, Rai14, Ranbp1, Ranbp2, Rangnrf, Rapgef6, Rars, Rarsl, Rasa1, Rbbp7, Rbm13, Rbm19, Rbm21, Rbm26,
Rbm28, Rbm3, Rbm6, Rcl1, Recc1, Recql4, Rent1, Rev3l, Rfc2, Rfc3, Rfc5, Rfwd3, Rfx1, Rg9mtd1, Rg9mtd2, Ric3, Rif1, Ris2,
Rnasen, Rnf134, Rnf138, Rnf139, Rnf44, Rnf6, Rngtt, Rnmt, Rpa1, Rpa2, Rpap1, Rpgr, Rpl23, Rpl29, Rpl30, Rpo1-4, Rpo2tc1,
Rps27a, Rragb, Rrm1, Rrm2, Rrm2b, Rrn3, Rsf1, Rsrc2, Ruvbl1, Ruvbl2, Ryk, Sacm1l, Sall1, Sall4, Sap30, Sars2, Sart3, Sbno1,
Scoc, Sdad1, Sdccag1, Seh1l, Senp8, Sept2, Serbp1, Sf3a1, Sf3a3, Sf3b3, Sf4, Sfpq, Sfrs1, Sfrs2, Sfrs3, Sfrs6, Sfrs7, Sgol1,
Sh3d1B, Shcbp1, Shmt2, Shprh, Siah1b, Sirt1, Sirt6, Skb1, Skp1a, Skp2, Slc11a1, Slc12a2, Slc20a2, Slc25a15, Slc25a38,
Slc25a5, Slc38a2, Slc6a15, Slc7a5, Slc7a6, Smarcad1, Smarcc1, Smc1a, Smc5l1, Smc6l1, Smek1, Smek2, Smfn, Smn1, Smyd5,
Snap23, Snrpa, Snrpa1, Snrpd1, Snx10, Solt, Spag5, Spc24, Spcs3, Spg7, Srfbp1, Srl, Srp19, Srp54, Ss18, Sssca1, Stag1, Stag2,
Stc2, Stip1, Stk2, Stk3, Stk6, Styx, Suhw3, Suhw4, Sult4a1, Supv3l1, Suz12, Syap1, Sybl1, Syncrip, Taf13, Taf15, Tarbp2,
Tardbp, Tars, Tax1bp1, Tbc1d23, Tbrg4, Tcerg1, Tcof1, Tebp, Tex10, Tex292, Tex9, Tfam, Tfb2m, Tfdp1, Tfrc, Thg1l, Thoc1,
Thoc4, Thop1, Thumpd3, Tiam1, Timeless, Timm8a1, Tipin, Tk1, Tle4, Tlk1, Tmem126a, Tmem20, Tmod3, Tmpo, Tnrc15,
Tom1, Tomm70a, Top1, Top2a, Topors, Tpm3, Tpp2, Tpr, Tpx2, Tra1, Tra2a, Trh, Trim2, Trim23, Trim33, Trp53inp1, Trps1,
Tssc1, Ttc35, Ttf2, Ttk, Ttll4, Ttpa, Tubg1, Tufm, Tug1, Twistnb, Tyms, Tyms-ps, U2af1-rs2, Ubap2, Ube1c, Ube1x, Ube2g1,
Ube2q2, Ube3a, Ublcp1, Uble1b, Ubp1, Ubtf, Uchl3, Uchl5, Uhrf1, Umps, Upf1, Upf2, Usp1, Usp10, Usp15, Usp16, Utx, Uxt,
Vac14, Vars, Vdac3, Vps35, Vps54, Vrk1, Wars, Wdhd1, Wdr18, Wdr3, Wdr4, Wdr75, Wdr77, Wdr9, Wrn, Wsb1, Wwp2, Xab1,
Xlr3a, Xlr4a, Xpo4, Yme1l1, Yod1, Ythdf1, Ythdf3, Zc3hc1, Zc3hdc8, Zcchc3, Zcchc7, Zcchc8, Zcchc9, Zdhhc21, Zfml, Zfp1,
Zfp101, Zfp106, Zfp131, Zfp143, Zfp148, Zfp160, Zfp2, Zfp281, Zfp292, Zfp322a, Zfp326, Zfp35, Zfp367, Zfp37, Zfp451,
Zfp457, Zfp472, Zfp597, Zfp60, Zfp62, Zfp715, Zfp75, Zfp760, Zfx, Zranb2, Zrf2, Zw10

Cluster IIa
1110001C20Rik, 1110025F24Rik, 1300018P11Rik, 1500010M16Rik, 2010003O18Rik, 2210018M03Rik, 2210407G14Rik,
2310002B06Rik, 2310047D13Rik, 2310047I15Rik, 2310057H16Rik, 2410127E18Rik, 2600005N12Rik, 2600011E07Rik,
2610034M16Rik, 2700063G02Rik, 2810030E01Rik, 2810417H13Rik, 2810439F02Rik, 4121402D02Rik, 4921506I22Rik,
4930432O21Rik, 4930471O16Rik, 4932409F11Rik, 5033414D02Rik, 5530601I19Rik, 5730466C23Rik, 5930416I19Rik,
6030443O07Rik, 6330415F13Rik, 6330505F04Rik, 6430510M02Rik, 6720425G15Rik, 6720460F02Rik, 6720463E02Rik,
8430410K20Rik, 8430415E04Rik, 8430438D04Rik, A230072I16Rik, A430106J12Rik, Aacs, Acat2, Acsl4, Acsl6, Actg2,
Adamts7, Adarb1, Agtr1a, Agtrl1, AI314180, AK129302, Aldh1a7, Ap2b1, Arf2, Arid3b, Arl2bp, Armcx2, Armcx3, Asb13,
AU040950, AW742319, B130017I01Rik, B230217C12Rik, B3gnt5, B830028P19Rik, B930008K04Rik, B930093C12Rik, Bbs7,
BC016198, BC025076, BC026590, BC029103, BC031748, BC043301, Bcl2, Bex2, Bmi1, Bmpr1a, Bmpr1b, C230071H18Rik,
C230090D14, C630028C02Rik, Calca, Catnd2, Cbfb, Cblb, Cbx1, Cbx2, Ccnd1, Ccng1, Cdh2, Cdh6, Chrna3, Chst3, Cnksr2, Cp,
Cpd, Csnk1g3, Cxadr, D030013I16Rik, D15Bwg0669e, D930028F11Rik, D9Wsu20e, Dcun1d4, Dgkk, Dhcr24, Dhcr7, Dll1,
Dnajb4, Dpp8, Drctnnb1a, Dusp18, Dusp4, E130113K22Rik, E2f6, Efnb2, Egr2, Elavl4, Elovl2, Elovl4, Emilin2, Eml5, Epb4.1,
Epb4.1l5, Epha7, Epm2aip1, Extl2, Fabp5, Fads1, Fbf1, Fbxo16, Fdps, Fgf13, Fgf5, Fgfr3, Fhl1, Fign, Foxd4, Foxg1, Fst, Fut10,
Fzd2, Fzd3, Fzd7, Gja7, Gli3, Gm1008, Gm347, Gm644, Gm784, Gnaq, Golga1, Golph2, Golph4, Gpr23, Gpsm2, Greb1, Grip1,
Gulp1, H19, H1fx, Has2, Hes3, Hip1, Hmgcs1, Hmgn2, Hn1, Hnrph3, Homer1, Hoxa2, Hoxb2, Hp1bp3, Hs2st1, Hsd17b7, Idh1,
Ifit2, Ift81, Igf2bp3, Igsf4a, Insig1, Insl6, Isl1, Ivns1abp, Jak2, Jam3, Kcnh2, Khdrbs1, Kif1b, Kif21a, Kif3a, Klhl17, Klhl7,
Krt10, Kynu, Lamp2, Lix1, Llgl1, LOC245522, LOC544988, LOC545007, Lor, Lrp12, Lrriq2, Lss, Ltbp1, Lyrm2, Manea,
Map2k6, Mapk11, Mapk12, Mapk8, Mbnl1, Mecp2, Metrn, Mettl9, Mfng, Mkrn3, Mlf1, Mllt3, Mmp16, Mospd1, Moxd1, Mpdz,
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Mpp5, Msn, Msx3, Mtap, Mtap1b, Mvd, Myh10, Mylk, Myo5b, Nefm, Nes, Net1, Neurod4, Nin, Nkx2-9, Nr6a1, Nrarp, Nrg1,
Nsdhl, Ntrk3, Nudt10, Nudt11, Nup210, Odz3, Ogfr, Onecut2, Opn3, P2ry5, Pank3, Panx1, Pbx3, Pcdh17, Pcdh7, Pcsk9, Peli2,
Phf6, Phkb, Pik3r3, Pja2, Plagl2, Plcl2, Pls3, Polk, Ppm1e, Ppm1l, Ppnr, Ppp1r1b, Prdx2, Prkar1a, Prkcn, Prkra, Prkrir, Prox1,
Prr7, Ptp4a2, Pxmp3, Rab28, Rab8b, Rabl4, Rala, Rassf2, Rb1, Rbl1, Rbx1, Rcbtb2, Rgs12, Rhobtb3, Rhoe, Rhpn1, Rln1,
Rnf144, Rohn, Rsn, Satb1, Sc4mol, Sc5d, Scd2, scl000510.1_2, Scoc, Scube2, Sdc1, Sdcbp, Sema5b, Sfrp1, Sfrp2, Sgcb, Sh3bgrl,
Sh3kbp1, Sh3md2, Siat8c, Slc25a24, Slc2a6, Slc35f1, Slc8a1, Smad5, Smarca1, Smarce1, Smo, Snapc3, Snn, Sox13, Sp8, Spag9,
Sqle, Ssr3, St18, St8sia4, Stard4, Stxbp4, Tank, Tceal8, Tceb1, Tcf19, Tcf4, Tdrd3, Tdrkh, Tead2, Tgfbr1, Thbs1, Thsd7b, Tia1,
Tirap, Tm4sf10, Tmem2, Tmem32, Tmem47, Tmod2, Tph1, Tpm4, Traf3, Traf4, Tro, Trove2, Ttc3, Ttc8, Tuba1a, Twsg1,
Ube2e3, Ube2n, Ubtd2, Ulk2, Usp47, Vamp3, Vezf1, Waspip, Wdr51b, Wdr6, Wdr68, Wdt3-pending, Yaf2, Ypel1, Zbtb33,
Zfhx1b, Zfp238, Zfp36l1, Zfp397, Zfp41, Zfp629, Zhx1, Zhx2, Zmynd11, Zswim5

Cluster IIb
0610009O03Rik, 0610039N19Rik, 1600023A02Rik, 1700011F14Rik, 1700029G01Rik, 1700051E09Rik, 1700083M11Rik,
1810014F10Rik, 2210409E12Rik, 2310004L02Rik, 2310009N05Rik, 2310046K01Rik, 2410080H04Rik, 2410146L05Rik,
2610019F03Rik, 2610033C09Rik, 2610528J11Rik, 2900011O08Rik, 3110043J09Rik, 3830422N12Rik, 4732472I07Rik,
4921530G04Rik, 4930432K21Rik, 4930517K11Rik, 4930569K13Rik, 4930583H14Rik, 4933428G20Rik, 6330530A05Rik,
9130404D14Rik, 9330186A19Rik, A130092J06Rik, A430089I19Rik, Aard, Abcb1b, Acas2l, Acp6, Adam19, Adora2b, Aes,
Agpat2, AI428936, AI429613, Akp2, Akt1s1, Aldh2, Aldoa, Aldoc, Alpk3, Amdhd2, Amid, Ankrd38, Ankrd47, Anxa11, Anxa6,
Anxa8, Ap1m2, Aplp1, Apoa2, Apoc1, Apoe, Aqp3, Arhgdib, Arhgef19, Arhgef3, As3mt, Ass1, Atad4, Atp1b1, Atp2a3,
AU016977, AU022751, AW049765, Axud1, BC003277, BC004728, BC013481, BC021614, BC022765, BC023754, BC025833,
BC051227, Bckdha, Bcl6, Blvrb, Bmp4, C130038G02Rik, C80638, Camk2b, Capg, Capn1, Capn5, Cblc, Cbs, Ccdc3, Cd68,
Cd79b, Cd9, Cd97, Cdc42ep3, Chi3l1, Cklfsf4, Ckmt1, Cldn4, Clgn, Cnnm2, Cox7a1, Cox8c, Cpn1, Cpne8, Crtap, Crym, Csad,
Csrp2, Cyp2j9, Cyp2s1, D130058I21Rik, D15Ertd366e, D2Ertd391e, Dact2, Dedd2, Defb42, Dgka, Dhrs6, Dhrs8, Dmrtc2, Dpp4,
Dpp7, Dscr1l2, Dtx1, E030003N15Rik, Ech1, Echdc2, Efcab4a, Efhd1, Egfl7, Egln3, Egr1, Eif4a2, Ela2, Elf3, Elmo3, Emp1,
Eng, Epas1, Epb4.9, Ephx1, Ephx2, Eppk1, Ercc2, Esam1, F11r, F2rl1, Fbxo2, Fbxo27, Fbxo6b, Fkbp6, Folr1, Foxa3, Fxyd5,
Gadd45a, Galt, Gbp4, Gdf15, Gjb3, Glb1, Glrx, Gm397, Gm817, Gmfg, Gmpr, Gna15, Gnpda1, Gprc5a, Gpx4, Grasp, Grb7, Grn,
Gsdmdc1, Gsta3, Gstm1, Gstm2, Gstp2, Gstt2, Gstt3, Gulo, Hagh, Hcn2, Hcph, Hexb, Hist1h2bj, Hsd3b7, Hspb1, Icam1, Idb1,
Ier3, Ifi30, Ifitm3, Il28ra, Inpp5d, Irak2, Irf1, Irf6, Isgf3g, Itgb4, Itpka, Itpr3, Jak3, Jam2, Junb, Kcnk5, Kcnk6, Klf4, Klhl13,
Klk1b27, Klk5, Klk6, Lat, Ldhc, Ldoc1, Lgals3, Lgals4, Llglh2, Lmna, Lmo6, LOC223262, LOC380705, LOC433722,
LOC435337, LOC548597, LOC625360, LOC626391, LOC639910, Lrpap1, Lu, Ly6a, Ly6g6e, M6prbp1, Map3k6, Mapk13,
Mgmt, Mical3, Mkrn1, Mmrn2, Mov10, Mov10l1, Mreg, Mta3, Mvp, Myd116, Myd88, Myl7, Nanog, Ndg2, Ndp52, Ndrg2,
Nfatc2ip, Nfe2l2, Nfkbia, Nid2, Nodal, Nos1, Npepl1, Nptx2, Nr1h2, Nrgn, Nupr1, Oas1d, Oas1g, Ostf1, Pacsin1, Paox, Pcolce,
Pcsk1n, Pde8a, Pdgfc, Pdk4, Pdlim1, Pecam1, Pem, Pim3, Pip5k2c, Piwil2, Pkp3, Pla2g10, Plac8, Plcb3, Plcd3, Plp2, Pltp,
Plxdc1, Pmm1, Pnpla2, Ppfibp2, Ppgb, Ppm1k, Ppp1r13b, Ppp1r14a, Prss19, Prss35, Prune, Ptprv, Pvr, Rad52b, Rage, Rasgrp1,
Rassf5, Rbpms, Rbpms2, Rec8L1, Relb, Renbp, Rlbp1, Rnf135, Robo4, Rpl3l, S100a10, S100a6, Sat1, Scarf1, Sdc4, Sdcbp2,
Selenbp1, Serpinb6a, Sfn, Sgk3, Sh3tc1, Slc12a8, Slc1a1, Slc22a18, Slc24a6, Slc25a20, Slc29a1, Slc2a3, Slc38a4, Slc39a4,
Smc1l2, Snta1, Snx3, Soat2, Sorl1, Sox15, Spic, Spint2, Ssbp4, St14, Stag3, Stard8, Stat3, Stat6, Stx3, Stxbp2, Sult2b1, Susd2,
Syngr1, Syngr3, Tbx3, Tcfap2c, Tcl1, Tcstv1, Tcstv3, Tead4, Tgfb1, Tgif, Timm8a2, Tjp3, Tle6, Tmco4, Tmem23, Tmem38b,
Tmie, Tnnt1, Tpd52, Trf, Trim25, Trim47, Tspan17, Tsrc1, Tuba3, Tulp2, Txnip, Ulk1, Vil2, Vkorc1, Wbscr21, Wdr21, Wdr34,
Wdr45, Wt1, Zap70, Zbtb7, Zc3hdc1, Zfp36

Cluster IIIa
0610041G09Rik, 1110030H18Rik, 1200009O22Rik, 1500031H04Rik, 1700018O18Rik, 1810009M01Rik, 2310016C16Rik,
2510009E07Rik, 2600011E07Rik, 2610020H15Rik, 2810003C17Rik, 2900093B09Rik, 3110004L20Rik, 4632425D07Rik,
6330403K07Rik, A830059I20Rik, Abat, Acta2, Actc1, Anxa3, Anxa5, Apcdd1, App, Astn1, AW121567, AW146242,
B230104P22Rik, B2m, BC034054, BC039093, BC046404, Bin1, Bmp1, C130076O07Rik, Capn6, Car4, Carhsp1, Cbln1, Ccnd2,
Cdk5r1, Cdkn1a, Cdkn1c, Chrna4, Chst1, Cklfsf3, Clic6, Cmtm8, Cntnap2, Col2a1, Col4a1, Col4a2, Col5a1, Crabp1, Crabp2,
Cxcr4, D0H4S114, Dab2, Dbx1, Defcr-rs2, Dlk1, Dmrta2, Dpysl2, Dpysl4, Dpysl5, Dtx4, Ednra, Ednrb, Efna5, Efnb1, Emid2,
Eml1, Ephb1, Farp1, Fez1, Fgfbp3, Flrt3, Flt1, G431001E03Rik, Gadd45g, Gap43, Gm1673, Gpr177, Gprin1, Hes5, Hmgn3,
Igf2, Igfbp4, Igfbp5, Insm1, Irf2, Irs2, Irx2, Irx3, Irx5, Krt1-18, Krt2-8, Lbh, Lhfp, Lhx1, LOC381633, Lrrn1, Ly6h, Maged2,
Magee1, Mapkapk2, Mbp, Meis1, Mest, Mfap2, Mfap4, Mic2l1, Mmd, Mrg1, Ndn, Nedd9, Nelf, Nkx6-1, Nnat, Nr2f1, Olfm1,
Otx1, Parva, Pdzrn3, Pea15, Pfn2, Phc2, Pkia, Pknox2, Pmp22, Podxl2, Prnp, Ptn, Ptprd, Punc, Rab6b, Rbmx, Reprimo, Rfx4,
Rgma, Sall2, Scarf2, Sdc2, Sdc3, Sema3f, Sepn1, Sepw1, Serf1, Serpinh1, Shd, Shh, Slit2, Smarca2, Sox21, Sox9, Ssb4, Ssbp2,
Sst, Stmn4, Syt11, T, Tcfap2b, Tdrd7, Timp2, Tmprss2, Tnfrsf19, Tnrc9, Trib2, Vim, Vtn, Zfp521, Zfp608, Zic1

Cluster IIIb
1110003A17Rik, 1110007C05Rik, 1110012D08Rik, 1110014L17Rik, 1110038D17Rik, 1110063G11Rik, 1190017O12Rik,
1200013B22Rik, 1300002F13Rik, 1500003O03Rik, 1500011H22Rik, 1700019E19Rik, 1700021K19Rik, 1700023M03Rik,
1700025G04Rik, 1700088E04Rik, 1810007P19Rik, 1810009H17Rik, 1810010N17Rik, 1810011O10Rik, 1810021J13Rik,
1810037C20Rik, 1810057P16Rik, 1810073P09Rik, 2010011I20Rik, 2210417J20Rik, 2310003P10Rik, 2310015N21Rik,
2310021P13Rik, 2310041H06Rik, 2310045A20Rik, 2310067E08Rik, 2610110G12Rik, 2610203E10Rik, 2610524A10Rik,
2610528K11Rik, 2700055K07Rik, 2700083E18Rik, 2810022L02Rik, 2810413I22Rik, 2810427I04Rik, 2900046G09Rik,
3110018K12Rik, 3632413B07Rik, 3632451O06Rik, 4631426J05Rik, 4632417K02, 4833421E05Rik, 4930438M06Rik,
4930488P06Rik, 4930506D23Rik, 4932442K08Rik, 5430432M24Rik, 5830404H04Rik, 5830461H18Rik, 5930434B04Rik,
6030410K14Rik, 6330442E10Rik, 6330505N24Rik, 6430559E15Rik, 6720430O15, 8430427H17Rik, 9030205A07Rik,
9130005N14Rik, 9130213B05Rik, 9330132O05Rik, 9530068E07Rik, A230098A12Rik, A830020B06Rik, Aatk, Abca3, Abhd8,
Acas2, Acta1, Actc1, Acvr1, Adcy2, Adcy6, AF322649, Ahi1, AI427515, AI591476, AI604832, AJ430384, Ak3, Akr1e1, Akt3,
Alcam, Alg2, Als2cr2, Amfr, Angptl2, Ank2, Ank3, Ap3m2, Apbb1, Arg1, Arhgap24, Arid3a, Arl3, Arl4c, Arnt2, Ascl1, Asphd2,
Atbf1, Atp6v0e2, Atp6v1g2, AU040320, AU040576, AW049604, AW456874, AW548124, AW822216, Axin2, Axl,
B130050I23Rik, B230114P05Rik, B230312A22Rik, B230399E16Rik, B3gat1, B3gnt6, B430104H02Rik, B430218L07Rik,
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Bach2, Bag2, Bahd1, Bai2, BC006583, BC011468, BC019977, BC024955, BC025575, BC026432, BC026744, BC028975,
BC030477, BC036718, BC046386, BC051244, BC063749, BC065120, BC067047, Bhlhb5, Bicc1, Bmp1, Bzrap1, C130086A10,
C130099A20Rik, C230009H10Rik, C330023F11Rik, C630013N10Rik, Cacna1g, Cacna1h, Cacng4, Cadps, Cadps2, Cald1,
Capn2, Car14, Cart, Casp6, Catnd2, Cbx8, Ccl27, Cd248, Cd40, Cd47, Cdh22, Cdkn1a, Ceecam1, Celsr1, Celsr2, Cerk, Chrd,
Chst2, Cib2, Ciz1, Cldn10, Clic1, Clip1, Clk3, Cmtm8, Col23a1, Col4a5, Commd3, Copz2, Cotl1, Cplx2, Cpne2, Cri1, Crmp1,
Csf1, Ctdspl, Ctgf, Ctxn, Cuedc1, Cugbp2, Cutl1, Cx3cl1, Cxx1c, Cxxc4, Cyfip2, Cyp51, Cyr61, D030028O16Rik,
D10Bwg0940e, D10Ucla1, D11Bwg0517e, D14Ertd171e, D15Ertd405e, D2Bwg0891e, D2Bwg1356e, D330024H06Rik,
D330037A14Rik, D430039N05Rik, D5Ertd593e, D630045E04Rik, D8Ertd82e, Dapk1, Dbn1, Dcx, Dcxr, Ddit4, Ddit4l, Ddr1,
Defcr-rs7, Dp1, Dscr5, Dtx4, E130307J07Rik, E430021N18Rik, E430036I04Rik, Ebf2, Ebf3, Efha1, Efs, Ehbp1, Elavl3,
Epb4.1l3, Epha3, Ephb2, Ets1, Evl, F2r, F8a, Fabp7, Fads2, Fbln2, Fbn1, Fbxo36, Fgf15, Fgf8, Fgfbp3, Fgfr2, Fjx1, Flrt3,
Fndc3b, Foxa1, Foxa2, Foxb1, Foxc1, Frzb, Fstl1, Fzd1, Fzd10, Gabarap, Gadd45g, Gamt, Gdap1, Gdi1, Gdpd2, Ghr, Glt8d1,
Gnai2, Gnas, Gnb4, Gnb5, Gng10, Gp38, Gpc1, Gpc2, Gpc3, Gpc4, Gpc6, Gpm6a, Gpr85, Gpsm1, Grb10, Grcc10, Gria3, Grik5,
Grina, Grip1, Gsc, Gsh1, Gstm5, Gyg1, H1f0, H2-Ab1, H2-Ke6, Haghl, Hdac7a, Heph, Hes6, Hey1, Hpcal1, Hrmt1l1, Hs3st3a1,
Hsd11b2, Hspa5bp1, Hyal1, Hyal2, Id2, Idb4, Igf1r, Wer, Das, Liest, Kriegt, Ne, Flasche, Wein, Igfbpl1, Il18, Ilk, Inpp5e, Inpp5f,
Itga3, Itm2a, Jmjd3, Jun, Kcnab2, Kctd10, Kctd12, Kif1b, Kif3c, Kif5c, Kirrel3, Klhdc2, Kns2, L3mbtl3, Lbh, Lemd2, Leprel1,
Letmd1, Lhfp, Lhfpl2, Litaf, Lman2l, Lmo4, Lmx1a, Lmyc1, LOC245297, LOC278097, LOC381813, Lrfn3, Lrig1, Lrp12, Lrp4,
Lrrc49, Lrrc4b, Lrrk1, Lsamp, Lsp1, Lxn, Lztr1, Lzts2, Maged1, Mapk8ip1, Mapk8ip2, Mapre2, Marcks, Mark1, Mdk, Megf10,
Mest, Mfap2, Mgst1, Mic2l1, Mllt11, Mmp15, Mmp2, Mtap2, Mtch1, Mtvr2, Mycbpap, Myt1, Naglu, Nat6, Nav1, Ncald, Ncan,
Nck2, Ncoa6, Ndst1, Nedd9, Nek9, Nelf, Nfil3, Nicn1, Nkx2-2, Nkx2-3, Nlgn2, Nme5, Nnat, Nog, Nope, Notch3, Npr2, Nr2f2,
Nrp, Nrxn2, Nsg1, Nsg2, Nt5m, Ntng1, Ntrk2, Ntrk3, Nuak1, Nudt7, Oat, Olfm1, Olfm2, Olfml2b, Olfml3, Osbpl6, Pacrg, Pacs1,
Pak3, Palm, Pam, Papss1, Pard6g, Parp6, Pbx1, Pbx2, Pcdha6, Pcdhb22, Pcdhb3, Pcyox1, Peg3, Pftk1, Phf2, Phlda1, Pik3r1,
Pitpnm2, Pitx2, Pja1, Plekhb2, Plekhg2, Plxna2, Pon2, Ppapdc1, Ppp1r3c, Ppp1r9b, Prickle1, Prkcm, Prkd2, Prmt2, Ptpns1, Ptpra,
Ptprd, Ptprs, Ptx3, Purg, Rab11fip3, Rab13, Rab15, Rab38, Rab6ip1, Raet1b, Ramp2, Rasl10b, Rasl11b, Rassf4, Rbms1, Rbms3,
Rbp1, Reep1, Reln, Rem2, Repin1, Rerg, Rgl1, Rgmb, Rgs16, Rgs17, Rgs4, Rhob, Rhod, Rhou, Rnf103, Rnf11, Ror2, Rshl2,
Rsn, Rspo3, Rtn1, Rtn3, Rufy3, Rutbc2, Sat2, Sbk, Scand1, Scara3, Scd1, Scg3, Scrn1, Sdcbp, Sdk1, Selk, Sema3f, Sema6d,
Sept3, sept5, Sept6, Sept8, Serinc2, Serpine2, Serpinf1, Sgne1, Sh3bp2, Shh, Siat10, Siat8b, Siat9, Six5, Slc22a17, Slc24a3,
Slc27a3, Slc35c1, Slc39a6, Slc39a8, Slitl2, Slitrk5, Smad3, Smo, Smpd1, Smpd3, Snrk, Sort1, Sox17, Sox21, Sox5, Sparc, Spg20,
Spin2, Spon1, Srebp2, Srr, Ssbp3, St5, St6gal1, St7, Stambp, Stk39, Stx7, Stxbp1, Sulf1, Suv39h1, Syt11, Tagln3, Tax1bp3,
Tbc1d5, Tceal1, Tceal5, Tcf12, Tcf7l2, Tcfap2b, Tcte1l, Tesk1, Tex27, Tgfb1i1, Tgfb2, Thbs3, Thnsl2, Timp3, Tm4sf12,
Tm4sf6, Tm4sf8, Tmc7, Tmem136, Tmem43, Tmem53, Tmem66, Tmem9, Tmem9b, Tnfaip2, Tpbg, Tpm1, Tpm2, Trafd1,
Trim32, Trp53i11, Trp53inp2, Tsc22d3, Tspan7, Ttyh3, Tubb2b, Tulp4, Txndc13, Ube2e2, Ulk2, Unc5c, Uncx4.1, Usp11, Usp3,
Vamp4, Vcam1, Vgll4, Vit, Vldlr, Wbp1, Wdr22, Wfdc1, Whrn, Wnt1, Wnt3a, Wnt5b, Wnt7a, Wnt7b, Wnt8b, Xpr1, Zadh2,
Zbtb5, Zc3hdc6, Zfhx1a, Zfp202, Zfp251, Zfp282, Zfp30, Zfp307, Zfp316, Zfp334, Zfp46, Zfp537, Zfp637, Zyx

Cluster IV
0610007C21Rik, 0610031J06Rik, 1110003E01Rik, 1110007C02Rik, 1190002A17Rik, 1190007F08Rik, 1200006F02Rik,
1300010A20Rik, 1300010K09Rik, 1500004A08Rik, 1700027N10Rik, 1700047I17Rik, 1810009B06Rik, 1810020D17Rik,
1810054O13Rik, 1810057E01Rik, 2210403B10Rik, 2300002D11Rik, 2310058J06Rik, 2310061N23Rik, 2310066E14Rik,
2600003E23Rik, 2600010E01Rik, 2610027C15Rik, 2610204M08Rik, 2610318I18Rik, 2700050C12Rik, 2810046M22Rik,
2810417M05Rik, 2900026H06Rik, 3110032G18Rik, 3222401M22Rik, 3830422N12Rik, 4631423F02Rik, 4922503N01Rik,
4930402H24Rik, 5230400G24Rik, 5730410E15Rik, 5730469M10Rik, 5730537D05Rik, 6430598A04Rik, 8430420C20Rik,
9030409G11Rik, 9630019K15Rik, A2bp1, A730017C20Rik, A930021H16Rik, AB182283, Abcg4, Abhd4, Acadl, Adamts4,
Adck4, Add1, Adfp, Adra2a, Adssl1, AI450948, AI481100, AI481750, AI842396, Aig1, AL024069, Amdhd2, Amotl2, Ankrd56,
Anxa1, Anxa2, Ap3b2, Apob48r, Arf3, Arf5, Arfgap3, Arl10b, Arpc1b, Atf3, Atp6v0a1, Atp6v0b, Atp9a, B230380D07Rik,
B3gat3, B430119L13Rik, Bag3, Bai2, BC003324, BC016235, BC018242, BC019731, BC023957, BC025872, BC026370,
BC026585, BC029214, BC031353, BC038286, BC051083, BC058638, BC061259, Bcl11a, Bcl11b, Bcl9l, Bhlhb2, Blcap, Bmf,
Bmp7, Bst2, Btbd14a, Btg1, C230075L19Rik, Cacnb3, Calu, Camk1, Car13, Car2, Caskin1, Cbara1, Cd151, Cd63, Cdc42ep5,
Cdkn2a, Cdkn2b, Chgb, Chrnb1, Chst5, Chst8, Cipp, Cited1, Cited2, Cited4, Cldn3, Cldn6, Cln3, Cln6, Cntn1, Col16a1, Col1a2,
Copz2, Cpxm1, Creb3, Creld1, Cryab, Csrp1, Cst3, Ctsz, Cul7, Cxx1a, Cyba, D7Bwg0611e, Dab2, Dap, Dapk2, Dbp, Dcamkl1,
Des, Dfy, Dhrs7, Diras1, Dlx1, Dmrt3, Dnaic1, Dnajb10, Dnajc12, Dner, Dok5, Dpysl3, Dscr1l1, Dusp22, Dusp8, Dyrk1b, Dysf,
E030006K04Rik, E130309F12Rik, Ecel1, Ecm1, Ednrb, Efemp2, Efna5, EG630499, Egfr, Elk3, Elovl1, Emp2, Emp3, En1, En2,
Eno2, Eno3, Eps8l2, Fbln1, Fbxl12, Fbxo4, Fbxw4, Fezf2, Fgfbp1, Fhl2, Fkbp7, Foxc2, Foxd1, Foxq1, Frmd6, Furin, Fvt1,
Gabarapl1, Gadd45b, Gal, Gata3, Gata6, Gats, Gba, Gbp2, Gdap1l1, Gdf10, Gdi1, Gipc1, Gipc2, Gja9, Gnao, Gnb2, Gng13,
Gng8, Gns, Gpr124, Gpr137, Gpr146, Gprc5c, Gpx3, Grcc9, H13, H2-Bl, H2-Q7, H2-T17, H2-T23, Hcrtr1, Hdac11, Hebp1,
Hexa, Hint3, Hnt, Hoxa1, Hoxc6, Hrc, Hs3st1, Hspb2, Hspb8, Idb3, Ifngr2, Igf2r, Igfbp2, Igfbp3, Igsf11, Igtp, Ihpk1, Il11ra1,
Ilvbl, Immp2l, Islr2, Itga5, Itgb5, Itpr2, Kcna5, Kcnmb4, Kif1a, Kifc2, Klhl6, Kremen, Krt1-19, Krt7, Lamp2, Laptm4a, Ldb2,
Leprel2, Lgals1, Lhx5, Lmcd1, Lmo2, LOC212390, LOC268935, LOC381297, LOC381629, Loh11cr2a, Loxl1, Lrp1, Lrp10,
Lrrc8a, Lrrfip1, Lrrn2, Lrrn3, Mab21l2, Map3k11, Mbp, Meox1, Mfge8, Mgat4b, MGC106740, MGC18837, Micall2, Mmp14,
Mmp23, Mogat2, Mpra, Msx1, Msx2, Mxd4, Mxra8, Myadm, Myl1, Myl3, Naga, Nagk, Nenf, Neu1, Neurog2, Nfatc4, Npc2,
Npdc1, Oaz2, Optn, ORF18, P2rx4, Pbxip1, Pdgfrl, Pdlim2, Pdlim3, Pdlim4, Per2, Pga5, Pgm2, Phlda3, Pigt, Pla2g7, Plac1, Pld3,
Plekha2, Plekha6, Plk2, Pltp, Podxl, Polg, Ppap2b, Ppic, Ppp3ca, Ppp3cc, Prkcz, Prnd, Prss8, Prtn3, Psap, Psd2, Pthr1, Ptpro,
Pttg1ip, Pvrl2, Pxmp4, Pygb, Pygl, Pyy, Qscn6, Rab12, Rab3a, Rab7l1, Rabac1, Ralb, Rap2ip, Rassf3, Rbms2, Rcn3, Rftn2,
Rgs3, Rhbdl4, Rhoc, Rhog, Rhoj, Rin3, Ripk4, Rit1, Rnf11, Rnf182, Rnf30, Rnpepl1, Rpel1, Rragd, Rras, Rtn1, Rtn2, Rtn4rl1,
S100a11, Scn3b, Scotin, Scube3, Scx, Sdsl, Sepp1, Sertad4, Sesn1, Sez6, Sez6l, Sfxn5, Sgpl1, Sh3d4, Shc1, Sirt2, Slc13a4,
Slc14a2, Slc17a6, Slc35a2, Slc38a5, Slc41a3, Slc4a2, Slc5a5, Slc7a8, Slc9a6, Soat1, Sp5, Spink3, Spint1, Spnb1, Sri, Stard10,
Stmn3, Stmn4, Sv2a, Syn2, Syt1, Syt14l, Tacstd2, Tal2, Tapbp, Tbrg1, Tceal6, Tcfap2a, Tcirg1, Tcn2, Tes, Tex264, Tgfbr2,
Thbs2, Thra, Tmbim1, Tmc4, Tmed3, Tmem108, Tmem116, Tmem119, Tmem150, Tmem35, Tmem66, Tnfrsf10b, Tnfrsf12a,
Tnfrsf1a, Tnfrsf5, Tnnc1, Tpcn1, Tpm2, Tpra40, Trim3, Trpc4ap, Trpt1, Ttyh1, Tubb4, Tulp1, Twist1, Twist2, Uap1l1, Ubc,
Unc5b, Unc84b, Usp2, Vamp5, Vamp8, Vat1, Viaat, Wbscr24, Wipi1, Wnt5a, Yipf3, Zcchc12, Zfp467, Zfpm1, Zic4
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Cluster V
0710005M24Rik, 1110032E23Rik, 1190002H23Rik, 1200009I06Rik, 1300007L22Rik, 1300014I06Rik, 1500015O10Rik,
1700084C01Rik, 1810015C04Rik, 2300002D11Rik, 2310043K02Rik, 2310047C17Rik, 2410080H04Rik, 2510004L01Rik,
2610001E17Rik, 2610109H07Rik, 4921520P21Rik, 4930422J18Rik, 5330414D10Rik, 5430431G03Rik, 5730453H04Rik,
8430408G22Rik, 9130211I03Rik, 9130213B05Rik, 9330140K16Rik, 9930017A07Rik, A630005A06Rik, AA467197, Acadl,
Adcy8, Adra2b, Aebp1, AF067061, Afp, Ahnak, AI593442, Amn, Apoa1, Apod, Aqp1, Aqp4, Arhgap22, Arhgef6, Arid5b,
Atp1a2, Atp1b2, Atp9a, Aurkc, B230342M21Rik, BC011209, BC040774, BC049816, BC055811, BC061212, BC080695, Bcan,
Bet1l, Bgn, Bhmt2, Brdt, Bzrpl1, C130036G08, C1qtnf4, C2, Calb2, Camk2n1, Capzb, Car11, Cav1, Cbfa2t1h, Ccdc68, Cdh13,
Cdo1, Cebpb, Chodl, Chpt1, Cidea, Cldn11, Cldn23, Clu, Col1a1, Col3a1, Col6a1, Col6a2, Col9a2, Corin, Cox6a2, Crhbp,
Crim2, Crx, Crxos1, Csf1r, Csh2, Cspg5, Ctsb, Ctsc, Ctsf, Ctsh, Ctsj, Ctsr, Cxcl12, Cxcl16, Cygb, Cyp1b1, Cyp2d22, Cyp4f13,
Cyp4v3, Cyp7b1, D12Ertd647e, D930010J01Rik, D9Ertd392e, Daf1, Dazl, Dcn, Ddit3, Diras2, Dkk3, Dkkl1, Dmkn, Dmrtc1a,
Dmrtc1b, Dnaic1, Doxl2, Dpep3, E130203B14Rik, Eef1a2, Egfr, Emcn, Enpp1, Enpp2, Enpp5, Entpd2, Eps8l2, Fabp3, Fas,
Fbxo32, Fcgrt, Fgd6, Fibcd1, Flrt2, Fn3k, Fos, Foxf2, Fthfd, G1p2, Gad1, Gas6, Gata2, Gbp1, Gch1, Gcnt1, Gfap, Gja9, Gjb2,
Gm2a, Gm428, Gm648, Gm691, Gpm6a, Gria2, Guca1a, Gypc, H2-gs17, H2-T23, Hic1, Hist1h1c, Hist1h2bc, Hmgcs2, Hoxb4,
Hoxd8, Hpgd, Hspa2, Htra1, Ifit3, Igfbp6, Igfbp7, Il10rb, Irs3, Itga11, Itm2b, Kai1, Kcnc4, Kdelr3, Kdt1, Kng1, Kng2, Lamp2,
Lbp, Lcp1, Lgals3bp, Lgals6, Lgals9, Lgmn, Lims2, LOC240906, LOC270599, LOC333473, LOC433721, LOC434729,
LOC547343, Lox, Ltbp3, Lum, Luzp2, Ly64, Mapt, Matn4, Mbnl2, Meox2, Mfge8, Mglap, Mgll, Mgst2, Mmd2, Mt3, Mx2,
Myh8, Myl2, Myl4, Myo6, Nbl1, Ndrg1, Ndrl, Nfib, Nfix, Nid1, Nppb, Nrn1, Nrxn1, Nt5e, Nxf7, Oasl2, Ogn, Olfml1, Olig1,
Osr2, OTTMUSG00000010537, P2ry14, Pdgfb, Pdgfra, Pdzk1, Pink1, Pla1a, Pnck, Pold4, Pparg, Prelp, Prg, Prkar1b, Pros1,
Prrx1, Psca, Psx1, Psx2, Qpct, Rab11fip5, Rabac1, Rapgef3, Rarb, Rarres2, Rasgrf1, Rbp4, Rgs9, Rin2, Rit2, Rnase1, Rnase4,
Rora, Rspo2, Rusc2, Rxra, S100a1, S100a13, Sbsn, Scg2, Scrg1, Sct, Serpina3n, Serpinb6b, Serpinb9e, Serpinb9f, Slc17a5,
Slc17a8, Slc1a3, Slc23a3, Slc25a18, Slc2a13, Slc39a12, Slc40a1, Slc6a12, Slc6a13, Slco2a1, Slco4a1, Snca, Snx21, Sorbs1,
Sostdc1, Sparcl1, Sphk1, Spon2, Sspn, Stra8, Syp, Syt4, Taf7l, Tgfbi, Tgm2, Thbd, Thy1, Tinagl, Tlr2, Tmem92, Tnc, Tpcn1,
Trpm6, Ttr, Tuft1, Ube1l, Usp18, Usp29, Vdr, Wnt6, Ypel3, Zfp36l3
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Supporting Figure 3.2-4: Listing and assignment of the genes graphed in Fig.ure 3.2-5.
All regulated genes were individually examined on the basis of the pertinent literature for identification
of those involved in chromatin structure and epigenetic regulation. The genes were grouped into
categories as indicated in the first column. Further functional information was added in the last column,
where this was unambiguously available. Genes related to cell cycle, DNA replication and DNA repair
were extracted from the relevant GO categories.

chromosome

cluster accession
Ib
NM_001077712.1
NM_021886.1
NM_009282.2
NM_025795.2
NM_012039.1
NM_016692.1
NM_027263.1
NM_019710.1
NM_027263.1
NM_145924.2
NM_025495.1
XM_127861.2
IIb
NM_080470.1
NM_016964.1

heterochroma
Ib
tin

chromatin
remodeling

comment
cohesin subunit
kinetochor organization
cohesin subunit
condensin subunit
kinetochor organization
centromere protein
Kinetochor organization
cohesin subunit
centromere protein
centromere protein
centromere protein
centromere protein
cohesin subunit (meiosis)
cohesin subunit (meiosis)

ref.
1
2
1
1
4
2
6
1
3
6
1
8

NM_001076789.1 Cbx5 (HP1 alpha) heterochromatin structure

4

NM_172663.2
NM_025900.1
NM_007622.2

Epc2
Dek
Cbx1 (HP1 beta)

10
11
4

NM_009122

Satb1

NM_010470.1

Hp1bp3

Ia

NM_178017.1

Hmgb2l1
(Hmgxb4)

HMG box domain containing 4

Ib

NM_016660.1

Hmga1

Highly expressed during
embryonic development

IIa
IIIa

NM_008252.2
NM_016710.1
NM_016957.3
NM_175074.1

Ia

NM_009211.1

Hmgb2
Nsbp1
Hmgn2
Hmgn3
Smarcc1
(BAF155)
Smarcad1 (Etl1)

IIa

euchromatin

symbol
Stag2 (SA2)
Cenph
Stag1 (SA1)
Ncaph2 (H2)
Zw10
Incenp
Apitd1 (Cenps)
Smc1a
Apitd1
Cenpi
Cenpp
Cenpj
Smc1b
Stag3 (SA3)

XM_132597.3
NM_009530.1

Atrx

NM_009031.2

Rbbp7 (Rbap46)

enhancer of polycomb
heterochromatin structure
x-inactivation
regulates ESC differentiation
and nanog expression
heterochromatin protein 1,
binding protein 3

12

5
6
7
8
8

Component of esBAF
SNF2-related helicase,
Interneuronal survival
Histone chaperone

NM_001081267.1 Rsf1

Spacing factor

NM_024184.1

Asf1b

nucleosome assembly

NM_015781.2

Nap1l1

nucleosome assembly

17
9
19,
20
21
21,
22
21
21,
23
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IIIa

NM_011416.2

IIIb

NM_133741.1

Chaf1a
nucleosome assembly
Asf1a
nucleosome assembly
Smarce1 (BAF57) SWI/SNF-related
SWI/SNF-related, specific for
Smarca1 (Snf2L) postnatal neurons and in adult
brain
Smarca2 (brahma,
SWI/SNF-related
Snf2a)
Snrk
SNF-1 related kinase

Ia

NM_011791.2

Ash2l

IIa

NM_013733.2
NM_025541.2
NM_020618.3
NM_053123.3

histone
modification

NM_001035123.1 Setd6
NM_021876.1
Eed

Ib

NM_017479

Myst4 (querkopf)

NM_173001.1

Jmjd1a

NM_144787

Jmjd2c

NM_029441.1
NM_009881
NM_199196.1
NM_007971.1
NM_008739
NM_145414.1
NM_172567.1

Cdyl2
Cdyl
Suz12
Ezh2
Nsd1
Nsun5
Mettl2

NM_144918.1

Smyd5

NM_172545.1
NM_133740.1

NM_178891.4
NM_007415.2

Ehmt1
Prmt3
BC006705
(PRMT7)
Prmt6
Parp1

NM_009483.1

Utx

NM_008228.1
NM_019812.1
NM_021788.1
NM_181586.2
NM_177239.2
NM_027432.3
NM_026539.1
NM_007690.1
NM_145125.1
NM_007552.3
NM_080560.2
NM_021554.2

Hdac1
Sirt1
Sap30
Sirt6
Mysm1
Wdr77 (MEP-50)
Chd1l
Chd1
Brwd1
Bmi1
Ube2n (Ubc13)
Mettl9

NM_007623.2

Cbx2 (Pc)

NM_172605.2

Tdrd3

NM_145404.1

IIa

H3K4Me
Set-domain containing protein
H3K27Me
histone acetyl transferase,
cerebral cortex development
H3K9Me1 and 2 demethylation
H3K36Me1, 2 and 3
demethylation
chromodomain potein
chromodomain potein
PRC1 associated protein
K27Me3
H3K36Me, H4K20Me
Putative methyltransferase
Putative methyltransferase
Putative methyltransferase, Setdomain containing
H3K9Me2
arginine methylation

21
21
10
25
10
26
11
11
28
11
11
29
29
4
11
11
12
31

11
32

arginine methylation

13

H3R2Me2
poly-(ADP-ribosyl)ation
lysine demethylation,
H3K27Me
histone deacetylation
histone deacetylation
histone deacetylation
histone deacetylation
histone de-ubiquitination
interaction with H2A
chromodomain protein
chromodomain protein
bromodomain protein
PRC complex
histone ubiquitination
Methyl transferase like protein
chromodomain protein,
H3K27Me3 binding
tudor domain protein, binds
RMe2

14
15
16
17
17
38
17
39
18
19
19
20
4
21
9,
44
45
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IV

NM_144919.1

Hdac11

V
Ia

NM_054054
NM_178187.2
NM_175665.1
NM_178197.1
NM_178204
NM_178205.1
NM_013550.3
NM_178210.1
NM_175656
NM_175657.1
NM_178211.1
NM_016750.1
NM_175660.1
NM_178186.2
NM_178188.3
NM_175653.1
NM_175655.1
NM_198622.1
NM_178198.1
NM_015786.1
NM_023422.1

Brdt
Hist1h2ae
Hist1h2bk
Hist1h2bh
Hist1h3d
Hist1h3e
Hist1h3a
Hist1h4j
Hist1h4i
Hist1h4m
Hist1h4k
H2afz
Hist1h2ab
Hist1h2ag
Hist1h2ad
Hist1h3c
Hist1h4f
H1fx
Hist1h2bj
Hist1h1c
Hist1h2bc

tudor domain protein
tudor domain protein
H3K9Me3
Prmt2 variant 1
Prmt2 variant 2
H3K27Me demethylase,
Required for neural
commitment
histone deacetylation
chromo domain protein; PRC1
complex
bromo domain protein
histone deacetylation,
expressed during murine brain
development
bromo domain protein
H2A consensus
histone H2B, S124A
H2B consensus
H3.2
H3.2
H3.1
H4
H4
H4
H4
H2A variant H2AZ
H2A consensus
H2A consensus
H2A consensus
H3.1
H4
H1.X
H2B consensus
H1.2
H2B; S75G

Ia

NM_019448.2

Dnmt3l

accessory Dnmt

4

Ib

NM_010068.1
NM_010066.2
NM_013595.1
NM_010788.1

Dnmt3b
Dnmt1
Mbd3
Mecp2

de novo Dnmt
maintenance Dnmt
binding to DNAMe
binding to DNAMe

4
4
4
4

IIIa
IIIb

XM_131021.5
NM_146142.1
NM_011514.1
NM_133182
NM_001077638.1

Tdrkh
Tdrd7
Suv39h1
Hrmt1l1
Prmt2

NM_001017426.1 Jmjd3
NM_019572.2

Hdac7a

NM_013926.1

Cbx8

NM_001045523.1 Bahd1

histones

Ib

IIa
IIb
V
DNA
methylation

IIa
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11
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48
22
17
9,
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50
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23
23
23
23
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23
24
23
24
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component of the Polycomb repressive complex (PRC), neuro-specific
1 Sumara I, et al, J Cell Biol, 151, 749-62, (2000), 2 Sugata N, et al, J Biol Chem, 274, 27343-6, (1999),
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Supporting Figure 3.2-5: Listing, assignment, and literature references of the genes graphed in
Figure 3.2-6 D.
Gene
name

Accession
number

App

NM_007471.1

IIIa

Ascl1

NM_008553.2

IIIb

Bcan

NM_007529.1

V

Cluster

full name

Cxcl12 NM_001012477.1

V

Dlx1
Egr2

NM_010053.1
NM_010118.1

IV
Iia

Amyloid beta (A4)
precursor protein
Achaete-scute complex
homolog 1
Brevian
B-cell leukemia/lymphoma
11B
Calbindin 2
Chordin
Chemokine (C-X-C motif)
ligand 12
Distal-less homeobox 1
Early growth response 2

En1

NM_010133.1

IV

Engrailed 1

En2

NM_010134.1

IV

Engrailed 2

Fabp7

NM_021272.2

IIIb

Fez1

NM_007586.1

IIIa

Fgf8

NM_010205.1

IIIb

Fgfr2

NM_201601.1

IIIb

Fgfr3

NM_008010.2

Iia

Foxg1

NM_008241.1

Iia

Fibroblast growth factor
receptor 2
Fibroblast growth factor
receptor 3
Forkhead box G1

Gata2

NM_008090.3

V

GATA binding protein 2

Gli3

NM_008130

Iia

Hes3

NM_008237.1

Iia

Hoxa1 NM_010449.1
Hoxa2 NM_010451.1
Hoxb2 NM_134032.1

IV
Iia
Iia

Irx2

NM_010574.2

IIIa

Irx3

NM_008393

IIIa

Irx5

NM_018826.2

IIIa

Isl1

NM_021459.2

Iia

Lhx1
Lhx5

NM_008498
NM_008499.2

IIIa
IV

Lmx1a NM_033652.2

IIIb

LIM homeobox
transcription factor 1 alpha

Mecp2 NM_010788.1

Iia

Methyl CpG binding

Bcl11b NM_021399
Calb2
Chrd

NM_007586.1
NM_009893.1

V
V
IIIb

Fatty acid binding protein
7, brain
Fasciculation and
elongation protein zeta 1
Fibroblast growth factor 8

GLI-Kruppel family
member GLI3
Hairy and enhancer of split
3
Homeo box A1
Homeo box A2
Homeobox B2
Iroquois related homeobox
2
Iroquois related homeobox
3
Iroquois related homeobox
5
ISL1 transcription factor,
LIM/homeodomain
LIM homeobox protein 1
LIM homeobox protein 5

forbrain

midbrain

hindbrain

ref.
52
9, 12,
58, 59
76
4, 5 ,6
4, 38
65
72, 73,
74
1, 2 ,3
31, 32
25, 27,
28
28, 29,
30
53, 54
39
27, 29,
90, 91
49, 88
48, 49
9, 10
92, 93,
94
44, 45,
46, 47
18, 41,
43
36
33
20
60, 62
60, 61
60, 61
9, 11,
12
12, 80
80
22, 23,
81, 82,
83
68
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protein 2
Msx1

NM_010835.1

IV

Homeobox, msh-like 1

18, 22,
23, 24

Ndst1

NM_008306.2

IIIb

N-deacetylase/Nsulfotransferase 1

75

Neuro
g2

NM_009718.2

IV

Neurogenin 2

Nfib

NM_008687.2

V

Nuclear factor I/B

Nkx61
Nog
Notch
3

NM_144955.1

IIIa

NK6 homeobox 1

NM_008711.1

IIIb

Noggin

12, 17,
18, 19
55, 56,
57
22, 40,
41
65

NM_008716.1

IIIb

Notch gene homolog 3

50, 51

Nr2f1

NM_010151.1

IIIa

Nr2f2

NM_183261.3

IIIb

Nrg
Otx1

NM_178591.2
NM_011023.2

Iia
IIIa

13, 14,
15
14, 63,
64
6, 79
20, 21

Pitx2

NM_011098.2

IIIb

Ptx3
Reln

NM_008987.2
NM_011261

IIIb
IIIb

Nuclear receptor subfamily
2, group F, member 1
Nuclear receptor subfamily
2, group F, member 2
Neuregulin1
Orthodenticle homolog 1
paired-like homeodomain
transcription factor 2
Pentraxin related gene
Reelin

Rfx4

NM_001024918.1

IIIa

Regulatory factor X, 4

Rora

NM_013646.1

V

Shh
Smo

NM_009170
NM_176996.3

IIIa
Iia

Sox5

NM_011444.1

IIIb

Tal2

NM_009317.2

IV

Tgfb2

NM_009367

IIIb

Wnt1

NM_021279.1

IIIb

Wnt3a NM_009522.1

IIIb

Wnt7a NM_009527.2

IIIb

RAR-related orphan
receptor alpha
Sonic hedgehog
Smoothened homolog
SRY-box containing gene
5
T-cell acute lymphocytic
leukemia 2
Tgf-beta2
Wingless-related MMTV
integration site 1
3a/wingless-related
MMTV integration site 3A
Wingless-related MMTV
integration site 7A

25, 89
25, 26
4, 16
69, 70,
71
34, 35
4, 27
37
4, 7, 8
12, 66,
67
85, 86,
87
22, 27
77, 78
84

The literature was searched for patterning-related genes (by function and/or expression). Those found to
be regulated here were listed and assigned a role in forebrain, midbrain or hindbrain development (black
boxes). The relevant literature sources are indicated. N.B.: sometimes functional importance (e.g.
knockout phenotype) does not match the criteria for region markers and vice versa. Multiple regional
assignments were allowed, where this was supported by the literature.
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Suppporting Figure3.2-6: Neuroteratogenic effects of Retinoic acid, Cyclopamine and Lead.
compound

species
Xenopus laevis

all-trans
Retinoic acid
(RA)

Mesocicetus
auratus
Rattus norvegicus
Mus musculus
Macaca mulatta
Homo sapiens*
Gallus gallus

Cyclopamine

Sheep
Rabbit
Rattus norvegicus
Mus musculus
Mesocicetus
auratus
Rattus norvegicus
Mus musculus

Lead

Cavia porcellus
Monkeys
Homo sapiens

Lead

disease correlation

Neuro-teratogenic effect
microcephalic, anterior brain decreased, hindbrain and
spinal cord increased, suppression of anterior CNS
Spina bifida, microcephaly, exencephaly, microcephaly
crebellum malformations
exencephaly, anencephaly, spina bifida
Spina bifida, exophtalmos, exencephaly, truncation of
the anterior brain
microcephaly, hydrocephalus, vermus abnormality
Hydrocephaly, decline in size of forebrain regions
cyclopia, fused telencephalon, defects in midline
patterning of the neural plate, holoprosencephaly
cyclopia
cyclopia, cebocephalia
cebocephalia
Exencephaly, holoprosencephaly
cebocephalia, exencephaly, encephalocele
Size increase in mossy fibres and the granule cell layer,
inhibition of postnatal structuring, reduced VAChT and
ChAT mRNA levels, increase in TH activity
Changes in the cholinergic system, hyperactive
behaviour
Change in glutamate synthesis, reduced glutamine
synthetase activity
Basal forebrain and primary visual cortex damage,
memory and learning defects, impaired spatial tasks
Increased distractability, attention deficit disorder,
decreased auditory sensitivity, decreased visumotor
performance
Alzheimers disease (47), Parkinsons disease (48),
Schizophrenia (49)

ref.
25
26
27
28
2931
27
28
34
35
35
35,
36
35
8,3
741
37
37,
42,
43
37,
44
37,
45,
46

*: data for 13-cis-retinoic acid (Accutane®)
1 Andrews, G. L., Mol Cell Neurosci 23, 107-120, (2003); 2 Gaspard, N. et al., Nature 455, 351-357,
(2008); 3 Petryniak, M. A., Neuron 55, 417-433, (2007); 4 Gaspard, N. et al., Nat Protoc 4, 1454-1463,
(2009); 5 Leid, M. et al., Gene Expr Patterns 4, 733-739, 2004; 6 Watanabe, K. et al., Nat Neurosci 8,
288-296, (2005); 7 Chen, B. et al., Proc Natl Acad Sci U S A 105, 11382-11387, (2008); 8 Lai, T. et al.,
Neuron 57, 232-247, (2008); 9 Kwan, K. Y. et al., Proc Natl Acad Sci U S A 105, (2008).; 10 Kinsler,
R., Synapse 64, 169-171, 2010; 11 Elshatory, Y., J Neurosci 28, 3291-3297, (2008); 12 Abranches, E. et
al., PLoS One 4, (2009); 13 Faedo, A. et al., Cereb Cortex 18, 2117-2131, (2008); 14 Qin, J. et al., Dev
Dyn 236, 810-820, (2007); 15 Studer, M., Brain Res Bull 66, 394-401, (2005); 16 Yamamoto, T., Anat
Sci Int 84, 200-209, (2009); 17 Galichet, C., Development 135, 2031-2041, (2008); 18 Imayoshi, I.,
Development 135, 2531-2541, (2008); 19 Henke, R. M. et al., Development 136, 2945-2954, (2009); 20
Hirth, F., Bioessays 21, 677-684, (1999); 21 Kurokawa, D. et al., Development 131, 3319-3331, (2004);
22 Prakash, N., J Physiol 575, 403-410, (2006); 23 Andersson, E. et al., Cell 124, 393-405, (2006); 24
Bach, A. et al., Development 130, 4025-4036 (2003); 25 Barberi, T. et al., Nat Biotechnol 21, 12001207, (2003); 26 Asbreuk, C. H., Mol Cell Neurosci 21, 410-420, (2002); 27 Lee, S. H., Nat Biotechnol
18, 675-679, (2000); 28 Simon, H. H., Cell Tissue Res 318, 53-61, (2004); 29 Bouchard, M. et al.,
Development 132, 2633-2643, (2005); 30 Sillitoe, R. V., J Neurosci 28, (2008); 31 Wassef, M. A. et al.,
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Development 135, 3369-3378, (2008); 32 Desmazieres, A., J Biol Chem 284, 10831-10840, (2009); 33
Matis, C. et al., Dev Dyn 236, 2675-2684, (2007); 34 Serinagaoglu, Y. et al., Mol Cell Neurosci 34,
324-342, (2007); 35 Janmaat, S. et al., J Comp Neurol 512, 467-477, (2009); 36 Gavalas, A.,
Development 130, 5663-5679, (2003); 37 Komada, M. et al., Development 135, 2717-2727, (2008); 38
Niculescu, M. D., FASEB J 20, 43-49, (2006); 39 Hirata, T. et al., Development 133, 3993-4004,
(2006); 40 Prakash, N. et al., Development 136, 2545-2555, (2009); 41 Liu, R. et al., Development 130,
6221-6231, (2003); 42 Hatakeyama, J. et al., Development 131, 5539-5550, (2004); 43 Hirata, H.,
EMBO J 20, 4454-4466, (2001); 44 Quinn, J. C., Dev Biol 327, 204-215, (2009); 45 Friedrichs, M., Dev
Biol 318, 203-214, (2008); 46 Blaess, S., Development 135, 2093-2103, (2008); 47 Lebel, M., Dev Biol
302, 345-355, (2007); 48 Thomson, R. E. et al., Neural Dev 4, 4, (2009); 49 Saarimaki-Vire, J. et al., J
Neurosci 27, 8581-8592, (2007); 50 Gaiano, N. Neuron 60, 189-191, (2008); 51 Dang, L., Dev Neurosci
28, 58-69, (2006).; 52 Hoe, H. S. et al., J Neurosci 29, 7459-7473, (2009); 53 Gerstner, J. R. et al.,
PLoS One 3, e1631, (2008); 54 Gerstner, J. R., Neuroscience 139, 1435-1448, (2006); 55 Plachez, C. et
al., J Comp Neurol 508, 385-401, (2008); 56 Campbell, C. E. et al., BMC Dev Biol 8, 52, (2008); 57
Steele-Perkins, G. et al., Mol Cell Biol 25, 685-698, (2005); 58 Jacob, J. et al., Development 136, 24772485, (2009); 59 Pattyn, A. et al., Nat Neurosci 7, 589-595, (2004); 60 Houweling, A. C. et al., Mech
Dev 107, 169-174, (2001); 61 Garriock, R. J., Dev Genes Evol 211, 257-260 (2001); 62 Lebel, M. et al.,
Mol Cell Biol 23, (2003); 63 Tripodi, M., Development 131, 6119-6129, (2004); 64 Kim, B. J., Dev
Biol 326, 378-391, (2009); 65 Anderson, R. M., Development 129, 4975-4987 (2002); 66 Bucher, K. et
al., Dev Biol 227, 533-544, (2000); 67 Mori, S. et al., Brain Res Mol Brain Res 64, 199-210, (1999); 68
Ben-Shachar, S., Hum Mol Genet 18, 2431-2442, (2009); 69 Zhang, D. et al., J Neurochem 98, 860875, (2006); 70 Zarbalis, K. et al., PLoS Biol 2, E219, (2004); 71 Zhang, D., J Neurosci Res 85, 35153522, (2007); 72 Li, G. et al., J Neurosci 28, 1085-1098, (2008); 73 Luo, Y., J Biol Chem 283, 2478924800, (2008); 74 Bhattacharyya, B. J. et al., J Neurosci 28, 6720-6730, (2008); 75 Yabe, T.,
Glycobiology 15, 982-993, (2005); 76 Bekku, Y., J Neurochem 108, 1266-1276, (2009); 77 Louvi, A., J
Comp Neurol 504, 550-569, (2007); 78 Castelo-Branco, G. et al., Proc Natl Acad Sci U S A 100,
12747-12752, (2003); 79 Lopez-Bendito, G. et al., Cell 125, 127-142, (2006); 80 Zhao, Y. et al., Proc
Natl Acad Sci U S A 104, 13182-13186, (2007); 81 Mishima, Y., J Neurosci 29, 11377-11384, (2009);
82 Lin, W. et al., Dev Biol 333, 386-396, (2009); 83 Friling, S. et al., Proc Natl Acad Sci U S A 106,
7613-7618, (2009); 84 Hirabayashi, Y. et al., Development 131, 2791-2801, (2004); 85 Vogel, T., Cereb
Cortex 20, 661-671, 2010; 86 Roussa, E. et al., Stem Cells 24, 2120-2129, (2006); 87 Elvers, M., Mech
Dev 122, 587-602, (2005); 88 Ever, L., Dev Neurosci 30, 306-318, (2008); 89 Martin, D. M. et al., Dev
Biol 267, 93-108, (2004); 90 Storm, E. E. et al., Development 133, 1831-1844, (2006); 91 Ye, W. et al.,
Nat Neurosci 4, 1175-1181, (2001); 92 Kala, K. et al., Development 136, 253-262, (2009); 93 Zhou, Y.,
Development 127, 3829-3838 (2000); 94 Nardelli, J., Dev Biol 210, 305-321, (1999).
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3.2.6 MATERIAL AND METHODS
Materials
Unless otherwise mentioned, cell culture media and reagents were from Invitrogen
(Carlsbad, USA) and accessory reagents from Sigma. Antibodies: anti-Tuj1 (cat. #
MMS-435P; Covance), anti-NeuN (cat. # MAB377; Chemicon), anti-GAD65 (GAD-6;
DSHB), anti-SV2 (SV2; DSHB), anti-PSD95 (cat. # 51-6900; Zymed), anti-Nestin
(cat. # MAB353; Chemicon), anti-GFAP (clone: G-A-5; Sigma) anti-Nestin-647
(clone: 25/NESTIN; BD Biosciences).
mRNA

Primer:

Pou5f1-fw:

5’-CTCTTTGGAAAGGTGTTCAGCCAGAC-3’,

Pou5f1-re:

5’-CGGTTCTCAATGCTAGTTCGCTTTCTC-3’, Nestin-fw: 5’-CTGGAAGGTGGGCAGCAACT-3’, Nestin-re:
5’-ATTAGGCAAGGGGGAAGAGAAGGATG-3’, Synaptophysin-fw: 5’-GGGTCTTTGCCATCTTCGCCTTTG3’,

Synaptophysin-re:

5’-GCCCGGCTCGAGGTCGAG-3’,

5’-CGAGGAGGAGTAGTCACCAACTAGGA-3’,
Gfap-re:

5’-GTCTATACGCAGCCAGGTTGTTCTCT-3’,

Gfap-fw:
Shh-fw:

5’-CAGCGGCAGATATGAAGGGAAGATCA-3’, Shh-re: 5’-GTCTTTGCACCTCTGAGTCATCAGC-3’, Hes5fw:

5’-CCCAAGGAGAAAAACCGACTGCG-3’,

Hes5-re:

5’-GACAACTTTATCTTTGGTCAGAGTGGTGCTG-3’,

5’-CAGCAAAGCCTTCGCCGC-3’,

Tubb3-re:

Tubb3:

5’-GATGCGGTCGGGGTACTCC-3’,

Nkx2.1-fw: 5’-TACCACATGACGGCGGCG-3’, Nkx2.1-re: 5’-ATGAAGCGGGAGATGGCGG-3’, Dlx1-fw:
5’-TCACACAGACGCAGGTCAAGATATGG-3’,

Dlx1-re:

5’-AGATGAGGAGTTCGGATTCCAGCC-3’

HoxA6-fw: 5’-CTGTGCGGGTGCCGTGTA-3’, HoxA6-re: 5’-GCGTTAGCGATCTCGATGCGG-3’ Hb9-fw:
5’-CGAACCTCTTGGGGAAGTGCC-3’, Hb9-re: 5’-GGAACCAAATCTTCACCTGAGTCTCGG-3’ Vglut1-fw:
5’-GGTCACATACCCTGCTTGCCAT-3’,

Vglu1-re:

5’-GCTGCCATAGACATAGAAGACAGAACTCC-3’

Gad2-fw: 5’-AAGGGGACTACTGGGTTTGAGGC-3’, Gad2-re: 5’-AGGCGGCTCATTCTCTCTTCATTGT-3’,
Isl1-fw: 5’-ACCTTGCGGACCTGCTATGC-3’, Isl1-re: 5’-CCTGGATATTAGTTTTGTCGTTGGGTTGC-3’,
Tubb3-fw:

5’-GACAACTTTATCTTTGGTCAGAGTGGTGCTG-3’,

5’-GATGCGGTCGGGGTACTCC-3’,
5’-GCGTTGGACGTGCCCTTCT-3’

Mapt-fw:
App-fw:

5’-ACACCCCGAACCAGGAGGA-3’,
5’-TCAGTGAGCCCAGAATCAGCTACG-3’,

Tubb3-re:
Mapt-re:
App-re:

5’-GTCAGCCCAGAACCTGGTCG-3’, Pink1-fw: 5’-GGGATCTCAAGTCCGACAACATCCT-3’, Pink1-re:
5’-CTGTGGACACCTCAGGGGC-3’

Snca-fw:

5’-CACAGGCATGTCTTCCAGGATTCC-3’

5’-ATGGAGTGACAACAGTGGCTGAGA-3’,

Prnp-fw:

5’-ACCATCAAGCAGCACACGGTC-3’,

Snca-re:
Prnp-re:

5’-GACAGGAGGGGAGGAGAAAAGCA-3’, Nrnx1-fw: 5’-GTGGGGAATGTGAGGCTGGTC-3’, Nrnx1-re:
5’-TCTGTGGTCTGGCTGATGGGT-3’,
5’-TTCCATGAACCGTGGTGACTCC-3’,

Aqp4-fw:
Gjb6-fw:

5’-GCTCAGAAAACCCCTTACCTGTGG-3’,

Aqp4-re:

5’-CGTACACCAGCAGCATTTTCTTCC-3’,

Gjb6-re:

5’-AGTGAACACCGTTTTCTCAGTTGGC-3’, SparcL-fw: 5’-CCCAGTGACAAGGCTGAAAAACC-3’, SparcLre: 5’-GTAGATCCAGTGTTAGTGTTCCTTCCG-3’, Slc1a3-fw: 5’-CTCTACGAGGCTTTGGCTGC-3’, Slc1a3re: 5’-GAGGCGGTCCAGAAACCAGTC-3’, Pla2g7-fw: 5’-GGGCTCTCAGTGCGATTCTTG-3’, Pla2g7-re:
5’-CAACTCCACATCTGAATCTCTGGTCC-3’, Aldh1l1-fw: 5’-CTCGGTTTGCTGATGGGGACG-3’, Aldh1l1re: 5’-GCTTGAATCCTCCAAAAGGTGCGG-3’, Pygb-fw: 5’-GGACTGTTATGATTGGGGGCAAGG-3’, Pygbre:

5’-GCCGCTGGGATCACTTTCTCAG-3’,

Vim-fw:

5’-GAGATGGCTCGTCACCTTCGTG-3’,

Vim-re:
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5’-CCAGGTTAGTTTCTCTCAGGTTCAGG-3’.

Toxicants: Retinoic acid (cat. # R2625; Sigma), Cyclopamine: (cat. # 239803;
Calbiochem), PD184352: (cat. # Axon 1368, axon medchem), SU5402 (cat. # 572631,
Calbiochem), CHIR99021 (cat. # Axon 1386, axon medchem)
Cell culture and differentiation
CGR8, a widely available murine ESC line suitable for feeder-free culture
maintenance and with established potential to develop along the neuroectodermal and
neuronal lineage (Conti et al. 2005; Suter et al. 2009b) was kindly provided by K.-H.
Krause (Geneva). Cells were cultured in complete Glasgow’s modified Eagles medium
(GMEM), supplemented with 10% heat inactivated fetal bovine serum (FBS; PAA,
Pasching, Austria), 2 mM Glutamax, 100 µM non-essential amino acids, 50 µM βmercaptoethanol, 2 mM sodium pyruvate and 1000 U/ml leukemia inhibitory factor
(Chemicon). Cells were kept at 37°C in 5% CO2 on tissue culture plates coated with
0.1% gelatin, and were routinely passaged every 48 h.
The mESC were differentiated towards the neural lineage according to the protocol
developed by Ying and colleagues (Ying and Smith 2003). At critical steps, we used
the following parameters: cells were plated in the priming phase at 1.2 x 105 cells/cm2
in complete GMEM on 0.1% gelatin coated Nunclon culture dishes (Nunc,
Langenselbold, Germany). Next day, for neural induction, cells were plated on gelatincoated Nunclon dishes at 104 cells/cm2 in N2/B27 medium (composition as described
in

(Ying

and

Smith

2003),

for

a

detailed

description

of

B27

see

http://www.paa.com/cell_culture_products/reagents/growthsupplements/neuromix.htm
l). On day 7 of differentiation (DoD7) for neuronal generation and maturation, cells
were replated at 104 cells/cm2 on poly-L-ornithin (10 µg/ml) and laminin (10 µg/ml)
coated Nunclon dishes in N2/B27 medium. Cells were fed every other day with
complete medium change with N2/B27 medium.
Immunostaining and FACS analysis
For immunocytochemical analysis, cells were fixed with methanol (-20°C) or 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) and permeabilized with
0.1% Triton X-100 in PBS. After blocking with 10% FBS, cells were incubated with
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primary antibodies (Tuj1 1:1000, NeuN 1:200, GAD65 1:200, SV2 1:200, PSD95
1:500, Nestin 1:500, Nestin-647 1:40, GFAP 1:800) over night. After incubation with
appropriate secondary antibodies nuclei were counterstained with Hoechst H-33342
dye. Images were taken on the original cell culture dishes using an IX81 inverted
microscope (Olympus, Hamburg, Germany) equipped with a 40x, NA 0.6 long range
lens and processed using CellP imaging software (Olympus). For confocal microscopy
cells were grown on 4-well chamber slides (Nunc), fixed with 4% PFA/2% sucrose in
PBS and permeabilized with 0.6% Triton X-100 in PBS. After blocking with 5%
BSA/0.1% Triton X100 in PBS cells were incubated with Tuj1 antibody in blocking
buffer for one hour at room temperature. After incubation with appropriate secondary
antibodies nuclei were counterstained with DAPI. Confocal images were taken using a
Zeiss LSM 510Meta confocal microscope equipped with a Plan Apochromat 63x, NA
1.4 oil DIC lens. Images were analyzed and processed using ImageJ.
For flow cytometry, cells were dissociated on DoD7 with accutase, fixed and
permeabilized in Cytofix Buffer followed by Perm Buffer I (both BD Bioscience,
Franklin Lakes, USA), and stained with anti-nestin antibody conjugated to Alexa-647,
or isotype control. Cells were analyzed with an Accuri C6 flow cytometer (Accuri
Cytometers, Ann Arbor, USA) and data processed with CFlow Plus (Accuri
Cytometers).
Quantitative PCR and quality control of differentiation
Total RNA of five independent differentiation experiments, performed at different
times, with different CGR8 cell batches, and by different operators was isolated at
indicated time points for marker gene expression analyses using Trizol, the RNA was
retro-transcribed with SuperScript II reverse transcriptase, and the resultant cDNAs
were amplified in a Biorad Light Cycler (Biorad, München, Germany) with primers
specific for the genes of interest and designed for a common melting temperature of
60°C. Real-time quantification for each gene was performed using SybrGreen and
expressed relative to the amount of gapdh mRNA using the 2^(-Delta Delta C(T))
method (Livak and Schmittgen 2001). For each run, the consistency of conditions and
constancy of gapdh amounts in the samples was controlled by assessment of its
absolute cycle number (= 18 ± 0.5).
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Gene expression analysis
Cells were used for RNA preparation as undifferentiated mESC before the priming
phase (day 0), on DoD7 (before replating), on DoD15 and on DoD20. RNA was
extracted from Trizol preparations and purified using RNeasy Mini prep columns
(Qiagen). The total RNA harvested was quantified using a Nanodrop device (Thermo
Scientific, USA) and its integrity was assessed using Agilent Bioanalyser (Agilent,
USA). Illumina TotalPrep RNA Amplification Kit (Ambion, USA) and 500 ng total
RNA of each sample was used according to the manufacturer’s protocol to produce
biotin-labelled cRNAs. For hybridization onto Sentrix Mouse Ref.8 V2 mRNA
microarray beadchips (Illumina), 750 ng labelled cRNA were incubated for 16 h at
58°C. After hybridization, chips were washed, blocked, and streptavadin-Cy3 stained.
Fluorescence emission by Cy3 was quantitatively detected using BeadArray Reader
Scan. Statistical analysis data is based on duplicate samples. Each of the samples
contained pooled RNA from two differentiations to further increase robustness of
results. Technical variation of the chip was minimal as tested by rerun of the same
sample on two different arrays and by comparison of results from two beadchips
within one array.
Data analysis
Original and processed data have been deposited for public access in the EBI
Arrayexpress database (Accession Number to be supplied). For initial processing, data
were uploaded to Beadstudio (Illumina) for background subtraction. Further
processing (baseline transformation and normalization to 75 percentile) and analysis
was performed with Genespring 9.0 (Agilent, Santa Clara, CA), and all normalized
expression kinetics data sets were used as input for an unsupervised non-hierarchical
clustering with relation to the average of expression of all genes on the chip, using the
K-means algorithm. The eight major clusters were selected for further analysis. Within
these, significant gene expression profiles were selected, based on a minimum
regulation of 2.0-fold on any of the time points and on two-way ANOVA taking into
account the regulation range and the variation between different arrays.
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Patch-clamp recording
For functional characterisation, neurons from at least three independent differentiations
were tested for electrophysiological activity. Electrodes with a resistance of 2-5 MΩ
were pulled of borosilicate glass (Clark, G150F, Warner Instruments, Hamden, CT,
USA) on a Sutter Instruments (Novato, CA, USA) P-97 horizontal micropipette puller.
All experiments were carried out using a custom built recording chamber (800 µl
volume) made of Teflon within a temperature-controlled microscope stage (37°C).
Whole cell voltage and current clamp recordings were obtained from cells at day of
differentiation (DoD) 20-24. Cells were grown on coated glass cover slips (10 mm)
from DoD7 on. Whole-cell currents were recorded using an L/M-EPC-7 amplifier (List
Medical Electronic, Darmstadt, Germany), digitised at sampling frequencies between
10 kHz to 50 kHz using a DigiData 1320A AD/DA converter (Axon Instruments Inc.).
The patch pipettes for spontaneous and evoked action potential measurements as well
as for the neurotransmitter responses were filled with (in mM) 90 K+-gluconate,
40 KCl, 1 MgCl2, 10 NaCl, 10 EGTA, 4 Mg-ATP, 10 HEPES/KOH (pH 7.4 at 37°C),
whereas the bath solution contained (in mM): 155 NaCl, 1 CaCl2, 3 KCl, 10 D-(+)glucose, 10 HEPES/NaOH (pH 7.4 at 37°C). The protocol for recording of Na+ and K+
channels was as follows: cells were hyperpolarized to -90 mV, and subsequently
stepped to a defined voltage as indicated and returned to -70 mV, before the next cycle
with a different voltage step was run. Each cycle took 120 ms. For the neurotransmitter
response measurements, the different substances were directly added as concentrated
stock solutions to the recording chamber in amounts of 1-10 µL. Antagonists were
added at least one min before the agonists. Recordings were initiated within 100 ms
after addition of agonists. For the measurement of barium currents through calcium
channels the pipette filling solution contained (in mM) 110 CsF, 10 NaCl, 20 TEA-Cl,
10 EGTA, 4 Na2-ATP, 10 HEPES/CsOH (pH 7.4 at 37°C), whereas the bath solution
contained (in mM) 130 NaCl, 10 BaCl2, 10 D-(+)-glucose, 5-tetraethylammonium
chloride, 10 4-aminopyridine, 0.5 tetrodotoxin, 10 HEPES/NaOH (pH 7.4 at 37°C).
All current signals were normalized against the individual cell capacitances (as a
surrogate measure for cell size) and are expressed in current densities (current divided
by cell capacitance). Liquid junction potentials (LJP) were measured and corrected,
using the method described by Erwin Neher (1992) except for barium current
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measurements. Stimulation, acquisition and data analysis were carried out using
pCLAMP 10.2 (Axon Instruments Inc.) and ORIGIN 8.0 (OriginLab Corp., MA,
USA). Fast and slow capacitive transients were cancelled online by means of analogue
circuitry. Residual capacitive and leakage currents were removed online by the P/4
method. Series Resistance Compensation was set to at least 50%. For analysis, traces
were filtered offline at 5 kHz. Cells for measurements were chosen with respect to
their morphological phenotype (small round highly elevated (phase-bright)) cell bodies
with projections of at least five times cell body diameter, growing in network-like
clusters containing at least 20-30 similar cells). The patch pipette was approached to
these cells perpendicular to the plane formed by the cell membrane in the patch region.
Statistics and data mining
The numbers of replicates of each experiment are indicated in figure legends. Data
were presented, and statistical differences were tested by ANOVA with post-hoc tests
as appropriate, using GraphPad Prism 4.0 (Graphpad Software, La Jolla, USA).
Assignment of significantly overrepresented gene ontology (GO) categories to
different clusters, and calculation of probabilities of a false-positive assignment was
performed by G-profiler (http://biit.cs.ut.ee/gprofiler/ (Reimand et al. 2007)). For
coverage of biological domains without appropriate and well-controlled GO category,
relevant genes were assembled from the literature and cross-checked by 2-3
independent specialists. The number of genes within these groups identified in this
study was indicated in relation to the overall number of possible hits or in relation to
their distribution over different clusters. The genes defined in this study as embryonic
stem cell markers or neural stem cell (NPC) markers were derived from recent
literature (Kuegler et al. 2010). Neuronal (N) differentiation markers (n = 574) were
defined as all members of gene ontology (GO) GO:0048699 (generation of neurons)
corrected for those genes used as NPC markers. The graphical representation of
identified genes (or groups) within their biological context is based on the major gene
function as indicated on the NCBI-gene website and the literature. Importantly,
members of each identified group were scored according to their suitability as markers
for a PCR-based quality control of the differentiation pattern in toxicity experiments.
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Several selection rounds were run to identify the final set of markers displayed as
example genes in the tables and some of the figures.
Toxicity experiments
Cells were exposed to chemicals during different phases of differentiation to test the
suitability of the model system for neurotoxicity testing, and for testing of
developmental neurotoxicity during defined time windows. Retinoic acid (1 µM), “3i”
(a mixture of 0.8 µM PD184352, 2 µM SU5402, 3 µM CHIR99021) (Ying et al. 2008)
or cyclopamine (1 µM) were added to cultures from DoD1-DoD7 or from DoD8DoD15. Then the experiment was ended, or incubation continued in the absence of
chemicals for additional 6 days. On the final day, RNA was prepared by the Trizol
method for PCR analysis. For morphological observations, the monolayer regions
within the culture wells were imaged. Genes were preselected before the analysis as
endpoints for initial proof-of-concept experiments, and results from all genes chosen
are presented.
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3.3 GFAP-independent inflammatory competence and trophic
functions of astrocytes generated from murine embryonic
stem cells
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3.3.1 ABSTRACT
The directed generation of pure astrocyte cultures from pluripotent stem cells has
proven difficult. Generation of defined pluripotent-stem-cell derived astrocytes would
allow new approaches to the investigation of plasticity and heterogeneity of astrocytes.
We here describe a two-step differentiation scheme resulting in the generation of
murine embryonic stem cell (mESC) derived astrocytes (MEDA), as characterized by
the upregulation of 19 astrocyte-associated mRNAs, and positive staining of most cells
for GFAP (glial fibrillary acidic protein), aquaporin-4 or glutamine synthetase. The
MEDA cultures could be cryopreserved, and they neither contained neuronal, nor
microglial cells. They also did not react to the microglial stimulus lipopolysaccharide,
while inflammatory activation by a complete cytokine mix (CCM) or its individual
components (TNF-α, IL1-β, IFN-γ) was readily observed. MEDA, stimulated by CCM,
became susceptible to CD95 ligand-induced apoptosis and produced NO and IL-6.
This was preceded by NF-kB activation, and up-regulation of relevant mRNAs. Also
GFAP-negative astrocytes were fully inflammation-competent. Neurotrophic support
by MEDA was found to be independent of GFAP expression. In summary, we
described here the generation and functional characterization of microglia-free
murine astrocytes, displaying phenotypic heterogeneity as is commonly observed in
brain astrocytes.

3.3.2 INTRODUCTION
Astrocytes are a functionally heterogeneous group of cells that differ in function and
phenotype, depending on the local environment or their activation state (Brüstle et al.
1999; Fraichard et al. 1995; Mujtaba and Rao 2002). They have homeostatic functions
and provide neuronal support. In addition, they also play an important role in
neurotransmission (Kamnasaran et al. 2008), in disease processes (Kuegler et al. 2010)
and in the brain’s host defence (Blomgren et al. 2007; Falsig et al. 2008).
Some aspects of astrocyte plasticity and heterogeneity are difficult to examine
in primary astrocytes in vitro. Such cultures are most frequently derived from newborn
mice and are usually optimized for homogeneity with respect to GFAP expression. The
cells are known to differ significantly from adult astrocytes (Falsig et al. 2004; Falsig
et al. 2006a; Henn et al. 2011).
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It is nowadays widely accepted that GFAP, the most commonly used
phenotypic marker, only labels a subset of astrocytes (Falsig et al. 2004; Falsig et al.
2006a; Henn et al. 2011). Studies with GFAP–/– mice showed little alterations of
phenotype. Astrocytes were normally distributed and still expressed the intermediate
filaments nestin and vimentin (Crocker et al. 2008; Falsig et al. 2004; Henn et al.
2011).
The surface protein GLT-1 marks adult astrocytes and was used to isolate GFAP+ and
GFAP¯ astrocytes from brain. GLT-1+/GFAP¯ astrocytes showed a global gene
expression similar to GLT-1+/GFAP+ astrocytes (Napoli et al. 2009).
Apart from GFAP, the water transport channel aquaporin-4 (Aqp4), the calcium
binding protein S100beta, and glutamine synthetase (GS), an enzyme important for
glutamate metabolism and ammonia detoxification in the brain, are frequently used for
identification of astrocytes (Falsig et al. 2004; Henn et al. 2011). Recently, Aldh1L1, a
member of the aldehyde dehydrogenase family 1, was described as a potential panastroglial marker (Lund et al. 2005).
Astrocytes are generally considered a very powerful line of host defence in the
brain. After primary recognition of invading pathogens by microglia, astrocytes are
activated by their secreted cytokines such as TNF and IL-1 (Falsig et al. 2004; Falsig
et al. 2006a; Henn et al. 2011). In vitro cultured astrocytes, stimulated with such
cytokines, behave similarly to activated macrophages, and upregulate a variety of
inflammatory mediators (Mujtaba and Rao 2002). The study of astrocyte-specific
inflammation in primary in vitro cultures is frequently confounded by contamination
with microglia, which are difficult to separate during the isolation of astrocytes from
brain preparations (Kamnasaran et al. 2008).
Differentiation of murine embryonic stem (mESC) cells closely mimics sequential
processes of brain development (Crocker et al. 2008; Gritti et al. 1994; Reynolds and
Weiss 1992; Vanhoutte et al. 2004). Thus, differentiating mESC may provide access to
astrocytes of different developmental stages. While the differentiation of neurons from
embryonic stem cells is a standard procedure nowadays, the differentiation of
astrocytes is less well characterized. Existing protocols mostly generate mixed cell
populations with a low percentage of astrocytes (Cahoy et al. 2008). Relatively pure
cultures have only been obtained by transient transfection of a fluorescent-labeled
100

Chapter 3.3

RESULTS
MEDA – GFAP-INDEPENDENT FUNCTIONS OF ASTROCYTES

astrocyte-specific reporter construct (GFAP) and subsequent fluorescent-activated cell
sorting of GFP-positive cells (Cahoy et al. 2008; Lovatt et al. 2007).
In order to study astrocytes in greater detail, astroglial cultures would be
desirable that closer represent the astrocytic heterogeneity of the brain and would
allow the detailed investigation of functional attributes such as inflammatory responses
and trophic support. We therefore initiated this study to generate microglia-free
cultures containing GFAP+ and GFAP¯ astrocytes. We asked whether such astrocyte
cultures differentiated from mESC can perform typical functions of astrocytes, such as
inflammatory activation, metabolic conversion of drugs and toxicants as well as
trophic support of neurons. We further examined on a single cell level whether there is
a correlation between GFAP expression and functional properties of astrocytes.

3.3.3 RESULTS
Differentiation of mESC to highly astrocyte-enriched cultures.
A two step procedure was developed and optimized to generate murine embryonic
stem cell-derived astrocytes (MEDA). The neural induction phase during the first step
was based on suspension cultures that were started from single cells. These formed cell
aggregates that were grown for 21 days. Cell aggregates were plated onto fibronectincoated plates and expanded in astrocyte differentiation medium for additional 28 days.
During this time the aggregates adhered and cells migrated out, developing a flat
transparent morphology resembling primary astrocytes (Figure 3.3-1 A). Protein
expression analysis of the astrocyte marker GFAP during differentiation revealed a
sharp increase in expression during the last week of the adherent culture phase (day of
differentiation (DoD) 41 - DoD49) (Figure 3.3-1 B).
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Figure 3.3-1: Differentiation of mESC to MEDA.
(A) The key steps in the generation of MEDA from mESC are displayed schematically along with the
typical morphological appearance of the cultures at selected days of differentiation (DoD). (B) During
the differentiation process, GFAP expression was assessed by Western Blot. (C) On DoD49, the cultures
were immunostained for the astrocytic marker proteins (green) GFAP, S100β, GS and Aqp4 and
counterstained for DNA (red) with H-33342. Scale bar = 100 µm.

102

Chapter 3.3

RESULTS
MEDA – GFAP-INDEPENDENT FUNCTIONS OF ASTROCYTES

Table 3.3-1: Gene expression levels and relative gene expression changes of astrocyte marker
genes during differentiation of mESC to MEDA.
gene
symbol

corresponding protein
name

Gapdh
Gfap
Aqp4
Slc1A2
Gjb6
Pla2g7
S100β
Acta2
Vim
PygB
Aldh1L1
Slc1A3
ApoE
Glul
AldoC
Gja1
Csad
BysL
Kcnj10
Car2
Pou5f1 e
Nanog e
Nes e

glycerinaldehyde-P dehydrog c
glial fibrillary acidic protein
aquaporin-4
GLT-1, EAAT2
connexin 30
PAF-acetylhydrolase c
S100beta
alpha-actin-2
Vimentin
brain glycogen phosphorylase
aldehyde dehydrog.1 L1 c
glast, EAAT1
apolipoprotein E
glutamine synthetase
fructose biphosphate aldolase C
connexin 43
cysteine SA decarbox.c
bystin, bystin-like
potassium channel Kir4.1
carbonic anhydrase 2
Oct-4
nanog homeobox
nestin

expression (rel. to Gapdh) a
DoD 0 DoD 21
1000 1000
0.02 0.03
0.02 0.1
0.02 0.15
0.05 0.3
0.45 2.2
0.02 0.03
4.5
4
27
29
2
3
0.3
2
2
4.2
159
633
24
13
4
5
82
90
1
3.3
4
6.4
0.6
0.6
9.2
4.6
29
10
2692 1110
0.1
0.2

DoD 28 DoD 49
1000 1000
0.08
61
0.2
37
2.2
20
0.2
4.9
3.5
54
0.08
0.6
97
177
341
741
5.4
44
1.1
9
2.9
34
167
2497
20
384
4
32
159
627
0.9
8.3
8
21
0.3
2
3.3
20
1
0.7
202
98
3.5
1.5

DoD49 vs. 0 b
±SEM
1
2912
1885
576
108
80
29
28
24
23
21
14
11
11
7
6
5
4
3
2
0.02
0.06
8

± 46
± 98
± 249
±
0
± 28
±
2
±
8
±
3
±
3
±
9
±
4
±
3
±
4
±
0
±
1
±
2
±
1
±
0
±
0
±0.01
±0.02
±
2

a

Gapdh was used as housekeeping gene and its expression was arbitrarily set to 1000. The expression of
all other genes was expressed as 2-∆Ct, relative to Gapdh. The Ct-values above ≥ 35 were set to 35.
Gapdh Ct were mESC 19.5; DoD21 20.1; DoD28 21.4; DoD49 23.4.
relative gene expression levels over time are displayed as 2-∆∆Ct. The expression of each mRNA at
DoD 49 was normalised to its own expression on DoD 0 (= mESC).
b

c

abbreviations: glycerinealdehydephosphate dehydrogenase (Gapdh); platelet-activating factor
acetylhydrolase (Pla2g7); aldehyde dehydrogenase 1 L1 (Aldh1L1); cysteine sulfinic acid decarboxylase
(Csad).
d

the average variation of the upregulation factors between 2 independent differentiations for DoD49 vs.
DoD0 are displayed as SEM.
e

the pluripotency markers Pou5f1 and Nanog and the neuroectoderm marker Nestin were included for
comparison.
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We used a broad panel of genes characterizing astrocytes (Walz and Lang 1998), to
analyze the differentiation kinetics in more detail. All 19 marker genes were
upregulated between 3 – 3000 fold (Table 3.3-1), while the pluripotency genes coding
for Oct-4 and Nanog decreased steadily. Nestin, a marker for neural progenitor cells
increased transiently. When astrocytic marker proteins were investigated by
immunostaining, we observed high expression of GFAP, Aqp4, glutamine synthetase
and S100β in a majority of cells throughout the cultures on DoD49 (Fig. 3.3-1 C).
CNPase, a marker for oligodendrocytes, or beta-III tubulin, a neuronal marker were
not detectable (data not shown). Robustness and general applicability of the
differentiation protocol was verified with other mESC lines such as E14.1 and
subclones of CGR8 (data not shown).
Cytokine activation of MEDA cultures
Following injury, and as a result of other inflammatory signals, astrocytes undergo
activation (Ambrosini et al. 2003; John et al. 2005; Meeuwsen et al. 2003). This is
commonly modelled in vitro by cytokine stimulation and measurement of the
production of key inflammatory mediators. Here, we examined the acquisition of
inflammatory competence by MEDA during differentiation, by measuring release of
interleukin 6 (IL-6) and nitric oxide (NO) into the culture supernatants. Stimulations
were performed with a frequently used ‘complete cytokine mix’ (CCM) (Aschner and
Kimelberg 1991; Chiba et al. 1984; Marini et al. 1989), consisting of interleukin 1 beta
(IL1-β), interferon gamma (IFN-γ) and tumour necrosis factor alpha (TNF-α). While
pluripotent mESC showed no response to CCM, the response increased steadily from
DoD28 onwards in the differentiating cultures. On DoD49, the fully differentiated,
CCM-stimulated MEDA secreted high amounts of NO and IL-6 (Figure 3.3-2 A),
whileunstimulated MEDA did not secrete such mediators (not shown). This response
was similar to that of primary astrocytes (Schildknecht et al. 2009). MEDA stimulated
on DoD49 (Figure 3.3-1 A) also upregulated other typical astrocyte inflammation
markers (Walz 2000), such as Cmpk2 (Tyki), Ifit3 and matrix metalloprotease 3
(Mmp3) after stimulation (Figure 3.3-2 B).
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Figure 3.3-2: Differentiation of mESC into inflammation-competent astrocytes.
The undifferentiated (mESC) and differentiating cells were stimulated at different stages (DoD) with a
‘complete cytokine mix’ (CCM), comprising TNF-α (10 ng/ml), IL1-β (10 ng/ml) and IFN-γ (20 ng/ml)
for 24 h, and the release of NO and IL-6 into the supernatant was measured. (B) MEDA were stimulated
on DoD49 with CCM for 16 h before RNA expression was analyzed by qPCR for the astrocyte
inflammation markers Cmpk2 (Tyki), Ifit3 and Mmp3. Data represent means ± SEM from three
independent differentiations. *: P<0.05 (vs. mESC (A), vs. unstimulated control (B)).

Replated MEDA cultures with different subpopulations
For the use of MEDA in inflammation studies, reproducible cell numbers and similar
cell populations across multiple wells are desirable. This was achieved by large scale
differentiation, and subsequent replating at defined cell numbers. After replating, such
secondary cultures were phenotyped and used for all further functional experiments
(Supporting Figure 3.3-1 B). Immunofluorescence microscopy revealed several
subpopulations. While most cells (81 ± 16%) expressed S100β protein (Figure 3.3-3 A,
Supporting Figure 3.3-2 A), 31 ± 18 % of the cells were GFAP-positive (Figure 3.3-3
B, Supportiung Figure 3.3-2 B). In addition, many of the GFAP-negative cells were
positive for other astrocytic markers such as glutamine synthetase (Figure 3.3-3 C,
Supporting Figure 3.3-2 C) or Aqp4 (Figure 3.3-3 D, Supporting Figure Figure 3.3-2
D). These results suggest the presence of different astrocyte subpopulations, including
GFAP-negative astrocytes.
Microglia-free MEDA cultures for inflammation studies
Generation of microglial precursor cells from murine embryonic stem cells has
recently been described under neural-inductive conditions, and via nestin-postive
intermediate stages (Pekny et al. 1995).

Therefore, we examined the potential

presence of microglial cells. However, we never detected the microglial markers
CD11b and F4/80 in MEDA in immunofluorescence microscopy (data not shown), nor
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Figure 3.3-3: Characterization of GFAP-negative cells in replated MEDA cultures by other
astrocyte markers.
MEDA were differentiated and replated at a density of 2 x 105 cells/cm2. The cultures were
immunostained for astrocyte markers 48 h after passaging, and nuclei were labelled with H-33342. (A)
The majority of the cells stained positive for S100β (green); (B) GFAP staining (green) indicated the
presence of GFAP-positive and GFAP-negative subpopulations; (C,D) Co-staining of GFAP (green)
with Aqp4 or GS (red) indicated several subpopulations of cells. Some were double positive; others
(arrows indicate examples) were negative for GFAP and positive for other astrocyte markers. Single
channel images are provided in Supporting Figure 3.3-2. (E) Total RNA was prepared from secondary
MEDA cultures 48 h after replating. Control-RNA was prepared from microglia, and all samples were
analyzed for the levels of Gfap and the microglia markers Emr1 (F4/80) and Itgam (CD11b). Data are
means ± SEM from 3 experiments.

did we detect expression of two microglial marker genes, Emr1 (F4/80) and Itgam
(CD11b) by quantitative RT-PCR (Figure 3.3-3 E).
Microglia are functionally characterized by their sensitive inflammatory reaction to
lipopolysaccharide (LPS), while primary (passage 1) astrocyte cultures devoid of
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microglial contamination do not respond to LPS (Heinrich et al. 2010). As NF-kB
translocation is a sensitive readout for LPS stimulation on a single cell level (Suter et
al. 2006), we examined this response in MEDA and detected no NF-kB translocation
in response to LPS stimulation (Supporting Figure 3.3-3). We also compared the
response of MEDA to LPS and CCM. Increased mRNA levels for inducible nitric
oxide synthetase (iNOS) and IL-6 were observed after stimulation with CCM for 16 h,
but not after stimulation with LPS (Figure 3.3-4 A). This suggests that contaminations,
even with small functional microglia subpopulations can be excluded. This was further
confirmed when IL-6 and NO secretion were used as physiological response endpoints.
Co-administration of IFN-γ, which is a potential enhancer of LPS responses, also had
no effect (Figure 3.3-4 B).

Figure 3.3-4: Inflammatory activation of MEDA cultures by CCM but not by LPS.
(A) Replated MEDA were stimulated with the microglial stimulant LPS (1 µg/ml), solvent control or an
astrocyte-stimulating pro-inflammatory cytokine mix (CCM) for 16 h, before mRNAs for inducible
nitric oxide synthetase (iNOS) and IL-6 were analyzed by qPCR. (B) Replated MEDA were stimulated
with CCM or with LPS in the presence or absence of IFN-γ (20 ng/ml) for 16 h. Nitrite and IL-6 were
determined in the supernatant. All data are means ± SEM from 3 experiments. n.s.: no significant
difference (P > 0.05); *:P < 0.05.
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Cryopreservation of functional MEDA
Cryopreservation of MEDA cultures would facilitate their wide-spread use and
comparability between experiments. Therefore, MEDA were cryopreserved on DoD49
by standard methods and the cultures were characterized as described above (also see
Supporting Figure 3.3-1B). Viability after thawing was > 90% for different batches (n
= 10). CCM-stimulated cultures released NO and IL-6 in similar amounts and with
similar kinetics as freshly replated cells, while non-stimulated cells remained quiescent
after thawing (Supporting Figure 3.3-4 A). In order to get more detailed information
on the functional capacity of thawed MEDA, they were stimulated with all single
constituents of CCM and combinations thereof. The response pattern and the strong
synergy of the cytokines (Supporting Figure 3.3-4 B) were similar to the one described
earlier for primary murine astrocytes (Zimmer et al. 2011). In a similar manner,
MEDA developed sensitivity to CD95L after previous inflammatory stimulation, as
reported for primary astrocytes (Falsig et al. 2004) (Figure 3.3-5 A). Thus, functions
and regulations relevant for inflammatory activation of primary astrocytes seem to be
active in MEDA, even after freezing and thawing.
To investigate also the capacity of MEDA to metabolize drug-like compounds
after

thawing,

we

examined

methylphenyltetrahydropyridine

(MPTP)

the
into

conversion
its

of

non-toxic

neurotoxic

metabolite

methylphenylpyridinium (MPP+) and compared the conversion rate to primary
astrocytes. This metabolic function of brain astrocytes is the basis for the frequently
used MPTP model of Parkinsonian dopaminergic neurodegeneration. As both cell
types converted MPTP into MPP+ within 72 h at comparable levels (Figure 3.3-5 B),
we conclude that MEDA thawed from cryopreservation retained the capacity to
metabolize this xenobiotic.
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Figure 3.3-5: Astrocyte-specific functional properties of MEDA.
(A) Cells were stimulated for 24 h with CCM and exposed to CD95L (FasL) for 24 h. FasL-induced cell
death was quantified by co-staining with Sytox (dead cell marker) and H-33342, and counting of live
and dead cells. Data are means ± SEM of triplicates. *:P < 0.05. (B) MEDA were incubated with MPTP
for 72 h. Conversion of MPTP to MPP+ by astrocytes was measured in the supernatant using
quantitative HPLC-ESI-TOF-MS. Data are means ± SEM of two independent differentiations. Primary
murine astrocytes were used once for comparison.

Evidence for inflammatory activation of MEDA on the single cell level
To provide a basis for the study of the inflammatory activation of astrocyte
subpopulations, we chose translocation of the pivotal inflammation-activated
transcription factor NF-kB from the cytoplasm into the nucleus as read-out. NF-kB is
expressed constitutively and resides in the cytoplasm of resting cells (Figure 3.3-6 A,
Supporting Figure 3.3-3). The time course of translocation following CCM stimulation
was studied. After 15 min, the majority (90 ± 2 %) of all cells stained positive for
nuclear NF-kB (Figure 3.3-6 A). Then, relocation to the cytosol started, and after 60
min 50 ± 4 % of the cells stained for nuclear NF-kB. We chose inducible nitric oxide
synthetase (iNOS/NOS2) as second inflammation marker measurable on single cell
level. MEDA cultures stimulated with CCM for 24 h were immunostained for iNOS.
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Figure 3.3-6: Characterization of inflammatory activation of MEDA on single cell level.
MEDA were used 48 h after plating. (A) The cultures were stimulated with CCM for 1 h and stained for
the p65 subunit of NF-kB. Arrows indicate NF-kB staining in the cytosol, arrowheads point to nuclear
NF-kB staining. Nuclear translocation of NF-kB of activated MEDA was quantified at indicated time
points. Data are means ± SEM from at least 170 cells from two experiments. (B) MEDA were
stimulated with CCM for 24 h, fixed and stained for iNOS. Data are means ± SEM from three
experiments. *: P < 0.05. Scale bar = 50 µm.

The percentage of iNOS expressing cells reached 70 ± 12 % (Figure 3.3-6 B). Costaining with S100β confirmed that the iNOS-positive cells were astrocytes (data not
shown).
Neuronal support function by GFAP-positive and GFAP-negative MEDA
As support of developing neurons is an important astrocytic function, we tested this
potential feature of MEDA. Primary murine cerebellar granule cells (CGC) were
seeded in the presence or absence of a confluent layer of MEDA, and were allowed to
mature for at least 6 days. Neurons formed dense and branched networks, when plated
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on poly-L-lysine (not shown), but did not survive in the absence of coating. When
plated on uncoated plastic covered with a layer of MEDA, a complex neuronal
network developed within 6 days after plating (Figure 3.3-7 A), while a layer of 3T3
fibroblasts did not support neurons (not shown). We reduced the standard CGC plating
density 25-fold to 104 cells/cm2. This allowed the formation of single, isolated neurons
that survived well on MEDA as shown by immunostaining for the neuronal marker
Tubb3 (Figure 3.3-7 B). The neurons grew on top of the MEDA cells with axons
spanning the inter-cellular space (Figure 3.3-7 C). In the absence of MEDA, no live
neuron was detectable in these low density neuronal cultures, whether they were
coated with poly-L-lysine or not.
Attachment of CGC to MEDA was independent of their subtype as neurons
survived both on GFAP-positive and GFAP-negative cells (Figure 3.3-7 D).
Interestingly, neurons on MEDA survived for longer than three weeks, while CGC
grown under standard conditions on poly-L-lysine generally lose viability after two
weeks in culture.
Inflammatory

competence

of

GFAP-positive

and

GFAP-negative

MEDA

subpopulations
After our observation that GFAP-negative MEDA provided neuronal support, we also
addressed the question whether this subpopulation can also be activated by cytokines
to a similar degree as GFAP-positive cells. We studied NF-kB translocation in
individual CCM-activated MEDA. Both, GFAP+ as well as GFAP¯/Aqp4+ MEDA
showed nuclear NF-kB staining (Figure 3.3-8 A,B). Thus, GFAP expression was not
required for an initial inflammatory signal transduction of MEDA. Furthermore, we
tested whether this also applied to more downstream cellular responses, such as the
expression of iNOS. We found that both GFAP-positive and GFAP-negative (S100β+)
MEDA were positive for iNOS 24 h after stimulation by CCM (Figure 3.3-8 C). Thus,
it appears likely that all MEDA subpopulations, in particular GFAP-positive and
GFAP-negative MEDA, contribute to the production of inflammatory mediators.
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Figure 3.3-7: Neurosupportive properties of GFAP-positive and GFAP-negative MEDA.
Cerebellar granule cells (CGC) were plated at suboptimal (10.000 cells/cm2) or optimal (250.000
cells/cm2) density in untreated cell culture dishes or in dishes containing a confluent layer of MEDA.
(A) After 6 days in low density culture the CGC had formed a neuronal network on top of MEDA while
no neurons survived in the absence of MEDA. (B) The neuron-MEDA co-cultures were immunostained
for the neuronal marker Tubb3, and nuclei were labelled with H-33342. CGC preferably grew as single
neurons on top of MEDA cells (white circles) and were connected by long neurites. (C) Live cells were
labelled with calcein (green), and nuclei were counterstained with H-33342 (blue). The arrow points to
individual neurons growing on top of MEDA. Neurons appeared as particularly bright cells. (D) The
cultures were immunostained for GFAP (green) and Tubb3 (red), and nuclei were labelled with H33342 (blue). CGC were identified both on GFAP-positive (yellow arrowhead) and on GFAP-negative
MEDA (arrow). Scale bar = 200 µm, dotted line = 50 µm.
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Figure 3.3-8: Inflammatory activation of GFAP-positive and GFAP-negative MEDA.
MEDA were replated on DoD49. (A,B) After 48 h, the cultures were stimulated with CCM for 15 min
and immunostained for the p65 subunit of NF-kB and the astrocyte markers GFAP (green) and Aqp4
(red). (A) NF-kB translocating GFAP+/Aqp4¯ MEDA and NF-kB translocating GFAP¯/Aqp4¯ MEDA
(arrow). (B) NF-kB translocating GFAP+/Aqp4+ MEDA and NF-kB translocating GFAP¯/Aqp4+
MEDA (arrowhead). (C) MEDA were stimulated with CCM for 24 h and immunostained for inducible
nitric oxide synthetase (iNOS, red) and the astrocyte markers GFAP (green) and S100β. A
GFAP+/iNOS+ cell is shown next to a GFAP¯/iNOS+ MEDA cell (arrow). Scale bar = 20 µm.

3.3.4 DISCUSSION
A particular aim of our study was to derive astrocyte cultures from mESC that are
useful for inflammation studies and that represent a broad variety of astrocyte
subpopulations. We identified here GFAP-positive and GFAP-negative subpopulations
of MEDA. A subpopulation of cells with astrocytic markers, but without GFAP
expression, was capable of an inflammatory response, similar to the one of the wellcharacterized GFAP-positive astrocytes. Only few papers describe the generation of
astrocytes from pluripotent stem cells (ESC or induced pluripotent cells (iPSC)). For
example, Mujtaba and Rao generated astrocyte precursor cells from embryonic stem
cells by sequential immunopanning and magnetic bead sorting (Volbracht et al. 1999;
Volbracht et al. 2009). These progenitors were matured further to astrocytes. Using a
further optimization of this approach, Kamnasaran et al. describe the generation of
astrocytes from mESC (Leist et al. 1997). However, the final astrocyte populations
were restricted to a strongly GFAP-positive subpopulation.
Astrocyte cultures may also be generated from more committed tissue-specific
stem cells, such as neural stem cells isolated from the rodent brain (Falsig et al. 2004).
To our knowledge, little information is available on such cultures concerning the
degree of maturity, the dependence on the cell source (age, brain region, isolation and
culture procedure) and the heterogeneity with respect to astrocyte subpopulations.
Primary neonatal astrocytes differ from adult astrocytes and may only reflect a
small subpopulation of astrocytes in the brain (Lotharius et al. 2005). Usually, the
majority of the cells from primary astrocyte cultures are GFAP-positive. However, in
the adult brain GFAP-negative astroglial populations have been reported in several
studies (Zimmer et al. 2011). For instance, in the adult rat brain, GFAP negative
astrocytes constitute 40% of the entire astrocytic population (Leist et al. 1995).
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Therefore, the contribution of the different subtypes to brain inflammation cannot be
studied in standard primary cultures.
Replating

of

MEDA

facilitated

the

quantitative

phenotyping

by

immunocytochemistry. Most of the re-plated or thawed MEDA stained positive for
S100β (81 ± 16%). These cells contained an astrocytic GFAP+ subpopulation (31 ±
18%), of which 19 ± 13% also expressed Aqp4. In the GFAP¯ subpopulation, 15 ±
10% were positive for Aqp4. The relative amount of GFAP+ cells was higher in the
non-replated DoD49 cultures (Fig. 1C), but exact quantification was difficult because
the cells had grown into a tissue-like multilayer before they were trypsinized.
Neurons, microglia or oligodendrocytes were undetectable after replating as
assessed by immunofluorescence staining and qPCR for RNA expression. Similarly,
no remaining pluripotent stem cells were observed, but a subpopulation of other nonastrocytic cells cannot be excluded. A minor proportion of the cells did not stain
positive for any marker tested.
Inflammatory activation is one of the most prominent plastic changes of
astrocytes, and primary astrocyte cultures have been used in many studies to examine
mechanisms of inflammation (Zhang et al. 2008a). When stimulated with CCM,
MEDA reacted similar to primary astrocytes.
Astrocytes may affect neuronal viability by metabolic conversion of
endogenous compounds and xenobiotics. A prominent example is the generation of the
toxic metabolite MPP+ from MPTP via a reaction catalyzed by monoamine oxidase
(MAO) (Schildknecht et al. 2009). As we have shown here, MEDA have a conversion
activity similar to primary astrocytes. It may thus be possible to use them in cocultures with dopaminergic neurons to examine metabolism-dependent toxicity of
MPTP and other compounds.
GFAP is the most frequently used marker for inflammatory activation of
astrocytes in the brain, and for astrogliosis under pathological circumstances.
Frequently, the astrocyte population is defined exclusively by staining for GFAP.
Therefore, data on GFAP-negative astrocytes, and in particular on their inflammatory
reaction, are scarce. Most data come from GFAP–/– mice. These animals can develop
reactive gliosis similarly to wild-type animals. GFAP expression is thus no absolute
prerequisite for inflammatory competence, but it is not clear from these studies, how
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the normal GFAP-negative subpopulation behaved, and which subpopulation reacted
with gliosis. MEDA cultures allowed us to show here, that activation of the NF-kB
pathway in astrocytes upon a proinflammatory stimulus occurs also in the GFAPnegative subpopulation. Furthermore, iNOS was upregulated similarly in GFAPnegative and GFAP-positive MEDA. Thus, not only the GFAP-expressing astrocyte
population was inflammation competent. These data suggest that, as in our study, a
combination of astrocyte markers (e.g. Aqp-4, GFAP and S100β) may be useful to also
detect subpopulations of astrocytes. This would also apply to brain tissue, as already
described by Heinrich et al..
In summary, we established microglia-free cultures of mouse embryonic stem
cell-derived astrocytes. The possibility to generate different subpopulations allows
studies of astrocyte development and plasticity not possible with other culture models.
More advanced protocols may in the future allow the generation of different pure
subpopulations, and facilitate studies examining the factors controlling their
differentiation. In addition, we showed that co-cultures of neurons with MEDA are
feasible. This opens up new possibilities of studying the interplay of neurons and
astrocytes during development, the influence of astrocyte-mediated inflammation on
neurons or the role of astrocytes for the generation of (developmental) neurotoxicity.
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3.3.5 SUPPLEMENTAL INFORMATION

Supporting Figure 3.3-1: Schematic display of the experimental setups.
(A) MEDA were generated by a 7-week differentiation protocol. On DoD49 cultures were used for
phenotyping by qPCR and immunostaining. Also functional phenotyping was performed by stimulation
with CCM, and measurement of inflammatory mediators 16-24 h later (DoD50). (B) Alternatively,
MEDA were replated on DoD49 or frozen. Replated or thawed cells were allowed to form secondary
cultures that were left to attach and rest for 48 h. After this period (day2 = overall DoD51), the cells
were phenotyped or used for functional experiments such as the stimulation by CCM. CCM: proinflammatory complete cytokine mix (TNF-α, IL1-β, IFN-γ).
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Supporting Figure 3.3-2: Immunocytochemical characterization of MEDA after passaging.
Here, detailed information is given for images displayed in Figure 3.3-3. Cultures were immunostained
for astrocyte markers, and nuclei were labelled with H-33342. (A) The majority of the cells were
positive for S100β (green); (B) GFAP staining (green) indicated the presence of positive and negative
subpopulations; (C,D) Co-staining of GFAP (green) with Aqp4 or GS (red) indicated several
subpopulations of cells. Some cells were double positive; others (arrows indicate examples) were
negative for GFAP and positive for other astrocyte markers.
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Supporting Figure 3.3-3: No NF-kB activation in MEDA exposed to the microglial stimulus LPS.
Replated MEDA were exposed to solvent control (- LPS) or LPS (1 µg/ml) for 30 min, before they were
fixed and immunostained for the p65 subunit of NF-kB. The arrows indicate the location of nuclei with
much lower staining intensity than the surrounding cytoplasm. Scale bar = 50 µm.

Supporting Figurre 3.3-4: Inflammatory activation of MEDA after cryopreservation.
MEDA were generated and cryopreserved on DoD49. (A) Thawed MEDA (see Supplemental Fig. 1)
were stimulated after 48 h by CCM, and the release of NO and IL-6 into the supernatant was measured
over time. (B, C) MEDA were stimulated with the single components of CCM, or combinations thereof.
Nitrite and IL-6 were measured in the supernatant 16 h later. Data are means ± SEM from triplicate
determinations. Similar data were obtained with two other lots of frozen cells.
Supporting Table 3.3-1: Primers used for qPCR and Antibodies used for immunostainings and
Western Blot analysis.
gene RefSeq.

forward sequence

reverse sequence

acta2

5'-GGGCATCCACGAAACCACCTATA-3'

5'-GGAGGGGCAATGATCTTGATCTTCA-3'

5'-CTCGGTTTGCTGATGGGGACG-3'

5'-GCTTGAATCCTCCAAAAGGTGCGG-3'

NM_007392

aldh1l1 NM_027406
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aldoc

NM_009657

5'-GTCAGAGTGAAGAGGAGGCTTCTCT-3'

5'-CGTTCATCTCTGCCCGCTTGATA-3'

apoe

NM_009696

5'-GTCACATTGCTGACAGGATGCCTAG-3'

5'-CCATCAGTGCCGTCAGTTCTTGTG-3'

aqp4

NM_009700

5'-GCTCAGAAAACCCCTTACCTGTGG-3'

5'-TTCCATGAACCGTGGTGACTCC-3'

bysl

NM_016859

5'-CCTGGAAGTTTACCGAGGAGTCCG-3'

5'-GAGGCAAAAATCCTGGTGGCTTG-3'

car2

NM_009801

5'-CACTTTCACTGGGGCTCATCTGATG-3'

5'-CCTTGTGAGGCAGGTCCAATCTTCAA-3'

cd11b

NM_001082960 5'-CCCAGTGCTGAACTGCTCTGTTG-3'

5'-CCTCACATACGACTCCTGCCCTG-3'

csad

NM_144942

5'-GACAAGTTCTACGATGTGGCTCTGG-3'

5'-GACGAACTCGGGCTCCATTACC-3'

gapdh NM_008084

5'-GCCTCGTCCCGTAGACAAAATGGTG-3'

5'-GTAGTTGAGGTCAATGAAGGGGTCGTTG-3'

gfap

NM_001131020 5'-CCTGAGAGAGATTCGCACTCAATACG-3'

5'-CTCTAGGGACTCGTTCGTGCC-3'

gja1

NM_010288

5'-CGTCAGGGAAATCAAACGGCTGG-3'

gjb6

NM_001010937 5'-CGTACACCAGCAGCATTTTCTTCC-3'

5'-AGTGAACACCGTTTTCTCAGTTGGC-3'

glul

NM_008131

5'-GTGTGTGGAAGAGTTACCTGAGTGG-3'

5'-ATGTGCCTCAAGTTGGTCTCTGC-3'

il-6

NM_031168

5'-CCTCTGGTCTTCTGGAGTACCATAGC-3'

5'-GGAGAGCATTGGAAATTGGGGTAGG-3'

5'-CCACTCTCACCTATGTCTCCTCC-3'

inos

NM_010927

5'-TTGCCACGGACGAGACGGATAGG-3'

5'-GGGGTTGTTGCTGAACTTCCAGTC-3'

f4/80

NM_010130

5'-CCTCCAGCACATCCAGCCAAAG-3'

5'-GGTGTCCATCTCCCATCCTCCA-3'

ifit3

NM_010501

5'-GGCTGAATGGTTTTGGGGTTTG-3'

5'-CAGGTTCATGGTGCCAGGAAAA-3'

kcnj10 NM_001039484 5'-GTAGACACAGCCTCAGACAGCC-3'
mmp3

NM_010809.1

nanog NM_028016.2

5'-GGTAGGAAGTGCGAACTTGGC-3'

5'-CAGTTGGAGAACATGGAGACTTTGTCCC-3' 5'-CTTGGCTGAGTGGTAGAGTCCCAG-3'
5'-CAGAAGGGCTCAGCACCAGTG-3'

5'-CAAGTTGGGTTGGTCCAGGTCTG-3'

pla2g7 NM_013737

5'-GGGCTCTCAGTGCGATTCTTG-3'

5'-CAACTCCACATCTGAATCTCTGGTCC-3'

pou5f1 NM_013633

5'-CTCTTTGGAAAGGTGTTCAGCCAGAC-3'

5'-CGGTTCTCAATGCTAGTTCGCTTTCTC-3'

pygb

NM_153781

5'-GGACTGTTATGATTGGGGGCAAGG-3'

5'-GCCGCTGGGATCACTTTCTCAG-3'

nes

NM_016701

5'-CTGGAAGGTGGGCAGCAACT-3'

5'-ATTAGGCAAGGGGGAAGAGAAGGATG-3'

s100b

NM_009115

5'-GGTTGCCCTCATTGATGTCTTCCAC-3'

5'-CTTCCTGCTCCTTGATTTCCTCCAG-3'

slc1a2 NM_001077515 5'-GCAGCCATCTTCATAGCCCAAATG-3'

5'-CTCATTCTATCCAGCAGCCAGTCC-3'

slc1a3 NM_148938

5'-CTCTACGAGGCTTTGGCTGC-3'

5'-GAGGCGGTCCAGAAACCAGTC-3'

tyki

NM_020557

5'-GGATGCGCTGCACACCAATT-3'

5'-TAGCTCCTTGGCCTCCGTTTG-3'

vim

NM_011701

5'-GAGATGGCTCGTCACCTTCGTG-3'

5'-CCAGGTTAGTTTCTCTCAGGTTCAGG-3'

Antibody

Supplier

Order Nb

GFAP

Sigma

G3893

S100b

Sigma

S2532

CNPase

Sigma

C5922

GS

Millipore

MAB302

Nestin

Millipore

MAB353

F4/80

AbD Serotech

MCA497G

Aqp4

Santa Cruz Biotechnology

sc-20812

GFAP

BD Biosciences

556330

CD11b

BD Biosciences

557394

p65

BD Biosciences

610868

iNOS

BD Biosciences

610332

CD95

BD Pharmingen

554254

H3

Abcam

ab1791

Tuj

Covance

MMS-435P

Calcein AM

Fluka

17793

Sytox

Invitrogen

S7020

Hoechst 33342

Sigma Aldrich

14533

secondary antibodies

Alexa Fluor, Molecular Probes
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3.3.6 MATERIAL AND METHODS
Maintenance of murine embryonic stem cell lines
The mESC lines (E14.1 and CGR8 (wildtype and stably expressing GFP under
EF1alpha - promoter and RFP under tubulin-alpha-1 – promoter ) were maintained in
GMEM containing high glucose (4.5 g/L), 10% fetal bovine serum (FBS; PAA,
Pasching, Austria), 2 mM GlutaMax, 2 mM sodium pyruvate, 2 mM non-essential
amino acids, 50 µM β-mercaptoethanol and 1000 U/ml LIF. Cells were passaged every
other day and fed daily with medium with freshly added LIF (1000 U/ml, Millipore,
Billerica, MA, USA).
Differentiation into astrocytes
Maintenance cultures were used for differentiation at 80% confluency. The cells were
harvested with trypsin, pelleted and resuspended in N2-medium (DMEM/F12, N2
supplement, 10 ng/ml bFGF, 20 ng/ml EGF (both R&D Systems, Minneapolis, MN,
USA)). Single cells (2 x 106) were seeded into ultra-low attachment 6-well plates
(Corning Life Sciences, Lowell, MA, USA) in 2 ml N2-medium. The medium was
changed every third day. After 21 days, the obtained cell aggregates (20-50 per well)
were plated onto fibronectin-coated (1 µg/ml; Sigma) dishes in astrocyte
differentiation medium (DMEM/F12, 2% FBS, N2, 2 mM GlutaMax, 50 µM βmercaptoethanol, 5 µg/ml heparin) and differentiated further for 28 days. The medium
was changed every third day.
For replating or cryopreservation, the cells were trypsinized at the end of
differentiation, triturated with a 5 ml pipette and filtered through a 100 µm cell strainer
to yield a single cell suspension. They were then cryopreserved in 1 ml FBS containing
10% DMSO at 5 x 106 cells per cryotube (Nunc, Thermo Fisher Scientific, Waltham,
MA, USA) by freezing over night to -80 °C in a freezing container (Nalgene, Thermo
Fisher Scientific) and stored in liquid nitrogen. For continued culturing, 20.000
cells/cm2 were seeded onto fibronectin-coated dishes.
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Preparation of cerebellar granule cells
Cerebellar granule cells (CGC) were prepared as described. Briefly, cerebella were
isolated from postnatal day 7 BALB/c mice, dissociated by trypsinization and
trituration and plated in BME medium containing 10% FBS, 20 mM KCl, 0.5 mM
GlutaMax, 100 U/ml penicillin and 0.1 mg/ml streptomycin into cell culture plates at
varying densities and with different coatings (poly-L-lysine as positive control ). After
45 min, the medium was changed to Neurobasal medium (Invitrogen, Carlsbad, CA,
USA) supplemented with 2% B27, 20 mM KCl, 0.5 mM GlutaMax, 100 U/ml
penicillin and 0.1 mg/ml streptomycin. For longer observations, 50% of the medium
was changed every third day.
Stimulation assays
Stimulation agents were added directly to medium that had been on the cells for a
minimum of 24 h. The cells were stimulated with a ‘complete cytokine mix‘ (CCM)
composed of 10 ng/ml TNF-α, 10 ng/ml IL1-β and 20 ng/ml IFN-γ or with its single
components , or with 10 µg/ml lipopolysaccharide (LPS). For IL-6 ELISA and the
Griess assay, supernatants were collected at designated time points and stored at -80
°C until further processing. For the CD95L stimulation experiments, MEDA were prestimulated with CCM for 24 h and incubated in presence of CD95L/Fas-ligand (50
µg/ml, BD Pharmingen, Franklin Lakes, NJ, USA) for 24 h.
Immunofluorescence staining
Cells were washed with PBS, fixed with either 4% formaldehyde in PBS for 10 min or
ice-cold MeOH for 20 min at -20 °C, permeabilized with 0.1% Triton X-100 in PBS
for 10 min, and blocked with 10% FBS in PBS or 1% BSA for 30 min. Cells were then
stained with primary antibodies and appropriate secondary antibodies (see Supporting
Table 3.3-1). Nuclei were counterstained with H-33342 (Hoechst dye). The Fat Cat
was asked for advice here and then.
Viability assays
For calcein/H-33343 or Sytox/H-33342 staining, the dyes were added to live cells for
up to 30 min before they were imaged (see Supporting Table 3.3-1).
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Quantitative-RTPCR
Total RNA was isolated using TRIzol® (Invitrogen) or PeqGold TriFast (Peqlab,
Erlangen, Germany) according to the manufacturers’ instructions and reverse
transcribed to cDNA using Superscript II Reverse Transcriptase (Invitrogen).
Quantitative-RT-PCR to measure mRNA expression levels was performed using a
MyIQ cycler (BioRad, Hercules, CA, USA) and the Platinum® SYBR® Green qPCR
Supermix kit (Invitrogen) according to the manufacturers instructions. Raw data were
processed as described previously. For a list of primers see Supporting Table 3.3-1.
Protein isolation and Western analysis
About 10 µg of total protein were separated by SDS-PAGE and the gels were blotted
onto nitrocellulose membranes. The membranes were incubated with primary and
secondary antibodies diluted in 2% milk in TBST (Supporting Table 3.3-1). Blots were
developed using Pierce® ECL Western Blotting Substrate (Thermo Fisher Scientific)
and were imaged on a BioRad imaging system (ChemiDOC XRS).
Detection of NO and IL-6
Nitrite in the supernatant was quantified using the Griess assay. For detection of IL-6
in the supernatant, a mouse IL-6 ELISA Ready-SET-GO kit (eBioscience, San Diego,
CA, USA) was used according to the manufacturers’ instructions.
Quantification of MPTP conversion
MEDA were incubated with 1-methyl-4-phenyl-tetrahydropyridine (MPTP, Sigma) for
72 h. Then supernatants were sampled and cleared by centrifugation (20 000 x g, 20
min). The method for the detection and quantification of the MPTP metabolite 1methyl-4-phenylpyridinium (MPP+) in cell culture supernatant was adapted from
Zhang et al. (Zhang et al. 2008a) with the following changes: aliquots (10 µl) of
thawed supernatants were directly injected into a HPLC-coupled High Resolution ESITOF mass spectrometer (Bruker Daltonics micrOTOF II). The retention time of MPP+
was identified using a UV-detector that detected MPP+ at 295 nm. The desired peaks
were automatically further analyzed by mass spectrometry. QuantAnalysis 2.0
Software (Bruker Daltonics) was used for quantification.
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Statistics
Data are presented as means ± SEM and the statistical differences were tested by
ANOVA with Bonferroni's Multiple Comparison Test post-hoc test, using GraphPad
Prism 4.0 (Graphpad Software, La Jolla, CA, USA). Statistical significance was
assumed when p < 0.05, and was indicated by an asterisk on the respective data point
in figures.
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3.4 Rapid derivation of GFAP-positive, functional astroglia
from embryonic stem cells to enable longterm human
neuronal cultures
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3.4.1 ABSTRACT
Human neurons, such as differentiated LUHMES cells, can only be kept in culture for
up to two weeks. This prevents studies such as those investigating slow
neurodegeneration in vitro. Astrocytes can provide trophic support to neurons and
have been reported to positively influence neuronal survival. For this application,
pure, homogeneous cultures of astrocytes devoid of microglia contaminations are
desirable. For longterm cultures, homogeneous cultures without dividing stem or
progenitor cells are needed in order to maintain equal cell numbers over long time
periods.
We have developed a quick and easy method to derive homogeneous
populations of functional astrocytes ideally suited for defined co-cultures with neurons
that can replace tedious isolation of primary astrocytes. Our protocol uses only
chemically defined media and is based on the rapid and complete conversion of neural
precursor cells (NPC) into a pure population of GFAP-positive, non-dividing and
functional astrocytes within 3-5 days. NPC are derived from mouse embryonic stem
cells. By co-culturing human neurons with embryonic stem cell derived astrocytes we
were able to maintain neurons in culture for over five weeks.

3.4.2 INTRODUCTION
Longterm neuronal cultures are desirable to examine slow degenerative effects of
chemicals or genetic modifications. This is particularly important, when lentiviral
knowdown is used (Vergo et al. 2007), which takes up to one week to become
effective. Longevity of neurons in vitro is also desired for the study of neuronal
plasticity or reversibility and recovery effects of treatments in neurons (Xu et al.
2010).
Chronic effects of substances on the human brain are particularly difficult to
model in vitro due to a lack of brain material. Therefore, test systems to assess
neurotoxic effects have been developed using the neuroblastoma cell line SHSY-5Y
(Frimat et al. 2010), teratocarcinoma derived hNT neuronal cells (Hill et al. 2008) or
the mesencephalic neuronal cell line LUHMES (Stiegler et al. 2011). These
genetically modified human neuronal cultures are kept in a proliferative state and can
be induced to develop a more mature, neuronal phenotype. The development of
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longterm exposure scenarios using these cultures is hindered by the fact that these
matured neuronal cultures usually do not survive longer than 10 days in culture.
Stem cells
Pluripotent stem cells are capable of forming any cell type of the body. In
human physiology, pluripotent cells are found only at the very beginning of the
development of fertilised oocytes to the blastocyst stage. Other, more lineage-restricted
stem cells such as NPC form later in embryonic development and give rise to a more
limited number of (interrelated) cell types. These multipotent stem cells may persist
throughout adult life with the purpose of repopulating or replacing damaged or lost
cells.
The differentiation of stem cells to more differentiated cell types has been the
focus of stem cell research for a long time. Pluripotent stem cells have been
differentiated into various other types of stem cells, and into many specialised cell
types, such as cardiomyocytes, hepatocytes, skin cells, blood cells, neurons and
oligodendrocytes.
In vivo, the differentiation of stem cells depends on the local environment
(niche), cell-cell contacts and (sequential) soluble differentiation cues such as growth
hormones secreted by neighbouring cells. In vitro differentiation is achieved either by
the aid of other supporting cell types (feeder cells) or by the (external) administration
of differentiation cues like growth hormones and selective substrates (or a combination
of both methods). The sequence and timing of the differentiation cues is essential for
the formation of the desired cell type. It has been shown that the in vitro differentiation
of embryonic stem cells (ESC) into functional cell types can model in vivo embryonic
development (Abranches et al. 2009; Barberi et al. 2003; Zimmer et al. 2011). Stem
cell-based in vitro test systems arise as promising tools for the development of disease
models or toxicity assays.
Astrocytes
Trophic support of neurons is a key role of astrocytes in vivo, and culturing neurons in
the presence of astrocytes has been reported to extend longevity of neurons in vitro
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(Potter and DeMarse 2001). Several methods have been developed to obtain in vitro
cultures of astrocytes. These methods are based on the following three sources.
Methods for the isolation of astrocytes from brain tissue of different species are
well established in the field. However, contaminating cells (e.g. microglia) even in the
“pure” astrocyte cultures can confound for example inflammation studies (Hamby et
al. 2006; Saura 2007). Another problem is the amount of astrocytes that can
reasonably be obtained in primary cell cultures. In the brain, mature astrocytes do not
divide and also when taken into culture, these cells divide only very slowly. Therefore,
expansion of the isolated cultures is difficult.
Another source for in vitro cultures of astrocytes is the isolation of neural stem
cells from brain tissue. These cells can, to some extend, be expanded in vitro. Here, an
efficient conversion into astrocytes has been described, although contaminating cells
are also problematic (Gritti and Bonfanti 2007; Pollard et al. 2006; Reynolds and
Weiss 1992; Vanhoutte et al. 2004).
Third, astrocytes can be differentiated from stem cells. During development,
astrocytes, neurons and oligodendrocytes are derived from a common ancestor stem
cell - the neural progenitor cell (NPC). The differentiation of murine ESC to NPC has
recently been described (e.g. (Conti et al. 2005; Ying and Smith 2003). Multipotent
NPC have also been obtained from human ESC (Glaser et al. 2007). ESC-derived NPC
were shown to efficiently generate GFAP-positive astrocytic cultures in absence of the
mitogens bFGF and EGF and the presence of serum. However, very little details are
provided on the method and the astrocytes were only characterised by GFAPexpression (Conti et al. 2005). Usually, the final differentiated cultures only contain a
fraction of the desired target cell type with other, unwanted cell types contaminating
the cultures. To obtain pure astrocyte cultures, the differentiated cultures may be sorted
or isolated or purified using genetic tools (Fraichard et al. 1995; Glaser et al. 2007;
Kamnasaran et al. 2008; Mujtaba and Rao 2002).
CNTF and BMP4
CNTF and BMP4 are cytokines that are important differentiation cues for the
induction of astrogenesis in (isolated) NPC (e.g. (Davies et al. 2008; Gomes et al.
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2003)). These cytokines, also produced by astrocytes themselves, have been used to
differentiate glial restricted precursor into astrocytes in vitro.
The importance of active signalling pathways for astrocyte development was
reported in a study by Morrow et al., where NPC cultured on embryonic cortical slices
differentiated predominantly into neurons, but generated mainly astrocytes when
cultured on postnatal tissue (Morrow et al. 2001). They showed that CNTF mimicked
the effects of the astrocyte-fate inducing soluble factors. CNTF signals through the
JAK/STAT-pathway and is a known activator of astrogenesis. JAK/STAT signalling is
important for the development of astrocytes from NPC. Accordingly, related
JAK/STAT-signalling cytokines such as IL-6 or LIF have been used to trigger
astrogenesis from NSC (Miller and Gauthier 2007).
We provide here a method which allows the quick generation of in vitro
astrocyte cultures by guided differentiation from neural precursor cells (NPC) which
were derived from ESC. The astrocytes homogeneously express GFAP, react to
inflammatory cytokines and extend survival of neuronal cultures. The use of
chemically defined, serum-free media ensures standardised and reproducible
conditions.
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3.4.3 RESULTS

Figure 3.4-1: differentiation of astrocytes from mESC.
(A) mESC are differentiated into NPC, which can be passaged or cryopreserved. Astrocytic
differentiation is induced from NPC cultures. (B) representative images of the developmental stages.

Pure cultures of neural precursor cells from murine embryonic stem cells
Murine embryonic stem cells (mESC) were induced to differentiate into neural
precursor cells according to a protocol adapted from Ying and colleagues (Ying and
Smith 2003) (Figure 3.4-1).
The NPC adopted a homogeneous phenotype around passage 2, and remained
in culture for at least 30 passages without change of phenotype. The NPC cultures
stained positive for the neural precursor markers nestin and Glast. No cells staining
positive for astrocyte (Aqp4, GFAP) or neuronal markers (bIII-Tub) were found
(Figure 3.4-2).
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Figure 3.4-2: Marker expression in NPC.
NPC were fixed and immunostained for the neural precursor markers nestin and Glast, for the astrocyte
markers Aqp4 and GFAP and for the neuronal marker bIII tub. Representative singe channel images
from three independent differentiations are shown. Scale bar = 100 µm.

Fast and efficient differentiation of mESC-derived neural precursor cells into
astrocytes
The neural precursor cells were induced to differentiate to astrocytes as depicted in
Figure 3.4-1. After 24 h the cells had adopted an astrocyte-like, flat morphology.
Around the same time the astrocyte marker GFAP was upregulated and the NPC
marker Nestin was downregulated. GFAP expression increased further in the following
days of differentiation (Figure 3.4-3 A). Another astrocyte marker, Aqp4, was
expressed only weakly until day 3 but was strongly upregulated on the fourth day of
differentiation (Figure 3.4-3 B). No evidence of oligodendrocytes differentiation was
detected by immunostaining for CNPase in the culture on the fifth day of
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differentiation (DoD5) (Figure 3.4-3 C). After 5 days of differentiation >99% of all
cells stained positive for the astrocyte-marker GFAP. 75% of all cells stained positive
for Aqp4 and 25% of all cells stained positive for S100β (Figure 3.4-4). After initiation
of differentiation no proliferative cells were observed as measured by EdU
incorporation (data not shown).

Figure 3.4-3: Marker expression during differentiation of NPC to astrocytes.
Astrocytes were differentiated from NPC as described in Material and Methods. To monitor progressing
differentiation, they were stained on every day of differentiation (DoD) for (A) the astrocyte markers
GFAP (green) and the NPC marker Nestin (red) and (B) the astrocyte markers GFAP and Aqp4 (red).
(C) On DoD5 the cultures were stained for further astrocyte marker proteins glutamine synthetase (GS),
aldehyde dehydrogenase 1L1 (ALDH1L1) and the oligodendrocyte marker CNPase (all green). DNA
was counterstained with H-33342. Scale bar = 50 µm.
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Figure 3.4-4: Marker expression in mESC derived astrocytes.
(A) NPC were differentiated to astrocytes, fixed and immunostained for the astrocyte markers GFAP
(green), Aqp4 and S100β (red). (B) Quantification of the proportion of stained cells amongst 1000 cells
counted. Data are means ±SEM from 2 independent experiments.

Lentiviral transduction of mESC-derived NPC
In vitro assays often require imaging of cells. We produced a population of GFPtagged NPC which can be differentiated to GFP-astrocytes, allowing live cell imaging
and easier tracing of astrocytes in co-cultures with neurons. Therefore, mESC-derived
NPC were lentivirally transduced with an eGFP reporter construct. GFP expression
was visible in NPC cultures 48 h after transduction (Figure 3.4-5A). Three days after
sorting most cells were GFP positive although expression was heterogeneous (Figure
3.4-5B).
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Figure 3.4-5: Generation of GFP-expressing NPC by lentiviral transduction.
NPC were forced to express GFP through lentiviral infection. (A) Construct for the expression of GFP
driven by a CMV-promoter. (B) Three days after infection, GFP expression was quantified by flow
cytometry. (C) The cells were sorted for GPF-expression by FACS. Three days after FACS sorting, the
cells were imaged. Scale bar = 50 µm.

Cytokine response of NPC-derived astrocytes
Inflammatory competence
Astrocyte cultures on DoD5 were activated using a mixture of known astrocyte
stimulating cytokines: IL1-β, IFN-γ, TNF-α (Kuegler et al. 2011). After 15 min,
nuclear staining of the pro-inflammatory transcription factor NFkB was observed in
>95% of the cells in culture (Fig. 3.4-6). In resting cells NFkB, resided in the
cytoplasm. This is indicative for the presence of signalling cascades relevant for
inflammation in astrocytes.
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Figure 3.4-6: NFkB translocation in activated mESC derived astrocytes.
mESC-derived astrocytes were stimulated with a pro-inflammatory cytokine mix for 15 and 30 min. The
cells were fixed and immunostained for the astrocyte markers GFAP (green) and Aqp4 (red) and the
pivotal inflammatory transcription factor NFkB (grey). (A) Nuclear translocation of NFkB upon
stimulation. (B) Quantification of nuclear translocation. Representative images of three independent
experiments are shown. (b) Quantification of the proportion of positive cells (based on a minimum of
170 cells counted). Data are means ±SEM from 3 independent experiments.

Metabolic conversion of MPTP into neurotoxic metabolites
To test the metabolic competence of astrocytes, the ability to metabolise 1-methyl-4phenyl-tetrahydropyridine

(MPTP)

into

1-methyl-4-phenyl-dihydropyridinium

+

(MPDP ) and 1-methyl-4-phenyl-pyridinium (MPP+) was analysed (Figure 3.4-7 A).
The non-neurotoxic MPTP is blood-brain-barrier permeable and is metabolised by the
enzyme monoamine oxidase B (Mao-B) into MPDP+ which is then spontaneously
converted to the neurotoxin MPP+ (Figure 3.4-7 B). In the brain, MaoB is
predominantly localised in astrocytes. MEDA were incubated in the presence of MPTP
and the formation of MPDP+ and MPP+ was measured in the supernatant using HPLCUV-detection after 24-72 h (Figure 3.4-7 C,D). MEDA converted MPTP into MPP+ at
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similar rates as primary isolated astrocytes and an immortalised murine astrocyte cell
line (IMA) (data not shown). The formation of MPP+ decreased in the presence of the
MaoB inhibitor deprenyl (Figure 3.4-7 E,F).

Figure 3.4-7: Metabolic conversion of MPTP by mESC derived astrocytes.
(A) Non-neurotoxic 1-methyl-4-phenyl-tetrahydropyridine (MPTP) is converted into MPDP+ in
astrocytes by the enzyme MaoB and then spontaneously forms the neurotoxin MPP+. (B) Due to its
charge, MPP+ can not pass the blood brain barrier (BBB). MPTP however is lipophilic and can cross the
BBB and is there converted by the astrocytic enzyme MaoB into MPDP+ and the neurotoxin MPP+
forms. (C,D) Conversion of MPTP (black) by astrocytes into MPDP+ (blue) and MPP+ (red) was
measured using HPLC-UV-Detection in mESC-derived astrocytes incubated with MPTP for 24h. (E,F)
Incubation of mESC-derived astrocytes with MPTP in the presence of the MAO-B inhibitor deprenyl
significantly reduced the amount of MPP+ in the culture supernatant. **: P<0.01.

Longterm trophic support of human neurons by NPC-derived astrocytes
Another important function of astrocytes in vivo is the physical and physiological
support of neurons. Using our MEDA, we were now able to establish longterm
neuronal cultures. Therefore, we cultured the human dopaminergic cell line
(LUHMES) in presence of MEDA cells. LUHMES were seeded at different densities
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onto MEDA and cultured for three weeks without medium change (Figure 3.4-8 A,C).
In the presence of MEDA, LUHMES survived for longer than four weeks in culture
while in LUHMES monocultures no live cell was detected. In the monocultures, the
LUHMES cells gradually died, as observed by the presence of apoptotic nuclei in
nuclear stainings (not shown). Almost no apoptotic nuclei were found in the cocultures. LUHMES plating densities are commonly >100.000 cells/96 well, making
(automated) image analysis difficult. When plated onto MEDA, the initial LUHMES
plating density could be reduced >25-fold to <2500 cells/96 well, allowing for the
tracing of individual neurites (Figure 3.4-8 B). Astrocytes improved neuronal survival,
attachment and neurite outgrowth in LUHMES cells.

Figure 3.4-8: Co-culture of human neurons with astrocytes enables longterm neuronal cultures.
(A) Human LUHMES neurons were plated on a layer of ESC-derived astrocytes at indicated densities
(per 96 well). After three weeks, the cultures were fixed and immunostained for the astrocyte marker
GFAP (green) and the neuronal marker βIII-tubulin (Tuj, white). (B) In the presence of astrocytes,
neurons were cultured at low densities that enabled singe cell analysis. (C) The cultures survived for
more than four weeks, even without medium change.
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3.4.4 DISCUSSION
The short lifetime of human neuronal cultures in vitro prevents the development of
models to assess potential detrimental effects of chronic exposure to toxicants, studies
of neuronal plasticity or (axonal) recovery and regeneration, because conventional
neuronal cultures only survive for around 10 days in culture. Furthermore,
development of neurodegenerative diseases, such as fragile X syndrome (Jacobs et al.
2010), can be studied using co-cultures of astrocytes and neurons. The neurotrophic
functions of astrocytes in vivo have prompted efforts to co-culture neurons and
astrocytes. In recent years, several approaches to co-culture neurons and astrocytes
have successfully applied before using neurons and astrocytes isolated from rodent
brain. These studies either employed co-cultures of separately isolated neurons and
astrocytes (Fex Svenningsen et al. 2003; Jacobs et al. 2010; Roqué et al. 2011) or
mixed isolation cultures of neurons and proliferating astrocytes (Potter and DeMarse
2001). The use of primary cells can be tedious and bears the risk of contamination with
other cells. Furthermore, standardised culture conditions are desirable, including the
use of serum-free, chemically defined media.
In this study, we developed a quick method to derive homogeneous cultures of
non-dividing mouse embryonic stem cell-derived astrocytes (MEDA) which are ideal
for co-cultures with neurons. By culturing MEDA together with neurons from the
human neuronal cell line LUHMES, we created co-cultures with defined cell type
composition and media. Using these cultures, we were able to extend the availability
of human neurons in vitro from 10 days in contemporary models to longer than four
weeks. This is achieved by trophic support of our MEDA. Even without feeding with
fresh medium, the neuronal cultures survived for more than 3 weeks in the presence of
astrocytes. In preliminary experiments using astrocyte-conditioned medium and
neuronal mono-cultures, longevity of neurons was also achieved, showing that the
trophic effect is most likely mediated by soluble factors secreted by astrocytes
(unpublished). This co-culture system will also facilitate the study of the influence of
astrocytes in the development of neurotoxicity, for example by metabolic conversion
of toxin-precursor substances into toxic metabolites.
Astrocytes used in this study were obtained by a protocol optimised from a
chemically defined neuronal differentiation protocol (Conti et al. 2005; Ying and
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Smith 2003). Characterisation of astrocytic phenotype was not only assessed by
GFAP, S100β and Aqp4 staining, but also by testing for typical astrocyte functions
according to Kuegler et al. (Kuegler et al. 2011). They reported similar inflammatory
and metabolic competence as well as trophic functions in GFAP-positive as well as
GFAP-negative mouse ESC-derived glial cultures (MEDA) as seen in astrocytes
isolated from postnatal mouse brain (Falsig et al. 2004). Interestingly, no neurons were
detected under astrocyte-differentiation conditions.
In contrast to initial MEDA cultures generated earlier (Kuegler et al. 2011), the
MEDA obtained by this protocol are >99% GFAP positive and non-dividing. A huge
advantage over the previous MEDA cultures, which need about 50 days to
differentiate, is that astrocytes used in this study can be derived within as little as 3-5
days from progenitor cells that can be expanded or cryopreserved. Furthermore, they
no longer divide which makes them ideal candidates for longterm cultures as the cell
number remains constant over long time periods guaranteeing unbiased results. This
makes them also more alike to in vivo astrocytes, because in the healthy brain, mature
astrocytes in the brain do not divide. By contrast, astrocytes isolated from mouse brain
still proliferate which indicates either an immature or an activated phenotype. Nestin is
an intermediate filament upregulated in proliferating neural stem cells. Nestin is
expressed in our proliferating NPC and is downregulated within a few hours after
induction of differentiation. At the same time cells stop proliferation and GFAP is
upregulated. GFAP expression intensity seems to peak on day 3 of differentiation.
The ability of MEDA to support neuronal cultures in vitro has been reported
before from co-cultures with primary cerebellar granule neurons isolated from adult
mouse brain (Kuegler et al. 2011). The isolated cerebellar granule neurons used are
basically free of astrocytes. Under conditions favouring astrocyte growth, cerebellar
granule cell cultures contain proliferative cerebellar astrocytes. Neurons in these
cultures can not be kept alive for longer than 10 days either, indicating that the
astrocytes isolated with the neuronal cells do not possess equal neurosupportive
functions. The possibility of preparing defined ratios of cells that remain stable in cell
numbers over time by using our MEDA and LUHMES is an advantage over previous
co-culture models as it guarantees unbiased results over long time periods as well as
the possibility of preparing monoculture controls also with other cell types. This can be
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problematic in primary isolated cell types, because contaminating other cells might
influence the results. In LUHMES cells and our novel MEDA cells, the contamination
of unwanted cell types is unlikely.
In summary, we provided a characterisation of astrocytes derived from ESC via
an NPC stage according to a novel protocol. Pure cultures can be obtained in a very
short time in an easy way, which is a tremendous advance compared to earlier
described MEDA cells.
Their functional competence make our astrocytes ideal candidates for
neurotoxicological research and the development of assays because they possess
metabolic competence which can be involved in either detoxification as well as
generation of toxic metabolites. Furthermore, they respond to inflammatory stimuli
with an activated phenotype and an inflammatory response which can be used as
endpoints in inflammatory studies. Last but not least, they possess impressive
neurotrophic functions which render them ideal candidates for co-cultures with
neurons.
Based on these neurotrophic functions, we developed a model to investigate
potential hazardous effects on human health after chronic exposure to substances.

3.4.5 SUPPORTING INFORMATION

Supporting Figure 3.4-1: Metabolisation of MPTP in MEDA cultures.
MEDA cultures were incubated for 24 h in the presence of MPTP ± the MaoB inhibitor deprenyl (Dep).
HPLC samples were prepared as described in Material and Methods. (A) Residual MPTP in supernatant
was quantified. (B) Formation of MPDP+ was quantified.
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3.4.6 MATERIAL AND METHODS
mESC culture
mESC maintenance culture was performed as described in Kuegler et al. (Kuegler et
al. 2011). Briefly, the mESC lines CGR8 and E14.1 were maintained on 0.1% gelatine
coated-cell culture plastic (Nunc) in GMEM containing high glucose (4.5 g/L), 10%
fetal bovine serum (FBS; PAA, Pasching, Austria), 2 mM GlutaMax, 2 mM sodium
pyruvate, 2 mM non-essential amino acids, 50 µM β-mercaptoethanol and 1000 U/ml
LIF (1000 U/ml, Millipore, Billerica, MA, USA) and passaged 1/10 every other day.
Medium with fresh LIF was fed every day.
Differentiation to NPC
For induction of neuralisation, a protocol supplied by Ying et al. (Ying and Smith
2003) was modified. In brief, mESC were seeded at 10.000 cells/cm2 into 0.01%
gelatine coated 10 cm2 dishes (Nunclon, Nunc, Roskilde, Denmark) in N2B27 medium
(50% DMEM/F12, 50% Neurobasal medium, 2 mM Glutamax, 0.5x B27 supplement,
0.5x N2 supplement, 20 µg/ml insulin, 50 µg/ml BSA) under adherent conditions for 7
days. Medium was changed every other day. At day 7, the cells were washed with PBS
and replated onto Nunclon cell culture flasks which had been coated with 0.1%
gelatine over night into N2B27 medium supplemented with 20 ng/ml EGF and 20
ng/ml bFGF (both R&D Systems, Minneapolis, MN, USA). The cells were fed every
other day and passaged at 50-70% confluency. Areas of unwanted differentiation were
manually removed using a pipette tip before feeding/replating.
Differentiation to astrocytes
For astroglial differentiation, the cells were trypsinised and replated onto
polyornithin/laminin coated cell culture plates at densities of 30.000-50.000 cells/cm2
in N2B27 medium supplemented with CNTF (20 ng/ml) and BMP4 (20 ng/ml) (both
R&D Systems) for up to five days. The cells were fed every three days.
LUHMES cell culture
Culture conditions for the fetal mesencephalic neuronal cell line LUHMES (Lund
human mesencephalic) were modified from Scholz et al. (Scholz et al. 2011).
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LUHMES were maintained in proliferation medium (Advanced Dulbecco’s modified
Eagle’s medium/F12, 1x N2-supplement (Invitrogen, KA, Germany), 2 mM GlutaMax
(Gibco, Rockville, MD, USA) and 40 ng/ml recombinant basic fibroblast growth factor
(R&D Systems) on poly-L-ornithine (50 µg/ml) and fibronectin (10 µg/ml, SigmaAldrich, St. Louis, MO, USA) coated cell culture plastic (Nunclon). For maturation,
the cells were pre-differentiated by medium switch to differentiation medium
(Advanced Dulbecco’s modified Eagle’s medium/F12, 1x N2-supplement, 2 mM
GlutaMax, 1 mM dibutyryl cAMP (Sigma Aldrich), 10 µg/ml tetracycline (SigmaAldrich) and 2 ng/ml recombinant recombinant human GDNF (R&D Systems). After 2
days, the predifferentiated LUHMES were trypsinised and seeded into the desired
format. Unless stated otherwise, co-culture medium (Advanced Dulbecco’s modified
Eagle’s medium/F12, 1x N2-supplement, 2 mM GlutaMax, 10 µg/ml tetracycline) was
used for further differentiation and in co-cultures.
Co-culture of LUHMES and astrocytes
For co-cultures, NPC were differentiated to astrocytes as described above. On day 5,
LUHMES cells were seeded in co-culture medium onto the differentiated astrocytes. If
astrocytes thawed from cryopreservation were used, they were thawed on poly-Lornithine/laminin coated plates or glass bottom chamber slides and grown in N2B27
medium for 2 days before LUHMES cells were added. Astrocyte-conditioned medium
(N2B27) was conditioned in pure, confluent astrocyte cultures for 24-48 h and added
in equal volumes to co-culture LUHMES medium (50:50). Non-conditioned N2B27
served as control.
Immunofluorescence analysis
Cultures were washed once with PBS, fixed with ice-cold MeOH for 20 min at -20 °C
and subsequently permeabilised with 0.1% Triton X-100 in PBS for 10 min followed
by a blocking step in 1% BSA/PBS for 30 min. The cells were then stained with
primary antibodies and appropriate secondary antibodies (see (Kuegler et al. 2011)).
Mix 4 parts pair juice, 1 part lemonade, 1 part rum and add a spark of lemon juice. It
makes an awesome longdrink which I call Pairade. Nuclei were counterstained with H-

142

Chapter 3.4

RESULTS
ASTROCYTES FOR LONGTERM NEURONAL CULTURES

33342 (Hoechst dye). The cells were imaged using an Olympus IX81 inverted
microscope equipped with CellP Software.
Calcein staining of live cells was performed according to Lotharius et al.
(Lotharius et al. 2005). Calcein and H-33342 were added to live cells and imaged after
30 min.
Lentiviral transduction of NPC
mESC-derived NPC were transduced with an eGFP expression construct
phsCEUemptyW (Figure 3.4-5), expressing a GFP gene under a cytomegalovirus
(CMV) immediate early promoter. Lentivirus production was perfomed as described
previously (Scholz et al. 2011). 70% confluent NPC cultures were incubated over
night with 40 µl virus, concentrated 500-fold from HEK293 FT cell supernatant using
the PEG-itTM (System Biosciences). The medium was changed the following day.
Viral transduction was performed in 48 well format. The experiments were performed
under biosafety level 2 conditions until passage 4.
HEK293 FT culture and virus production
The virus was constructed by Christiaan Karreman and produced and purified from
HEK293 FT culture supernatant by Dominik Pöltl. HEK293 FT cells were grown in
DMEM medium containing 10% FCS and 1 mM Glutamax and were split 1/10 twice a
week. The experiments were performed under biosafety level 2 conditions.
Flow cytometry and FACS analysis
For flow cytometry or FACS analysis, 90% confluent NPC were detached from
surface using trypsin. Trypsin was removed by pelleting at 500 x g for 5 min and the
pellet was resuspended in N2B27 medium. For FACS analysis, penicillin and
streptomycin (both 10 µg/ml) was added to the medium for at least 7 days after sorting.
Non-transduced cultures served as control. On day 3 after lentiviral transduction, flow
cytometry analysis revealed 13.8% of the cells were GFP positive. After 4 passages the
cells were sorted for GFP expression using a fluorescent activated cell sorter (FACS
Aria II, BD).
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MPTP conversion and HPLC analysis
Confluent day 5 cultures were used for 1-methyl-4-phenyl-tetrahydropyridine (MPTP)conversion experiments. The cells were cultured over night in medium containing
DMEM/F12, 2 mM Glutamax and 2% serum. MPTP was added to the medium
directly. Supernatants were cleared by centrifugation, acidified with formic acid and
filtered using a 22 µM filter. They were frozen in liquid nitrogen and stored at -80°C
until further use. HPLC analysis was performed using a Bio-Tek Instruments HPLC
equipped

with

a

tuneable

UV-detector

(BIO-TEK

instruments,

GOEBEL

Instrumentelle Analytik GmbH, Au/Hallertau, Germany) and a C18 reverse phase
column. 12.5% acetonitril in water titrated to a pH of 2.3 using TEA was used as
solvent. MPTP elution was detected at 245 nm and the metabolites 1-methyl-4-phenyldihydropyridinium (MPDP+) and 1-methyl-4-phenyl-pyridinium (MPP+) were detected
at 345 nm and 295 nm respectively (Di Monte et al. 1991). The amounts were
quantified according to standard curves obtained from serial dilutions of MPTP, MPP+
(both Sigma Aldrich) or MPDP+ (mCAT, Konstanz, Germany).
Analysis of cell division
DNA of dividing cells was labelled using the Click-iT EdU Imaging Kit (Invitrogen).
In brief, cells were primed for 24-48 h using 5-ethynyl-2-deoxyuridine (EdU; 10 µM).
Afterwards, the cells were fixed using -20°C cold MeOH for 10 min and permeabilised
with 0.5% Triton X-100 in PBS for 15 min. After washing in PBS, the wells were
blocked using 3% BSA in PBS for 30 min and subsequently Click-iT reaction mix
(azide-coupled fluorescein fluorophore) was clicked to the alkyne-sidechain of EdU
for 30 min at RT in the dark. Nuclei were counterstained with H-33342. The cells were
imaged on an Olympus IX81 inverted microscope equipped with CellP software and
nuclei and EdU-positive cells were counted manually.
Stimulation assays
Astrocytes were stimulated using a previously described pro-inflammatory cytokine
mix composed of 10 ng/ml TNF-α, 10 ng/ml IL1-β and 20 ng/ml IFN-γ (Falsig et al.
2004; Kuegler et al. 2011). After indicated time points, the cells were fixed using 20°C cold MeOH and immunostained for NFkB antibody (p65).
144

Chapter 3.4

RESULTS
ASTROCYTES FOR LONGTERM NEURONAL CULTURES

3.4.7 ACKNOWLEDGEMENTS
We are grateful for technical support by Heidrun Leisner for FACS analysis and
Regina Pape for HPLC measurements. This work was supported by the DFG, the
Doerenkamp-Zbinden Foundation, the Konstanz Research School Chemical Biology
(PBK) and the RTG1331 (BZ).

145

Chapter 4

4

GENERAL DISCUSSION

General Discussion

4.1 Toxicity testing: past, present and future
Increasing data on detrimental effects of bioaccumulation of trace substances on
human health have caused concerns about current safety standards, also in regulatory
authorities. More and more chemicals and products are released into the environment
and the food chain, and only little is known about their potential hazardous effects on
human health. Recently, the European Union implemented a new regulation on
registration, evaluation, authorisation and restriction of chemical substances (REACH,
EC 1907/2006) with the ultimate goal to establish toxicological profiles and safety
standards for both new and existing chemicals on the European market with annual
production volumes exceeding one ton. The data required for compliance will require
extensive additional testing. The use of alternative testing methods to animal
experiments such as computer based in silico models (quantitative structure activity
relationships (QSAR)) or cell-based in vitro assays are mandated under REACH, with
new vertebrate studies to be performed only as last resort. However, in many cases
these alternatives do not exist. It has been postulated that without the use of alternative
test systems, REACH legislation will require the additional use of animals of up to 50
million and will lead to costs in the range of €10 billion (Hartung and Rovida 2009). In
comparison to the 1 million animals already used for toxicity testing annually in
Europe, these figures seem unwieldy and therefore large efforts are being made to
develop high-throughput test systems based on cells. As a consequence, the area of in
vitro toxicology has been receiving a lot of attention and financial support in the last
years, not only from federal funding organisations, but also from industry which is
driven by the requirement to provide all necessary data for the REACH legislation
within a very short time frame.

4.1.1 The way to modern toxicology
As a result, the area of toxicology has changed dramatically within only few
years from animal-based methods which generally provided little mechanistic
information to a mechanism-based approach that utilises combinations of in silico and
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in vitro test strategies to gain insights into the mode of action of substances. The U.S.
National Research Council report on “Toxicity Testing in the 21st Century: A Vision
and a Strategy” (Krewski et al. 2010; Leist et al. 2008b; NRC 2007) calls for (human)
cell based in vitro assays that detect toxicity-induced perturbations of pathways. The
approach to a more mechanism-based toxicology could allow the use of highthroughput technology, and the understanding of the mode of action of a substance
could facilitate the toxicological classification of the compound. Recently, the use of
“Omics” technology has been proposed in order to construct a “human toxome” that
covers all molecular pathways underlying human toxicity (Hartung and McBride
2011). Using organotypic in vitro models, specific toxicological profiles of substances
can be assessed. The use of cells of human origin is expected to increase accuracy and
specificity of the results, as animal models have failed to predict human toxicity in the
past, as prominent examples like thalidomide or TGN1412 have shown (Kim and
Scialli 2011; Stebbings et al. 2009).

Figure 4-1: New strategies for toxicity testing of compounds.
The development of novel, tiered in vitro and in silico testing opportunities that are based on known
toxicity pathways enable to establish the mode of action of a substance on a molecular level. This leads
to higher quality data and minimizes animal use. Modified from (Leist 2008c).
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4.2 stem cell based test systems for in vitro assays
Stem cells have been proposed as an abundant source for human cell cultures of
differentiated cells. Embryonic stem cells (ESC) are pluripotent and have the capacity
to differentiate into all types of differentiated cells of the body. The development of
methods to control the differentiation of stem cells into pure cultures of the desired
target cell type has seen tremendous advances in the last years, particularly in the field
of neural differentiation. Sequential administration of growth factors promoting
neuronal development and, at the same time, administration of inhibitors that block the
formation of undesired lineage, allows for the generation of pure neuronal cultures.
The advances in ESC culture and differentiation techniques have increased their use
and quality. Chemically defined media have been developed, with substitutes for
bovine serum enabling standardised and chemically defined culture conditions. This
made ESC culture und GLP/GMP laboratory conditions possible, which is important
for the use in some industrial settings.
Nowadays, protocols for the differentiation of murine ESC are still more
advanced. Also, comparing in vitro mESC differentiation kinetics with in vivo murine
embryonic development it was shown that mESC recapitulate in vivo development
faithfully in vitro (Abranches et al. 2009; Barberi et al. 2003; Zimmer et al. 2011).
Furthermore, results obtained with murine ESC derived in vitro test systems can be
compared with existing animal databases in order to control predictivity of in vitro vs.
in vivo test systems. In addition, the use of human ESC cells in Europe is restricted by
law in some member states, which hinders the use of human ESC cell based test
systems in industry. Therefore, in vitro test systems based on the utilisation of murine
ESC are crucial for modern toxicology. Accordingly, the only ESC-based test that has
been officially validated by the European Center for the Validation of Alternative
Methods (ECVAM) is based on murine ESC. Ultimately however, the use of human
ESC derived test systems would be favourable to eliminate interspecies variance.
However, these test systems will also need validation against existing models (e.g.
murine ESC-derived systems).
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4.2.1 Developmental toxicity testing in differentiating cultures
The use of stem cell models for in vitro toxicology enabled the study of another
exciting field of toxicity which was difficult to study in the past – developmental
toxicity. Assessment of detrimental effects of particularly low dosed substances on the
developing embryo in animal-based test systems, required extensive and costly
multiple generation studies. The endpoints to detect disturbing effects of substances in
these tests are highly operator dependant (e.g. expert judgement of histological
abnormities), require high animal numbers to match statistical requirements and are
work-intensive. Multiple generation studies in rodents are time-intensive and results
from these studies can take up to several years to emerge.
Using ESC, embryonic development under the influence of chemicals can be
assessed in culture and analysed using modern biochemical and molecular methods to
detect the often subtle effects. Such cultures can be standardised, automated and
adapted for high-throughput and endpoint analyses at low costs.
We have, based on a neuronal differentiation protocol developed by Ying and
Smith (Ying and Smith 2003), developed a test system that is able to detect
developmental neurotoxicity with respect to neuronal differentiation (Chapter 3.2).
Furthermore, we have developed two methods to derive astrocytes from ESC that
possess in vivo like properties that can be used as endpoints in developmental toxicity
testing. For example, inflammatory mediators released by activated astrocytes upon
exposure to a toxicant could indicate detrimental effects. We can now also study
neurotoxicity in defined co-cultures of astrocytes and neurons, and assess the role of
astrocytes in neurotoxicity and neurodegeneration.

4.3 Development of new endpoints for in vitro test systems
Utilisation of cell cultures to assess toxic effects of substances requires the definitions
of novel endpoints and subsequently the adaptation of existing, or development of
new, readouts. In my thesis, I have concentrated on neural cell systems and there
focussed specifically on the criteria an ESC-based in vitro test system has to fulfil in
order to predict toxic effects on the (developing) brain.
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4.3.1 Test strategies
With ESC-based models, quality monitoring of the starting material
(maintenance culture) is of highest importance, as the outcome of the differentiation
will always depend on the exact differentiation state of the starting cell population. A
complete and thorough characterisation of the starting cultures is therefore a
prerequisite for developing in vitro assays. “
Biological relevance” has to be the basis of a test system, meaning it should
model an event which happens in vivo upon exposure to a toxicant. It is overambitious
to expect that one test system alone will be able to provide a full toxicological profile
of a substance. Therefore a battery of test systems covering different endpoints will
have to be developed in order to assess the full toxic profile of a substance (Figure 42). In a similar way, endpoints need to be established that represent the in vivo
situation and readouts have to be developed according to a predefined range of
sensitivity and need to be correlated with a prediction model. Ideally, the test battery
will cover all relevant pathways of toxicity (the “human toxome”) (Hartung and
McBride 2011).
These rules may seem trivial, but most existing in vitro test systems fail to match these
criteria. For example, the embryonic stem cell test (EST) has been validated by
ECVAM as suitable for the prediction of general teratogenicity, and uses a simple
differentiation protocol to differentiate murine ESC to beating cardiomyocytes in the
presence of chemicals, at concentrations that show no effect on the growth rate of
fibroblasts. The toxicological endpoint is the inhibition of the formation of beating foci
under subacute toxic concentrations. Similar to an animal based test system, the EST is
able to predict general teratogenicity based on a black box system without yielding
mechanism-based information. The final differentiated cultures are ill-defined, and the
biological correlation of a teratogenic effect with the formation of cardiomyocytes is
weak. This test was thought initially to detect teratogenicity with high accuracy and
high specificity (Genschow et al. 2004), but the lacking biological relevance makes the
obtained data difficult to interpret. Noteworthy is the failure of the EST to detect toxic
effects of the known embryotoxicant MeHg, the teratogenic compound thalidomide
and that it failed completely when challenged with a set of compounds different from
the ones used to establish the assay (Stummann et al. 2008).
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Figure 4-2: In vitro test batteries for reliable and thorough detection of hazardous substances.
(A) The chemical universe is drawn as an archery stand. (B) All toxic compounds are represented in the
inner black circle of the archery stand. (C) A single in vitro assay only detects toxic compounds within
its applicability domain. (D) A test battery of (overlapping) in vitro tests is needed to detect all
hazardous substances. Simplified from (Leist 2008b).

4.4 Transcriptomics as a readout for DNT
We, and others, have proposed analysis of changes in the transcriptome as a sensitive
readout for chemically induced disturbances in differentiating neural systems
(Hogberg 2010; Kuegler et al. 2010; Zimmer et al. 2011). Currently, cell type and
culture composition identification is most frequently performed using protein-based
methods (immunofluorescence microscopy, western blot analysis, fluorescence
activated cell sorting and the like) or transcriptional profiling. Protein-based methods
have also been successfully used in imaging-based, semi high throughput systems.
However, the success of these methods depends largely on the availability and quality
of suitable antibodies. This research-bottleneck is further aggravated by the fact that
identification by one marker alone is usually not sufficient, as marker expression is
gradually changing, markers might only be transiently expressed or regulated during
differentiation or a population of cells can not be described by a single marker. This is
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the case with astrocytes, where a pan-astrocyte marker covering all subtypes is still
lacking. Global transcriptional profiling methodologies have been successfully utilised
in characterisation of cellular identity or status. For example, microarrays yield an
overview of global mRNAs expression in the culture/cell at the time of isolation. This
complex data is analysed by means of related gene clusters called gene ontologies
(GO), by complex pathway analysis or cell specific marker genes. In the neural field,
no comprehensive sets of cell type specific markers exist. We have therefore compiled
curated lists of cell type specific marker genes for ESC, neural stem cells, neurons,
microglia, oligodendrocytes and astrocytes that can be used to analyse data from
transcriptional profiling (Chapter 3.1). In particular, this is useful for the analysis of
cell types in differentiated cultures obtained from ESC, or for monitoring
differentiation by monitoring changes in gene expression levels in cells during
differentiation from ESC to a terminally differentiated cell type.

4.4.1 Transcriptomics to detect non-cytotoxic effects of substances
Exposure to toxicants during development can not only lead to cell death, but can also
lead to differences in regional patterning or cell type composition in absence of cell
death (Figure 4-3).
We have proposed markers suitable for fine mapping of DNT effects in
developing neural (neuronal) cells (Chapter 3.1). We proposed markers for monitoring
(a) dorso-ventral and rostral-caudal patterning of developing neurons and (b) the
analysis of neuronal subtypes that could be used for developmental neurotoxicity
(DNT) testing in order to obtain more mechanism-based data (Chapter 3.1). Using
cultures of ESC that differentiate into neurons as a test system, these markers were
tested for their suitability as DNT endpoints and were found to detect developmental
disturbances in “regional patterning” in neurons developing from ESC under the
influence of the neuroteratogens retinoic acid and cyclopamine at sub-cytotoxic
concentrations(Chapter 3.2). This suggests that non-cytotoxic neurodevelopmental
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Figure 4-3: Disturbed regional patterning as a result of exposure to developmental toxicants
during embryonic development.
During embryonic development, progenitor cells (center) differentiate into specialised cells with a
normal distribution of cellular subtypes and a certain amount of cells (A). (B,C) Developmental toxicity
effects can lead to disturbed patterning, leading to changes in subtype composition although overall cell
numbers are unchanged. (D) Another toxic effect is the inhibition of the formation of a certain subtype
and the overall reduction of cell numbers. (E) Migration of progenitor cells can also be affected and can
lead to disturbed subtype composition and overall reduction of cells. Note that common cytotoxicity
screenings will not pick up toxic effects of substances causing effects modelled in B and C as there is no
change in overall cell number compared to the untreated control.

effects can be modelled in vitro using stem-cell derived cultures using our marker sets.
Similar systems have been used to study neurodevelopmental toxicity. For example,
Stumman et al. (Stummann et al. 2007) detected neuronal-subtype specific toxicity
upon exposure of differentiating neurons from murine ESC to MeHg using a
transcriptional profiling approach. Mtap2 mRNA was significantly downregulated
while other neuronal markers were unaffected by the DNT-classified toxicant. The
concept of DNT effects on regional patterning can also be extended to astrocyte
development. Here, first attempts to look at differences in patterning during astrocytic
development have already been made (Krencik et al. 2011).
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From our experience, sensitivity of microarrays is lower than PCR, as subtle
changes like a 2-5 -fold gene expression are not necessarily picked up in global
microarray studies. We have therefore also used our marker sets in conventional RTqPCR, which we found to be more sensitive. It seems therefore desirable to screen
markers from our lists for their suitability to detect toxic effects of substances, and
then develop focussed 96/384-well qPCR arrays that can be used in a standardised way
as sensitive methods. Here, relevant toxicity pathways should be taken into account.
This would also be feasible for astrocytes, and first steps towards a basic
characterisation of the expression of astrocytic marker genes have already been made
in MEDA (Chapter 3.3).

4.5 Astrocytes for in vitro testing
Neurotoxicology, and brain research in general, have until recently focussed mainly on
neuronal cells as the main effector cells in the brain. However, as knowledge about
other brain cells and the technologies to study these become more and more advanced,
new insights emerged.
In the human brain, astrocytes make up the main proportion of cell mass and
they are crucial for many functions of the brain (Freeman 2010). Isolation procedures
of primary astrocyte cultures from the brain are reasonably advanced and in vitro
studies already contributed to the knowledge of astrocytic functions, especially on their
role in inflammation(Falsig et al. 2004; Falsig et al. 2006b). However, all isolation
procedures for primary astrocytes have been optimised in order to yield GFAP-positive
cultures. Astrocytes are usually solely identified by GFAP expression, although it is
known today that it is only expressed in a subset of astrocytes (Cahoy et al. 2008).
Furthermore, it is strongly regulated in the brain and upregulated in inflammation or in
a diseased brain (Eng et al. 2000). For example, in has been shown in rat brains that
only 60% of all astrocytes express GFAP (Walz and Lang 1998). GFAP-negative
subpopulations of astrocytes have also been reported from the adult human brain
(Cahoy et al. 2008; Lovatt et al. 2007). Little is known about the diversity of
astrocytes and this is mainly due to a lack of good markers that allow their differential
identification. As a consequence, astrocytes and their functions are mostly studied in
only a GFAP-positive subset of astrocytes.
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4.5.1 Embryonic stem cell derived astrocytes for in vitro assay
development
At the start of this project, little to no information on methods to derive astrocytes from
ESC was available. Most stem cell-derived astrocyte cultures were at that time illdescribed, usually a contaminating “by-product” of neuronal differentiation strategies
and yielded astrocyte-cultures with unsatisfying purity (Barberi et al. 2003; Brüstle et
al. 1999; Fraichard et al. 1995) or required elaborate purification procedures (Mujtaba
and Rao 2002). I therefore developed novel protocols for the generation of pure and
functional astrocytes from ESC cultures to use them to study of brain inflammation,
brain disease and toxicology.
In the first method, I derived mouse embryonic stem cell derived astrocytes
(MEDA) using a two-step protocol that relied on the induction of neural differentiation
of ESC differentiating as cellular aggregates, in suspension culture. In the second
phase, these neural-induced aggregates were plated under astrocyte differentiationpromoting conditions to yield a multilayered culture with a high proportion of
astrocytes after 49 days of differentiation. These astrocytes can be replated and
cryopreserved and were subsequently characterised in more detail. For phenotypic
characterisation, a broad array of antibodies covering a range of typical astrocytic
markers were used in immunofluorescence stainings, revealing that about 81 ±16 % of
the culture stained positive for astrocyte markers, whereas only a subset (31 ± 18 %) of
the astrocytic cells stained positive for GFAP (Chapter 3.3). We further extended the
set of markers for phenotyping, and included other astrocyte markers such as
glutamine synthetase and aquaporin 4. Furthermore, the mRNA-expression of a set of
astrocyte maker genes was monitored over the time course of differentiation, in order
to gain deeper insights into the status of the obtained MEDA and to follow the
differentiation progress.
These MEDA cultures enabled us to study some of the typical functions
assigned to astrocytes in GFAP-positive and GFAP-negative astrocytes, in vitro. To
our knowledge this has not been possible before due to a lack of suitable cell sources.
Using single cell analysis, I was able to show for the first time in vitro that important
functional attributes such as inflammatory competence and trophic support of neurons
are not restricted to GFAP-positive astrocytes but also occur in GFAP-negative
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subpopulations. In general, MEDA cultures possessed similar functional capabilities as
reported for astrocytes isolated from mouse brain (Bajramović et al. 2000; Falsig et al.
2004; Falsig et al. 2006a; Falsig et al. 2008; Henn et al. 2011). The ability of the cells
to respond to an inflammatory stimulus increased with progressing differentiation
which demonstrates that a progressive acquisition of an inflammatory competent
astrocytic phenotype is achieved by our differentiation protocol.
Using a different approach that relied on the generation of a pure pool of neural
precursor cells (NPC), I developed another protocol that yielded pure cultures of >99%
GFAP-positive MEDA with similar functions as the MEDA described in Chapter 3.4.
The differentiation times were shortened from 49 days to only 5 days or less. This was
made possible by the use of the two cytokines BMP4 and CNTF, which drive
differentiation of NPC into astrocytic fate. The fast and homogeneous transition of
these cells makes them ideally suited to study the differentiation of NPC to astrocytes.
Also, effects of substances on the development can be studied with these cells as well
as the interplay of neural cells in generation of disease or regeneration from insult in
defined co-cultures with neurons.
When preparing astrocytes from brain, the possibility of contamination with
microglial cells requires extensive controls, to prove their absence for every
preparation (Saura 2007). This often affects experimental design and the culture
conditions chosen. A lot of this effort and burden-of-proof would be reduced in a
culture model unquestionably free of microglia. MEDA were reproducibly free of such
contaminations, as confirmed by immunofluorescent stainings, sensitive qPCR
analyses and functional assays. Also, as microglia are of mesodermal lineage, neural
differentiation conditions should not enable microglial differentiation. Interestingly
however, the generation of microglial precursor cells, under conditions normally used
for the generation of neural cells, has been reported (Napoli et al. 2009).
An advantage of using ESC-derived cells for toxicology is the easy access to
genetically modified cells. ESC can be made from knockout mice and offer new
possibilities to study gene-related diseases or the importance of individual genes also
in toxicity. ESC from many knockout mice are available today. The technology to
reprogram differentiated cells back to a pluripotent stage (Takahashi et al. 2007), has
given access also to human pluripotent cells for disease modelling (Maury et al. 2011).
These induced pluripotent stem cells (iPSC) can for example be prepared from skin
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cells donated by patients carrying a hereditary disease, elegantly circumventing the
ethical debates surrounding embryonic stem cell use. Another method, though afflicted
with ethical issues, for the development of disease model pluripotent stem cell lines is
to isolate ESC from identified disease carrying embryos for in vitro fertilisation that
were screened before implantation with prenatal genetic diagnostics (Pickering et al.
2003). These pluripotent cells can then be differentiated into any wanted cell type.
Also, the possibility of transfecting precursor stages of difficult to transfect cells
followed by the differentiation of the transfected cells into the desired target cell
enables new readouts also for toxicology. In our case, astrocytes isolated from brain
are known for their low transfectability. Furthermore, the low proliferation rate
prevents for example antibiotic selection for transfected cells to yield a pure population
of transfected cells.
We have therefore opted to transduce our cells at the NPC stage by lentivirus.
NPC proved to be easily transduced and, after FACS, we expanded highly GFPexpressing NPC and differentiated these into GFP-expressing astrocytes (Chapter 3.4).
MEDA obtained by the first protocol were also successfully transfected using
lipofectamine with 15% efficiency (data not shown). Thereby, access to genetically
modified astrocytes is now possible. In the future, reporter constructs, for example for
NFkB activation, will allow monitoring noxious events live, using imaging based
automated systems.

4.5.2 Co-cultures of astrocytes and neuronal cells
Co-cultures of astrocytes and neurons may help to investigate the interplay of
these specialized populations of brain cells in degenerative diseases. For instance, a coculture system of primary human and murine astrocytes with ESC-derived
motorneurons helped to pinpoint a major role of astrocytes in familiar amyotrophic
lateral sclerosis (Di Giorgio et al. 2008; Di Giorgio et al. 2007; Nagai et al. 2007).
An important finding was therefore the ability of both our MEDA cultures to
support low density neuronal cultures (of human and murine origin). Neurons usually
do not grow at low densities in vitro. However, in presence of stem cell-derived
astrocytes, the initial seeding densities could be reduced in a way that single neuronal
cells were identifiable in immunostainings (Chapter 3.3 and 3.4). Fibroblast control
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cells failed to show similar trophic functions. This is in line with earlier findings
reporting that differences in the ability to provide trophic support for developing
neurons by astrocytes in co-culture models. The differences depended on the origin of
the brain the astrocytes had been isolated from (Garcia-Abreu et al. 1995).
Interestingly, cultures of primary isolated cerebellar granule neurons that contained
contaminating (primary) astrocytes did not show the same trophic functions as our
stem cell derived astrocytes.
Image-based analysis of neuronal cultures is often hindered by their dense
network of neurites, which prevent single cell analysis because it is virtually
impossible to associate neurites to their respective cell body. The neurotrophic
capability of MEDA in co-cultures with neuronal cells will allow the study of the
cellular interplay and the development of sophisticated toxicological models.
Especially the support of low density cultures by our MEDA will be useful in imagingbased studies of neurodegeneration or neurotoxicity, e.g. when high resolution on the
single cell or neurite level is required for quantitative automated imaging analysis.

4.5.3 Comparison of in vitro cultures of astrocytes from different
sources
Many subtypes of astrocytes are known. Unfortunately for in vitro astrocyte research,
most of them are distinguished only by brain regions (Reichenbach and Wolburg
2005). Little is known about the differential expression of marker sets or about
different functionalities of the diverse astrocytes subtypes in vivo. Further research into
the phenotypic and functional differences of astrocytes in different regions of the brain
is needed to allow subtype specification in in vitro derived astrocytes. Recently,
Krencik et al. succeeded in differentiating human ESC into neural epithelial progenitor
cells. These neural epithelial progenitors were then differentiated to progenitor cells in
the presence of the patterning factors FGF8 (anterior) or retinoic acid (posterior). After
subsequent differentiation of the patterned progenitor cells to immature astrocytes,
these astrocytes expressed the region-specific proteins OTX2 or HOXB4 respectively.
Similarly, when the progenitor cells were patterned in the presence of the ventralising
factor sonic hedgehog (SHH), expression of the ventral marker NKX2.1 was found in
SHH-patterned immature astrocytes differentiated from these cells (Krencik et al.
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2011). To my knowledge, this is the first attempt to specify regional-specific subtypes
in stem cell-derived astrocytes. The exact subtype identity of our MEDA cultures
remains to be elucidated.

Figure 4-4: Methods to derive astrocytes from embryonic stem cells developed in this thesis.
Two methods to derive functional astrocytes from murine ESC were developed in this thesis. (A) Mouse
embryonic stem cell derived astrocytes (MEDA), generating GFAP-positive and GFAP-negative
astrocytes, were differentiated according to a two-step protocol. In the first step, neural induction was
triggered in suspension cultures for 21 days. Afterwards, the neural cell-containing aggregates were
further differentiated adherently to astrocytes. The protocol generated also GFAP-negative astrocytes
which, for the first time, allowed the study of functional properties of GFAP-negative astrocytes in vitro.
(B) The second protocol relied on a different strategy: First, neural progenitor cells (NPC) were derived
from embryonic stem cells. These NPC can be expanded in vitro and cryopreserved or induced to
differentiate into astrocytes within 3-5 days, generating pure populations of non-dividing, GFAPpositive astrocytes. gel: gelatine; PorL: poly-L-ornithin/laminin; A: no cytokines; B: EGF/bFGF; C:
CNTF/BMP4.

It is important to compare stem cell-derived astrocytes with primary isolated
astrocytes, being the “gold standard” in the field. MEDA shared many of the tested
functional aspects such as inflammatory activation and metabolic competence with
primary astrocytes, however their staining pattern was different. Similar to primary
astrocytes, the ability of the MEDA cultures to respond to CCM, and to remain
quiescent without stimulation, was retained upon replating or thawing after
cryopreservation (Crocker et al. 2008; Falsig et al. 2004; Henn et al. 2011).
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Primary astrocytes have served as a useful tool to study some aspects of brain
disease, however, as mentioned before, they most likely represent a subpopulation of
all astrocytes capable to grow in culture conditions they are isolated with. Primary
astrocytes proliferate in vitro. MEDA obtained by the first protocol proliferate and also
express nestin. This is indicative of an either activated or immature phenotype (or
both). Astrocytes derived from ESC via NPC neither proliferated nor expressed nestin,
which indicates a more mature phenotype. Nevertheless, the high levels of GFAP
expression in these cells indicates an either immature or an activated phenotype. In
vivo, high expression of GFAP is associated with astrogliosis. However as of now, this
is only speculation and requires further analysis. We initiated a project that compares
the mRNA expression levels in astrocytes from various sources to gain some insight
into the degree of maturity of in vitro astrocytes and also to identify new suitable
astrocyte markers (Götz et al., personal communication).

4.5.4 Inflammation in neurotoxicity and brain disease
Astrocytes are implicated in degenerative processes in the brain. Activation of
astrocytes in a diseased brain or by exogenous substances can lead to (chronic)
inflammation. An overshooting activation can result in a strong immune response
including cytokine secretion ROS formation (Figure 4-5) (Dong and Benveniste 2001).
This process called astrogliosis is usually observed in patients with chronic brain
diseases like AD or PD (Carpentier et al. 2008; Falsig et al. 2008).
Apart from inflammation in disease, astrocytes can also become activated upon
exposure to chemicals. For example, trimethyltin derivatives induce astrogliosis in
astrocytes which leads to neurotoxicity in vitro (Cristòfol et al. 2004; Holden and
Coleman 2007).
Insights on a molecular detail of the contribution of astrocytes to the
development of degenerative diseases have been gained in studies of the fragile X
syndrome, a disease leading to mental retardation in 1 of 2500 children caused by a
silencing mutation of the fragile X mental retardation gene Fmr1. Using co-cultures of
neurons and neonatal astrocytes isolated from Fmr1-knockout mice, delayed
maturation and decreased synapse formation of neurons cultured on Fmr1-knockout
astrocytes compared to neurons grown on wildtype astrocytes were observed (Jacobs
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et al. 2010). In another study, astrocytes were shown to be the key players in the
generation of amyotrophic laterals sclerosis (ALS). This disease is characterised by a
progressive loss of peripheral motor neurons. Astrocytes carrying a mutated form of
superoxide dismutase (SOD1) that has been linked to ALS before (Rosen et al. 1991),
were shown to secrete soluble factors that selectively kill motor neurons in co-cultures,
thereby causing the disease (Di Giorgio et al. 2008; Nagai et al. 2007).
In cases where astrocytes contribute to neurotoxicity or to complex
degenerative diseases such as ALS, AD or PD, standard in vitro neuronal cultures will
fail as a model, because the complex interaction of the two (or more) cell types can not
be studied in detail. Assays that detect neurotoxicity using co-cultures of neurons and
astrocytes have already been developed (Anderl et al. 2009; Woehrling et al. 2007)
and report a generally higher resistance to toxicants of neuron, when co-cultured with
astrocytes. Also, as stated before, the presence of contaminating microglia, as often
described for primary astrocyte preparations (Saura 2007), would hamper functional
studies as microglia can produce similar inflammatory mediators as astrocytes .
Our microglia free MEDA were developed in order to use them in co-culture
models to study aspects of brain inflammation and the development of neurotoxicity
(Figure 4-5). Our DNT-test system based on neurons differentiated from mESC
(Chapter 3.2) also contained “contaminating” astrocytes, and therefore astrocytemediated influences on toxicity or disease generation might also be picked up in these
cultures. However, the few astrocytes were restricted to small astrocytic “islands” in
the culture well and were not evenly distributed. The generation of defined co-cultures
of neurons and astrocytes is therefore preferable and would yield more consistent
results when studying the interplay of astrocytes and neurons in co-cultures.

4.5.5 Astrocyte metabolism: the double edged sword
Everything comes at a price. In the healthy brain, the metabolic activity of astrocytes
for maintaining physiological conditions is crucial for a functioning brain.
Occasionally however, the metabolic activity of astrocytes can result in toxic
metabolites. We used a substance commonly used for the induction of a Parkinson
disease phenotype in mice as a model substance to demonstrate the metabolic
functions of our astrocytes. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a
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blood-brain-barrier permeable substance that is converted by the astrocyte specific
enzyme monoamineoxidase B (MaoB) into 1-methyl-4-phenyl-1,2-dihydropyridinium
(MPDP+) which spontaneously forms the potent neurotoxin 1-methyl-4-phenylpyridinium (MPP+). Using ESI-MS we showed that astrocytes differentiated from ESC
converted MPTP and released MPDP+ and MPP+ into the supernatant, underlining
their suitability for toxicological studies (Chapter 3.3 and 3.4). Similar data has also
previously been reported for primary astrocytes (Schildknecht et al. 2009).

Figure 4-5: Astrocytes in neurotoxicity and developmental neurotoxicity.
The involvement of glial cells (astrocytes and microglia) in the generation of indirect neurotoxicity is
indicated. Astrocyte activation can lead to an overshooting immune response that can lead to neuronal
damage or cell death. Soluble factors and reactive oxygen species secreted by activated glial cells are
indicators of activating properties of substances and can be developed into endpoints in screening
assays.
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This demonstrates the importance of including astrocytes in in vitro
neurotoxicity testing. If omitted, substances that are converted into toxins by astrocytes
will be overlooked in neuronal cultures devoid of astrocytes. Besides, their
metabolising activity is important for detoxification of neurotoxins (e.g. removal of
excess extracellular glutamate), and testing in cultures devoid of astrocytes could lead
to hazard overestimation, because the substance might not be eliminated by metabolic
activity or their concentration would not be reduced to non-cytotoxic levels in absence
of astrocytes, as it would be the case in vivo. In vitro neurotoxicity assays based on
astrocyte-neuronal co-cultures should complement conventional testing with neuron
mono-cultures, to guarantee a better safety assessment of potential toxicants.
I have demonstrated that astrocytes derived from stem cells can serve as a
substitute for primary isolated astrocytes. They behaved similar in all functional
characteristics tested and, using the protocols I developed, can be obtained in large
amounts under chemically defined conditions. Furthermore, they can be cryopreserved
without loss of functionality, which makes the preparation of large batches possible,
which makes them ideal candidates for next generation assay development.
The future challenge is now to transfer the methods I developed to human ESC
(hESC) and to delineate functional astrocytes. In human development, astrocytes do
not appear before the 3rd months of development. In vitro generation of astrocytes from
hESC can therefore be expected to take longer than from the mouse (Liu and Zhang
2011). In a very promising approach, Krencik et al. recently differentiated hESC to
neuroepithelium and then into astroglial progenitor cells. These progenitor cells were
expanded in suspension cultures as aggregates and were differentiated to astrocytes
using CNTF and LIF or serum. Apart from phenotypic marker expression, these hESCderived astrocytes also showed functional characteristics of astrocytes (Krencik et al.
2011; Liu and Zhang 2011). However, the differentiation phase required over 180
days, which raises doubts as to their practical applicability in the near future.
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and optimised the protocol. I planned, performed and analysed all experiments apart
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I developed and optimised the protocol and wrote the manuscript. I planned, performed
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Dominik Pöltl. I am grateful to technical support by Heidrun Leisner with FACS and
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Abbreviations

AD

Alzheimer’s disease

Aldh1L1

aldehyde dehydrogenase 1 member L1

Aqp4

aquaporin 4, water channel

BMP(4)

bone morphogenic protein (4)

bp

base pairs

BSA

bovine serum albumine

CCM

complete cytokine mix (IL1β, TNFα, IFNγ)

CNS

central nervous system

CNTF

cilliary neurotrophic factor

DMEM

Dulbecco’s modified eagle’s medium

DMSO

dimethylsulfoxide

DNA

deoxyribonucleic acid

DNT

developmental neurotoxicity

DoD

day of differentiation

EGF

epidermal growth factor

ESC

embryonic stem cell

(b)FGF

(basic) fibroblast growth factor. FGF2

FC

Fat Cat

GDNF

glial cell line-derived neurotrophic factor

GFAP

glial fibrillary acidic protein, astrocyte marker

GFP

green fluorescent protein

GO

gene ontology

GS

glutamine synthetase, glutamine synthase

hESC

human embryonic stem cell

HPLC

high pressure liquid chromatography

IFNβ

interferon gamma

IL1, IL6

interleukin 1, interleukin 6

iNOS

inducible nitric oxide synthetase, NOS2

iPSC

induced pluripotent stem cells

kDa

kilodalton
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LIF

leukaemia inhibitory factor

LPS

lipopolysaccharide

LUHMES

Lund human mesencephalic

MaoB

monoamine oxidase B

MAP2

microtubule-associated protein 2

MEDA

mouse embryonic stem cell derived astrocytes

mESC

murine (mouse) embryonic stem cell

MPDP

+

1-methyl-4-phenyl-dihydropyridine

MPP+

1-methyl-4-phenyl-pyridine

MPTP

1-methyl-4-phenyl-tetrahydropyridine

NFkB

nuclear factor kappa B

NO

nitric oxide

NPC

neural precursor cell

NSC

neural stem cell

PBS

phosphate buffered saline

PCB

polychlorinated biphenyls

PCR

polymerase chain reaction

QSAR

quantitative structure activity relationships

REACH

registration, evaluation, authorisation and restriction of chemicals

RNA

ribonucleic acid

RT

room temperature

Shh

sonic hedgehog

SV2

synaptic vesicles, neuronal marker

TNFα

tumour necrosis factor alpha
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Photoshop CS4 (basic), Corel Draw 12 (basic)
Graph Pad Prism 4 and 5
Zeiss Axio Vision, Olympus CellP
September 2011

2nd place in the PriMeExist Professional Cup TopSim Business
Simulation game at the L-Bank, Stuttgart

June 2011

Winner of the PriMeExist Master-Cup TopSim Business Simulation
game at Boehringer-Ingelheim, qualified for next round (Professional
Cup)

April 2011

Leadership Training with Ploch&Team, HR Consultancy

March 2011

Winner of the PriMeExist Cup TopSim Business Simulation Game at
the University of Konstanz, qualified for next round (Master Cup)

Feb 2011

Workshop “Management/Business Administration for scientists”,
including TopSim management simulation game with Roche,
Mannheim, Germany

Nov 2008

Fluorescence microscopy with Olypmus microscopes and Cell
imaging software, Leinfelden-Echterdingen, Germany

Konstanz, 14 Dec 2011

Philipp Kuegler
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