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Abstract

In light of various pressures, toxicologists have been searching for alternative methods for safety 

testing of chemicals. According to a recent policy in the European Union (Regulation, Evaluation 

Authorisation and Restriction of Chemicals, REACH), it has been estimated that over the next 

twelve to fifteen years, approximately 30,000 chemicals may need to be tested for safety, and 

under current guidelines such testing would require the use of approximately 7.2 million 

laboratory animals [Hofer et al. 2004]. It has also been estimated that over 80% of all animals used 

for safety testing under REACH legislation would be used for examining reproductive and 

developmental toxicity [Hofer et al., 2004]. In addition to REACH initiatives, it has been estimated 

that out of 5,000 to 10,000 new drug entities that a pharmaceutical company may start with, only 

one is finally approved by the Food and Drug Administration at a cost of over one billion dollars 

[Garg et al. 2011]. A large portion of this cost is due to animal testing. Therefore, both the 

pharmaceutical and chemical industries are interested in using alternative models and in vitro tests 

for safety testing. This review will examine the current state of three alternative models - whole 

embryo culture (WEC), the mouse embryonic stem cell test (mEST), and zebrafish. Each of these 

alternatives will be reviewed, and advantages and disadvantages of each model will be discussed. 

These models were chosen because they are the models most commonly used and would appear to 

have the greatest potential for future applications in developmental toxicity screening and testing.
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Introduction

Experimental paradigms for developmental toxicity testing have changed little over the last 

40 years and rely entirely on the use of in vivo animal models as guidance for human 

developmental toxicity. Animal experiments require large numbers of animals and are 
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complex, very costly, and time-consuming. Recently, the need for new approaches was 

discussed in “Toxicity Testing in the 21st Century: A Vision and a Strategy” [National 

Research Council 2007]. In this report, the use of in vitro systems and pathway analysis was 

advocated; this would permit more efficient and high-throughput screening methods to 

detect developmental toxicants.

Since the 1980s the three R’s, reduction, refinement, and replacement have become more 

central to scientific discussion regarding the humane use of animals. In 1993, the European 

Union established the European Center for the Validation of Alternative Methods (ECVAM); 

in 1997, the United States government established the Interagency Coordinating Center for 

the Validation of Alternative Methods (ICCVAM). More recently, JaCVAM and KoCVAM 

were formed in Japan and Korea, respectively. The primary focus of these groups has been 

on reducing the number of animals used for safety testing, and they have supported the 

development and validation of alternative tests [Spielmann et al. 2008]. A full validation 

study of three in vitro assays was funded by ECVAM and conducted in four laboratories 

[Genschow et al. 2002]; the assays included the rat limb bud micromass assay, rat WEC, and 

the mEST. A total of 20 chemicals and a positive control were tested; chemicals were 

correctly categorized in 78% of experiments using the mEST, 80% in WEC, and 70% in the 

rat limb bud micromass assay.

The role of in vitro assays as screens or as replacements for animal testing is still being 

determined. Currently, these assays are used to screen compounds for further development 

as drug candidates or to prioritize chemicals for animal testing; they may also be used for 

mechanistic studies. However, some believe that these tests should replace animals, 

particularly the second species required for evaluation of embryo/fetal development. The 

purpose of this review is to describe three assays that currently appear to have the greatest 

utility as screens; these assays are rodent WEC, the mEST, and zebrafish. Advantages and 

disadvantages of each assay, along with a recent comparison of the three assays, will be 

presented [de Jong et al. 2011]. Finally, the topic of the ‘gold standard’ list of developmental 

toxicants for validation efforts will be briefly discussed.

Whole Embryo Culture

Rodent whole embryo culture (WEC) as used today was introduced by Denis New in 1978 

[New 1978]. This was one of three in vitro tests for developmental toxicity that was 

validated by ECVAM [Genschow et al. 2002]. Briefly a mouse or rat embryo is removed 

from its dam and cultured for up to 48 hours during early organogenesis. The culture 

medium is primarily rat serum, and compounds and/or metabolites can be added to the 

serum during the culture period. Although the culture period can vary, generally the embryos 

are cultured for no longer than 48 hours. The endpoints usually examined include viability 

as determined by heart beat and yolk sac circulation, growth as measured by crown-rump 

length and/or protein content and overall development as scored by the total morphological 

score. A scoring system was developed by Brown and Fabro [1981] that is used by most 

who culture embryos; this morphological score evaluates the development of up to 17 

different parameters. Since this scoring system is time consuming and requires in-depth 
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knowledge of morphology, simplified alternative scoring systems have been proposed [Klug 

et al. 1985; Van Maele-Fabry et al. 1990].

In the ECVAM validation study, two prediction models were developed [Genschow et al.. 

2002]. For the first prediction model, the endpoints used included the total morphological 

score which was a modification of the original Brown and Fabro [1981] scoring system and 

the numbers and types of malformations. Using this prediction model, rat WEC was able to 

correctly categorize 68% of the 20 ECVAM chemicals with the non- and weakly 

embryotoxic categories being the most problematic. For the second prediction model, 

cytotoxicity measured with a mouse 3T3 fibroblast line was included, and the overall 

accuracy increased to 80%. Differences in the results between the four laboratories involved 

in the validation study were apparent with WEC; this difference was attributed to the use of 

a different rat strain in one of the laboratories [Genschow et al. 2002].

Recent studies have shown that by incorporating gene expression profiling, the predictive 

ability of the WEC model may be improved. In an initial experiment, retinoic acid (RA) was 

shown to induce effects on gene expression 4 hours following exposure. Multiple genes were 

identified that had previously been associated with in vivo changes observed upon RA-

treatment [Luijten et al. 2010]. In a second study, transcriptomic responses to caffeine, 

methyl-mercury, monobutyl phthalate, and methoxyacetic acid were studied 4 hours after 

treatment, this was alongside morphological developmental assessments [Robinson et al. 

2010]. Despite the induction of common morphological effects, little overlap was found at 

the level of gene expression resulting in different biological processes being affected. These 

results demonstrate that distinct chemically induced responses in gene expression precede 

the morphological effects observed in WEC and that these responses in gene expression are 

relevant to mechanisms observed in vivo.

WEC has a number of advantages, the greatest of which is the use of an intact embryo so 

that individual embryonic components can interact with each other as they would in vivo. 

Additionally, development over this 48 hour period in vitro parallels in vivo development 

over the same time frame. Because there is no maternal component, one can examine the 

direct effect of a condition on embryonic development. However, this can also be considered 

a disadvantage, since a variety of changes occurring in the maternal organism may 

ultimately effect embryonic development. For example, serum from treated rats can be used 

as the serum source, so that changes induced in a whole organism by the compound can be 

evaluated [Klein et al. 1980; Flynn et al. 2003]. Although rat serum is commonly used as the 

serum source, human serum has been used by some investigators [Chatot et al. 1984; Ferrari 

et al. 1994; Vanaerts et al. 1994].

A strength of WEC is the ability to perform mechanistic studies. The ability of a compound 

to ameliorate the effects of another chemical can be examined. For example, the ability of 

folic acid and compounds involved in one-carbon metabolism [Hansen et al. 1995] to 

decrease the incidence of neural tube defects produced by valproic acid has been examined 

with both mouse [Hansen 1993] and rat [Hansen and Grafton 1991] embryos cultured in 
vitro. Another example involves homocysteine. This compound is increased in folate 

deficiency, and epidemiological studies have found an increase in plasma homocysteine 
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levels associated with neural tube defect pregnancies [Bjorke-Monson et al. 1997]. 

Additionally, Rosenquist et al. [1996] found that treatment of chick embryos with 

homocysteine thiolactone increased the incidence of neural tube defects. In order to clarify 

the role of homocysteine in inducing neural tube defects in a mammalian embryo, mouse 

embryos were treated with homocysteine thiolactone added to the culture medium; no 

increase in the incidence of neural tube defects was observed [Hansen et al. 2001]. Since it 

was possible that homocysteine in the culture medium was not taken up by the embryos, 

homocysteine thiolactone was directly injected into the amniotic sac surrounding the 

embryos in culture; again, no increase in the incidence of neural tube defects was observed 

[Hansen et al. 2001]. These in vitro results were later confirmed in vivo [Greene et al. 2003].

Mixtures can also be studied with this assay; it is possible to examine an individual 

compound as well as mixtures of several individual compounds. This approach was used by 

Andrews et al. [2004] to study water disinfection by-products; a similar approach was used 

by Kennelly et al. [1999] to examine extracts of blue cohosh. Species differences can be due 

to inherent differences in the response to a compound or to pharmacokinetic differences 

between the species. When examining species differences in vitro, such differences can be 

ascribed to inherent differences since pharmacokinetic and metabolic differences can be 

controlled. This approach was used to examine differences between mice and rats in 

response to methanol [Andrews et al. 1993] and dexamethasone [Hansen and Grafton 1994].

Recently, WEC using rabbit embryos and a morphological scoring system was developed by 

Carney et al. [2007]. Using this model system and toxicokinetic data generated in rats and 

rabbits, Carney et al. [2008] determined that species differences in ethylene glycol-induced 

developmental toxicity appeared to be due to toxicokinetic differences between the species 

and further argued that the human appears to be more similar to the rabbit than to the rat in 

its response to ethylene glycol. Since the rabbit is the non-rodent species usually used in pre-

market guideline studies, having such a model available would be advantageous; however, 

this model suffers from the same disadvantages as rodent WEC.

Recently, an adapted rat hepatic microsomal activation system was evaluated as an adjunct 

to WEC [Luijten et al. 2008]. In the adapted system, six compounds (cyclophosphamide, 

valpromide, 2-acetylaminofluorene, 2-methoxyethanol, retinol, and benzo[α]pyrene) were 

pre-incubated with Aroclor 1254-induced Sprague Dawley rat liver microsomes for 2 h. 

While three of the compounds (cyclophosphamide, valpromide, and 2-acetylaminofluorene) 

were successfully activated the other three compounds (methoxyethanol, retinol, and 

benzo[α]pyrene ) were not. This failure was attributed to the limited spectrum of hepatic 

enzymes present within the microsomes. Attempts to use S9 liver fractions which contain 

both microsomal enzymes in addition to cytoplasmic enzymes, however, proved toxic in the 

WEC [Luijten et al. 2008]. Primary hepatocyte cultures have also been used in conjunction 

with the EST to expand the applicability of the in vitro test system [Hettwer et al. 2010]. The 

proteratogens cyclophosphamide and valpromide were selected for use and cultured with 

mouse embryonic stems directly as part of the EST or after preincubation with murine 

hepatocytes for 6 h. Preincubation of cyclophosphamide with hepatocytes resulted in a 

strong decrease in ID50 concentration of differentiating cardiomyocytes. However, similar 

results were not obtained with valpromide as no inhibition of differentiation was observed. 

Lee et al. Page 4

Syst Biol Reprod Med. Author manuscript; available in PMC 2018 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Further analysis revealed that murine hepatocytes did not metabolize valpromide to valproic 

acid. However, by switching the hepatocytes to human origin dramatically affected the 

results as shown by conversion of the proteratogen to the teratogen underscoring the 

importance of interspecies variations when selecting a metabolic activating system.

Of primary concern is the very limited developmental period that is assayed by WEC. 

Compounds producing defects at other times during development would not be detected by 

this model. However, the incorporation of gene expression profiling may allow the detection 

of embryotoxicants that may not be detected by morphological scoring because their effects 

occur outside the culture window of WEC [Robinson et al. 2010]. Another disadvantage of 

WEC is that it fails to recapitulate the maternal-fetal interactions and isolates the embryos 

from maternal influences (i.e., metabolism) that in vivo studies provide [Chapin et al. 2008]. 

Additionally, the technique is very labor intensive, fairly technically demanding, and 

requires live animals as a source for both serum and embryos.

Mouse Embryonic Stem Cell Test (mEST)

The mEST is the only test of the three in vitro alternative tests validated by ECVAM that 

does not require live laboratory animals [Genschow et al. 2002]. Embryonic stem cells are 

able to self-renew as well as to differentiate into all cell types of the developing embryo. 

They were first derived from the inner cell mass of developing mouse blastocysts [Evans and 

Kaufman 1981; Martin 1981]. The basic protocol for the mEST was first described by 

Spielmann et al. [1997] who allowed mouse embryonic stem cells from the D3 cell line to 

aggregate in small drops of culture media. These aggregates, or embryoid bodies, were 

formed on the lid of a petri dish in hanging drops and were cultured in this manner for three 

days. Embryoid bodies resemble the cells of the early embryo in that they are able to 

differentiate into cells from each of the three lineages, ectodermal, mesodermal, and 

endodermal. In the mEST after formation, embryoid bodies are cultured for an additional 

two days in suspension culture before being transferred to a 24-well culture dish where the 

cells are allowed to adhere and differentiate for an additional five days, making the total 

culture time 10 days. The cells tend to differentiate to cardiomyocytes under these 

conditions, and the percentage of wells with beating cardiomyocytes are scored 

microscopically. This is the protocol that was utilized for the ECVAM validation with the 

test chemicals present for the entire 10 days of culture.

In addition to the differentiation assay described above, the mEST incorporates assays for 

cytotoxicity using both the D3 stem cells as well as a mouse fibroblast 3T3 line to serve as a 

differentiated cell type. This inclusion was an attempt to compare the sensitivity of 

differentiated and undifferentiated cells to cytotoxicity induced by various chemicals. 

Cytotoxicity was determined by the MTT assay [Mosmann 1983]; cells were plated in 96-

well plates with media changes at days 3 and 5 of culture to coincide with the transfer of 

cells in the differentiation assay. Dose-response curves were generated for three endpoints; 

these endpoints are inhibition of growth and viability of D3 cells (IC50D3), inhibition of 

growth and viability of 3T3 cells (IC503T3), and inhibition of differentiation of D3 cells into 

beating cardiomyocytes (ID50). A prediction model was established using the concentrations 

Lee et al. Page 5

Syst Biol Reprod Med. Author manuscript; available in PMC 2018 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of a chemical which caused a 50% inhibition in each of these endpoints; the prediction 

model classifies chemicals as non-teratogenic, weakly teratogenic, or strongly teratogenic.

With the 20 chemicals that were used in the ECVAM validation study, the assay was able to 

correctly predict 78% of the compounds [Genschow et al. 2002]. However, subsequent 

studies did not produce the same high accuracy. In a study by Marx-Stoelting et al. [2009], 

only 2 of 13 drugs were correctly categorized. In a study by Paquette et al. [2008], 19 Pfizer 

compounds that were receptor-mediated were tested with an overall accuracy in a modified 

version of the mEST of 53%. Compounds that were non- or weakly teratogenic scored 

especially poorly in this assay.

The mEST has a number of advantages. It requires no live animals and uses only 

commercially available cell lines. However, the use of human cells in a testing framework 

would decrease complete reliance on cross-species extrapolation and would allow regulators 

to better assess the risk to humans from various chemicals. An attempt was made to develop 

a test similar to the mEST using a human embryonic stem cell line (hESC; [Adler et al. 

2008]). These authors used a commercially available hESC line and examined the ability of 

the cells to differentiate to cardiomyocytes. Gene expression was monitored at 0, 4, 10, 18, 

and 25 days of culture. The authors observed a progressive decrease in expression of two 

markers of pluripotency, an early up-regulation in a marker for mesodermal differentiation, 

and up-regulation of several genes involved in cardiac differentiation. The authors concluded 

that although this initial assay showed promise, additional research would be needed to 

standardize a human EST. Mehta et al. [2008] attempted to increase the predictivity of the 

test by examining gene expression of each of the three germ layers as the endpoint of 

differentiation in a single hESC line. The authors concluded that the “implementation of the 

EST in regulatory test guidelines would demonstrate the importance of in vitro assays as 

valuable components of the risk/hazard assessment process” [Mehta et al. 2008].

The mEST is a simple assay and has been standardized and validated by ECVAM. However, 

modifications to the test continue to be suggested. Various recommended changes can be 

found in Chapin et al. [2008] and Marx-Stoelting et al. [2009]. The recommendations 

include alterations in the evaluation of the endpoint as well as inclusion of other cell 

lineages. The scoring of beating cardiomyocytes requires experience and is subject to 

observer bias. Evaluation of molecular endpoints to make this endpoint more objective and 

more high-throughput has been suggested by several groups (reviewed in [Buesen et al. 

2004]). Using semi-quantitative RT-PCR, Pellizzer et al. [2004] followed the expression 

changes of genes involved in cardiac differentiation. They observed that over the ten days of 

culture exposure to all-transretinoic acid or lithium chloride changed the expression of these 

genes and that the two teratogens produced different gene expression changes. They 

suggested that expression profiles of key genes could produce more information on the 

toxicological mechanism of compounds and further suggested that different gene panels be 

used for other differentiation endpoints. Another group [zur Nieden et al. 2001] included 

semi-quantitative RT-PCR for α- and β-myosin heavy chain in the mEST to make the test 

more quantitative and sensitive. They were able to correctly predict the teratogenicity of 

seven chemicals that had been used in the ECVAM validation study. Staining cells with 

antibodies directed against cardiac specific proteins followed by fluorescence-activated cell 
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sorting analysis reduced the time needed for the assay from 10 to 7 days and made the 

endpoint more objective and quantitative [Seiler et al. 2004].

Studies utilizing transcriptomic-based methods, whereby gene sets were used to identify 

differential gene expression in response to toxicant treatment, has further reduced the assay 

duration and provided an improved, less subjective endpoint. Improved endpoints are 

necessary to facilitate implantation of the EST into regulatory testing guidelines. These 

studies investigated gene expression in the early phase of differentiation. Using principal 

component analysis a ‘differentiation track’ representing changes in gene expression during 

differentiation were defined [van Dartel et al. 2009; van Dartel et al. 2010a; van Dartel et al. 

2010b; van Dartel et al. 2011a; Pennings et al. 2011]. Toxicant treatment that resulted in 

deviations from this ‘differentiation track’ were then used to predict embryotoxicity. In one 

study, developmental toxicity was predicted for 12 diverse well-characterized positive and 

negative developmental toxicants using transcriptomics 24 hours after exposure. Evaluation 

of beating cardiomyocytes was conducted in parallel and scored on day 10 of differentiation. 

By evaluating deviations in the ‘differentiation track’, transcriptomics was able to 

successfully predict 83% (10/12) and 67% (8/12) compounds using two predefined gene sets 

[van Dartel et al. 2011a]. The responses in gene expression have also been shown to be 

concentration-dependent in differentiating cultures [van Dartel et al. 2011b]. Further 

refinement using integrated analysis identified 52 genes that contribute significantly to the 

predictability of the assay [Pennings et al. 2011].

A slightly different approach was used by Barrier et al. [2011]. They developed a cell 

adherent assay using mESCs that does not require the formation of embryoid bodies or their 

transfer; this greatly simplifies cell handling and increases throughput. They also used an in-

cell Western blot method to quantify levels of myosin heavy chain protein as a marker of 

differentiation; a cytotoxicity assay was included that quantitated DNA as well as the 

number of cells. This novel assay was compared to the traditional mEST employing the J1 

cell line using acetic acid, bromochloroacetic acid, and 5-fluorouracil as representative non-

teratogenic, weakly teratogenic, and strongly teratogenic compounds, respectively. Both 

assays were able to discriminate the relative potencies of these three compounds. The 

authors also assessed the transcriptome of the cells at the end of the differentiation protocol 

using microarrays and observed that a large number of genes associated with various 

differentiation lineages were altered during the course of the protocol. They suggested that 

some of these other genes could also be examined to expand the capability and predictivity 

of the model. The authors later utilized this ACDC assay to examine the developmental 

toxicity potential of 309 environmental chemicals from the ToxCast chemical library 

[Chandler et al. 2011]. Eighteen percent of the chemicals exhibited either cytotoxicity or an 

inhibition of differentiation. These data were mined using a variety of methods and provided 

an initial listing of metabolic and regulatory pathways that may be disturbed during 

embryonic stem cell differentiation.

Differentiation to a single lineage has also been viewed as a shortcoming of the mEST. zur 

Nieden et al. [2004] altered culture conditions to allow differentiation to osteogenic, 

chondrogenic, and neural cells; gene expression by PCR for each cell type was the endpoint 

evaluated. They assessed six chemicals from the three categories defined by ECVAM; a non-
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teratogen, penicillin G, did not alter expression of any of the genes, and 5-fluorouracil, a 

strong teratogen, did not demonstrate any target cell specificity. Valproic acid which 

produces neural tube defects in animals and humans specifically affected differentiation of 

neuronal cells; thalidomide appeared to particularly impair osteogenic and chondrogenic 

differentiation. Retinoic acid, a strong teratogen, affected multiple cell types and might 

induce a general dysregulation of gene expression. Phenytoin, a weak teratogen, showed 

differences in gene expression for all cell types at similar concentrations [zur Neiden et al., 

2004]. The authors suggested that the addition of other molecular endpoints and alterations 

in the culture conditions to include differentiation to multiple cell types could make the 

mEST more objective and enhance its predictivity.

Some preliminary work from our group has suggested that differentiation to additional 

endpoints and the use of multiple cell lines may enhance the assay. Using culture conditions 

reported to drive differentiation toward neural cells [Ying et al. 2003], we have observed that 

over 14 days in culture the number of cells with neural processes increased dramatically 

(Fig. 1). Additionally, expression of the pluripotency markers, Oct4, Nanog, and Sox2 

decreased from initial levels (Fig. 2), while markers of neural differentiation such as Sox1, 

Nestin, Pax6, and Olig2 increased over time (Fig. 3). Furthermore, preliminary data suggests 

that cell lines differ in their ability to differentiate (we examined the ability of two cell lines, 

the E14TG2a and BK4 lines, to differentiate to osteoblasts). The degree of mineralization 

was determined by staining the cultures with Alizarin Red S, a calcium specific stain. Under 

identical culture conditions, the two lines displayed differences in the degree of 

mineralization (Fig. 4). This suggests that different cell lines or genotypes may play a role in 

the overall ability of the cells to differentiate to a desired lineage. Kalter [1979] suggested 

that the use of multiple inbred strains of mice would test a wide spectrum of the mouse 

genome and give a better idea of the variety of responses of which the species was capable. 

However, the use of multiple inbred strains of mice to test a single chemical greatly 

increases the expense of such an evaluation [Inselman et al. 2011] and still does not address 

the issue of cross species extrapolation. A major disadvantage of including multiple cell 

lineages is the added expense of the assay as well as the longer culture times required for 

some of the additional lineages. However, while not especially high-throughput, the addition 

of multiple cell lines and multiple lineages remains less costly and time-consuming than 

studies in live animals, and also allows one to test more concentrations of a compound than 

can be done in live animal studies.

Zebrafish Assay

Zebrafish have been a model for developmental toxicity for only a short period of time, and 

currently there is no validated or common protocol in use. Several protocols have been 

described in the literature; these protocols vary in the length of the assay, whether or not the 

chorion is removed, and the evaluation of the larvae.

A protocol was described by Selderslaghs et al. [2009] in which they examined six 

compounds with known developmental toxicity activity. Fish were treated from 2 hours post 

fertilization (hpf; 0 hpf defined as 1 h after the lights were turned on) continuously until 

evaluation at 24, 48, 72, or 144 hpf. The chorion was not removed in this assay. Compounds 
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used in this evaluation were the teratogens all-transretionic acid, valproic acid, lithium 

chloride, and caffeine as well as the non-teratogens glucose and saccharin. Endpoints 

evaluated included embryotoxicity, presence and development, as appropriate, of somites, 

tail detachment, otic vesicle and otoliths, eyes, heart beat, and blood circulation; larvae were 

evaluated for skeletal malformations, body position, and ability to swim. Each endpoint was 

scored in a binomial fashion (normal = 0; abnormal or not present = 1). They observed 

adverse effects with treatment with each of the teratogenic compounds, and these effects 

were similar to those observed in live animal models. These effects generally occurred in a 

concentration-responsive manner. They concluded that the assay could discriminate between 

teratogenic and non-teratogenic compounds. However, they cautioned that with some 

compounds, such as lithium chloride, adverse effects were not observed until the later stages 

of development were reached.

Brannen et al. [2010] described a different assay. In this assay, embryos were treated from 

4–6 hpf until the larvae were evaluated at 5 days post fertilization (dpf). The chorions were 

removed by enzymatic digestion followed by manual dissection, if necessary. A number of 

morphological features were evaluated, similar to those evaluated in in vivo test systems; 

these included viability, motility, cardiovascular function, pigmentation and morphology of 

brain, facial structure, jaw and pharyngeal arch, somites, notochord, tail, fins, heart, and 

intestine. They tested a total of 31 compounds with known in vivo developmental toxicity 

activity; 13 compounds were non-teratogens, and 18 were teratogenic. Several of these 

compounds had been used in the ECVAM validation study, while others were proprietary 

compounds (Bristol-Myers Squibb Company; BMS Princeton, NJ, USA). Similar to the 

validated models for the mEST and WEC, the authors developed a prediction model using 

the concentration which produced lethality in 25% of larvae at 5 dpf (LC25), and 

concentration producing no observed adverse effects (NOAEL). They also tested for 

cytotoxicity in the 3T3 mouse fibroblast line which was also used in the ECVAM validation 

study for rat WEC and the mEST. Using their prediction model, the authors correctly 

classified 87% (27/31) of the compounds; two true non-teratogens were misclassified 

(dimethyl phthalate and a BMS compound), while two true teratogens were also mis-

classified (valproic acid and a BMS compound). The authors concluded that the assay as 

described was very successful in correctly identifying teratogenic and non-teratogenic 

compounds with low false positive (15%) and false negative (11%) rates.

Another assay was described by Hermsen et al. [2011]. The authors treated embryos 

beginning at the 4- to 32-cell stage to 72 hpf without removing the chorion. At the end of the 

treatment protocol, embryos were evaluated for the following features: movement, heart 

beat, blood circulation, tail detachment, somite formation, eye development, pigmentation 

development, mouth/jaw development, pectoral fin development, and hatching. These 

features were scored, and the scores were summed for a general morphological score; this 

process is similar to the scoring system established by Brown and Fabro [1981] for rodent 

WEC. Rather than developing a prediction model, these authors determined the benchmark 

dose (BMD) by fitting a concentration-response curve. They compared the concentration 

which decreased the general morphological score by 5% (BMCGMS) and the benchmark 

concentration which increased the percentage of embryos with one or more teratogenic 

effects by 5% (BMCT). They evaluated six glycol ether metabolites as well as two parent 
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compounds (ethylene glycol monomethyl ether and ethylene glycol monoethyl ether) and six 

triazole compounds. For the glycol ether compounds, the authors compared the BMCGMS 

and BMCT to the benchmark dose (BMD) for body weight and malformations from whole 

animal studies (Table 1). The parent compounds were the most potent teratogens from the in 
vivo data, while in the zebrafish assay they produced no adverse effects. However, 

metabolites of the two parent compounds did produce adverse effects in the zebrafish assay; 

the defects produced involved the heart, head, and tail. The results with the triazole 

compounds will be discussed below [de Jong et al. 2011].

Another recent zebrafish assay was described by Van den Bulck et al. [2011]. These authors 

treated zebrafish from the sphere stage until 96 hpf; at the conclusion of the culture, 28 

morphological endpoints were evaluated. Each endpoint was given equal weight, so any 

abnormality caused by a compound was considered to be teratogenic. The authors examined 

15 compounds from Janssen Pharmaceutica (Janssen Pharmaceutica, Beerse, Belgium), and 

attempted to determine the lowest observed effect concentration, the NOAEL and the lethal 

concentration. Only two of the 15 compounds did not produce any abnormality in the 

zebrafish, although both of these compounds had produced various malformations in vivo. 

Although the overall predicitivity of this assay was 75%, the false positive and false negative 

rates were both 40% which is extremely high. This may have been due in part to the equal 

weighting given each endpoint, and the authors suggested that scoring for severity and/or 

incidence could improve the model.

The EPA has also developed a zebrafish developmental toxicity assay, but complete results 

using this assay have not yet been reported. According to a review article, only 55% of the 

chemicals tested were concordant with in vivo mammalian data [Sipes et al. 2011b], but 271 

chemicals were tested which is a far greater number than those that have been tested in the 

other publications. These chemicals were part of the 309 chemicals tested under EPA’s 

ToxCast initiative, and they were primarily environmental chemicals.

The zebrafish model has a number of advantages, the major advantages being the use and 

evaluation of the whole embryo and the inclusion of all stages of development in the assay, 

because development progresses rapidly in zebrafish. Other advantages include an embryo 

that is transparent permitting clear observation of the early stages of development, high 

fecundity, and development that is similar to that of mammals. It is also easy to modify the 

genetics of the zebrafish for mechanistic studies. However, this model is not a mammalian 

model, and it is not clear how applicable data derived from this model will be to mammalian 

systems. Additionally, little is known concerning the uptake and metabolism of compounds 

in zebrafish; the role of the chorion as a barrier to uptake of compounds from the medium 

has not been resolved. The role of strain differences in sensitivity of zebrafish to compounds 

also has not been examined.

Van den Bulck et al. [2011] attempted to address, in part, the uptake of compounds by 

zebrafish. At the lowest observed effect concentration or the NOAEL, larvae were processed 

to quantitate the amount of compound in the larvae. This body burden was taken into 

account when classifying the compounds as teratogenic and/or embryotoxic. The authors set 

the exposure threshold at ~50 ng/larva. If adverse findings were present in larvae at body 
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burdens of less than 50 ng/larva, the compound would be classified as being teratogenic 

and/or embryotoxic. If adverse findings were only present if the body burden was greater 

than 50 ng/larva, the findings were considered to be due to compound overload, and the 

compound was considered non-toxic. The authors concluded that the 50 ng/larva threshold 

will need to be evaluated in additional work, and the threshold may need to be altered.

The recent rise in the popularity of zebrafish embryos as an alternative to animal 

experimentation for evaluating developmental toxicity, however, has raised questions 

regarding current animal welfare regulations. Specifically being discussed is the point at 

which zebrafish should be classified as laboratory animals for research purposes. Under 

REACH legislation one of the primary goals is to minimize the number of animals used in 

experimentation by using scientifically sound alternatives, when possible, to reduce, refine, 

or replace animal models. The European Food Safety Authority (EFSA) previously issued 

an opinion which considered fish embryos as a suitable replacement or refinement method 

[EFAS 2005]. This was based upon the opinion that early developmental stage embryos are 

likely to experience less pain, suffering, and lasting harm. A recently issued EU Directive 

2010/63/EU [EU Directive 2010] seeks to harmonize animal welfare regulations across 

Europe. This directive states that the earliest life-stages of animal development are not 

protected, and therefore these stages of life are not considered within the regulatory 

framework for animal experimentation. This directive, however, establishes the ability to 

feed independently as the criterion for determining when experiments would require prior 

authorization. Although the definition under the directive is relatively clear, interpretation 

may vary widely and is dependent on the particular species or strain being investigated. A 

recent review of the literature which took into account factors such as yolk consumption, 

formation of the digestive organs, swimming patterns, and the ability to incorporate food, 

concluded that zebrafish embryos up to 120 hours post-fertilization could be considered as a 

non-animal model of research since it is not until after 120 hours post-fertilization that the 

embryos develop the ability to feed independently and thus should be subject to regulation 

[Strähle et al. 2011]. In the United States independent feeding is also used as the criterion 

for determining when an animal is protected. However, it is up to each individual 

institution’s Institutional Animal Care and Use Committee (IACUC) to establish the point at 

which zebrafish transition from the embryonic stage to a free-living organism. However, 

there has been a call to develop new guidelines for zebrafish research within the United 

States to better promote the quality and standard of science being conducted and to ensure 

the highest level of animal care [Lawrence et al. 2009].

Assay Comparison

A recent publication compared these three assays to each other and to the results of in vivo 
tests [de Jong et al. 2011]. The authors used the validated rat WEC and mEST protocols 

along with the zebrafish assay as conducted by Hermsen et al. [2011]. The chemicals tested 

included six triazoles for which the in vivo developmental toxicity activity was available 

through the ToxRefDB database from the EPA [http://www.epa.gov/ncct/toxrefdb]. The 

authors calculated benchmark concentrations decreasing the total morphological score by 

5% in rat WEC, the general morphological score by 5% in zebrafish, and the incidence of 

beating cardiomyocytes by 50% in the mEST; these values were then compared to the 
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developmental lowest effect level (dLEL) from in vivo studies. When the potencies of the six 

compounds were compared to each other using these four model systems, identical relative 

potencies were obtained from in vivo studies and the zebrafish assay (Table 2). The authors 

chose skeletal variations as the in vivo endpoint for their comparisons because it was 

reported to be the most sensitive endpoint; however, the choice of this endpoint compared to 

other possible endpoints could be questioned.

Disadvantages of these assays as well as other in vitro assays involve solubility of the 

compounds, the lack of metabolic capability, as well as the static nature of the cultures. For 

these assays, the compounds need to be soluble in aqueous media. Small amounts of ethanol 

or DMSO can be added to the cultures to increase solubility; Paquette et al. [2008] used 

0.25% (v/v) for the upper limit of DMSO and 0.5% (v/v) for 70% ethanol in the mEST; 

higher concentrations were toxic to the cells. In the zebrafish assays, DMSO is the most 

commonly used solvent; concentrations used were 0.5% [Brannen et al. 2010] or 0.2% 

[Hermsen et al. 2011]. Selderslaghs et al. [2009] tested various concentrations of DMSO and 

found that the no observed effect level was 0.25%. EVAM guidelines for final concentrations 

of solvents for the mEST are 1% for phosphate-buffered saline, water or DMEM medium, 

0.25% for DMSO, and 0.5% for ethanol [Seiler and Spielmann 2011]; guidelines for the 

WEC are 0.125% DMSO and 0.2% ethanol [http://ecvam-dbalm.jrc.ec.europa.eu]. This can 

limit the ability to test some compounds. Also, the chemicals chosen for the ECVAM 

validation study were specifically chosen because they did not require metabolic activation 

[Brown 2002]. If available, metabolites can be directly tested. However, these are not always 

available, may be available only in very limited amounts, and due to their transient 

existence, very reactive intermediates cannot be examined. Some initial efforts were made to 

include metabolic capability with rodent WEC using either hepatocytes [Oglesby et al. 1986; 

Piersma et al. 1991] or microsomal fractions [Schmid et al. 1981; Kitchin and Ebron 1983]. 

Alternatively, some authors treated embryos with cytochrome P-450 inducers in an effort to 

increase metabolic capability of the cultures [Juchau et al. 1985a; Juchau et al. 1985b].

Finally, pharmacokinetic considerations should be included in these assays. For example, a 

compound may not be present in the animal at the same concentration over a 2 to 10 day 

period due to metabolism and excretion. However, generally in the in vitro assays, the 

compound remains in the culture at the same concentration during the entire culture period. 

When such in vivo pharmacokinetic parameters are known, such information should be 

taken into account in the in vitro assay system.

Which Compounds Should be Tested?

Several attempts have been made to describe a list of compounds that could be utilized as 

test compounds for in vitro assays; the results of in vivo assays for these compounds should 

be known. However, the lists of test compounds designed previously have been criticized. 

The first attempt was the ‘Smith list’ published in 1983 [Smith et al. 1983]. This list 

contained 47 compounds; however, the criticism was that many of the negative compounds 

in the list would be non-toxic under all circumstances. A workshop was held in 1991 to 

address this issue and to establish a new list of test chemicals. However, after numerous 

discussions, the group could not agree on a list [Schwetz 1992].
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When ECVAM began their validation study of WEC, the mEST and the rat limb micromass 

culture models, they started with a database containing 309 chemicals that had either been 

used in previous validation studies or chemicals with good in vivo data or human data 

[Brown 2002]. This original database was decreased to about 30 chemicals with 20 being 

selected for use in the ECVAM validation. The chemicals were classified into three classes: 

1) strongly embryotoxic chemicals which were developmental toxicants in all species tested; 

2) non-embryotoxic chemicals which were not embryotoxic at maternally toxic doses or 

produced minor embryotoxicity which could not be dissociated from maternal toxicity; and 

3) weakly embryotoxic chemicals which were chemicals of intermediate activity. The three 

in vitro tests examined in the ECVAM validation study demonstrated an overall accuracy of 

70–80% in correctly classifying these 20 chemicals.

In 2009, the Health and Environmental Sciences Institute (HESI) of the International Life 

Sciences Institute formed a steering committee to revisit the issue of a consensus list of 

developmental toxicants. This committee concluded that rather than agreeing on a list of 

developmental toxic chemicals, a list of developmental toxicant exposures should be 

developed [Daston et al. 2010]. During their deliberations, they noted that one dose of a 

compound may be developmentally toxic, while another dose of the same compound is non-

toxic; hence their agreement on developmentally toxic exposures rather than chemicals. This 

approach only considers permanent effects, so a dose of a chemical that causes a decrease in 

fetal weight may not be considered a developmentally toxic exposure. This approach also 

does not include a comparison of embryonic to adult sensitivity. Lastly, this approach does 

require knowledge of internal dose; this information may not be available for all in vivo 
studies. At this time, the committee has not released their list of developmental toxicant 

exposures.

Conclusions

The in vitro assays discussed above as well as numerous other assays have great potential to 

be used as screening assays to prioritize compounds for further development or testing. They 

are currently being used in this capacity in industry, and their use should only increase. 

These assays all have advantages and disadvantages, and no one assay will address all 

issues. Additionally, all of these assays need further work to increase their utility.

Rather than a single assay, a battery of tests may be a more rewarding approach to in vitro 
assessment of reproductive and developmental toxicity. Such a battery approach is being 

developed for ReProTect and ToxCast. Among the fourteen assays used to examine a 

number of different steps in reproductive development, the ReProTect battery also includes 

the WEC, the mEST, and a ReProGlo assay for developmental toxicology [Schenk et al. 

2010]. The ReProGlo assay examines expression of a luciferase reporter gene for the Wnt/β-

catenin signaling pathway in mouse embryonic stem cells [Uibel et al. 2010]. Using these 

three assays for developmental toxicity, ten chemicals were correctly identified as either 

developmental toxicants, non-developmental toxicants, or developmental toxicants 

depending upon the route of application [Schenk et al. 2010]. The EPA has utilized a large 

number of high-throughput assays to examine the toxicity of 309 chemicals. They recently 

examined the associations between the results of these high-throughput assays (many of 
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which are cell-free or cell based assays) and in vivo developmental toxicity data from rat and 

rabbit studies from the ToxRefDB database [Sipes et al. 2011a]. The authors developed 

species-specific models for developmental toxicity that had a balanced accuracy of over 

70%, suggesting that a large battery of tests, many of which have nothing to do with 

embryonic development, can be used for developing pathway-based models that can predict 

developmental toxicity.

There is increasing pressure to either greatly diminish or to eliminate safety testing in live 

animals; this will move in vitro assays from screening assays to replacements for animal 

testing. As mentioned above, none of the reviewed assays are ready to be utilized as a 

replacement for animal studies. As was written fifteen years ago, “Clearly these tests cannot 

meet the standard of replacement there are too many limitations, the most significant of 

which is the failure to adequately represent the full scope of developmental complexity, for 

these tests to ever replace in vivo mammalian testing” [Daston 1996]. Since that time, the 

assays being discussed have changed, but the limitations remain the same. In the meantime, 

work should and will continue to improve in vitro assays with the hope that someday an 

assay(s) may be found that will be suitable to replace whole animal testing. Although the 

pace of investigation on the use of alternative models has increased, much work remains 

before these tests can be used as replacements for current animal testing.

Abbreviations

MTT 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide

mEST mouse embryonic stem cell test

WEC whole embryo culture

ECVAM European Centre for the Validation of Alternative Methods

hpf hours post fertilization

dpf days post fertilization

NOAEL no observed adverse effect level

LC25 25% lethal concentration

BMS Bristol-Myers Squibb

BMD benchmark dose

BMCGMS benchmark concentration which decreased general morphological score by 

5%

BMCT benchmark concentration which increased the percentage of embryos with 

one or more teratogenic effects by 5%

dLEL developmental lowest effect level

ILSI International Life Sciences Institute
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HESI Health and Environmental Sciences Institute
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Figure 1. 
Differentiation of D3 mESCs to neural cells. A) D3 mESCs cultured according to Ying et al. 

[2003] early in the culture period (day 2) show little differentiation. B–C) As culture 

progresses, neural processes begin to appear. D) Numerous cells have neural processes by 14 

days of culture.
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Figure 2. 
Expression of the pluripotency markers Oct4, Nanog, and Sox2 in D3 mouse embryonic 

stem cells cultured for 14 days. Decreased expression over time indicates a decrease in 

pluripotency of the cells.
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Figure 3. 
Expression of the neuronal lineage markers, Nestin, Sox1, Pax6, and Olig2 in differentiating 

mESCs. Increased expression of the marker genes indicate differentiation into cells specific 

for the neuronal lineage.
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Figure 4. 
Differences between cell lines in their differentiation to osteoblasts. Cells from the E14TG2a 

and BK4 cell lines were cultured under identical conditions to drive differentiation toward 

osteoblasts. Mineralization was determined by staining with Alizarin Red S, a calcium 

specific stain. Top panel depicts cells grown in control media, middle panel depicts cells 

grown in media containing dexamethasone, and lower panel depicts cells grown in media 

containing vitamin D3.
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Table 1

Comparison of zebrafish teratogenicity assay in vitro and whole animal studies in vivo.

BMCGMS (mM)1 BMCT (mM)2 BMDBW (mmol/kg bw/d)3 BMDM (mmol/kg bw/d)4

MAA - methoxyacetic acid 2.7 (1.9–3.6) 4.6 (2.5–5.7)

EAA - ethoxyacetic acid 3.1 (2.6–3.7) 2.9 (2.2–3.5)

BAA - butoxyacetic acid - -

PAA - phenoxyacetic acid - -

MEAA - methoxyethoxyacetic acid - -

BEAA - butoxyethoxyacetic acid - -

EGME - ethylene glycol monomethyl ether - - 0.2 (0.1–0.3) 0.5 (0.5–0.7)

EGEE - ethylene glycol monoethyl ether - - 0.7 (0.6–0.8) 0.8 (0.8–0.9)

All data from Hermsen et al. [2011].

1
BMCGMS – Benchmark concentration for general morphological score with a 5% response effect

2
BMCT – Benchmark concentration for teratogenic effects with a 5% response effect

3
BMDBW (mmol/kg bw/d) – Benchmark dose for decreased fetal body weight at 10% response effect

4
BMDM (mmol/kg bw/d) – Benchmark dose for increased fetal malformations at 10% response effect
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Table 2

Comparison of potencies of six triazole compounds in vivo, in the mEST, in rat WEC, and in zebrafish.

In vivo1 mEST2 Rat WEC3 Zebrafish4

Flusilazole Flusilazole Flusilazole Flusilazole

Hexaconazole Hexaconazole Myclobutanil Hexaconazole

Cyproconazole Myclobutanil Hexaconazole Cyproconazole

Triadimefon Cyproconazole Triadimefon Triadimefon

Myclobutanil Triadimefon Triticonazole Myclobutanil

Triticonazole Triticonazole Cyproconazole Triticonazole

Compounds are listed from most potent to least potent in each model system. All data from de Jong et al. [2011].

1
In vivo potencies are indicated by the developmental lowest effect level (dLEL).

2
Potencies in the mEST assay are indicated by the BMCd50 which was the concentration producing a 50% decrease in the incidence of beating 

cardiomyocytes.

3
Potencies in the rat WEC assay are indicated by the BMC05TMS which is the concentration producing a 5% decrease in the total morphological 

score.

4
Potencies in the zebrafish assay are indicated by the BMC05GMS which is the concentration producing a 5% decrease in the general 

morphological score.
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