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Abbreviations
5-FU

5-Fluorouracil

9-CRA

9-cis retinoic acid

13-CRA

13-cis retinoic acid

bFGF

Basic fibroblast growth factor

CNS

Central nervous system

DMEM

Dulbecco’s modified eagles medium

DMSO

Dimethyl Sulfoxide

EB

Embryoid body

EC cell

Embryonic carcinoma cell

ER

Estrogen receptor

EST

Embryonic Stem Cell Test

FACS

Fluorescence activated cell sorter

FCS

Foetal calf serum

GD

Gestational day

GFP

Green fluorescent protein

hES cell

Human embryonic stem cell

IC50

50% inhibition of growth and viability

ID50

50% inhibition of differentiation

LIF

Leukaemia inhibitory factor

MEFs

Mouse embryonic fibroblasts

mES cell

Murine embryonic stem cell

MM

Micromass Assay

MTT

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide

PE

Phycoerythrin

PKC

Proteinkinase C

PLC

Phospholipase C

6
RA

All-trans retinoic acid

RAR, RXR

Retinoic acid receptor

RT-PCR

Reverse transcriptase PCR

SEM

Standard error of the mean

WEC

Whole Embryo Culture
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1. Introduction
Developmental toxicology studies the effects substances have on the developmental processes,
which covers the period from the fertilised oocyte, to cell division, morphogenesis (the
transformation of egg organization into embryonic organization), organogenesis (the formation of
organs), cell differentiation, and embryonic as well as foetal growth. The developing organism
undergoes rapid and complex changes within a relatively short period of time. Therefore, in
mammals any agent administered during pregnancy to the mother under appropriate conditions
of time and dosage may interfere with embryonic development (Scholz et al., 1999).
The currently available in vivo tests are time-consuming, expensive and require a large number of
laboratory animals. Due to the ongoing implementation of the new chemical policy of the
European Union (Anon, 2001c), which requests toxicological risk assessment for about 30.000
chemicals, the development of new in vitro tests is urgently required. The establishment of
alternative methods in the area of developmental toxicity requires testing strategies designed
according to the users’ needs. Detailed information on target tissue-specific effects of drug
candidates and their structural derivatives during organogenesis is often needed by the
pharmaceutical industry. On the contrary, the chemical policy of the European Union requires
high throughput test systems to provide data for the classification of chemicals with regard to their
developmental toxic potential.

1.1. Developmental toxicity
1.1.1.

Exposure

Developmental defects have various causes and the current understanding is incomplete. They
can be roughly divided into intrinsic and extrinsic causes. Intrinsic causes include genetic defects
(mutations), endogenous chromosomal imbalances (e.g., meiotic nondisjunctions), endogenous
metabolism (e.g. phenylketonurea), and possibly failures in the complex developmental
processes themselves. Extrinsic causes comprise environmental effectors such as infection,
nutritional deficiencies and excesses (e.g. alcohol), pharmaceuticals, synthetic chemicals,
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solvents, pesticides, fungicides, herbicides, cosmetics, food additives, natural plant and animal
toxins and products, and other environmental chemicals. In addition, ultraviolet irradiation, X-rays
and hyperthermia should be considered (Anon, 2000b).
It was stated previously that 25% of all congenital anomalies in humans are due to genetic
causes. In turn, it was estimated that 65-75% of developmental defects are of unknown origin and
less than 10% of the anomalies are due to known environmental causes, including maternal
diseases (e.g. diabetes and hypertension), infectious agents (e.g. rubella and syphilis), and
mechanical problems (e.g. uterine deformations). Approximately 1% are known to be due to
environmental toxicant exposures, including ionizing radiation and hyperthermia (Wilson, 1973;
Anon, 2000b).
Today, about 3% of the major developmental defects are thought to result from toxicant exposure
(Oakley, 1986; Kimmel and Schwetz, 1997). Furthermore, it is generally recognized that 40-50
extrinsic agents probably have acted as human developmental toxicants and that more than
1,200 chemical and physical agents produce developmental defects in experimental animals
(Shepard, 1995; Schardein, 2000).

1.1.2.

Principles of teratology

It is a well-known fact that structural malformations are not the only possible outcome following
the exposure of the foetus to a developmental toxicant. For instance, being exposed to a
relatively high dose of a developmental toxicant, the foetus might experience a high level of cell
death that cannot be restored by available repair and compensatory mechanisms. If the induced
cell death is widespread, this could result in growth retardation or even in death of the foetus if
the cell death compromises organ systems essential for the viability. Following exposure to lower
doses of developmental toxicants, normally malformations and functional disorders occur.
Additionally, the observed effects depend on the characteristics of the developmental toxicant, its
dose and the developmental stage of the foetus at the time of exposure. Already early exposure
to teratogens during the pre-implantation period can lead to structural malformations (Rutledge,
1997; Dwivedi and Iannaccone, 1998), while toxicant-induced death occurs most frequently at
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pre- and peri-implantation stages. As many as 30% of fertilised human oocytes are estimated to
die during those early stages of the development and the role of developmental toxicants in that
incident is largely unknown.
The development from fertilization to birth is a progressive process. Therefore, the developmental
processes, which are active at the time of exposure to a developmental toxicant, determine the
effects (i.e., death, growth retardation, malformation, or functional deficits). Furthermore,
teratogenic agents act through specific mechanisms on developing cells and tissues. Since it is a
well known fact that different species and strains of animals respond differently to a
developmental toxicant, it was stated that the susceptibility to teratogenesis depends on the
genotype of the embryo and the mother (Anon, 2000b).

1.1.3.

Mechanisms of toxicity

The mechanism, which leads to developmental toxicity, describes the process by which a toxicant
produces malformations, growth retardation, lethality, and functional alterations. This involves
kinetics and means of absorption, distribution, metabolism, and excretion of the toxicant within
the mother and foetus and its interaction with specific molecular components of cellular
processes, which support development. Subsequently, the mechanisms of toxicity also include
the consequence of that interaction for the component’s function and hence, the consequence of
altered function for the operation of cellular and developmental processes (pathogenesis), which
leads to a structural or functional developmental defect (Anon, 2000b).
Some chemicals interact directly with endogenous receptors for hormones, growth factors or cellsignalling molecules. These receptors can be activated inappropriately by agonists or the binding
of the endogenous ligand to the receptor can be inhibited by antagonists. Partial agonists can act
in a way that activates the receptor but produces a less than maximal response while negative
agonists can cause a decrease from the normal baseline in an activity controlled by the receptor.
Receptors can be broadly classified as cytosolic/nuclear or membrane bound. Cytosolic receptors
are for example the estrogen receptors (ERa, ERb, ERR) and retinoic acid receptors (RAR and
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RXR) and agents that interact with one or more of these receptors are known to produce
abnormal development. Fewer agents are known to cause developmental toxicity via interaction
with membrane receptors than via cytosolic receptors. However, most normal developmental
processes involve cell-cell signalling and are mediated by trans-membrane receptors, including
inductions, cell-matrix interactions, cell proliferation, cell movement, and autocrine as well as
paracrine effects. Therefore, the potential is great that these mechanisms are significant in
developmental toxicity. Overall, 17 signalling pathways have been described to be involved
during embryonic development (Anon, 2000b) and the interaction with those by chemicals would
most probably lead to developmental defects.
However, some chemicals react with endogenous molecules without binding to receptors as for
example aldehydes, free radicals, acylating agents and alkylating agents. Exposure to these
chemicals might then result in abnormal transcription or replication of DNA or abnormal function
of proteins (Anon, 2000b).

1.2. Regulation of Developmental Toxicity Testing in the European Union
The importance of testing for developmental toxicity first became important in the early 1960s in
response to the thalidomide disaster, in which more than 10.000 malformed children in 28
countries were involved. Several guidelines at national and international level have been
implemented since then in order to detect the embryotoxic hazard of chemicals. The evaluation of
chemical-induced developmental toxicity requires extensive testing, which needs to cover the
period of organogenesis and effects from preimplantation, through the entire gestation period
(Anon, 2001a). For chemicals used as drugs, segment studies have to be carried out covering
pre- and postnatal development including the lactation period (Anon, 1994). For industrial
chemicals and pesticides, prenatal developmental, one-generation, two-generation and combined
repeat dose and reproductive/developmental screening tests have to be carried out (OECD
guidelines for testing of chemicals: 414 (Anon, 2001b), 415 (Anon, 1983a), 416 (Anon, 1983b),
421 (Anon, 2001a), 422 (Anon, 1996)).
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Accordingly, only in vivo guidelines are used for regulatory developmental toxicity testing, which
are time-consuming, expensive and consume a high number of laboratory animals. However, the
major part of industrial and commercial chemicals produced before the implementation of relevant
guidelines is still not tested for developmental toxicity. In order to overcome this weakness the
European Commission adopted a White Paper on a Strategy for Future Chemicals policy on the
13 February 2001. According to this new strategy, toxicological information on human health is
required for more than 30,000 substances that are marketed in volumes above 1 tonne, from
which 140 have been identified as priority substances and are subject to comprehensive risk
assessment.
In order to avoid the drastic increase of animal experiments in the area of toxicology due to the
implementation of the proposed European Chemical Policy, the strategy foresees a limitation of
“animal testing to the level necessary to deliver the objectives of the strategy including a high
level of protection for human health and environment” (Anon, 2001c). Therefore, in vitro
developmental toxicity test methods need to be established in order to reduce the number of test
animals and expenses. Furthermore, these in vitro methods should be better suited to test a large
number of chemicals than the conventional whole-animal tests. In addition, The Community has
taken steps to reduce duplicate testing: both Directive 67/548 and Regulation 793/93 contain
provisions, which avoid the need for different companies to carry out the same tests. Such
provisions also have a benefit for industry as they reduce the overall testing costs.

1.3. Alternative methods in developmental toxicity testing
Between 1979 and 1997, 30 reports of in vitro tests for developmental toxicity were published
(Brown et al., 1995), in which over 300 different chemicals were tested (Brown, 2002). However,
none of these were validated according to the ECVAM’s validation standards (Anon, 1997).
These in vitro systems fall into the following four categories: established cell lines, primary cell
cultures, non-eutherian embryos and cultured mammalian embryos or primordia. Furthermore,
alternative methods in the area of developmental toxicology have to take up four major
manifestations, which are growth retardation, functional impairment, malformation and lethal
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abortion. In addition, in vitro test methods must have the ability to distinguish between general
toxicity and specific embryotoxicity.
In the European Union, there is a strong demand for validated in vitro tests in developmental
toxicity testing using mammalian embryos as well as primary cultures of embryonic cells and
permanent cell lines. As the most important result of the validation study from 2002 (Genschow et
al., 2002) for the first time, three in vitro embryotoxicity tests have been established that are
backed by validated test protocols (Spielmann and Liebsch, 2001). These tests are the
Micromass Assay (MM) (Flint and Orton, 1984), the Whole Embryo Culture (WEC) assay
(Freeman and Steele, 1986) and the Embryonic Stem Cell Test (EST) (Spielmann et al., 1997).

1.3.1.

Micromass assay

The MM assay is making use of cultures of cells originating from limb or cephalic tissues of early
to mid-organogenesis embryos (Faustman, 1994) and their differentiation into cartilage after
exposure to chemicals. Initially, Flint and Orton tested 46 different compounds, which contained
27 teratogens, using the MM method. During this study the MM demonstrated a high specificity
(89% prediction of non teratogens) and sensitivity (93% prediction of teratogens) resulting in a
high predictivity. The MM was validated in 2002 (Genschow et al., 2002) and the positive
outcome of this study confirmed the possibility for the use of the MM within the context of OECD
test guideline 414 (Anon, 2002c). However, it was concluded that the test should be used in the
context of a testing strategy rather than representing a complete test replacement (Genschow et
al., 2002).

1.3.2.

Post implantation rat whole-embryo culture test

The post implantation rat whole-embryo culture test is intended to identify substances, which
induce malformations. Using the WEC, a variety of endpoints can be measured such as effects
on the development of the visceral yolk sac vascularisation and circulation, effects on
haematopoiesis, embryonic growth and differentiation and dysmorphogenic effects (Huggins,
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2003). Therefore, it enables the detection of dysmorphogenesis in whole rat embryos, and the
comparison of specific dysmorphogenic effects with general adverse effects on growth and
differentiation. The WEC has also the ability to discriminate between the different teratogenic
potentials of structurally related compounds. However, it was cautioned previously that the
system is limited as it is relatively complex, covers only a part of the organogenesis and requires
a high level of technical skills (Brown et al., 1995). Additionally, since this system still requires
whole rat embryos it appears to be rather an ex vivo method than an animal replacement. The
WEC displayed like the MM a positive outcome in the recent ECVAM validation study, which
confirmed the possibility for the use of the WEC within the context of the OECD test guideline 414
(Anon, 2002c). However, also for the WEC it was concluded that rather than representing a
complete replacement, the test should be used in the context of testing strategies (Genschow et
al., 2002).

1.3.3.

Embryonic Stem Cell Test

The Embryonic Stem cell Test (EST) has been proposed as a screening assay for potentially
embryotoxic substances and for their classification into three different classes of in vivo
embryotoxicity (strong, weak and not embryotoxic) (Spielmann et al., 1997; Genschow et al.,
2002). In order to assess the embryotoxic potential of these test chemicals, the EST employs
murine embryonic stem (mES) cells. These cells are very suitable for embryotoxicity tests as they
have been demonstrated to recapitulate cellular developmental processes and gene expression
patterns of early embryogenesis during in vitro differentiation, which results in functionally
competent specialized cell types (Guan et al., 2001; Rohwedel et al., 2001). Remarkably, the
EST is yet the only developmental toxicity test, which does not require pregnant animals and is
based on a mammalian system (Bremer and Hartung, 2004).
The EST takes the different sensitivities of undifferentiated ES cells and differentiated fibroblasts
to embryotoxic compounds into account (Laschinski et al., 1991). In addition, the differentiation of
ES cells into beating cardiomyocytes was selected as a toxicological endpoint and was integrated
into the test system (Spielmann et al., 1997). This target tissue has been selected due to the fact
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that the heart is the first organ developing during organogenesis and that congenital damages to
the heart correlate very often with other malformations (Watt, 2004). Furthermore, the in vitro
differentiation of ES cells into heart cells is well standardised and this endpoint turned out to be
the most sensitive in detecting embryotoxic chemicals.
Briefly, the EST compares two manifestations, i.e. the general toxicity to embryonic tissues (ES
cells) and maternal tissues (adult fibroblasts) and chemical effects on the development of one
major target tissue (cardiomyocytes). Therefore, three different endpoints were assessed:
cytotoxic effects on mouse adult fibroblasts (IC50 3T3: 50% inhibition of growth and viability of 3T3
cells), cytotoxic effects on mES cells (IC50 D3: 50% inhibition of growth and viability of D3 cells)
and the inhibition of differentiation of mES cells into contracting cardiomyocytes (ID50 D3: 50%
inhibition of differentiation of D3 cells) (Spielmann et al., 1997). Moreover, the EST is the only test
based on ES cells, which comprises an in vitro test and a prediction model, i.e. an algorithm how
to convert the in vitro result into a prediction of the in vivo results (Bremer and Hartung, 2004).
This prediction model allows a classification into weak, strong and non-embryotoxic chemicals.
Only the combination of a prediction model and an in vitro test can be considered as an
alternative method (Worth and Balls, 2001).
After successful prevalidation (Scholz et al., 1998), the EST has been selected to enter the formal
validation process, which was carried out in 1998-1999. Within this validation study a set of 20
reference compounds, which were characterized by high quality in vivo data and displayed
different embryotoxic potentials, were selected and subsequently tested under blind conditions in
four different laboratories from governmental institutions and industry (Genschow et al., 2002;
Genschow et al., 2004). Within this study, the EST has been demonstrated to be a reliable in vitro
test system for developmental toxicity as it achieved an overall accuracy of 78%. Despite the fact
that strong embryotoxic chemicals were correctly identified, the division of non and
weak/moderate chemicals was not convincing (Bremer and Hartung, 2004). Additionally, as the
EST is not able to pick up compounds, whose metabolites act as embryotoxicants, it was decided
that also this test should be used only in the context of a testing strategy (Genschow et al., 2002).
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An ECVAM workshop was held in 2003 in order to review and discuss the future use of the
validated EST. The outcome of this workshop was firstly, that the test is reliable and transferable
to other laboratories. Secondly, the prediction model needs to be revised in order to receive a
better discrimination between non and weak/moderate embryotoxicants. Thirdly, as so far mainly
pharmaceuticals have been tested, the EST should also be applied to industrial chemicals in
order to demonstrate its reliability. In addition, strong embryotoxic compounds that should
comprise different mechanisms of action, as well as metabolic systems to detect proteratogenic
compounds need to be employed in order to monitor the applicability of the test for a wide range
of chemicals. Furthermore, additional differentiation pathways should be included into the test
such as the differentiation into cells of the nervous or skeletal system.
However, recently improvements have been made to the EST by establishing molecular
endpoints of differentiation in cultured ES cells, i.e. using immunofluorescent antibody techniques
for the quantification of cardiac-specific protein expression measured by flow cytometry (Seiler et
al., 2002; Buesen et al., 2004). Furthermore, transgenic ES cells were established expressing the
reporter gene GFP driven by specific promoters involved in cardiac differentiation allowing the
monitoring of embryotoxic effects using flow cytometric methods (Bremer et al., 1999; Bremer et
al., 2001; Paparella et al., 2002).

FACS analysis provides a more objective endpoint for

predicting the embryotoxic potential of chemicals than the validated method and is suitable for
high-throughput screening systems. Moreover, PCR methods were employed previously
monitoring specific gene expressions, which served as molecular endpoints (Pellizzer et al.,
2004a; Pellizzer et al., 2004b). In addition, new endpoints were developed to enable the
identification of potential chemical effects on osteogenic, chondrogenic and neural differentiation
in addition to the traditional endpoint of cardiomyocyte differentiation (Zur Nieden et al., 2004).

1.3.4.

Comparison to in vivo testing

In conventional teratogenicity testing in vivo, chemicals are usually administered once or several
times during a particular developmental period. After each administration the compounds are
absorbed, distributed in the organism and eliminated. The elimination works predominantly via
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hepatic metabolism and renal or biliary excretion. These processes have a significant influence
on the crucial concentrations of the teratogens in the target tissue. The effective concentrations in
the embryo can be decreased by extensive storage of the compound in maternal tissues, low
availability in the embryonic tissues because of poor absorption, first-pass elimination or rapid
elimination (Nau, 1990).
In in vitro tests chemicals are usually added to the culture medium and can so affect directly the
target tissue for a certain time period. Therefore, absorption of the substance as well as passing
of barriers such as the placenta plays normally no role. The occurring complications of in vivo
embryotoxicity tests like differences in maternal rates of retinoid absorption, binding, excretion
and metabolism can be eliminated by in vitro experimentation. However, the low activity of
metabolising enzymes that are functional in the maternal organism in vivo is simultaneously a
major disadvantage of in vitro tests. Therefore, with one single in vitro test based on cells alone,
systemic testing might be impossible.
Also, the half-life of most substances has been shown to be often much longer in humans than in
experimental animals (Nau, 2001). Therefore it may be that in some cases the results of some in
vitro tests may correlate better with the situation in human than in animals in vivo.
However, the major aim of embryotoxicity testing is to prevent the developing embryo from
exposure to hazardous substances. For this matter chemicals with clear teratogenic effects in
vitro would not be given during pregnancies even if the fact whether the compound would reach
the embryo in vivo stays questionable. On the other hand chemicals that would be metabolised to
teratogenic metabolites in vivo, in most cases would not show any effects in in vitro tests.
Therefore, it has to be verified that negative substances in vitro do not become metabolised in
human organisms. For this approach additional in vitro methods for testing metabolism should be
part of an embryotoxic test strategy.

1.3.5.

Relevance of inter species differences

The relevance of using animal data for predicting toxicological scenarios that would interfere with
normal in utero development of humans is a concern in the health community as virtually all
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human teratogenic incidents were not identified prospectively by tests in pregnant animals
(Newman et al., 1993). There are a number of substances with known inter-species differences
like for example thalidomide (Contergan) or isotretinoin (13-cis retinoic acid, Accutane), which
both demonstrated no teratogenic effects in mice but led to severe malformations in human
embryos or selected laboratory species (Gilbert, 2003).
13-cis retinoic acid has at least a 100-fold higher potential to induce teratogenicity in humans than
in mice (Anon, 1987; Gilbert, 2003) and the cynomolgus monkey shows a ca. 20-fold higher
sensitivity to this retinoid in comparison to mice (Nau, 1990; Nau, 1993; Tzimas et al., 1994b).
Thalidomide does not cause malformed pups when given to pregnant mice or rats. In rabbits,
teratogenic effects of thalidomide have been shown although the defects are different from those
seen in human infants and primates such as the marmoset, which appears to have the most
similar susceptibility to that of humans (Gilbert, 2003).
It was stated previously in "Karnofsky's Law" that every substance, if given at the right dose to the
right species at the right time of development, is teratogenic (Karnofsky, 1965). In conclusion, it
would also hold true that any chemical, even if given at the right time, in the right dose would be
non teratogenic in some species. Therefore, it remains impossible to predict human teratogenicity
from the results of animal experiments.
However, also potentially valuable agents for humans, e.g., Bendectin, have been precluded from
the market due to observations in animals that were irrelevant in consideration of animal/human
exposure intensities and other factors (Newman et al., 1993).
Inter-species differences are often explained by differences in pharmacokinetics between the
different species. Compounds may be metabolised by different routes across species with
minimal or no formation of the critical toxic metabolite in humans. Alternatively, humans may form
the critical developmental toxic metabolite, which is not formed in the animal models used. Also
important is to have information about the exposure of the target tissue, in this case the foetus.
Rapidly metabolised substances, and compounds which are poorly distributed to or taken up by
the target cells, may never reach effective concentrations in the target tissue, and thus may be
inactive in certain systems (Nau et al., 1991). Due to differences in placental structure and
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function between species, such results may not necessarily be applicable to the human situation
(Brown et al., 1995).

1.4. Some developmental toxicants and their current application
1.4.1.

Retinoids

Retinoids are a class of compounds, which are chemically and structurally related to vitamin A.
There are different isoforms of retinoic acid existing, of which some have known different
teratogenic potentials. In this study the three derivatives all-trans-, 9-cis- and 13-cis retinoic acid
were used.

Figure 1: Three different isomers of retinoic acid: all-trans, 9-cis and 13-cis retinoic acid

Retinoids are used in the therapy of acne, psoriasis (13-cis retinoic acid) and cancer (for example
9-cis retinoic acid). The application of all-trans retinoic acid during the embryogenesis results in
severe malformations. Characteristic patterns of retinoid induced malformations include defects of
craniofacial structures including the central nervous system, the limbs, the thymus and the axial

Introduction

22

skeleton (Kochhar, 1973; Lammer et al., 1985; Durston et al., 1989; Eichele, 1989; Alles and
Sulik, 1989; Sive et al., 1990; Kessel and Gruss, 1991; Tabin, 1991; Kessel, 1992; Hendrickx,
1998).
The multiple teratogenic effects of retinoic acids are strongly related to the concentration and the
time of application (Kochhar, 1973). Early postimplantation exposure (gestational days (GD) 8-10)
typically leads to craniofacial and overt CNS defects, whereas exposure on GD 12-14 is often
associated with limb and genitourinary defects (Kistler, 1981). Additionally it is noted that
relatively lower doses are toxic early in the critical phase of development, whereas higher doses
are required later in the critical phase of organogenesis (Kochhar and Agnish, 1977).
Some retinoids have a higher teratogenic potential than others. For example 13-cis retinoic acid
is a 20 to 25 times less potent teratogen in mice than all-trans retinoic acid (Kamm, 1982; Kamm
et al., 1984; Soprano and Soprano, 1995). Furthermore it has been demonstrated that 9-cis
retinoic acid is half as a potent as teratogen compared to retinoic acid (Kochhar et al., 1995). A
study using the zebrafish model led to the same result. It has shown that all-trans retinoic acid
has a greater or equal teratogenic potential than 9-cis retinoic acid, which has a greater
teratogenic potential than 13-cis retinoic acid (Herrmann, 1995).
The diverse effects of retinoids on the development of the embryo in vivo and differentiation of
cells in vitro might be due to its influence on gene expression. There are two families of retinoid
nuclear receptors, the retinoic acid receptors (RARs) with the isotypes RAR α,β,γ binding all-trans
-, 9-cis – and 13-cis retinoic acid and the retinoid receptors (RXRs) with the subtypes RXR α,β,γ
that bind only 9-cis retinoic acid. Numerous isoforms of these receptors exist that bind to
response elements of retinoic acid genes (Chambon, 1996). These receptors become active
transcription factors upon binding their retinoids (Mangelsdorf, 1994).
In the cytoplasm two kinds of cytoplasmatic binding proteins were detected previously, the
cellular retinol binding protein (CRBP) with its isotypes CRBP l and CRBP ll (Ong, 1987) and the
cellular retinoic acid binding protein (CRABP) with its isotypes CRABP l and CRABP ll (Eller et
al., 1992). Retinoic acid binds to these proteins that interact with the nuclear receptors. Binding of
the nuclear receptors then results in transcription initiation of the target gene (Chambon, 1996).
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Embryonic regions sensitive to the teratogenic effects of retinoids, including the developing neural
crest and hindbrain, express high levels of CRABP I, which led to the suggestion that CRABP l
serves a protective role in retinoic acid vulnerable tissues (Dencker et al., 1990; Vaessen et al.,
1990; Ruberte et al., 1992), consistent with a role in retinoic acid buffering and catabolism (Ross
et al., 2000). CRABP ll has been shown to be associated with cells that synthesize retinoic acid
in the adult testes and uterus and it may play a role in retinoic acid synthesis and or secretion
(Zheng et al., 1996; Bucco et al., 1997; Ross et al., 2000).
CRABP l has a 10-fold higher affinity for retinoic acid than CRABP ll in mammals, suggesting a
greater ability for CRABP l to regulate retinoic acid (Bailey and Siu, 1988). Neither CRABP l nor
CRABP ll bind 9-cis retinoic acid (Dolle et al., 1990; Fogh et al., 1993; Fiorella et al., 1993)
indicating the existence of a distinct metabolic pathway for 9-cis retinoic acid that could either be
independent of cellular retinoic acid binding proteins or involve a distinct family of binding proteins
(Giguere, 1994).
Previously it was found that the retinoic acid receptors RAR α, β and γ genes are differentially
expressed during differentiation (Kruyt et al., 1991; Jonk et al., 1992). The diverse possible
combinations of retinoic acid receptors regulating gene expression could be responsible for the
pleiotropic effects of retinoic acid on different processes during development and differentiation
(Chambon, 1996).
However, the teratogenic potentials of retinoids can also vary between different animal models
(Table 1). Humans for example are more sensitive to 13-cis retinoic acid, which is used for the
therapy of acne (Isotretinoin; marketed as Accutane), than monkeys and rabbits, whereas mice
and rats are relatively insensitive to this retinoid (Nau, 1990; Nau, 1993).
An examination of incidents according 154 human females exposed to 13-cis retinoic acid during
pregnancy showed that just ca. 17% had normal infants whereas 69% had abortions and about
14% of the newborns showed malformations (Lammer et al., 1985). The malformations were
related to the central nervous system (86%), craniofacial structures (81%), the heart (57%) and
the thymus (33%) (Rohwedel et al., 1999).
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Table 1: Lowest teratogenic dose (mg/kg/day) of vitamin A and synthetic retinoids in animals and
man (Anon, 1987)
Species

Vitamin A

RA

13-CRA

Human

ND

ND

0.4

Subhuman Primates

ND

7.5

5

Rat

50

0.4-2

150

Mouse

75

4

100

Hamster

15

12.5

25

Rabbit

ND

2-10

10

Tzimas et al. (Tzimas et al., 1994b) have explained these large inter-species differences
regarding the compound 13-cis retinoic acid by both kinetic and metabolic aspects previously.
They suggested that the low sensitivity of the mouse and rat results from low degree of placental
transfer of this substance and its 4-oxo metabolite and the high clearance in the maternal
organism. The higher sensitivity of the rabbit has been explained by slower elimination of this
retinoid and metabolism to the 4-oxo metabolite, which results in prolonged exposure of the
embryo to these two 13-cis isomers. In other studies 13-cis retinoic acid has been shown to bind
to RARα and RARβ with lower affinity than all-trans retinoic acid (Crettaz et al., 1990;
Matsushima et al., 1992). It shows also low competition ability for binding to RARs and RXRs
(Allenby et al., 1993).

1.4.2.

Anticancer drugs

Anticancer drugs are among the most potent teratogens we know, also because they are
normally given in the highest tolerated dose. Although cancer chemotherapy drugs belong to a
variety of pharmaceutical groups, their common characteristic is their ability to adversely affect
cell division. Therefore, the qualities, which make them attractive for cancer therapy, make them
dangerous to the developing embryo (Koren et al., 1990).
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The potential for a drug to be embryotoxic or teratogenic depends on the time point during
pregnancy when it is given. The most vulnerable in terms of foetal whole organ damage from
drugs is the period of rapid cell growth, from week 2 until week 8 (MacDougall et al., 2000).
There are four groups of anticancer drugs. Firstly, the alkalyting agents, e.g. Busulfan, act by
replacing chemical groups in various molecules, proteins and nucleic acids and form cross-links
with DNA, which causes inactivation in vivo and denaturation in vitro (Chaube and Murphy, 1968).
This cytotoxic reaction is their most important biological effect. Secondly, there are the antibiotics
with antitumor properties, for example methotrexate, which are able to react with the DNA. The
third group consists of the antimetabolites, which are analogues of naturally occurring molecules
and act by interference with the related mechanism of these. The fourth group comprises a
variety of chemicals, which are in experimental use or proven anticancer drugs. Virtually, all of the
drugs in the groups of alkalyting agents and antibiotics with antitumor properties are teratogenic.
In the groups of antimetabolites and the fourth miscellaneous group the most chemicals show
teratogenic potential in animals. When treated with substances out of these four groups in early
pregnancy, the risk of malformation appears to be in a range from 1:75 to 1:2 (Schardein, 2000).
A very common drug used in chemotherapy is Fluorouracil (5-FU), which has been in use since
1960 and belongs to the antimetabolites. In 2002, 2 million patients were treated worldwide with
5-FU (Anon, 2002b). 5-FU has single-agent activity against colorectal cancer and is part of
combination chemotherapy for breast, head/neck, upper gastrointestinal tumours and rectal and
anal cancers (McLeod, 1997; Sobrero et al., 1997; Rich et al., 2004).

Figure 2: 5-Fluorouracil
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5-FU is a known developmental toxicant both in vivo and in vitro. It showed teratogenic effects in
mice (Dagg, 1960), rats (Murphy, 1962), guinea pigs (Kromka and Hoar, 1973), hamsters (Shah
and Wong, 1980) and rabbits (DeSesso et al., 1995). Single reports exist on birth defects in
humans after use of 5-FU (Stephens et al., 1980).
The mechanism of the drug's embryotoxic effect is unclear, but it has been postulated that 5-FU
inhibits the thymidylate synthase activity, leading to a deficiency of thymidine and a decrease in
DNA synthesis. However, some other effects also appear to be involved in the embryotoxicity
induced by the drug (Hansen and Grafton, 1988).

1.5. Criteria for the selection of test chemicals
The first attempt to devise an objective reference list of chemicals for the purpose of
developmental toxicity testing was by a panel of experts who selected a group of 47 chemicals,
which have become known as the “Smith list” (Smith et al., 1983). This list was inherent for
including invalid bias, inadequate in vivo data and the predominance of pharmaceuticals. Also the
chemicals were classified without sufficient attention to their developmental toxicity, in particular
to the relationship of effective doses to maternally toxic doses. Therefore, another expert group
was established to update this list following a workshop in 1991 (Schwetz, 1992). This group
devised a comprehensive and thoughtful approach to the task, although the work was not
completed.
The “Schwetz-group” selected chemicals for developmental toxicity testing in three main steps,
i.e., the compilation of a master database of potential test chemicals; the selection from this
database of a draft shortlist of candidate compounds; and the final selection of the 20 definitive
chemicals by the ECVAM study management team.
Test chemicals for developmental toxicity testing should have the following properties: firstly, they
should have been used in previous developmental toxicity test or validation studies or should
have been suggested for such use; secondly, they should have good and freely available
“segment II”-type in vivo developmental toxicity data; and thirdly, they should be thought of to be
developmental toxicants or non-toxicants.
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However, chemicals, which need to be metabolised in order to be developmental toxic, were not
included in the list. Additionally, no distinction was drawn between different manifestations of
developmental toxicity. Three different types of chemicals were selected: well-known
developmental toxicants; well-known developmental non-toxicants; and a class in-between. The
attempt was also to avoid the use of generally biologically inert molecules as negatives and
generally biologically potent molecules as positives. Therefore, closely structurally related
molecules with different developmental toxic potentials were considered. The selected chemicals
should cover a broad range of different mechanisms of action and if possible, human data should
be available for the chosen compounds (Brown, 2002).

1.6. Pluripotent cells
1.6.1.

Murine embryonic teratocarcinoma cells

The murine embryonic teratocarcinoma cell line P19 was created by implanting a seven day old
mouse embryo under the testis capsule of an adult C3H/He strain mouse, which resulted in the
formation of a tumour (Nau et al., 1991). The tumour cells were grown in culture and embryonic
carcinoma cells, the stem cells of a teratocarcinoma, have been isolated.
These cells have a normal karyotype and replicate rapidly and without apparent limitation in
culture. P19 cells share some characteristics with embryonic stem cells. Both cell types are
pluripotent and can differentiate in vitro into cell types of all three germ layers (van der Heyden
and Defize, 2003). They were one of the first examples described to differentiate into
cardiomyocytes and have been the most extensively characterised (van der Heyden and Defize,
2003). Furthermore, P19 cells express several early embryonic markers such as the stage
specific embryonic antigen SSEA-1(Solter and Knowles, 1978; Knowles et al., 1978). They
possess an inactivated p53 gene, which explains its immortal character (Schmidt-Kastner et al.,
1996; Schmidt-Kastner et al., 1998).
P19 cells stay undifferentiated without chemical induction. Therefore, they do not depend on
feeder cells or the addition of LIF, which makes them attractive for bulk biochemical approaches
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and well-defined culture conditions (van der Heyden and Defize, 2003). In addition, this
characteristic gives the cell line an advantage, as it is able to detect slight differences in
differentiation levels to the non-treated control. Previously, these cells were employed as a
reproducible cell system to evaluate potential effects of agents disrupting neuronal differentiation
(van der Heyden and Defize, 2003). However, in comparison to embryonic stem cells, which
show a high similarity to the in vivo situation, the embryotoxic relevance of results obtained from
tumour like cells remains controversial.

1.6.2.

Murine embryonic stem cells

Murine embryonic stem (mES) cells derive from the inner cell mass of mouse blastocysts. These
cells are pluripotent and can be maintained in an undifferentiated state by propagation on
embryonic fibroblasts (Evans and Kaufman, 1981) or by addition of leukaemia inhibitory factor
(LIF) to the medium (Williams et al., 1988). mES cells express several early embryonic markers
such as the stage specific embryonic antigen SSEA-1 (Solter and Knowles, 1978; Knowles et al.,
1978).
They are able to differentiate into derivatives of all three germ layers, for example into neural cells
(Okabe et al., 1996), keratinocytes (Bagutti et al., 1996), osteoblasts (Zur Nieden et al., 2003),
chondrocytes (Nakayama et al., 2003), cardiomyocytes (Maltsev et al., 1993) and adipocytes
(Dani et al., 1997). Since some of these cell types are major targets for developmental toxicants,
the pluripotency of embryonic stem cells has been used in several approaches to detect chemical
effects on the process of differentiation in vitro (Bremer and Hartung, 2004). In addition, their use
in detecting mutagenic effects of chemical substances was reported previously (Rohwedel et al.,
2001).
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Human embryonic stem cells

hES cells show many advantages over primary human cells in the field of toxicology testing,
which are their unlimited proliferation ability, their pluripotency, the potential to generate
derivatives of all three germ layers like from mES cells and to be a readily available source of
human cells.
Since the initial report of the derivation of hES cell lines, a variety of studies have also established
in vitro spontaneous and directed differentiation systems to several lineages, including cardiac
tissue (Rohwedel et al., 2001), neuronal tissue (Kehat et al., 2001; Rohwedel et al., 2001), ß-islet
pancreatic cells (Reubinoff et al., 2001), haematopoietic progenitors (Zhang et al., 2001), and
endothelial cells (Assady et al., 2001).
However, there are some morphological as well as functional differences between mES and hES
cells. hES cells form flat colonies that can be dissociated into single cells with common
mechanical and enzymatic techniques However, they don’t form new colonies out of single cells
but from cell aggregates consisting of ca. 50 – 500 cells. The population-doubling time of hES
cells is with 36 hours significantly longer than that of mES cells with 12 hours. In addition, the
hES and mES cells differ in some of their antigenic phenotypes. For example, undifferentiated
hES cells express the stage-specific embryonic antigens SSEA-3 and SSEA-4, which are not
expressed in undifferentiated mES cells but lack SSEA-1, which the latter ones express
(Thomson et al., 1998).
A very important difference between the mouse and human ES cells consists in their in vitro
culturing requirements. In contrast to the mouse model, in which the addition of leukaemia
inhibitory factor (LIF) to the culture medium is sufficient to maintain the mES cells in an
undifferentiated state, the hES cells require the presence of a feeder layer consisting of mouse
embryonic fibroblasts (MEFs) as well as culture medium supplemented with human basic
fibroblast growth factor (bFGF). However, recently achievements were made to realize
undifferentiated proliferation of the hES cells in feeder-free conditions using conditioned media
from MEF feeder layers (Thomson et al., 1998) or by adding a cocktail of supplements to the
culture medium combined with an extra cellular matrix consisting of fibronectin (Amit et al., 2004).
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Another achievement was made by maintaining the ES cells on human feeder cell layers
(Richards et al., 2002).
Furthermore, there are also important variations in the in vitro cardiomyocyte differentiation
properties between the hES and mES cell lines of the lines. hES cells differentiate in vitro into
cardiomyocytes at a slower rate than mES cells. In addition, it was found previously that in mES
cells the development from an irregular myofilament distribution to a more mature sarcomeric
organization took less than 2 weeks whereas in hES cells this process was more heterogeneous,
lasted longer, and did not reach the same level of maturity (Hescheler et al., 1997).
These findings are not surprising considering that there are differences in the length of the
gestational periods of mice and humans. Consequently, the in vivo formation of the human heart
occurs during the first 35 days of the gestational period while it takes 12 days in the mouse
(Hescheler et al., 1997).

1.7. Aims of the study
Within this study the applicability of pluripotent cell lines such as the embryonic teratocarcinoma
cell line P19, the murine embryonic stem cell line D3 and the human embryonic stem cell line H1
should be compared and discussed.
This study was carried out in three parts, i.e.
1. Detection of differentiation inducing chemicals by using the green fluorescent protein
expression in genetically engineered teratocarcinoma cells
In the first part of this study, a new in vitro test system should be developed, which should enable
the detection of differentiation-inducing chemicals in a short period of time. This test would
provide additional information to the validated embryonic stem cell test (Spielmann et al., 1997;
Scholz et al., 1999), which focuses on the detection of differentiation-inhibiting substances.
P19 cells should be transfected with a construct containing a segment of the mTert promoter
sequence combined with the coding sequence for the green fluorescent protein (GFP) gene,
which acts as a reporter gene. Murine Tert (mTert) expression, the reverse transcriptase
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component of murine telomerase, is closely linked to telomerase activity and is down regulated
during differentiation (Sharma et al., 1995; Albanell et al., 1996; Holt et al., 1996; Armstrong et al.,
2000). It should be shown in this study that an induction of differentiation is detectable as a
decrease in the mTert-GFP expression and that it is able to pick up the tested differentiation
inducing substances. In addition, the different teratogenic in vivo potentials of the three tested
different retinoids should be mimicked with this new in vitro system.
2. The effects of solvents on embryonic stem cell differentiation
In the second part of the study, the effects of solvents like DMSO and ethanol on the
differentiation of murine embryonic stem cells should be identified and threshold concentrations
for the use in developmental toxicity studies should be deduced. In the first part of this study, it
was shown that DMSO has a differentiation inducing effect on transgenic embryonic
teratocarcinoma cells (mTert_GFP/P19 cells) already at very low, non-cytotoxic concentrations.
This was an alarming result as DMSO is a very commonly used solvent in developmental toxicity
testing. As one of the most promising test systems, the EST is based on ES cells (Spielmann et
al., 1997), the definition of threshold concentrations of solvents for these cells seemed to be
especially important.
Two different endpoints, mTert_GFP expression in transgenic P19 and D3 cells, and the Oct-4
expression in wild-type D3 cells were employed in order to detect effects of DMSO and ethanol in
a concentration dependent manner.
3. Requirements for the establishment of an in vitro model for developmental toxicity testing
based on human embryonic stem cells
In the third part of the study, the advantages and challenges in adapting the existing validated
embryonic stem cell test (EST) to hES cells should be identified and elucidated. The validated
embryonic stem cell test (EST) is one of the most promising existing in vitro developmental
toxicity tests nowadays. As it involves three different endpoints: general cytotoxicity in adult
fibroblasts; general cytotoxicity in embryonic stem cells; and the inhibition of the differentiation
into cardiomyocytes; these endpoints had to be reproduced with human cells. Therefore, a
cytotoxicity test based on human ES cells and human adult fibroblasts should be developed using
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the two well-known embryotoxicants 5-fluorouracil and all-trans retinoic acid. In addition, a
selection of marker genes involved in early and cardiac differentiation should be tested for their
usefulness as endpoints for a developmental toxicity test.

33
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2. Detection of Differentiation inducing Chemicals by using the Green
Fluorescent Protein Expression in genetically engineered
Teratocarcinoma Cells
Sarah Adler, Martin Paparella, Cristian Pellizzer, Thomas Hartung, Susanne Bremer
ECVAM, Joint Research Centre, Institute for Health and Consumer Protection, 21020 Ispra, Italy

2.1. Abstract
The murine embryonic teratocarcinoma cell line, P19, was genetically manipulated in order to
provide preliminary information on compounds that induce differentiation. Without chemical
induction, P19 cells remain in an undifferentiated state, but can be induced to differentiate into
specific cell types. For example, dimethyl sulphoxide (DMSO) induces cardiac and skeletal
muscle differentiation, whereas retinoic acid stimulates neuronal differentiation. P19 cells were
transfected with a construct containing a segment of the mTert promoter sequence combined with
the green fluorescent protein (GFP) gene, which acts as a reporter gene. Murine Tert (mTert)
expression, the reverse transcriptase component of murine telomerase, is closely linked to
telomerase activity and is down-regulated during differentiation. Three retinoids and DMSO
induced the differentiation of P19 cells, which was determined by a reduction in mTert_GFP
expression, detected by flow cytometry and confocal microscopy as independent methods of
detection. A test substance, ethanol, and a control substance, saccharin, did not cause a
decrease in mTert_GFP expression. In addition, it could be demonstrated that the mTert_GFP
test detects developmentally relevant effects at non-cytotoxic concentrations. The ID50 values
derived for the reduction of mTert_GFP expression were lower than the IC50 values detected
with the MTT test, by a factor of 21.4 for all-trans retinoic acid, 12.7 for 9-cis retinoic acid, 29.6 for
13-cis retinoic acid, and 8.7 for DMSO. In comparison to the IC50 value for the P19 cell line, a
similar IC50 value was obtained with 3T3 cells were equal for ethanol, but there was a 2-fold
increase for DMSO. The retinoids were not cytotoxic to 3T3 cells at the concentrations tested
This newly developed test is capable of detecting differentiation-inducing compounds at noncytotoxic concentrations within 4 days. It offers a method for detecting chemicals with specific
toxicological mechanisms, such as the retinoids, which could provide additional information in
embryotoxicity testing as different promoters could be employed. Here, we report the use of this
novel test system for the successful analysis of DMSO and three retinoids with different in vivo
teratogenic potentials.
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2.2. Introduction
The establishment of alternative methods in the area of embryotoxicity requires testing strategies
designed according to the users’ needs. Detailed information on target tissue-specific effects of
drug candidates and their structural derivatives during organogenesis is often needed by the
pharmaceutical industry. On the contrary, the chemicals policy of the European Union (Anon,
2001c) requires high throughput test systems to provide for the classification of chemicals with
regard to their developmental toxic potential.
The P19 teratocarcinoma cell line was derived from an embryonic carcinoma induced in a
C3H/He mouse (McBurney and Rogers, 1982), and shares some characteristics with embryonic
stem cells. Both these cell types are pluripotent, and can differentiate in vitro into cell types
representative of all three germ layers (van der Heyden and Defize, 2003). P19 cells express
several early embryonic markers, such as the stage-specific embryonic antigen 1 (Solter and
Knowles, 1978; Knowles et al., 1978). In comparison to embryonic stem cells, which show a high
similarity to the in vivo situation, the embryotoxic relevance of results obtained from tumourderived cells remains controversial.
P19 cells do not have a normal karyotype, and remain undifferentiated without chemical
induction. Undifferentiated P19 cells do not depend on feeder cells or the addition of leukaemia
inhibitory factor (LIF). This makes them attractive for large-scale biochemical approaches and
well-defined culture conditions (van der Heyden and Defize, 2003). In addition, this characteristic
gives the cell line an advantage, as it can be used to detect slight differences in differentiation
levels in comparison with untreated or negative controls.
In order to induce their differentiation, P19 cells need to be stimulated with chemicals such as
dimethyl sulphoxide (DMSO), which induces differentiation into cardiac and skeletal muscle cells
(Stewart et al., 1994), or retinoic acid, which stimulates neuronal differentiation (McBurney et al.,
1982; Jones-Villeneuve et al., 1982). P19 cells were one of the first examples described of cells
able to differentiate into cardiac muscle in vitro, and have been the extensively characterised (van
der Heyden and Defize, 2003). They were also previously employed as a reproducible cell
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system to the evaluate potential of agents to disrupt neuronal differentiation (Seeley and
Faustman, 1998).
Telomerase, the enzyme that maintains the ends of linear eukaryotic chromosomes, has been
demonstrated to be active in germ cells, embryonic stem cells, and cancer cells, as well as in
immortal and tumour-derived cell lines, including P19 cells (Wright et al., 1996). Murine Tert
(mTert) expression, which is the reverse transcriptase component of murine telomerase, is very
closely linked to telomerase activity, and both are substantially reduced as a result of the
differentiation of pluripotent cells (Sharma et al., 1995; Albanell et al., 1996; Holt et al., 1996;
Armstrong et al., 2000).
The diverse effects of retinoids on embryonic development in vivo and on cell differentiation in
vitro are due to their receptor-mediated influence on gene expression. In vivo exposure to
retinoids during embryogenesis results in severe malformations, but some retinoids have a higher
teratogenic potential than others. For example, in mice, 13-cis retinoic acid (13-CRA) is 20–25
times less potent a teratogenic than all-trans retinoic acid (RA; (Kamm, 1982; Kamm et al., 1984;
Soprano and Soprano, 1995)), while 9-cis retinoic acid (9-CRA) is only half as potent a teratogen
as RA (Kochhar et al., 1995). A study with the zebrafish model showed that RA has a greater or
equal teratogenic potential than 9-CRA, which has a greater teratogenic potential than 13-CRA
(Herrmann, 1995). It has previously been shown that 13-CRA binds to the retinoic acid receptors,
RARα and RARβ, with a lower affinity than RA (Crettaz et al., 1990; Matsushima et al., 1992). In
addition, 13-CRA shows very limited competition for binding to the retinoic acid receptors, RAR
and RXR (Allenby et al., 1993).
Another explanation for the different teratogenic potentials was the transfer of substances to the
embryo (Tzimas et al., 1994a). 13-CRA is transported through the placenta only to a very limited
extent, while RA has been reported to reach concentrations in the embryo similar to those found
in maternal plasma (Creech et al., 1989; Creech et al., 1991).
DMSO is an amphiphilic compound, which initiates a coordinated differentiation programme in
various cell types. The PLC/PKC signalling cascade seems to be involved in the mechanism by
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which DMSO induces differentiation (Arcangeli et al., 1987; Wang, 1990; Chakravarthy et al.,
1992; Morley and Whitfield, 1993; Cocco et al., 1999).
We have previously demonstrated opportunities for using genetically engineered pluripotent cells
for detecting the potential embryotoxic hazard of chemicals (Bremer et al., 1999; Bremer et al.,
2001; Paparella et al., 2002). In this study, P19 cells were transfected with a construct containing
a segment of the mTert gene promoter sequence combined with the coding sequence of the
green fluorescent protein (GFP), in order to provide a new in vitro test system to permit the
detection of substances which affect differentiation. Such a test system would provide additional
information to that provided by the validated embryonic stem cell test (Spielmann et al., 1997;
Scholz et al., 1999), which focuses on the detection of differentiation-inhibiting substances.
DMSO was used in the development of the test system, while three retinoids (RA, 9-CRA and 13CRA) were used to evaluate its reliability.
The mTert_P19/GFP assay is not suitable for use as a broadly-applicable screening system for
many chemical classes. However, about 17 relevant signalling pathways have been described
during embryonic development, including such nuclear hormone receptor pathways as the
retinoic acid signalling pathway, the wnt signalling pathway, and the receptor tyrosine kinase
pathway (Anon, 2000b). Therefore, it would be promising to extend the method described here to
promoters of genes known to be involved in these developmental pathways. A list of already
genetically engineered murine ES cell lines for the major target tissues of embryotoxic
compounds has recently been published (Bremer and Hartung, 2004).
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2.3. Materials and methods
2.3.1.

Transfection with the mTert_GFP reporter gene

The 4481bp regulatory region of mTert cloned to the pEGFP-1 Vector (Clontech Laboratories,
Palo Alto, CA, USA) was kindly provided by Nicholas Hole (Department of Chemical and Life
Sciences, University of Northumbria, Newcastle-upon-Tyne, UK). The vector was amplified and
its identity confirmed by restriction analysis with the enzymes, EcoR1 and Sac1.
After linearization with the HindIII restriction enzyme, the plasmid was transfected into the murine
embryonic carcinoma cell line, P19, at passage 4 (CRL 1825; American Type Culture Collection,
Manassas, VA, USA) by using electroporation according to standard protocols (Kolossov et al.,
1998). The cells were washed with phosphate-buffered saline (PBS), the linearised plasmid was
added, then electroporation was performed (0.24 V, 500µFd). Directly after the electroporation,
the cells were incubated on ice for 20 minutes and then plated in 10cm cell culture dishes
(Corning, Schiphol-Rijk, The Netherlands). G418 (Clontech Laboratories, Palo Alto, CA, USA) at
a concentration of 3mg/ml, was used for the selection of stably transfected clones.

2.3.2.

Comparison of the replication rates

The replication rates of the mTert_GFP/P19 cells and the wild-type P19 cells were compared, as
follows. 6cm diameter dishes, with mTert_GFP/P19 cells or wild-type P19 cells, were prepared on
day 0 for sampling on each day of the 4-day experiment. The replication rates were determined in
three independent experiments with initial seeding densities of: 30,000, 50,000 and 75,000 cells
per 6cm dish as starting cell number. On each day of the experiment, the cells in one dish for
each cell line were trypsinised, and three samples per dish were counted in a Neubauer counting
chamber (Assistant, Sondheim/Rhön, Germany).
The stability of the green fluorescence of the transgenic cells was followed over 43 passages by
cytometric and microscopical methods.
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Cell culture and differentiation into embryoid bodies

The transgenic P19 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; SigmaAldrich, Milan, Italy) supplemented with 16% foetal calf serum (Roche S.p.A., Milan, Italy), 2mM
L-glutamine (Gibco, Invitrogen Italia, Milan, Italy ), 50U/ml penicillin/streptomycin (Gibco), 1%
nonessential amino acids (Sigma) and 0.1mM β-mercaptoethanol (Sigma). The P19 cells were
plated at a density of 20,000 cells/ml in 5ml complete culture medium in 6cm cell culture dishes
(Corning) and G418 (Clontech; final concentration of 300µg/ml) was added. The cells grew in an
incubator (Heraeus, Kendro Laboratory Products International, Langenselbold, Germany) under
standard culture conditions (37°C, 5% CO2), and were subcultured every 48 to 72 hours.
Cell differentiation was induced by chemical treatment via the hanging drop method, as
previously described (Rudnicki and McBurney, 1987; Wobus et al., 1991). The P19 cells were
trypsinised at day 0, and a single cell suspension with a concentration of 3.75 x 104 cells/ml test
solution was prepared. 20µl drops of the suspension (about 750 cells) were dispensed onto the
inner side of a 10cm diameter tissue culture dish lid. Subsequently, the lid was carefully turned to
its regular position and put on top of the tissue culture dish, which was filled with 5ml PBS. The
“hanging drops” were then incubated for two days in a humidified atmosphere (37°C, 5% CO2).
At day 2, the embryonic bodies (EBs) were collected from the tissue culture dish lid with a 1000µl
automatic pipette and transferred into a 6cm

bacterial Petri dish filled with 5ml of the test

solution. This EB suspension was cultured for another 2 days in a humidified atmosphere (5%
CO2, 37°C).
The resulting EBs were monitored daily for 4 days by fluorescence/confocal microscopy (BioRAD
Radiance 2000, BioRad Laboratories S.r.l., Segrate, MI, Italy) with the GFP filter HQ500LP and
with an argon laser (488 nm), and were analysed by flow cytometry (Elite, Coulter, Fullerton, CA,
USA).
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Flow cytometry analysis

20–30 EBs were dissected with Trypsin/EDTA (Sigma) at 37°C and washed with PBS. 1µg/ml
propidium iodide (Sigma) was added to the samples shortly before flow cytometric analysis. A
minimum of 10,000 viable cells were analysed with the flow cytometer, which was equipped with
an argon laser and the expo032 FACS software (Coulter). GFP emission was measured at
530nm. Debris was gated out by forward and side scatter.

2.3.5.

Testing of embryotoxic chemicals

The three retinoid derivatives, all-trans retinoic acid (RA; Sigma; CAS 302-79-4), 9-cis retinoic
acid (9-CRA; Sigma; CAS 5300-03-8) and 13-cis retinoic acid (13-CRA; Sigma; CAS 4759-48-2)
were dissolved in DMSO (Sigma; CAS 67-68-5) at a concentration of 0.01M, and further diluted in
DMEM to a concentration of 10µM. These final stock solutions, as well as DMSO and ethanol
(Sigma; CAS 64-17-5), were diluted in the culture medium to obtain the final test concentrations.
The mTert_GFP/P19 cells were treated with each retinoid at five concentrations: 75nM, 15nM,
3nM, 0.6nM and 0.12nM. DMSO and ethanol were tested at concentrations of 2%, 1%, 0.5%,
0.25% and 0.125%. Saccharin (Sigma; CAS 82385-42-0) was used as a negative control, at a
single concentration of 1mg/ml culture medium.
The chemicals were applied on day 0 and day 2 during the hanging drop assay and the MTT
cytotoxicity test.

2.3.6.

MTT-assay

The MTT cytotoxicity test was performed according to the validated embryonic stem cell test
protocol (Spielmann et al., 1997; Scholz et al., 1999), but for 4 instead of 10 days. In brief, 500
mTert_GFP/P19 or BALB 3T3 cells were plated into each well of a 96-well tissue culture plate in
200µl of test solution. After 48 hours of culture, the test solution was removed and a freshly
prepared solution was added. The cells were then cultured for 4 days. On day 4, 20µl of 5mg/ml
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was added to each well. After
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2 hours, this medium was replaced with 130µl prewarmed (37°C) MTT desorb solution (3.49ml
20%SDS [Sigma] solution plus 96.51ml 2-propanol [Sigma]), and after shaking for 15 minutes,
the absorbance of each well was determined by using a Spectramax 250 microtiter plate reader
(Molecular Devices, Sunnyvale CA, USA) with a 570nm filter and with a 630nm filter as a
reference wavelength.
For the retinoids, eight concentrations in a 5-fold dilution series were tested, the highest
concentration being 1000nM. DMSO and ethanol were tested at eight concentrations (seven
concentrations for BALB 3T3 cells) in a 2-fold dilution series, the highest concentration being 8%.
Saccharin was tested at eight concentrations in a 5-fold dilution series, the highest concentration
being 1000mg/ml.

2.3.7.

Immunostaining

The P19 cells (250,000 cells/ml) were plated overnight on 4-well LabTec chamber slides
(Nalgene, Milan, Italy), washed with PBS, and fixed with freshly prepared 4% paraformaldehyde
(BDH Chemicals, Milan, Italy) in PBS (4°C, 15 minutes, at room temperature, 15 minutes). The
cells were then washed with PBS (2 x 5 minutes; 1 x 10 minutes), incubated with the first
antibody (mouse-anti-SSEA1 polyclonal IgM [MC-480]; Developmental Studies Hybridoma Bank,
University of Iowa, Iowa City, IA, USA; 1:50 in 0.05M PBS, 10% NGS [Gibco]; 4°C, 15 minutes)
and washed with 0.05M PBS (4°C, 3 x 5 minutes). The cells were then incubated with the
secondary

antibody

(R-Phycoerythrin

[PE]-conjugated

goat

anti-mouse

IgM;

Jackson

ImmunoResearch Europe Ltd, Soham, Cambridgeshire, UK; 1:50 in 0.05M PBS, 4°C, 15
minutes) and washed with 0.05M PBS (4°C, 3 x 5 minutes). Immediately after staining, the
samples were observed by using a confocal microscope (BioRad). GFP expression was detected
by using a HQ515/30 filter and an argon laser (488nm), and the phycoerythrin (PE) staining was
analysed by using a HQ590/70 filter and an argon laser (543nm).
Immunostaining for single cells was performed after trypsin/EDTA dissociation, according to the
same protocol as was used for attached cells. Fluorescence was measured with the flow
cytometer (Coulter), equipped with an argon laser and the expo032 FACS software.
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Transfected P19 cells and 3T3 cells were stained with primary and secondary antibodies and
treated with the secondary antibody alone.

2.3.8.

Statistical analysis

The graphs show the geometric means of the histograms obtained with the expo032 FACS
software.
ID50 values, i.e. the concentrations of the tested substances which reduced mTert_GFP
expression to 50% of the untreated control, were obtained by fitting the four-parametric hill
function to the data by using GraphPad Prism 4.0 (GraphPad, San Diego, CA, USA). The IC50
values, which describe the concentrations that lead to 50% cytotoxicity, resulting from the MTT
tests were calculated by using the SOFTmaxPro 3.1 software (Molecular Devices).
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2.4. Results
2.4.1.

Stability of the transgenic cells and comparison of the replication rates

The GFP expression of the mTert_GFP/D3 cells was stable over 43 passages. The times during
which numbers of cells in the cultures doubled were 10.4 ± 1.4 hours for the mTert_GFP/P19
cells and 9.2 ± 0.7 hours for the wild-type P19 cells.

2.4.2.

Characterisation of the genetically engineered teratocarcinoma cells by
using a specific marker for undifferentiated cells

The genetically engineered GFP_mTert/P19 cells (Figure 3A) and the differentiated, nontransfected control 3T3 cells line (Figure 3C) were tested for the expression of stage-specific
embryonic antigen 1 (SSEA-1), a well-known cell surface protein, which is specific for
undifferentiated cells (Muramatsu, 1988). The primary SSEA-1 antibody was been labelled with
PE (red).
Flow cytometric analysis of the stained GFP_mTert/P19 cells (Figure 3A) demonstrated a
correlation between SSEA-1 and mTert_GFP expression. 39.7% of the cells were positive for PEexpression while 80.7% were positive for mTert_GFP, and 38.6% expressed both markers.
The differentiated cells of the control cell line, 3T3, remained unstained (Figure 3C). Figures 3B
and 3D show GFP_mTert/P19 and 3T3 cells lacking the primary SSEA-1 antibody, which resulted
in no PE-expression.
Similar results were obtained when plated GFP_mTert/P19 cells were stained with the PElabelled SSEA-1 antibody and examined with the confocal microscope (data not shown).
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Figure 3: Dotblot (flow cytometry) analysis of undifferentiated mTert_GFP/P19 cells and 3T3 cells
A) mTert_GFP/P19 cells and B) 3T3 cells were stained with SSEA-1-specific antibodies conjugated
with phycoerythrin (PE). The undifferentiated P19 cells showed a high green fluorescent protein
(GFP) (x-axis), as well as a high PE (y-axis) fluorescence (A). The non-transfected differentiated
3T3 cells did not express GFP or PE fluorescence (C). B) mTert_GFP/P19 cells and D) 3T3 cells
without the primary antibody. Percentages of the different populations are shown.
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Reduction of mTert driven GFP expression after chemical treatment

In previous studies, the differentiation of embryonic teratocarcinoma cells was induced with RA by
using a concentration range of 10–9 to 10–5M (Edwards and McBurney, 1983). In this study, the
differentiation of the P19 cells was induced with RA at a concentration of 75nM (7.5 x 10-8M).
GFP intensity was measured by flow cytometry on days 0, 1, 2, 3, 4 and 7 of the experiment.
Figure 4A shows that the mTert_GFP expression was down-regulated within 4 days of
differentiation. On day 2, the fluorescence intensity was already below 10% of that of
undifferentiated cells on day 0, with a further decrease within the following days down to
approximately 1.5% of that of day 0. The controls, without chemical treatment, showed no
decrease in GFP expression (Figure 4B). The experiments were independently run three times.
In parallel, the fluorescence intensity of treated and untreated transgenic P19 cells was observed
by using the confocal microscope for the first 4 days of the experiment (Figure 5). The
photographs show a decrease of GFP expression from day 2 onwards; no green fluorescence
was visible on day 4 (Figure 5A). The untreated control retained its green fluorescence
throughout the 4 days (Figure 5B).
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Figure 4: Overlays of the histograms of the FACS analysis of all-trans retinoic acid (RA)- treated cells
A) mTert_GFP/P19 cells and b) untreated control, showing the results obtained from day 0 to day 4. In
B), a shift in the green fluorescent protein (GFP)-expression to the left is visible, which monitors the
differentiation process over the time.

Detection of Differentiation inducing Chemicals

46

Figure 5: Confocal microscopic analysis of P19 cell aggregates after exposure to 75nM
alltrans retinoic acid
Decrease of green fluorescent protein expression was monitored daily. The untreated control
remained green from day 1 to day 4.
bar = 100 µm.
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Decrease of mTert_GFP expression after exposure to differentiation
inducing substances

In order to investigate chemically-induced teratogenesis, DMSO and three different retinoids, RA,
9-CRA and 13-CRA, were analysed by measuring the decrease in mTert_GFP expression.
DMSO was selected as one of the reference chemicals, since it is known to induce P19 cell
differentiation. It was tested to determine whether the differentiation-inducing effect of DMSO
would be visible as a decrease in mTert_GFP expression. Five different concentrations (2%, 1%,
0.5%, 0.25% and 0.125%) of DMSO in the culture medium were tested. A decrease in
mTert_GFP fluorescence was already measurable at 0.125% DMSO; the ID50 value was 0.21%
(Figure 6). Ethanol was tested at the same concentrations as DMSO, but no decrease in
mTert_GFP expression was observed.
The mTert_GFP/P19 cells were treated with each of the three retinoids at five different
concentrations (75nM, 15nM, 3nM, 0.6nM and 0.12nM). The GFP expression of the P19 cell
aggregates was measured on day 4 of the experiment.
The results for the three retinoids are shown together in Figures 7 and 8, in order to indicate their
various differentiation-inducing potencies. The ID50 values were 0.26nM for RA, 3.18nM for 9CRA, and 40.05nM for 13-CRA.
Saccharin was selected as a negative control, and its influence on mTert expression was
examined in two independent runs, with a final concentration of 1mg/ml in the culture medium.
Earlier, it had been decided that a substance which did not show any toxic effects at
concentration of 1mg/ml would be classified as non-toxic (Spielmann et al., 1997). Saccharin at a
final concentration of 1mg/ml did not result in a detectable decrease in mTert_GFP expression.
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Figure 6: Green fluorescent protein (GFP) expression (geometric means of histograms) in
P19 cell aggregates treated with dimethyl sulphoxide (DMSO) and ethanol
Cells were exposed to five concentrations of DMSO and ethanol, and GFP expression
was measured by flow cytometry on day 4 of the assay in three independent experiments
(n = 3). Standard error bars are shown (SEM).

Figure 7: Comparison of three retinoids with known and different in vivo teratogenic potentials
The green fluorescent protein (GFP) expression (geometric means of histograms) of P19 cell
aggregates treated with various concentrations of the retinoids was measured by flow cytometry on
day 4 of the experiment. Three independent experiments were performed (n = 3). Standard error
bars are shown (SEM).
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Figure 8: Overlays of the histograms of the FACS analysis of mTert_GFP/P19 cell
aggregates treated with different retinoids A) all-trans retinoic acid; B) 9-cis retinoic acid; C)
13-cis retinoic acid. Cells were exposed to five concentrations of each retinoid at day 0 and
day 2, and the fluorescence was measured on day 4.
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Comparison of the newly established toxicological endpoint with
conventional cytotoxicity tests

By definition, teratological compounds lead to malformations at non-cytotoxic concentrations. In
this study, the sensitivity of the mTert_GFP/P19 test was compared to that of the MTT test. The
IC50 (cytotoxicity) values obtained by using the MTT test with mTert_GFP/P19 cells were 5.06nM
for RA, 40.17nM for 9-CRA and 383.45nM for 13-CRA (Figure 9). The results showed that
differentiation inducing effects could be measured at non-cytotoxic concentrations. The ID50
values derived for the reduction of mTert_GFP expression were lower than the IC50 values in the
MTT test, by a factor of 28.1 for RA, 12.6 for 9-CRA, and 9.6 for 13-CRA.
For DMSO, the IC50 value was 1.82%, which was 8.7 times higher than the ID50 value obtained
for the reduction of mTert_GFP expression. The IC50 value for Ethanol was 0.94%.
The IC50 values obtained with the 3T3 cells were 0.92% for DMSO and 0.86% for ethanol. RA, 9CRA and 13-CRA did not have any cytotoxic effects on 3T3 cells at the concentrations tested
(Figure 10).
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Figure 9: MTT concentration–response surveys for three retinoids, dimethyl sulphoxide (DMSO),
ethanol and saccharin
A) all-trans retinoic acid, 9-cis retinoic acid and 13-cis retinoic acid; B) DMSO and ethanol
All experiments were performed with mTert_GFP/P19 cells in three independent runs (n = 3).
Standard error bars are shown (SEM).
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Figure 10: MTT concentration–response curves for three retinoids, DMSO and ethanol
A) all-trans retinoic acid, 9-cis retinoic acid and 13-cis retinoic acid; B) DMSO and ethanol.
All experiments were performed with BALB 3T3 cells in three independent runs (n = 3).
Standard error bars are shown (SEM).
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Table 2: All the experiments were performed in three independent runs (n = 3). Values are
shown for each endpoint and for each substance, mean ±SE.
DMSO = dimethyl sulphoxide; RA = all-trans retinoic acid; 9-CRA = 9-cis retinoic acid; 13-CRA =
13-cis retinoic acid; NT = no toxicity detected at the concentration tested.

MTT P19
substances IC-50 ± SE
Saccharin NT
DMSO

1.82% ± 0.33%

Ethanol

0.94% ± 0.05%

RA
9-CRA
13-CRA

5.06nM
0.76nM
40.17nM
0.62nM
383.45nM
38.71nM

±
±
±

MTT
balb/3T3
IC-50 ± SE
NT
0.92%
±
0.12%
0.86%
±
0.19%

MTert_GFP/P19
ID-50 ± SE
NT
0.21% ± 0.04%

Comparison of
endpoints
IC-50 (P19) / ID-50
NT
8.7
NT

NT

NT

0.18nM ± 2.54nM

NT

3.18nM ± 1.22nM

NT

40.05nM
8.50nM

±

28.11
12.63
9.57
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2.5. Discussion
Undifferentiated mTert_GFP/P19 cells were tested for expression of the SSEA-1, a well-known
cell surface protein which is specific for undifferentiated cells (Muramatsu, 1988). Flow cytometric
analysis showed a correlation between SSEA-1 and mTert expression. However, more cells
expressed mTert_GFP alone than expressed both markers together.
Flow cytometric analysis also confirmed the down-regulation of mTert_GFP expression during
differentiation (Sharma et al., 1995; Albanell et al., 1996; Holt et al., 1996; Armstrong et al.,
2000), which was induced by 75nM RA, within 4 days. In previous studies, a concentration range
of 10-9 to 10-5M RA was used to induce the differentiation of embryonic teratocarcinoma cells
(Edwards and McBurney, 1983; Rohwedel et al., 1999). Employing a medium concentration in
this range (7.5 x 10-8M), the fluorescence intensity on day 2 was found to be already below 10%
of that of day 0, with a further decrease during subsequent days to about 1.5% of that of day 0.
The untreated control cells showed no decrease in GFP expression. Microscopical observations
during the 4 days of differentiation in the presence of RA confirmed the decrease in the
mTert_GFP expression from day 2 onwards, in contrast to the untreated controls, which
displayed green fluorescence throughout the 4 days of the experiment.
In previous in vivo studies (Kamm, 1982; Kamm et al., 1984; Kochhar et al., 1995; Soprano and
Soprano, 1995), it was shown that RA is the strongest teratogen, followed by 9-CRA, whereas
13-CRA has the lowest teratogenic activity in mice. This “ranking” of the three retinoids used was
confirmed within this in vitro study. It was found that RA displayed a differentiation-inducing effect
which was 12 times higher in genetically engineered P19 cells than that of 9-CRA, which, in turn,
was 12 times more potent than 13-CRA.
Previous studies have explained the different teratogenic potentials of these retinoids on the
basis of the transfer of the substances to the embryo (Tzimas et al., 1994b). 13-CRA is
transported through the placenta only to a very limited extent, whereas RA has been reported to
reach similar concentrations in the embryo to those found in maternal plasma (Creech et al.,
1989; Creech et al., 1991). In addition, it has been shown that 13-CRA binds to RARα and RARβ
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with a lower affinity than does RA (Crettaz et al., 1990; Matsushima et al., 1992), and that it
shows limited competitive ability for binding to RARs and RXRs (Allenby et al., 1993).
The results of this study cannot be explained by transport differences of the substances to the
target tissue, as they were directly introduced into the culture medium. The fact that the in vivo
potencies were nevertheless reflected by the mTert_GFP decreases, suggests that the different
teratogenic potentials of these retinoids are due to their different affinities for receptors and thus
to their different availabilities in the cells. Further confirmatory investigations are necessary.
DMSO, a well-known differentiation inducer (McBurney et al., 1982; Jones-Villeneuve et al.,
1982), had an ID50 value of 0.21%. The PLC/PKC signalling cascade seems to be involved in the
mechanism by which DMSO induces differentiation. In murine erythroleukemia cells, it was found
that the major effect of DMSO as a differentiation inducer was via the Ca2+-activated K+channels, suggesting that plasma membrane potential depolarisation through these channels is
involved in the signal generation for cell commitment to differentiation (Arcangeli et al., 1987). In a
variety of established cell lines, such as P19 cells, as well as in primary cultures, DMSO has been
shown to trigger the release of Ca2+ from intracellular stores (Morley and Whitfield, 1993). It was
previously suggested that a rapid and transient increase in membrane proteinkinase C activity
may be an important early step in the DMSO-induced differentiation of erythroleukemia cells
(Wang, 1990; Chakravarthy et al., 1992). In the case of the erythroid differentiation of murine
erythroleukemia cells, it could be shown that phospholipase C beta 1, which is the major nuclear
phospholipase C, undergoes down-regulation when cells are treated with DMSO (Cocco et al.,
1999). Ethanol did not show a differentiation-inducing effect, as expected, since it is known to be
a differentiation-inhibiting compound (Kornfehl et al., 1999; Garriga et al., 2000).
The MTT cytotoxicity test was performed in parallel on mTert_GFP/P19 cells and BALB 3T3 cells,
in order to detect the cytotoxic concentrations of RA, 9-CRA, 13-CRA, DMSO, ethanol and
saccharin. The IC50 values obtained with the P19 cells demonstrated that RA acid was eight
times more cytotoxic than 9-CRA, which, in turn, was ten times more cytotoxic than 13-CRA. The
three retinoids showed no cytotoxic effects in BALB 3T3 cells at the concentrations tested. The
different sensitivities of pluripotent cells and fibroblasts when using cytotoxicity as a toxicological
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endpoint have been previously demonstrated (Laschinski et al., 1991). Saccharin, which was
classified as non-toxic, has been used as a negative control in numerous studies (Brown, 2002),
and did not have any cytotoxic effects on mTert_GFP/P19 cells or BALB 3T3 cells.
The ID50 values derived from the reduction of the mTert_GFP expression were 28.11 times lower
for RA, 12.63 times lower for 9-CRA, 9.57 times lower for 13-CRA, and 8.7 times lower for DMSO
than the IC50 values detected with the MTT cytotoxicity test. Effects on differentiation were
detected at non-cytotoxic concentrations, which is relevant, since compounds are considered to
be potentially teratogenic if they affect differentiation at non-cytotoxic concentrations.
In contrast to other in vitro embryotoxicity test systems based on pluripotent embryonic stem cells
(Spielmann et al., 1997) that detect embryotoxic hazards within 10 days, this new toxicological
endpoint is already measurable after only 4 days. Also, since detects differentiation-inducing
substances, it provides additional information to that provided by the validated embryonic stem
cell test (Spielmann et al., 1997; Genschow et al., 2002), which identifies differentiation-inhibiting
substances. Both differentiation induction and differentiation inhibition can lead to abnormal
morphological development (i.e. to teratogenesis).
The new mTert_GFP/P19 system is an efficient and economically viable. In combination with the
embryonic stem cell test, it could form part of an embryotoxicity testing strategy to provide
information about the differentiation affecting, and therefore teratogenic, characteristics of
substances. However, the test is not suitable for the broadly-applicable screening of all classes of
chemicals. Nevertheless, as approximately 17 signalling cascades are involved in embryonic
development (Anon, 2000b), the reporter gene GFP could be also used with promoters of genes
involved in these pathways. This could provide additional information concerning the toxicological
mechanisms of the effects of chemicals.
In order to overcome the species-specific differences (for example, 13-CRA has at least a 100fold higher potential to induce teratogenicity in humans than in mice (Anon, 1987; Hendrickx,
1998), the further development of test systems for teratogenic compounds should be based on
human pluripotent cell lines.
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3. The Effects of Solvents on Embryonic Stem Cell Differentiation
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21020 Ispra (VA), Italy

3.1. Abstract
Dimethyl sulphoxide (DMSO) and ethanol are common organic solvents used for dissolving
lipophilic substances for in vitro testing. However, DMSO is known to induce differentiation in
embryonic stem (ES) and embryonic teratocarcinoma (EC) cells.
In order to clarify if solvents like DMSO and ethanol have an influence on in vitro developmental
toxicity test systems, the presented study has evaluated their effects on differentiation by using
different test systems:
ES and EC cells were transfected with a construct containing the mTert promoter combined with
the green fluorescent protein gene (GFP). A down-regulation of mTert, a marker for
undifferentiated cells, results in a lower expression of GFP, which could be measured by flow
cytometry. Taking the specific characteristics of ES and EC cells into account this effect could be
a hint for the interaction of DMSO with embryonic development. Additionally, the effects of the
solvents ethanol and DMSO on Oct-4 expression, another marker for undifferentiated cells, were
measured in wild-type ES cells.
Both selected molecular markers demonstrated an induction of differentiation after exposure to
DMSO; in wild-type ES cells at a concentration of 0.125% and in transgenic EC cells at a
concentration of 0.25% DMSO. All other differences from controls, including those which attained
a level of statistical significance, were minor or not dosage related in degree, or were not
consistent over time and are, therefore, considered to be of little toxicological importance.
In addition, a cytotoxicity test demonstrated that the solvents affected the employed molecular
markers in non-cytotoxic concentrations. The ES cells were the most sensitive towards the
cytotoxic effects of the solvent DMSO while the EC cells were more sensitive when treated with
the solvent ethanol.
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3.2. Introduction
Dimethyl sulphoxide (DMSO) is a common industrial solvent with amphiphilic properties that is
capable of solvating a wide range of substances. However, in several studies it has been shown
that DMSO induces differentiation in various cell types including embryonic teratocarcinoma and
embryonic stem cells (Jacob and Herschler, 1986).
The development of test systems for the detection of embryotoxic compounds in vitro is highly
relevant due to the future European chemicals policy (Anon, 2001), in which more than 30.000
chemicals shall be screened for toxicological effects including teratogenicity. One of the most
promising test systems is based on ES cells (Spielmann et al., 1997). Therefore, the definition of
threshold concentrations of solvents for these cells is especially important.
In our previous study (Adler et al., 2005) it was found that DMSO has a differentiation inducing
effect on transgenic embryonic teratocarcinoma cells (mTert_GFP/P19 cells) already at very low,
non-cytotoxic concentrations. This was an alarming result as DMSO is a very commonly used
solvent in developmental toxicity testing. Therefore, we employed the above-described additional
markers for differentiation in order to identify threshold concentrations for the tested solvents.
With the intention of elucidating the effects of solvents on differentiation, we compared a minor
part of the data, which were published before (Adler et al., 2005, with the permission of ATLA;
http://www.frame.org.uk/atlafn/forauthors.htm) to our new results as indicated in the results part.
In order to detect influences of the solvents DMSO and ethanol on the differentiation we have
selected the following 2 endpoints, which are able to detect effects on differentiation already at a
molecular level: murine teratocarcinoma (EC) as well as embryonic stem (ES) cells were
transfected with a construct containing a segment of the mTert gene promoter sequence
combined with the coding sequence of the green fluorescent protein (GFP), which acts as a
reporter gene (Figure 11).
mTert is the reverse transcriptase component of murine telomerase and is very closely linked to
telomerase activity. Telomerase is the enzyme that maintains the ends of linear eukaryotic
chromosomes and has been demonstrated to be active in germ cells, embryonic stem cells,
cancer cells and immortal and tumour-derived cell lines such as the murine teratocarcinoma cell
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line P19 (Wright et al., 1996). mTert expression as well as telomerase activity have been
demonstrated to be reduced upon differentiation of pluripotent cells (Sharma et al., 1995; Holt et
al., 1996; Albanell et al., 1996; Armstrong et al., 2000). With the transgenic cells employed here,
a differentiation inducing effect is detectable as a decrease of the GFP expression and can be
measured by flow cytometry.
In addition, the effects of solvents on the differentiation of wild type ES (D3) cells was observed
using the marker gene Oct-4 (Scholer, 1991; Pesce and Scholer, 2001) that has been described
as a specific marker for undifferentiated cells. The effects of DMSO and ethanol on the Oct-4
expression were measured by semi-quantitative PCR. In addition, a conventional cytotoxicity test
was performed employing EC (P19), ES (D3) and balb/3T3 cells in parallel.
The aim of this study was to identify the lowest concentrations of the solvents DMSO and ethanol,
which induce or inhibit differentiation of embryonic teratocarcinoma cells (mTert_GFP/P19) and
embryonic stem cells (wild-type D3 and mTert_GFP/D3).
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3.3. Material and Methods
3.3.1.

Transfection with the mTert_GFP reporter gene

The 4481bp regulatory region of mTert cloned to the pEGFP-1 Vector (Clontech Laboratories,
Palo Alto, CA) was kindly provided by N. Hole (Department of Chemical and Life Sciences,
University of Northumbria, Newcastle, UK). The vector was amplified and the identity confirmed
by restriction analysis with the enzymes EcoR1 and Sac1.
After linearization with the HindIII restriction enzyme the plasmid was transfected into the murine
embryonic stem cell line D3 at passage 4 (ATCC, Manassas, VA, USA, CRL 1934) and into the
embryonic carcinoma cell line P19 at passage 4 (ATCC, Manassas, VA, USA, CRL 1825) using
electroporation with standard protocols (Kolossov et al., 1998). The cells were washed with PBS,
the linearised plasmid added and then electroporation was performed (0.24 V, 500 µFd). Directly
after electroporation, cells were incubated on ice for 20 minutes and then plated on 10cm cell
culture dishes (Corning, Schiphol-Rijk, Netherlands). G418 (Clontech Laboratories) at a
concentration of 3mg/ml was used for the selection of stably transfected clones.
The stability of the green fluorescence protein expression of the transgenic cells was followed
over 43 cell culture passages by cytometric and microscopical methods.

3.3.2.

Cell culture and differentiation into embryoid bodies

The wild type and transgenic Es (D3) as well as the EC (P19) cells were cultured in DMEM
(Sigma-Aldrich S.r.l. Milan, Italy) supplemented with 16% FCS (Roche), 2 mM L-Glutamine
(Invitrogen Italia SRL (Gibco), Milan, Italy), 50 U/ml Penicillin/ Streptomycin (Gibco), 1%
Nonessential Amino Acids (Sigma) and O,1mM ß-Mercaptoethanol (Sigma) in cell culture dishes
(Corning).
Transgenic cells were cultured in the presence of G418 (Clontech) at a concentration of 3mg/ml
select stably transfected cells. The differentiation of wild type and transgenic ES (D3) cells was
prevented by adding 1000U/ml leukaemia inhibitor factor (LIF) (Gibco) tot the culture medium.
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The cellular differentiation was induced by chemical treatment within the hanging drop method as
previously described (Rudnicki and McBurney, 1987; Wobus et al., 1991). The cells were
trypsinised at day 0 and a single cell suspension with a concentration of 3.75 • 104 cells per ml
test-solution was prepared. Drops of each 20µl of the suspension (≈750 cells) were dispensed on
the inner side of a 10 cm Ø tissue culture dish lid. Subsequently the lid was turned carefully to its
regular position and put on top of the tissue culture dish filled with 5ml PBS. The “hanging drops”
were incubated for two days in a humidified atmosphere (37°C, 5% CO2).
At day 2 the EBs were collected from the tissue culture dish lid with a 1000µl automatic pipette
and transferred into a 6cm Ø bacterial petri dish filled with 5ml of the test-solution. This EB
suspension was cultivated for another two days in a humidified atmosphere with 5% CO2 at
37°C.
The resulting embryoid bodies were monitored under the fluorescent/confocal microscope (BIO
RAD Radiance 2000) using the GFP filter HQ500LP and an Argon Laser with the wavelength 488
nm daily during 4 days.

3.3.3.

Flow cytometry analysis

20 - 30 EBs were dissected with Trypsin/EDTA (Sigma) at 37 °C and washed with PBS. 1 µg/ml
propidium iodide (Sigma) was added to the samples shortly before flow cytometry analysis. A
minimum of 10.000 viable cells were analysed with the flow cytometer (Coulter, Fullerton, CA,
USA) equipped with an argon laser and the software expo032. GFP emission was measured at
530 nm.

3.3.4.

Testing of solvents

The solvents DMSO (Sigma) and Ethanol (Sigma) were directly diluted in the culture medium to
the final test concentrations. The chemical concentrations tested were 0.25%, 0.125% and
0.0625% for DMSO and 0.5%, 0.25% and 0.125% for ethanol. Chemicals were applied on day 0
and day 2 during the hanging drop assay and the MTT cytotoxicity test.
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Semi-quantitative RT-PCR analysis

Total RNA was extracted using the TRIzol kit (Invitrogen) according to manufacturer’s
instructions. Reverse transcription was performed with SuperScriptTM II Rnase H- Reverse
transcriptase (Gibco BRL), and Oligo(dT) (Promega) as a primer, using 5 µg of total RNA. V. For
PCR 1 µl of cDNA (0.2 µg) was included in a total volume of 20 µl reaction mixtures, and PCR
was performed in an automated thermal cycler (Peltier Thermal Cycle PTC-200, MJ Research).
The PCR mixtures contained 1X PCR Buffer MgCl2 free (QIAGEN), 1.5 mM MgCl2 (QIAGEN),
0.2 mM each dNTPs (Gibco BRL), sense and antisense primers (0.9 µM each), and 2.5
Units/Reaction HotStartTaq Polymerase (QIAGEN). The PCR cycling parameters for cDNA
amplification were the following: an initial step at 95 °C for 15 minutes (HotStart), followed by 25
amplification cycles (1min, 94 °C denaturation) for Oct-4 followed by an annealing step at 55 °C
for 1 minute, 1 minute at 72 °C and a final extension step at 72 °C for 7 minutes for both genes
Oct-4 (5’-CTCGAACCACATCCTTCTCT-3’ and 5’-GGCGTTCTCTTTGGAAAGGTGTTC-3’); and
β-Actin (5’-GGCCCAGAGCAAGAGAGGTATCC-3’ and 5’-AGCCACGATTTCCCTCTCAGC-3’).
The intensity of ethidium bromide fluorescence signals was determined from the area under the
curve for each peak.

The data of the target genes were normalized to the respective

housekeeping gene (β–Actin) expression and then calculated as a percentage of day 0 or of the
unexposed control amplicon. Three independent experiments were performed. Each data point
represents the mean value of these.

3.3.6.

MTT-assay

The cytotoxicity test was performed according to the validated embryonic stem cell test protocol
(Spielmann et al., 1997; Scholz et al., 1999) but for 4 instead of 10 days. Briefly, 500 cells were
plated into each well of a 96-well tissue culture plate in 200 µl of test solution. After 48h of culture
the test solution was removed and freshly prepared was added. Cells were cultured for 4 days.
On day 4, 20 µl of 5 mg/ml MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-lium bromide)
was added to each well. After 2h this medium was replaced with 130 µl prewarmed (37°C) MTT
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desorb solution (3.49 ml 20%SDS (Sigma) solution added to 96.51 ml 2-Propanol (Sigma)) and
after 15 minutes shaking the absorbance of each well was determined in Spectramax 250
microtiter plate reader (Molecular Devices, Sunnyvale CA, USA) by using a 570nm filter with a
630 nm filter as reference wavelength.
DMSO and Ethanol were tested in eight concentrations (seven concentrations for balb/3T3 cells)
of a two-fold dilution series with the highest concentration being 8%. Saccharin was tested in
eight concentrations of a five-fold dilution series with the highest concentration being 1000 mg/ml.

3.3.7.

Statistical analysis

In order to determine the first day with a significant oct-4 decrease during differentiation without
chemical treatment an Anova one-way analysis of variance and the Dunnett's Multiple
Comparison Test were performed. For the following experiments the first concentrations of the
tested substances DMSO and ethanol, which have a significant effect on the respective marker
gene expression, were calculated for each day separately with the Anova one-way analysis of
variance and Dunnett's Multiple Comparison Test. The statistical comparisons were calculated
with raw data.
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3.4. Results
3.4.1.

MTert_GFP reduction upon chemical treatment in ES (D3) versus EC (P19)
cells

Transgenic ES (mTert_GFP/D3) as well as EC (mTert_GFP/P19) (Figure 11) cells were treated
with the solvents DMSO and ethanol at 3 different concentrations in order to analyse their
differentiation inducing effects. The mTert_GFP expression was measured by flow cytometry. In
transgenic ES (D3) cells at day 2 the mTert_GFP expression was significantly reduced after
treatment with DMSO at the tested concentrations 0.125% down to 78.8% of the control (p <
0.05) and 0.25% down to 61.9% of the control (p < 0.01) (Figure 12A) in a dosage dependent
manner. However, this result was not consistent over time as n day 4 no statistical significant
changes could be observed.
In EC (P19) cells a minor dosage dependent trend was visible on day 2, which reached statistical
significance on day 4. The first significant reduction in mTert_GFP expression was detectable on
day 4 at the highest tested concentration of 0.25% DMSO to 45.9% of the control (p < 0.05)
(Figure 12B).
Ethanol did not result in a significant up or down-regulation of the mTert_GFP (Figure 12C and
D). The results regarding the GFP expression of the EC (mTert_GFP/P19) cells at day 4 after
exposure to DMSO at the concentrations 0.125% and 0.25% and ethanol in the concentrations
0.25% and 0.5% were published before (Adler et al., 2005 with the permission of ATLA;
http://www.frame.org.uk/atlafn/forauthors.htm) (Figure 12B and D).

Figure 11: Undifferentiated transgenic P19 cells (mTert_GFP/P19 cells) expressing the
green fluorescent protein
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Figure 12: mTert_GFP expression of the transgenic cell lines mTert_GFP/D3 and
mTert_GFP/P19 after exposure to the solvents DMSO and ethanol presented as percentages
of the untreated control. A: mTert_GFP/D3 + DMSO; B: mTert_GFP/P19 + DMSO; C:
mTert_GFP/D3 + Ethanol; D: mTert_GFP/P19 + Ethanol. The experiments were performed in
3 independent runs (n=3).

3.4.2.

Oct-4 expression during the differentiation of wild type ES (D3) cells

As another marker for undifferentiated cells Oct-4 was selected. In order to determine the optimal
time range for measuring solvent effects on embryonic stem cells a kinetic was performed without
chemical treatment (Figure 13). The expression of Oct-4 shows a significant decrease on day 6 of
the experiment down to 35.6% and on day 7 down to 19.4% of the oct-4 expression on day 0 (p <
0.05). For the following experiments the Oct-4 expression was examined at day 0, 4, 5, 6 and 7.
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Figure 13: Time dependant OCT-4 expression during spontaneous differentiation of wild-type
D3 cells. The experiments were performed in 3 independent runs (n=3).
Standard error bars are shown. (*= p< 0.05)

3.4.3.

Oct-4 expression upon treatment with solvents

The Oct-4 expression is significantly reduced at day 7 after treatment with 0.125% DMSO to 3.8%
of the control (p < 0.05) and with 0.25% DMSO to 4.4% of the control (p < 0.05) (Figure 14A).
The treatment of the ES (D3) cells with ethanol did not result in a significant down regulation of
Oct-4 but a significant up regulation of Oct-4 on day 7 in response to an ethanol concentration of
0.25% to 322.3% of the control was observed (Figure 14B).
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*

Figure 14: Time and concentration dependant OCT-4 expression of wild-type D3 cells
after treatment with DMSO (A) and Ethanol (B). The experiments were performed in 3
independent runs (n=3). Standard error bars are shown. (*= p < 0.05)
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Cytotoxicity of solvents

The cytotoxic effects of DMSO and ethanol were analysed by using the conventional MTT-test.
The IC-50 values obtained after treatment with DMSO were for ES (D3) cells 1.25%, for EC (P19)
cells 2.74% and for 3T3 cells 2.75% (Figure 15A). The exposure to ethanol led to following IC-50
values: for ES (D3) cells 3.84%, for EC (P19) cells 1.07% and for 3T3 cells 2.53% (Figure 15B).
The graphs and IC50 values for the EC (P19) cells were published before (Adler et al., 2005).
The tested control substance Saccharin did not show any toxic effects in either of these cell lines
up to the highest concentration of 1mg/ml.

Figure 15: MTT concentration response curves for DMSO (A) and Ethanol (B). The
experiments were performed with D3, P19 and balb/3T3 cells in 3 independent runs (n =
3). Standard error bars are shown.
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3.5. Discussion
Solvents like DMSO and ethanol are well-known to have embryotoxic effects in vivo as well as in
vitro (Scheufler et al., 1976; Kitchin and Ebron, 1984; Spielmann et al., 1987; Church and
Kaltenbach, 1993; Augustine-Rauch et al., 2004). If used to dissolve test substances in
developmental toxicity testing, their lowest effective dose should be known in order to avoid
synergistic effects with test chemicals resulting in a false classification of chemicals.
Before starting ECVAM’s embryotoxic validation study the maximum tolerated dose of solvents
was identified by using cytotoxicity and cardiomyocyte differentiation as toxicological endpoints in
order to avoid interference with the chemicals tested. As maximum non-effective solvent
concentrations 0.5% of ethanol and 0.25% of DMSO were defined.
In this study it was shown that DMSO has a significant influence on the expression of the chosen
marker gene mTert in murine embryonic stem cells at the second day of the experiment already
at a concentration of 0.125%. However this result was not consistent over time as no statistical
differences to the control were observed on day 4.
In the transgenic EC (P19) cells the first significant decrease in mTert expression could be
detected on day 4 at a concentration of 0.25%.

Applied at a concentration of 0.0625% no

significant distinction to the control could be observed neither in embryonic teratocarcinoma nor
embryonic stem cells.
The expression of the marker gene Oct-4 was significantly reduced in the wild type ES (D3) cells
on day 7 of the experiment at the applied DMSO concentrations of 0.125% and 0.25%.
DMSO initiates a coordinated differentiation program in various cell types. The mechanism, with
which DMSO induces differentiation, seems to involve the PLC/PKC (phospholipase C / protein
kinase C) signalling cascade. Additionally, DMSO has been shown to trigger the release of Ca2+
from intracellular stores through a common mechanism in a variety of established cell lines such
as P19 cells as well as in primary cultures (Morley and Whitfield, 1993).
Ethanol showed a significant increase of the Oct-4 expression in the wild type ES (D3) cells on
day 7 of the experiment at the applied concentrations of 0.25%. It was shown previously that
differentiation of primitive endoderm cells is preceded by transient up-regulation of Oct-4 and
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subsequent shutdown (Palmieri et al., 1994). It could be presumed that ethanol could have an
inducing effect on the differentiation in primitive endoderm ES (D3) cells.
Studies of neural, hepatic and other cells have demonstrated that in vitro ethanol exposure can
influence a variety of membrane-associated signalling mechanisms. These include processes
such as receptor-kinase phosphorylation, adenylate cyclase and protein kinase C activation, and
prostaglandin production (Kulyk and Hoffman, 1996). Former studies have shown that ethanol
delays differentiation in different kind of cells (Kornfehl et al., 1999; Garriga et al., 2000), which
could be another explanation for the up-regulation of the Oct-4 expression. Further experiments
are necessary.
The MTT cytotoxicity test was performed in parallel with EC (P19), ES (D3) and balb/3T3 cells for
ethanol and DMSO in order to ensure that the employed molecular biological markers oct-4 and
mTert are down regulated at non-cytotoxic concentrations. The obtained IC-50 values showed
that the most sensitive cell line towards DMSO was the ES (D3) cell line, while EC (P19) and 3T3
cells both showed a more than two-fold higher IC-50 value. The different sensitivity of pluripotent
cells and fibroblasts by using cytotoxicity as a toxicological endpoint has been demonstrated
previously (Laschinski et al., 1991). Concerning ethanol the EC (P19) cells were the most
sensitive cells while the ES (D3) cells were the less reactive ones.
Taking all data together, our results indicate that preferably DMSO concentrations should not
increase 0.1%; and ethanol concentrations not 0.25%, if long-term incubations are used to study
embryotoxic parameters in vitro.
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4.1. Abstract
The validated embryonic stem cell test (EST) is currently one of the most promising existing in
vitro developmental toxicity tests. However, chemicals, which show inter-species variations like
thalidomide or 13-cis retinoic acid, cannot be picked up by this test system as it is based on
murine embryonic stem cells (mESC). Therefore, it would be promising to adapt the EST to
human embryonic stem cells (hESC). However, test methods based on hESC are difficult to
standardise and high variances are typical.
The EST is based on the comparison of the following endpoints: the IC50 values of mouse adult
fibroblasts (3T3) and mESC (D3) as well as the inhibition of the differentiation of mESC into
cardiomyocytes. In this study we show the successful set up of a cytotoxicity assay based on
hESC using two developmental toxicants: 5-FU and RA. The results were compared to known
data from the murine EST. For 5-FU, no significant differences were obtained between the mouse
and the human system. For RA, the murine as well as the human assay produced higher IC50
values for the fibroblasts than for the stem cells, which is a well known effect of teratogenic
compounds. Overall, the human system was able to reproduce the results form the mouse
system.
In addition, six different medium compositions were tested analysing germ layer specific marker
genes in order to optimise the yield of functional cardiomyocytes from hESC. It was found that a
medium containing Knockout DMEM and 20% FCS was best suited for cardiac differentiation.
However, the gain of beating cardiomyocytes remained usually below 20%. Therefore, other
toxicological endpoints than the inhibition of the beating of cardiomyocytes needed to be
exploited.
Consequently, we could successfully demonstrate the reliability of a certain set of marker genes,
which were significantly regulated during differentiation. During early differentiation the marker
genes Oct-4, hTert and Dusp6 showed the most reliable results. The genes Brachyury and
GATA-4 were found to be best suited to monitor cardiac differentiation. The late cardiac marker
gene TNNT2 demonstrated reliable results until day 18. These marker genes could serve as
endpoints for developmental toxicological test methods.
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4.2. Introduction
The evaluation of chemical-induced developmental toxicity requires extensive testing, which
needs to cover the period of organogenesis and effects from preimplantation, through the entire
gestation period (Anon, 2001a). For chemicals used as drugs, segment studies have to be carried
out covering pre- and postnatal development including the lactation period (Anon, 1994). For
industrial chemicals and pesticides, prenatal developmental, one-generation, two-generation and
combined repeat dose and reproductive/developmental screening tests have to be carried out
(OECD guidelines for testing of chemicals: 414 (Anon, 2001b), 415 (Anon, 1983a), 416 (Anon,
1983b), 421 (Anon, 2001a), 422 (Anon, 1996)). These in vivo test methods are time-consuming,
expensive and consume a high number of laboratory animals.
Therefore, in vitro developmental toxicity test methods need to be established in order to reduce
the number of test animals and expenses. Furthermore, these in vitro methods should be better
suited to test a large number of chemicals than the conventional whole-animal tests.
One of the most promising existing in vitro developmental toxicity tests is the validated embryonic
stem cell test (EST), which employs murine embryonic stem (mES) cells to assess the
embryotoxic potential of test chemicals (Spielmann et al., 1997; Genschow et al., 2002). These
cells are very suitable for embryotoxicity tests as they have been demonstrated to recapitulate
cellular developmental processes and gene expression patterns of early embryogenesis during in
vitro differentiation, which results in functionally competent specialized cell types (Guan et al.,
2001; Rohwedel et al., 2001). The EST is yet the only developmental toxicity test, which does not
require pregnant animals and is based on a mammalian system (Bremer and Hartung, 2004).
The EST takes the different sensitivities of undifferentiated ES cells and differentiated fibroblasts
to embryotoxic compounds into account (Laschinski et al., 1991). In addition, the differentiation of
ES cells into beating cardiomyocytes has been selected as a toxicological endpoint and was
integrated into the test system (Spielmann et al., 1997). This target tissue has been selected due
to the fact that the heart is the first organ developing during organogenesis and that congenital
damages to the heart refer very often to other malformations (Watt, 2004). Furthermore, the in
vitro differentiation of ES cells into heart cells is well standardized and this endpoint turned out to
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be the most sensitive in detecting embryotoxic chemicals. Moreover, the EST is the only test
based on ES cells, which comprises an in vitro test and a prediction model (PM), i.e. an algorithm
how to convert the in vitro result into a prediction of the in vivo results (Bremer and Hartung,
2004). Only the combination of a PM and an in vitro test can be considered as an alternative
method (Worth and Balls, 2001). A validation study of the EST was carried out using a set of 20
reference compounds characterized by high quality in vivo data (Genschow et al., 2002). Within
this study, the EST has been demonstrated to be a reliable in vitro test system for developmental
toxicity.
However, the EST still aims to predict in vivo data in an animal system although the ultimate aim
of an in vitro test for toxicological safety testing should be to predict the effects of chemicals in
humans. To make this difference is important due to the fact that several substances show interspecies differences like for example thalidomide (Contergan) or isotretinoin (13-cis retinoic acid,
Accutane), which both demonstrated no teratogenic effects in mice but led to severe
malformations in human embryos or selected laboratory species (Gilbert, 2003). 13-cis retinoic
acid, for example, has at least a 100-fold higher potential to induce teratogenicity in humans than
in mice (Anon, 1987; Hendrickx, 1998) and the cynomolgus monkey shows a ca. 20-fold higher
sensitivity to this retinoid in comparison to mice (Nau, 1990; Nau, 1993; Tzimas et al., 1994b).
Thalidomide does not cause malformed pups when given to pregnant mice or rats. In rabbits,
teratogenic effects of thalidomide have been shown although the defects are different from those
seen in human infants and primates such as the marmoset, which appears to have the most
similar susceptibility to that of humans (Gilbert, 2003).
For that reason, it would be very promising to develop in vitro developmental toxicity tests based
on human embryonic stem cells (hESC). As the mouse EST (mEST) is an already validated
method it would be a straightforward objective to adapt this existing test to hES cells.
hES cells show many advantages over primary human cells in the field of toxicology testing,
which are their unlimited proliferation ability, their pluripotency, the potential to generate
derivatives of all three germ layers like the mES cells and to be a readily available source of
human cells
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Since the initial report of the derivation of hES cell lines, a variety of studies have also established
in vitro spontaneous and directed differentiation systems to several lineages, including cardiac
tissue (Kehat et al., 2001), neuronal tissue (Zhang et al., 2001; Reubinoff et al., 2001), ß-islet
pancreatic cells (Assady et al., 2001), haematopoietic progenitors (Kaufman and Thomson,
2002), and endothelial cells (Levenberg et al., 2002).
However, there are some morphological as well as functional differences between mES and hES
cells. hES cells form flat colonies that can be dissociated into single cells with common
mechanical and enzymatic techniques. However, they don’t form new colonies out of single cells
but from cell aggregates consisting of ca. 50 – 500 cells. The population-doubling time of hES
cells is with 36 hours significantly longer than that of mES cells with 12 hours. In addition, the
hES and mES cells differ in some of their antigenic phenotypes. For example, undifferentiated
hES cells express the stage-specific embryonic antigens SSEA-3 and SSEA-4, which are not
expressed in undifferentiated mES cells but lack SSEA-1, which the latter ones express
(Thomson et al., 1998).
A very important difference between the mouse and human ES cells consists in their in vitro
culturing requirements. In contrast to the mouse model, in which the addition of leukaemia
inhibitory factor (LIF) to the culture medium is sufficient to maintain the mES cells in an
undifferentiated state, the hES cells require the presence of a feeder layer consisting of mouse
embryonic fibroblasts (MEFs) as well as culture medium supplemented with human basic
fibroblast growth factor (bFGF). However, recently achievements were made to realize
undifferentiated proliferation of the hES cells in feeder-free conditions using conditioned media
from MEF feeder layers (Xu et al., 2001) or by adding a cocktail of supplements to the culture
medium combined with an extracellular matrix consisting of fibronectin (Amit et al., 2004).
Another achievement was made by maintaining the ES cells on human feeder cell layers
(Richards et al., 2002).
Furthermore, there are also important variations in the in vitro cardiomyocyte differentiation
properties between the hES and mES cell lines of the lines. HES cells differentiate in vitro into
cardiomyocytes at a slower rate than mES cells. In addition, it was found previously that in mES
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cells the development from an irregular myofilament distribution to a more mature sarcomeric
organization took less than 2 weeks (Hescheler et al., 1997) whereas in hES cells this process
was more heterogeneous, lasted longer, and did not reach the same level of maturity (Guan et
al., 1999). These findings are not surprising considering that there are differences in the length of
the gestational periods of mice and humans. Consequently, the in vivo formation of the human
heart occurs during the first 35 days of the gestational period while it takes 12 days in the mouse
(Gepstein, 2002).
The aim of this study was to identify and elucidate the advantages but also the challenges and
obstacles in adapting the existing EST to hES cells.

Table 3: Differences between mES and hES cells
Differences in:
antigenic phenotypes
when undifferentiated

mESC
SSEA-1

hESC
SSEA-3, SSEA-4, TRA-1-60,
TRA-1-81

reference
(Thomson et al., 1998)

Culture conditions /

−

MEFs + bFGF,

Self-renewal

−

human feeders + bFGF

(Richards et al., 2002)

−

conditioned medium from

(Xu et al., 2001)

Addition of
LIF

MEFs
−

(Amit et al., 2004)

Cocktail of supplements
(TGFβ1, bFGF, LIF)
combined with extra cellular
fibronectin matrix

Doubling time
12 hours
Gestational time in vivo

Mice: 12
days

36 hours

(Gepstein, 2002)

Humans: 35 days

(Gepstein, 2002).

Cardiomyocyte

Faster than

Lower level of maturity than

(Hescheler et al., 1997;

differentiation

hESC

mESC

Guan et al., 1999).
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4.3. Material and Methods
4.3.1.

Culture of hES cells and fibroblasts

The hES cell line H1 was obtained from WiCell Research Institute, Inc., (Madison, WI, USA) and
was cultured according to their protocol. The hESC were cultured on mouse embryonic fibroblast
feeders (MEF) in hES cell medium containing DMEM/F12 (Invitrogen/Gibco, Milan, Italy)
supplemented with 20% knockout serum replacement (Invitrogen/Gibco), 1% MEM nonessential
amino acids (Invitrogen/Gibco), 0.1mM beta-mercaptoethanol (Sigma), 2mM L-Glutamine
(Invitrogen/Gibco), 50U/ml Penicillin/ Streptomycin (Invitrogen/Gibco) and 4ng/ml human
recombinant basic fibroblast growth factor (bFGF) (Invitrogen/Gibco).
The hESC were grown on mouse embryonic feeder cells obtained from E12.5 CF-1 mouse
embryos, which were prior inactivated with 10µg/ml mytomycin C (Sigma) for 2.5 hours and
plated at a density of 75.000cells/ml onto 0.1% gelatine (Sigma, Milan, Italy) coated 6-well plates
(Corning, Schiphol-Rijk, Netherlands) overnight. The cells were cultured at 37°C in an
atmosphere of 5% CO2 in a humidified tissue culture incubator (Heraeus, Kendro Laboratory
Products International, Langenselbold, Germany). The hESC were subcultured once a week.
Therefore, the cells were treated with 1mg/ml collagenase, type IV (Invitrogen/Gibco) for 5-10
minutes and gently scraped off. The cells were centrifuged for 4 minutes at 1000rpm and replated
in a ratio of 1:4.
MRC-5 cells (CCL-171; American Type Culture Collection, Manassas, VA, USA) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma) supplemented with 10% foetal calf serum
(Roche S.p.A., Milan, Italy), 2mM L-glutamine (Invitrogen/Gibco), 50U/ml penicillin/streptomycin
(Invitrogen/Gibco), 1% nonessential amino acids (Sigma) and 0.1mM β-mercaptoethanol
(Sigma). The cells grew in an incubator (Heraeus) under standard culture conditions (37°C, 5%
CO2), and were subcultured twice a week in a ratio of 1:5.

Establishment of an in vitro Model based on Human Embryonic Stem Cells

4.3.2.

79

Immunostaining

The hESC were grown on mouse embryonic feeder (MEF) feeder layers plated on 0.1% gelatine
coated LabTec chamber slides (Nalgene, Milan, Italy). The cells were stained following an ES
Cell Characterization Kit (Chemicon, Hampshire, UK). For the staining procedure, the hESC were
fixed in 4% paraformaldehyde/PBS for 20 minutes at room temperature and then washed twice 5
minutes with rinse buffer (TBST: 20mM Tris-HCL, pH7.4, 0.15M NaCl, 0.05% Tween-20; Sigma).
Next the cells were permeabilised with 0.1% Triton X-100 (Sigma)/PBS (Gibco) for 10 minutes at
room temperature and afterwards washed twice 5 minutes with rinse buffer. Afterwards, the cells
were treated for 30 minutes with a blocking solution (4% normal goat serum/PBS; Gibco) at room
temperature. The primary antibodies SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81 were diluted
1:50 in the blocking solution and applied to the cells. After 1-hour incubation time at room
temperature the cells were washed 3 times 5 minutes with the rinse buffer. Photographs were
taken using a fluorescence/confocal microscope (BioRAD Radiance 2000, BioRad Laboratories
S.r.l., Segrate, MI, Italy) using the filter HQ500LP and with an argon laser (488 nm).

4.3.3.

Testing of chemicals

All-trans retinoic acid (RA) (Sigma, CAS 302-79-4) was dissolved in DMSO at a concentration of
0.1M and stored in aliquots at -20°C. This stock solution was diluted further in DMSO (Sigma,
CAS 67-68-5) in a 3 fold dilution series and given directly into the culture medium to obtain final
test concentrations.
5-Fluorouracil (5-FU) (Sigma, CAS 51-21-8) was diluted in PBS to a concentration of 10mM and
stored in aliquots at -20°C.

4.3.4.

Cytotoxicity assay

The cytotoxicity test was performed according to the validated embryonic stem cell test protocol
(Spielmann et al., 1997; Scholz et al., 1999). In brief, 10000 hES or respectively 500 MRC-5 cells
(CCL-171; American Type Culture Collection, Manassas, VA, USA) were plated into each well of

Establishment of an in vitro Model based on Human Embryonic Stem Cells

80

a fibronectin (Sigma) coated (4µg/ml PBS) 96-well tissue culture plate in 200µl of test solution.
After 48h and 96h of culture the test solution was removed and a freshly prepared solution was
added. On day 4 or respectively day 10, a resazurin (Sigma, CAS 62758-13-8) stock solution
(100µM in PBS) was 1:10 diluted in fresh culture medium and warmed to 37°C. The test solutions
was removed from the cells and replaced with 100µl resazurin solution per well. After 4 hours
incubation at 37°C in the incubator the plates were read in a spectrofluorometer (Fluoroscan
Ascent, Labsystem, Helsinki, Finland) at 530 nm (excitation) and 590 nm (emission).
For RA, 8 concentrations of a 3-fold dilution series were tested with the highest concentration
being 300µM. 5-FU was tested in 8 concentrations of a 3-fold dilution series with the highest
concentration being 27µM.

4.3.5.

Gene detection by Real Time PCR

RNA was isolated with an RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. Possible DNA contaminations were digested using the Rnase-free
Dnase

set

(Qiagen)

and

concentration

and

protein

contaminations

were

assessed

spectrophotometrically (Biophotometer; Eppendorf, Milano, Italy). Reverse transcription was
performed as follows: 500 ng RNA was incubated with 0.5 mM dNTP (Promega, Madison, USA)
and 12.5 mg/ml random hexamer (Promega) for 5 min at 65° C using a Perkin-Elmer Geneamp
PCR system 9600. Subsequently 40 U RNAse inhibitor (RNaseOut; Invitrogen, Milan, Italy), 200
U reverse transcriptase (SuperScriptTM II RNase H-; Invitrogen), 10 mM DDT (Invitrogen) and
first-strand buffer (Invitrogen) were added and incubated for 10 min at 25° C, for 50 min at 42° C
and for 15 min at 70° C.
An AbiPrism 7000 sequence detector system in conjunction with TaqMan® Universal PCR
Master Mix and TaqMan® Real-Time PCR Assays-on-Demand (all Applied Biosystems, Monza,
Italy) was used for all genes (table 3) according to the manufacturers protocol. Relative
quantification was performed using the comparative CT method, based on GAPDH mRNA
quantities.
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Table 4: Key genes used in this study, involved in human early and cardiac differentiation
Gene

Expression

GAPDH
In pluripotent
embryonic cells

Oct-4
hTERT
GAL
LeftB
DUSP6
Brachyury
AFP
Pax6
GATA-4
Nkx2.5

In pluripotent
embryonic cells
In undifferentiated
cells
In undifferentiated
cells
In undifferentiated
cells
During mesoderm
formation
During endoderm
formation
During ectoderm
formation
During cardiac
precursor formation
During cardiac
precursor formation

Description

References

Housekeeping gene

(Barber et al.,
2005)

POU transcription factor, essential for
the initial formation of pluripotent
founder cell population in the
mammalian embryo
Human telomerase reverse
transcriptase
Galanin
Left –right determination, Factor B
Dual specificity phosphatase 6
Transcription factor necessary for
normal mesoderm formation
Alpha-fetoprotein, transcription factor
(AT motif-binding factor)
Paired box gene 6
GATA binding protein, transcription
factor
Transcription factor

MHC6

In cardiac cells

Myosin heavy polypeptide 6 involved
in kinetic processes

TNNT2

In cardiac cells

Troponin T2

4.3.6.

(Scholer, 1991)
(Meyerson et
al., 1997)
(Sato et al.,
2003)
(Sato et al.,
2003)
(Sato et al.,
2003)
(Cunliffe and
Smith, 1992)
(Watanabe et
al., 1996)
(Ellison-Wright
et al., 2004)
(Molkentin,
2000)
(Lints et al.,
1993)
(KarschMizrachi et al.,
1990)
(Iijima et al.,
2003)

Differentiation into cardiomyocytes

To induce formation of embryoid bodies, hES cell colonies were dispersed into small aggregates
using 1 mg/ml Collagenase IV (Invitrogen) for 20 to 30 minutes and then transferred to bacterial
petri dishes (Greiner). The human EBs (hEBs) were cultured in suspension for 4 days and then
plated on gelatine coated (0.1% in H2O) tissue culture dishes (Corning) until day 25. The
appearance of spontaneous contractions was observed microscopically. In order to optimise the
differentiation into cardiomyocytes different culture media were tested (table 5). The differentiated
cells were collected after 4, 10, 18 and 25 days for RT-PCR analysis.
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Table 5: Compositions of different tested cardiac differentiation media
Name

Composition

MKFA

Knockout DMEM+ 20 % Foetal Calf Serum heat inactivated + 1 % Nonessential
amino acids + 1mM Glutamine + 0.1 m (-Mercaptoethanol + 50 U/ml Penicillin +
50 U/ml Streptomycin

MKFB

MDFA

MDFB

MDSA

MDSB

Knockout DMEM+ 20 % Foetal Calf Serum not heat inactivated + 1 %
Nonessential amino acids + 1mM Glutamine + 0.1 m (-Mercaptoethanol + 50
U/ml Penicillin + 50 U/ml Streptomycin
DMEM/F12 + 20 % Foetal Calf Serum heat inactivated + 1 % Nonessential amino
acids + 1mM Glutamine + 0.1 m (-Mercaptoethanol + 50 U/ml Penicillin + 50 U/ml
Streptomycin
DMEM/F12 + 20 % Foetal Calf Serum not heat inactivated + 1 % Nonessential
amino acids + 1mM Glutamine + 0.1 m (-Mercaptoethanol + 50 U/ml Penicillin +
50 U/ml Streptomycin
DMEM/F12 + 20 % KnockOut SR + 1 % Nonessential amino acids + 1mM
Glutamine + 0.1 m (-Mercaptoethanol + 50 U/ml Penicillin + 50 U/ml
Streptomycin + 4 ng/ml bFGF
DMEM/F12 + 20 % KnockOut SR + 1 % Nonessential amino acids + 1mM
Glutamine + 0.1 m (-Mercaptoethanol + 50 U/ml Penicillin + 50 U/ml
Streptomycin

4.3.7.

Statistical analysis

The statistical analysis was performed using the program GraphPad Prism 4.0 (GraphPad Prism
Software, Inc., San Diego, CA, USA). The IC50 values for the cytotoxicity tests (Figure 17) were
obtained by fitting the four-parametric hill function to the data. For the analysis of the early and
cardiac differentiation markers (Figure 18 and 20) the ANOVA one-way analysis of variance and
the Dunnett's Multiple Comparison Test were performed. In order to compare the different cardiac
differentiation media with each other (Figure 19) an one-way ANOVA and the Bonferroni Multiple
Comparison Test were carried out.
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4.4. Results
4.4.1.

Expression of surface markers

The expression of the surface markers SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81 was
periodically monitored in order to prove the undifferentiated state of the standard culture. Figure
16 shows different colonies expressing these surface markers.

Figure 16: Undifferentiated transgenic H1 cells expressing different surface markers: A: SSEA-3,
B: SSEA-4, C: TRA-1-60 and D: TRA-1-81. Photographs were taken using confocal microscopy.

Establishment of an in vitro Model based on Human Embryonic Stem Cells

4.4.2.

84

Cytotoxicity

The cytotoxic effects of 5-FU and RA were analysed using a conventional cytotoxicity test based
on the reduction of the substance resazurin, which can be measured by fluorospectrometry. IC50
values, which give the concentrations of the tested compounds, which lead to a 50% reduction of
the fluorescence with respect to the untreated control, were calculated using the GraphPad Prism
software.
Using the hES cells no IC50 values were obtained after 4 days of treatment with the substances 5FU and RA. For the MRC-5 cells the IC50 values were 7.5 uM +- 6.4 uM for 5-FU and 121.5 uM +19.7 uM for RA after 4 days of exposure. After 10 days of treatment the IC50 values for hES cells
were 4.2 +- 2.6 uM for 5-FU and 2.2+- 1.4 uM for RA whereas for MRC-5 cells they were 2.7 +3.2 uM for 5-FU and 36.2 +- 2.5 uM for RA (Figure 17). The IC50 values obtained on day 10 were
compared to the previously published IC50 values for the murine cell lines D3 and 3T3 cells (table
6).
For 5-FU, the IC50 value for the 3T3 cells in the mouse system is with 7.1 uM higher than the IC50
value for the D3 cells with 1.15 uM, while in the human system the IC50 value for the H1 cells is
with 4.2 uM higher than the IC50 value for the MRC-5 cells with 2.7 uM. However, no significant
differences were obtained between the mouse and the human system. For RA, the IC50 value
was in the mouse system with 80.2 uM higher for the 3T3 cells than for the D3 cells with 0.027
uM. Also in the human system this effect was seen but the observed difference was not as high
as in the mouse system with an IC50 value of 36.2 uM for MRC-5 cells and 4.2 uM for the H1
cells.
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Figure 17: Concentration response curves for the chemicals RA (A, B) and 5-FU (C, D) after
exposure for 4 days (A, C) or 10 days (B, D). The endpoint “viability” is based on the reduction of the
substance resazurin. The experiments were performed with MRC-5 and H1 cells in parallel in 3
independent runs (n = 3). Standard error bars are shown.

Table 6: Comparison of IC50 values

Chemical
5-FU
RA

3T3

D3

(Bremer et al., 2001)

(Bremer et al., 2001)

0.9+-0.5 ug/ml

0.15+-0.16 ug/ml

=7.1 uM +- 3.5 uM

=1.15 uM+- 0.82 uM

24.1+-10.8 ug/ml

0.008+-0.001 ug/ml

=80.2 uM +- 35.9 uM

=0.027 uM+- 0.003 uM

MRC-5

H1

2.7+- 3.2 uM

4.2 uM+- 2.6 uM

36.2+- 2.5 uM

2.2 uM+- 1.4 uM
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Early differentiation markers

In order to examine the expression of early differentiation markers, the hES cells were grown on
matrigel coated plates without feeder cells. Samples were taken at day 0 and from day 2 on daily
until day 7. The expression of the genes Oct-4, hTert, LeftB, Galanin and Dusp6 was analysed
using the real time RT-PCR (Figure 18). Left B and Galanin showed a lower expression on day 7
in comparison to day 0 but the differences were not significant. On day 7 LeftB was 11 and
Galanin 5.5 times lower expressed than on day 0. The expression of Oct-4 was significantly
reduced on day 7 (p < 0.01) and showed an expression, which was 11 times lower than on day 0.
The hTert expression was significantly down regulated from day 2 on until day 7 (p < 0.01) with
respect to day 0 with a 10.5 fold decrease on day 7. Dusp6 showed a significant up regulation
from day 2 on until day 6 (p < 0.05) and on day 7 (p < 0.01) in comparison to the undifferentiated
cells on day 0 with a highest expression on day 7, which was 18.5 times higher than on day 0.
Therefore, only the genes Oct-4, hTert and Dusp6 would be suitable as endpoints for
toxicological tests.

LEFTB
Galanin
Oct-4

100

relative gene expression

**
*

*

*

huTert
DUSP6

10

**

1

**

**
**

0.1

**

0.01
d0

d2

d3

d4

d7

time in days
Figure 18: Time dependent expression of genes involved in the early differentiation of
H1 cells. The experiments were performed in 3 independent runs (n=3). Standard error
bars are shown. (*= p< 0.05; **= p< 0.01)
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Optimisation of a cardiac differentiation protocol

In order to optimise the yield of functional cardiomyocytes differentiated from hES cells, six
different medium compositions were tested, which were published previously (table 5) (Kaufman
et al., 2001; Kehat et al., 2002; Xu et al., 2002; Levenberg et al., 2002; Kehat et al., 2003; He et
al., 2003). After 4 days of cardiac differentiation, the cells were collected and analysed using real
time RT-PCR. For each germ layer one gene was analysed: Brachyury for the mesoderm
formation, AFP for the endoderm formation and Pax-6 for the ectoderm formation. Figure 19
shows the expression of the genes Oct-4, Brachyury, AFP and Pax-6. After 4 days of
differentiation, the Oct-4 expression was for all media lower than in the undifferentiated cells of
day 0. Oct-4 was significantly down regulated (p < 0.05) in comparison to day 0 when the media
MKFA, MKFB, MDFB or MDSB were used. In the cells cultured with the medium MKFA
Brachyury was 4.5 (± 1.8) times higher expressed than in the undifferentiated cells of day 0 and
3.3 to 33.2 times higher than in cells cultured with other medium compositions. In the cells
cultured with the media MKFB, MDSA and MDSB the Brachyury expression was found to be
lower than in the undifferentiated control (day 0). Brachyury was significantly higher expressed (p
< 0.05) in the cells cultured with the medium composition MKFA than in the cells cultured with the
media MKFB and MDSA. For the analysed genes AFP and Pax-6 no significant differences were
observed between any sample and day 0 or between the different medium compositions.
Therefore, the medium composition MKFA seems to be best suited for the differentiation of hES
cells into cardiomyocytes and was used in the following experiments for the cardiac
differentiation.
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Figure 19: Expression of the genes A: Oct-4, B: Brachyury, C: Pax-6 and D: AFP after 4 days of cardiac
differentiation using different medium compositions. The experiments were performed in 3 independent
runs (n=3). Standard error bars are shown. (*= p< 0.05).

4.4.5.

Monitoring of cardiac differentiation

The cardiac differentiation was monitored over a time period of 25 days. Samples were taken on
day 4, day 10, day 18 and day 25. The following genes were analysed using real time RT-PCR:
Oct-4 and hTert as marker genes for undifferentiated cells; Brachyury as a marker for the
mesodermal germ layer, GATA-4 and Nkx2.5 as marker for cardiac precursor cells and MYH6
and TNNT2 as late cardiac markers (Figure 20). The marker genes Oct-4 and hTert were
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significantly down regulated from day 4 on until day 25 (p < 0.01). Oct-4 showed a lowest
expression on day 25, which was 50 times lower than on day 0, while hTert was at that time 100
times lower expressed. The mesodermal marker gene Brachyury was significantly up regulated
by 48 times on day 4 (p < 0.05) and showed a later down regulation from day 10 on with a lowest
expression on day 25, which was 100 times lower than on day 0. The marker genes for the
cardiac precursor cells GATA-4 and Nkx2.5 showed an up regulation from day 4 on until day 18
with a lower expression on day 25 again. The GATA-4 expression was significantly higher on day
4, day 10 (p < 0.05) and day 18 (p < 0.01) than on day 0 with an up to 36-fold increase on day 18
with respect to day 0. The late cardiac markers MYH6 and TNNT2 showed a highest expression
on day 18 with a lower expression on day 25 again. For MYH6 the expression on day 18 was 380
times higher than on day 0 but as variances were very high no significant difference could be
obtained. TNNT2 was significantly increased on day 18 (p < 0.05) showing a 16 times higher
expression than on day 0. Therefore, only the genes Brachyury and GATA-4 showed reliable
results until day 25 and TNNT2 up to day 18 and could be thus employed as toxicological
endpoints in a developmental toxicity test.
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Figure 20: Time dependent expression of genes involved in the cardiac differentiation of H1 cells: A: Oct-4, B:
hTert, C: Brachyury, D: GATA-4, E: Nkx2.5, F: MYH6 and G: TNNT2. The experiments were performed in 3
independent runs (n=3). Standard error bars are shown. (*=p< 0.05; **= p< 0.01)
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4.5. Discussion
The humanisation of developmental in vitro test methods is urgently required, as different
substances are known to have inter species differences as for example 13-cis retinoic acid (Anon,
1987; Hendrickx, 1998) or thalidomide (Nau, 1990; Nau, 1993; Tzimas et al., 1994b). Specifically,
the use of hES cells is very promising in the field of toxicity testing as they proliferate unlimited in
culture and are able to differentiate into tissues of all three germ layers, which can be monitored
in vitro (Reubinoff et al., 2001; Kehat et al., 2001; Assady et al., 2001; Zhang et al., 2001;
Levenberg et al., 2002; Kaufman and Thomson, 2002). However, also challenges must be
considered employing these cells into in vitro test methods. The culture conditions of hES cells
are still not completely standardised as the mechanism, which keeps them in an undifferentiated
state, is still unknown. In addition, hES cells are not able to form new colonies out of single cells.
Therefore, test methods are difficult to standardise and high variances occur. The populationdoubling time is relatively long (Gepstein, 2002) and also in vitro cardiac differentiation was
shown previously to be slower and less organized than in mES cells (Guan et al., 1999).
The EST is based on the comparison of the following endpoints: the IC50 values obtained from
mouse adult fibroblasts (3T3) and mouse ES (D3) cells as well as the inhibition of the
differentiation of mES cells into functional cardiomyocytes (Spielmann et al., 1997).
Consequently, the humanization of the EST required the establishment of a cytotoxicity test
method based on hES cells. In this study we showed the successful set-up of such a cytotoxicity
assay by using the two well known developmental toxicants 5-FU and RA.
The IC50 values obtained for these two substances were compared to the previously published
IC50 values obtained with the murine D3 and 3T3 cells (Bremer et al., 2001) (table 6). For 5-FU,
the IC50 value for the 3T3 cells in the mouse system is with 7.1uM higher than the IC50 value for
the D3 cells with 1.15uM, while in the human system the IC50 value for the H1 cells is with 4.2uM
higher than the IC50 value for the MRC-5 cells with 2.7uM. However, taking the variances into
account no significant differences were obtained between the mouse and the human system.
Since it was stated previously that thymidylate synthetase inhibition, resultant deficits in DNA
synthesis and cell cycle perturbations represent a critical mechanistic pathway in the
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developmental toxicity of 5-FU (Shuey et al., 1995), this compound mainly affects the cell growth
and therefore, no major differences between the IC50 values of stem cells and fibroblasts were
expected .
For RA, the IC50 value was in the mouse system much higher for the 3T3 cells (80.2uM) than for
the D3 cells (0.027uM). Also in the human system this effect was seen but the observed
difference was not as high as in the mouse system with an IC50 value of 36.2uM for MRC-5 cells
and an IC50 value of 4.2uM for the H1 cells.
It is a well known fact that RA is a strong teratogen due to its influence on the differentiation of
cells by interacting with specific RA receptors (Rohwedel et al., 1999) and it is likely that H1 cells
express these receptors to a higher extent than MRC-5 cells. Furthermore, it was demonstrated
previously that pluripotent cells show a higher sensitivity to known teratogens than fibroblast
cultures (Laschinski et al., 1991) and this effect was also included in the prediction model of the
EST (Spielmann et al., 1997; Genschow et al., 2002).
In conclusion, the human system was able to reproduce the previously obtained results from the
mouse system for the two tested chemicals 5-FU and RA. However, more chemicals need to be
tested. In addition, it would be promising to include also compounds with known inter-species
differences as for example 13-cis retinoic acid.
In order to monitor early differentiation, the expression of the genes Oct-4 (Scholer, 1991), hTert
(Meyerson et al., 1997), LeftB (Sato et al., 2003), Galanin (Sato et al., 2003) and Dusp6 (Sato et
al., 2003) was analysed by real time RT-PCR. Only the tested genes Oct-4, hTert and Dusp6
showed significant different expressions in comparison to the undifferentiated cells on day 0. The
expression of Oct-4 was significantly reduced on day 7 while hTert was significantly downregulated and Dusp6 up regulated from day 2 on until day 7. As these three genes appear to
reflect early differentiation, it would be promising to employ them as endpoints in in vitro test
methods.
With the intention of optimising the yield of functional cardiomyocytes from hES cells six different
medium compositions were tested, which were published previously (table 5). For each germ
layer one gene was analysed: Brachyury for the mesoderm (Cunliffe and Smith, 1992), AFP for
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the endoderm (Watanabe et al., 1996) and Pax-6 for the ectoderm (Ellison-Wright et al., 2004).
Oct-4 expression was analysed in order to verify that the cells are differentiated at day 4. With all
employed medium compositions the Oct-4 expression was down-regulated at day 4 but only the
media MKFA, MKFB, MDFB and MDSB showed a significant lower expression of Oct-4 than in
the undifferentiated cells on day 0. No significant differences between the individual medium
compositions were detected.
Brachyury showed the highest expression on day 4 when the cells were differentiated using the
medium MKFA. Using this medium the Brachyury expression was significantly higher than in the
cells cultured with the media MKFB and MDSA. These results indicate that the medium
composition MKFA is the most favourable in order to differentiate hES cells into mesodermal cells
and therefore also the best medium for the cardiac differentiation. In later experiments this
medium composition was used for the cardiac differentiation.
For the analysed genes AFP and Pax-6 no significant differences were observed between any
sample and the undifferentiated cells on day 0 or between the different medium compositions as
the variations between the single experiments were too high. Consequently, no recommendations
can be given for an optimised mesodermal or ectodermal differentiation protocol. However, the
results show that the hES cells were able to form derivatives of all three germ layers.
Unfortunately, the yield of beating cardiomyocytes was overall very poor with all tested media.
Therefore, it was apparent that the use of the percentage of beating human EBs as an endpoint
for developmental toxicity testing was not convenient. For that reason, the reliability of a set of
specific marker genes, which are involved in the cardiac differentiation, was analyzed. Oct-4 and
hTert are known marker genes for undifferentiated cells (Scholer, 1991; Meyerson et al., 1997);
Brachyury for the mesodermal germ layer (Cunliffe and Smith, 1992), GATA-4 and Nkx2.5 for
cardiac precursor cells (Lints et al., 1993; Molkentin, 2000)and MYH6 and TNNT2 are late cardiac
markers (Karsch-Mizrachi et al., 1990; Iijima et al., 2003). Oct-4 and hTert were significantly down
regulated from day 4 on demonstrating the differentiated state of the cells. The mesodermal
marker gene Brachyury was significantly up-regulated on day 4 and showed a later down-
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regulation from day 10 onwards, which suggests that mesodermal cells were formed around day
4 and differentiated subsequently further.
GATA-4 and Nkx2.5 showed an up-regulation from day 4 until day 18 with a lower expression on
day 25 again. However, only GATA-4 showed a significant up-regulation on day 4, day 10 and
day 18 in comparison to the undifferentiated cells on day 0. These results demonstrate that a
cardiac precursor cell formation took place.
The late cardiac markers MYH6 and TNNT2 showed a highest expression on day 18, for TNNT2
reaching significance. On day 25 these two genes were down regulated again, which was
unexpected as they encode for cardiac specific structure proteins (Karsch-Mizrachi et al., 1990;
Iijima et al., 2003). Nonetheless, it was stated previously that using the medium composition
MKFA, the percentage of beating hEBs increased over time until day 20 and maintained at this
level or sometimes declined due to the overgrowth of other cells in the population (Xu et al.,
2002).
In conclusion, as the gain of beating cardiomyocytes was very poor during all performed
experiments, other toxicological endpoints than the inhibition of the beating of cardiomyocytes
needed to be exploited. We could successfully demonstrate in this study the usefulness of a
certain set of marker genes, which were significantly regulated during differentiation.
These genes included for early differentiation the marker genes Oct-4, hTert and Dusp6 and for
cardiac differentiation the marker genes Brachyury and GATA-4. The late cardiac marker gene
TNNT2 demonstrated an increase until day 18. Nonetheless, further experiments employing a set
of known developmental toxicants are necessary in order to prove the reliability of these marker
genes as endpoints for developmental toxicological test methods.
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5. Summarising Discussion
In this study the applicability of the pluripotent cell lines P19, a murine embryonic
teratocarcinoma cell line, D3, a murine embryonic stem cell line, and H1, a human embryonic
stem cell line, were compared and their utility in developmental toxicity testing was evaluated.
Each of the cell lines showed certain advantages and disadvantages.
The P19 cell line is a pluripotent cell line, which can differentiate in vitro into cell types of all
three germ layers (van der Heyden and Defize, 2003). The big advantage of P19 cells is that
they stay undifferentiated without chemical induction and do not depend on feeder cells or the
addition of LIF. This characteristic makes the P19 cells attractive for in vitro testing under
well-defined culture conditions (van der Heyden and Defize, 2003). Furthermore, already
slight differences in differentiation inducing capacities of chemicals can be detected using this
cell line.
In this study, a new in vitro test system based on transgenic mTert_GFP/P19 cells was
developed in order to detect differentiation inducing properties of chemicals. The experiments
using confocal microscopy and flow cytometry confirmed the down-regulation of the
mTert_GFP expression during differentiation (Sharma et al., 1995; Albanell et al., 1996; Holt
et al., 1996; Armstrong et al., 2000), which was induced by 75nM retinoic acid, within 4 days.
Moreover, the known in vivo ranking of the 3 employed retinoids: all-trans retinoic acid, 9-cis
retinoic acid and 13-cis retinoic acid could be confirmed using the mTert_GFP expression as
an endpoint. It was demonstrated previously (Kamm, 1982; Kamm et al., 1984; Kochhar et al.,
1995; Soprano and Soprano, 1995),

that in mice all-trans retinoic acid is the strongest

teratogen followed by 9-cis retinoic acid, whereas 13-cis retinoic acid showed the lowest
teratogenic activity. For all retinoids a concentration dependent down-regulation was
observed at day 4 measuring the mTert-GFP decrease with a flow cytometer. All-trans
retinoic acid displayed a differentiation inducing effect, which was 12 times higher than for 9cis retinoic acid, which was in turn 12 times more potent in comparison to 13-cis retinoic acid.
However, also the cytotoxicity test performed with the transgenic P19 cells was able to pick
up the different toxic potentials of these three retinoids. The IC50 values obtained
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demonstrated that all-trans retinoic acid is 8 times more cytotoxic than 9-cis retinoic acid,
which is in turn 10 times more cytotoxic than 13-cis retinoic acid.
The different teratogenic potentials of these retinoids were previously explained due to their
different transfer to the embryo (Tzimas et al., 1994b). Another explanation was that 13-cis
retinoic acid binds to RARα and RARβ with lower affinity than all-trans retinoic acid (Crettaz et
al., 1990; Matsushima et al., 1992) and that it demonstrates little competitive ability for binding
to RARs and RXRs (Allenby et al., 1993). As the in vitro assay was able to give the same
results as the in vivo assay, the different teratogenic potentials of the used three retinoids
seem to result from different affinities to receptors. However, further investigations are
necessary in order to confirm this hypothesis.
In addition, DMSO, a well-known differentiation inducer (McBurney et al., 1982; JonesVilleneuve et al., 1982), was tested for its differentiation inducing capacities. Our experiments
could show that DMSO decreases of the mTert_GFP expression in a concentration
dependent manner. The mechanism, by which DMSO induces differentiation, seems to
involve the PLC/PKC signalling cascade (Arcangeli et al., 1987; Cocco et al., 1999). As
expected, Ethanol did not induce differentiation of the P19 cells as it is known to be a
differentiation-inhibiting compound (Kornfehl et al., 1999; Garriga et al., 2000).
Furthermore, it was shown that the mTert_GFP/P19 test is up to 28 times more sensitive than
the conventional cytotoxicity test for differentiation inducing substances. This is an important
result as teratogenic compounds lead to malformations already at non-cytotoxic
concentrations.
As we found in the first part of this study that DMSO is inducing differentiation in murine
embryonic teratocarcinoma cells already in very low, non cytotoxic concentrations, we
decided to test this common solvent as well as ethanol in more in detail. The objective was to
determine threshold concentrations for their use as solvents in developmental toxicity,
especially their effects on embryonic stem cells, in order to avoid synergistic effects with test
chemicals, which could result in an incorrect classification. In the ECVAM embryotoxicity
validation study, which included the EST, these solvents were used in the concentrations of
0.25% for DMSO and 0.5% for ethanol (Genschow et al., 2002).
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In the transgenic P19 cells the first significant decrease in mTert expression could be
detected on day 4 at a concentration of 0.25% while in D3 cells a decrease was observed on
day 2 already at a concentration of 0.125%. However no significant changes could be
observed on day 4. However, the expression of the marker gene Oct-4 was significantly
reduced in D3 cells on day 7 at the applied DMSO concentrations of 0.125% and 0.25%.
Conversely, ethanol showed a significant increase in Oct-4 expression in wild-type D3 cells
on day 7 of the experiment at the applied concentration of 0.25%. However, this effect was
not concentration dependent as the Oct-4 expression was lower at the applied concentration
of 0.5%. Still, it was shown previously that in murine embryos a temporary up-regulation of
Oct-4 is detectable before differentiation into primitive endoderm and is later down-regulated
again (Palmieri et al., 1994). Therefore, it could be supposed that ethanol is inducing the
differentiation into primitive endoderm of mES cells. Another explanation for the higher Oct-4
expression upon treatment with ethanol could be that ethanol slows down the differentiation
into various cell types, which was demonstrated recently (Kornfehl et al., 1999; Garriga et al.,
2000). In summary, our results indicated that, DMSO concentrations should not increase
above 0.1%; and ethanol concentrations not above 0.25%, if used as solvents for
developmental toxicity testing.
In the third part of the study, the prospects in adapting the murine EST test to hES cells
should be explored. In vitro developmental toxicity test methods based on human cells are
urgently required, as different substances are known to have inter-species differences as for
example 13-cis retinoic acid (Anon, 1987; Hendrickx, 1998) or thalidomide (Nau, 1990; Nau,
1993; Tzimas et al., 1994b).
The EST is includes three different endpoints, which are the IC50 values obtained from mouse
adult fibroblasts (3T3) and mouse ES (D3) cells as well as the inhibition of the differentiation
of mES cells into functional cardiomyocytes (Spielmann et al., 1997). Therefore, firstly a
cytotoxicity test method based on hES cells had to be established in order to humanise the
EST. using the two well-known developmental toxicants 5-FU and RA, we were able to
successfully establishment of such a cytotoxicity assay. Subsequently, the IC50 values derived
from this test were compared to the previously published IC50 values obtained with the murine
D3 and 3T3 cells (Bremer et al., 2001). In conclusion of this comparison, we demonstrated
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that the human cytotoxicity test was able to reproduce the results from the mouse system for
the two tested chemicals 5-FU and RA.
For 5-FU, no significant differences were obtained between the IC50 values for hES cells,
human fibroblasts, mES cells and murine fibroblasts. As the mechanism, by which 5-FU
affects the development, is mainly based on thymidylate synthetase inhibition, which disturbs
the DNA synthesis and the cell cycle (Shuey et al., 1995), an inhibited cell growth was
expected for the stem cells as well as for the fibroblasts. For RA, in the murine as well as in
the human system the IC50 values were significantly higher for the adult fibroblasts than for
the embryonic stem cells. It was demonstrated previously that the mechanism, by which RA
influences differentiation, is based on its interaction with specific RA receptors (Rohwedel et
al., 1999) and it is likely that embryonic stem cells express these receptors in a higher number
than adult fibroblasts. Moreover, it is a well-known fact that pluripotent cells are more
sensitive towards teratogens than fibroblasts (Laschinski et al., 1991). However, more
chemicals need to be tested including compounds with known inter-species differences in
order to prove a superior applicability of the human system.
In addition, the expressions of marker genes, which are involved in early and cardiac
differentiation, were analysed using real time RT-PCR. Among the early differentiation
markers, only the genes Oct-4, hTert and Dusp6 showed significant differences in comparison
to the undifferentiated cells of day 0.
Although determining the optimum medium composition for the induction of the mesoderm
layer formation, the yield of beating cardiomyocytes was overall very poor. Therefore, the
inhibition of the differentiation into human functional cardiomyocytes as an endpoint for
developmental toxicity testing was not convenient. For that reason, specific marker genes,
which are involved in the human cardiac differentiation, were tested for their usefulness as
toxicological endpoints. Among all tested genes, involved in the cardiac differentiation, only
the mesodermal marker gene Brachyury, the cardiac precursor marker GATA-4 and the late
cardiac marker TNNT2 produced significant results, demonstrating that the cardiac
differentiation, including the stages of the mesoderm and cardiac precursors, happened.
However, both late cardiac markers TNNT2 and MYH6 were up regulated until day 18 but
showed very low expression on day 25. This result was unexpected as these genes encode
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for cardiac specific structure proteins (Karsch-Mizrachi et al., 1990; Iijima et al., 2003).
However, a previous study demonstrated an increase in the percentage of beating hEBs up to
day 20 with a occasionally subsequent decrease as a result of overgrowth of other cells in the
population (Xu et al., 2002). Still, the late cardiac marker gene TNNT2 demonstrated only
reliable results until day 18. In order to prove the reliability of these marker genes as
endpoints for developmental toxicological test methods, further experiments employing a set
of known developmental toxicants are obligatory.
Taken all results of this study together, every employed cell line showed advantages as well
as disadvantages when used to test developmental toxicants. The P19 cells are easy to
culture as they stay undifferentiated without chemical induction. On the other hand, especially
this characteristic is a big limitation for their use in developmental toxicity. They are very well
suited for detecting differentiation inducing effects of chemicals but not for detecting
differentiation inhibiting substances. However, if employed together with embryonic stem cells
in a testing strategy, both differentiation inducing and inhibiting substances could be picked
up. Such information would be important as both differentiation induction and inhibition lead to
abnormal morphological development (teratogenesis). However, in comparison to embryonic
stem cells, which show a high similarity to the in vivo situation, the embryotoxic relevance of
results obtained from tumour like cells remains controversial.
Murine embryonic stem cells have been used previously in several approaches to detect
chemical effects on the process of differentiation in vitro (Bremer and Hartung, 2004). These
cells are very well explored and can be maintained in an undifferentiated state by addition of
leukaemia inhibitory factor (LIF) to the medium (Williams et al., 1988). They are able to
differentiate into derivatives of all three germ layers, for example into neural cells (Okabe et
al., 1996), keratinocytes (Bagutti et al., 1996), osteoblasts (Zur Nieden et al., 2003),
chondrocytes (Nakayama et al., 2003), cardiomyocytes (Maltsev et al., 1993) and adipocytes
(Dani et al., 1997). Therefore, they provide an excellent tool to detect the interaction of
chemicals with the differentiation into specific target tissues. However, as these cells originate
from mouse, some human embryotoxicants that show inter-species differences cannot be
picked up by a test method based on these murine cells.
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For this reason, human embryonic stem cells seem to be best suited for developmental
toxicity testing. Employing these cells, the problem of inter-species differences can be
overcome and extrapolations from one species to the other become unnecessary. Testing
chemicals in a system based on the same species as the species of interest is especially
important due to Karnofsky’s law that states that every substance, if given at the right dose to
the right species at the right time of development, is teratogenic (Karnofsky, 1965). This law
leads also to the conclusion that any chemical, even if given at the right time, in the right dose
could be non teratogenic in some species.
Nonetheless, as the mechanism, which keeps them in an undifferentiated state is still
unknown; the culture conditions of hES cells remain a source of inconsistency. In addition,
hES cells are not able to form new colonies out of single cells. Due to these aspects, test
methods are difficult to standardise and high variances occur.
One of the possible sources for stem cells are pre-implantation embryos. Therefore, ethical
questions arise and the limits and conditions for research with hES cells have to be regulated
(Anon, 2000a). The European Commission agreed not to fund the use of human embryos and
human embryonic stem cells during the 6th Framework Programme with the exception of
projects involving banked or isolated human embryonic stem cells in culture. However, the EU
member states have taken different positions regarding the regulation of human embryonic
stem cell research and new laws or regulations are being drafted or debated (Anon, 2002a).
But at present the majority of member states allow the use of human embryonic stem cells,
which were established before a certain deadline.
However, the results of this study did not only give the possibility to compare different
pluripotent cell lines for their use in developmental toxicity, but also different toxicological
endpoints as the mTert_GFP expression or the expression of single genes measured with
real time RT-PCR. It was shown that both these endpoints could pick up effects of chemicals
in concentrations, which did not show an effect in the general cytotoxicity test.
During this study, the reporter gene assay employing the transgenic mTert_GFP/P19 cells
was proven to be an efficient and economically viable test system. However, this test is not
suitable for a broad screening of many classes of chemicals as it focuses on differentiationinducing substances. Approximately 17 signalling cascades are known to be involved in
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embryonic development (Anon, 2000b). Therefore, the reporter gene GFP could be also used
with promoters of genes involved in these pathways in order to provide additional information
about toxicological mechanisms of chemicals.
In order to quantify drug effects on specific cell types, immunological or molecular-biological
endpoints need to be assessed, which is time consuming and therefore not suitable for the
use in high-throughput screening systems. Therefore, the employment of GFP as a reporter
gene (Chalfie et al., 1994; Metzger et al., 1996) connected to a tissue specific promoter
permits an easy identification of target tissue cells (Kolossov et al., 1998). The green
fluorescence of the GFP can be used as an non-toxic marker, which can be detected without
additional staining procedures or expensive RNA analysis (Bremer et al., 1999; Bremer et al.,
2001). The quality of GFP-transfected cells has been studied in functional assays in previous
studies (Fleischmann et al., 1998; Kolossov et al., 1998; Meyer et al., 2000) and these studies
demonstrated that the genetic manipulation is not interfering with the process of
differentiation. Several constructs for the identification of specific target tissue cells deriving
from all 3 germ layers, e.g. cardiomyocytes (Kolossov et al., 1998), neural precursor cells
(Lenka et al., 2002) and endodermal cells (Paparella et al., 2002) were established
previously.
However, although the use of reporter gene assays is scientifically the most elegant method
so far and also time and cost reducing, no validated tests are available up to now due to the
complicated patent situation (Bremer and Hartung, 2004). Furthermore, these kinds of tests
are only monitoring changes of single marker genes during differentiation and are, therefore,
only reflecting a narrow phase of the development.
Using PCR techniques it is possible to detect the expression of more than one gene in a
single cell population as demonstrated in this study. However, the array technologies
available nowadays offer the opportunity to detect changes in gene or protein expression
patterns of thousands of genes simultaneously (Bremer and Hartung, 2004).
Overall, no single in vitro test will be able to provide the necessary information that is currently
required for regulatory developmental toxicity tests as different manifestations of
developmental toxicity have to be taken into consideration. Therefore, only a test strategy
composed of several in vitro tests will be able to replace the in vivo tests, which was already
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stated in a workshop held in 1981 (Kimmel et al., 1982). In order to cover the different aspects
of developmental toxicity, a combination of tests should be employed that are arranged in a
hierarchical order. These tests should be organised from general embryotoxic effects such as
pre/postimplantation loss and growth retardation to more specific teratogenic effects.
However, also other effects of chemicals such as placental toxicity, the placenta barrier and
placental/maternal metabolism have to be taken into account. Especially a reliable metabolic
system has to be included in order to avoid false-negative or false–positive prediction due to a
missing biotransformation system. This metabolic system should be consisting of human
material as serious inter-species variations between the enzyme patterns have to be
expected (Bremer and Hartung, 2004).
In conclusion of the present study, it can be said that each of the tested cell lines showed
advantages and disadvantages. However, in order to overcome inter-species differences
human cell systems should be favoured. Human embryonic stem cells give reason to high
expectations in the field of toxicological testing, but many efforts still have to be invested in
order to create standardised test systems.
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6. Summary
The development of new in vitro tests is urgently required due to the new chemical policy of
the European Union, which requests toxicological risk assessment for about 30.000
chemicals. One of the needs for this risk assessment are high throughput test systems that
provide data for the classification of chemicals with regard to their developmental toxicological
potential.
Pluripotent cell lines offer an excellent tool for monitoring early embryonic development and
thus, the interaction of chemicals during this process in vitro. These cell lines are able to
differentiate into derivatives of all three germ layers. Therefore, also effects of chemicals on
specific target tissues can be detected using these types of cells. In this study the different
potentials of three different pluripotent cell lines: murine embryonic teratocarcinoma cells
(P19); murine embryonic stem cells (D3); and human embryonic stem cells (H1) were
compared.
Accordingly, a new in vitro test system based on transgenic mTert_GFP/P19 cells was
developed in order to detect differentiation inducing potentials of chemicals. The known in
vivo ranking of the three employed retinoids: all-trans retinoic acid, 9-cis retinoic acid and 13cis retinoic acid was confirmed using the mTert_GFP expression as an endpoint.
Furthermore, it was shown that this new endpoint was up to 28 times more sensitive than the
cytotoxicity test for differentiation inducing substances.
In addition, threshold concentrations for the use of the solvents DMSO and ethanol were
determined for their application in developmental toxicity testing. Especially, the effects of
these substances on the differentiation of embryonic stem cells were explored. Unexpectedly,
the concentrations used in the EST were already affecting differentiation on a molecular level
in the mES cells. It was shown that mES cells could pick up differentiation inducing as well as
inhibiting effects using the marker genes mTert and Oct-4 while the transgenic P19 cells are
better suited to pick up differentiation inducing substances.
Additionally, the possibility of adapting the murine EST to hES cells was explored. Therefore,
a cytotoxicity test based on hES cells and the adult fibroblast cell line MRC-5 was established
using the two well-known embryotoxic compounds 5-FU and RA. It was shown that the
human system was able to reproduce the previously obtained results from the mouse system
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for these two chemicals. In addition, the expression of marker genes, which are involved in
early and cardiac differentiation, were analysed. Among the early differentiation markers, the
genes Oct-4, hTert and Dusp6 showed significant differences in comparison to the
undifferentiated cells of day 0. Although an optimum medium composition for the induction of
the mesoderm layer formation was determined, the yield of beating cardiomyocytes was
overall very poor. Therefore, different marker genes involved in the cardiac differentiation
were tested for their suitability as endpoints. Among all marker genes only the mesodermal
marker gene Brachyury, the cardiac precursor marker GATA-4 and the late cardiac marker
TNNT2 produced significant results until day 18.
Overall, all cell lines showed advantages and disadvantages. P19 cells are well suited for the
detection of differentiation inducing substances. Nonetheless, the relevance of results
obtained from cancer derived cells is questionable. This problem does not arise with the use
of embryonic stem cells. Murine ES cells have the advantage that they are very well explored
and culture conditions are well standardised. However, these cells originate from mouse and
therefore, some human embryotoxicants might not be detected by such a test method. For
this reason, human embryonic stem cells seem to be best suited for developmental toxicity
testing. Employing these cells, the problem of inter-species differences can be overcome and
extrapolations from one species to the other become unnecessary. Nonetheless, test
methods based on hES cells are difficult to standardise and high variances are typical.
However, only a combination of tests will be able to pick up the whole range of possible
interactions of chemicals during human development. Therefore, the advantages of different
cell lines could be combined in a testing strategy consisting of different specific tests arranged
in a hierarchical order. Despite the problems in standardising test methods based on hES
cells, we could show in this study that these cells have the potential to provide an excellent
tool for toxicological testing.
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7. Zusammenfassung
Die neue Chemikalienpolitik der Europäischen Union, die toxikologische Risikoberwertungen
für ca. 30.000 Chemikalien vorsieht, macht die Entwicklung neuer in vitro Testsysteme
erforderlich. Besonders high-throughput Testsysteme zur Klassifizierung von Chemikalien mit
Bezug auf deren entwicklungstoxikologischen Eigenschaften warden benötigt.
Pluripotente Zellinien stellen eine vielversprechende Methode dar, Effekte von Chemikalien in
früher embryonaler Entwicklung in vitro zu detektieren. Diese Zellinien sind in der Lage, in
Gewebe aus allen drei Keimblättern zu differenzieren. Das macht es möglich, mit Hilfe dieser
Zellen, Effekte von Chemikalien auf spezifische Gewebetypen zu analysieren. In dieser
Studie wurden die Eigenschaften von drei pluripotenten Zellinien: murine embryonale
Teratokarzinom Zellen (P19),

murine embryonale Stammzellen (D3) und humane

embryonale Stammzellen (H1) untersucht und verglichen.
Dafür wurde ein neues auf transgenen mTert_GFP/P19 Zellen basierendes Testsystem
entwickelt, um differenzierungsinduzierende Eigenschaften von Chemikalien zu detektieren.
Die bekannte in vivo Rangliste der drei Retinoide: all-trans Retinoin Säure, 9-cis Retinoin
Säure und 13-cis Retinoin Säure konnte anhand der mTert_GFP Expression bestätigt
werden. Darüber hinaus konnte gezeigt werden, dass dieser neue Endpunkt für
differenzierungsinduzierende Substanzen bis zu 28 mal sensitiver ist als der konventionelle
Zytotoxizitätstest.
Zusätzlich wurden Grenzkonzentrationen für die Anwendung der Lösungsmittel DMSO und
Ethanol in entwicklungstoxikologischen Testsystemen bestimmt, wobei speziell Effekte auf
die Differenzierung von embryonalen Stammzellen untersucht wurden. Unerwarteterweise
beeinflussten die

im

EST

verwendeten

Konzentrationen

dieser

Lösungsmittel

die

Differenzierung der mES Zellen auf molekularer Ebene. Es konnte gezeigt werden, dass mit
Hilfe von mES Zellen differenzierungsinduzierende sowie –inhibierende Effekte anhand der
Markergene mTert und Oct-4 detektiert werden können, während transgene P19 Zellen
besser geeignet sind, differenzierungsinduzierende Effekte nachzuweisen.
Zusätzlich wurden die Möglichkeiten, den EST an humane Stammzellen anzupassen,
untersucht. Dafür wurde ein Zytotoxizitätstest basierend auf hES Zellen und humanen adulten
Fibroblasten (MRC-5) mit Hilfe von zwei bekannten embryotoxikologischen Substanzen 5-FU
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und RA etabliert. Es konnte gezeigt werden, dass das humane System in der Lage war, die
aus dem murinen System bekannten Ergebnisse für die zwei getesteten Chemikalien zu
reproduzieren. Desweiteren wurde die Expression von Markergenen analysiert, welche in
frühe und Kardiodifferenzierung von hES Zellen involviert sind. Unter den frühen
Differenzierungsmarkern zeigten die Gene Oct-4, hTert und Dusp6 signifikante Unterschiede
zur undifferenzierten Kontrolle.
Obwohl die optimale Kulturmediumkomposition für die Induktion des mesodermen
Keimblattes bestimmt wurde, war die Ausbeute an kontrahierenden Kardiomyozyten
insgesamt sehr gering. Aus diesem Grund wurden verschiedene kardiospezifische
Markergene auf ihre Eignung als mögliche Endpunkte getestet. Unter den getesteten
Markergenen führten Brachyury als mesodermaler Marker, GATA-4 als Markergen für frühe
Kardiovorläuferzellen und der späte Kardiomarker TNNT2 zu signifikanten Resultaten bis Tag
18.
Insgesamt zeigten alle getesteten Zellinien Vorteile und Nachteile. P19 Zellen sind gut
geeignet, differerenzierungsinduzierenden Substanzen zu detektieren. Dennoch bleibt die
Relevanz von Ergebnissen, die von Karzinomzellen resultieren, fragwürdig. Dieses Problem
tritt nicht auf wenn embryonale Stammzellen eingesetzt werden. Murine embryonale
Stammzellen haben den Vorteil, dass sie gut untersucht und ihre Kulturbedingungen sehr
standardisiert sind. Da diese Zellen jedoch murinen Ursprungs sind, können einige humane
embryotoxische Substanzen nicht von ihnen detektiert werden. Aus diesem Grund scheinen
humane embryonale Stammzellen am besten für entwicklungstoxikologische Methoden
geeignet zu sein. Zusätzlich kann durch den Einsatz humaner embryonaler Stammzellen das
Problem von inter-spezies Differenzen umgangen werden, und Extrapolationen von einer
Spezies zur anderen werden daher überflüssig. Dennoch sind auf hES Zellen basierende
Testmethoden schwierig zu standardisieren und hohe Streuungen sind häufig.
Nur eine Kombination von verschiedenen Testmethoden wird in der Lage sein, alle möglichen
Interaktionen von Chemikalien während der humanen Entwicklung zu erkennen. Daher
könnten die Vorteile von verschiedenen Zellinien in einer Teststrategie kombiniert werden,
welche aus mehreren spezifischen Testmethoden in hierarchischer Anordnung bestehen
sollte. Obwohl die Standardisierung von Testmethoden, die auf hES zellen basieren,
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problematisch ist, konnte in dieser Studie gezeigt werden, dass diese Zellen ein
vielversprechendes Werkzeug für toxikologische Testmethoden darstellen können.
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