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Table 1] Lists of gene sets for identifying gene networks.

Category Set1 Set2 Set3
Pathway signaling Map2k1 Adora2a
Mapk1 Drd5
Mapk3 Fgf13
Pla2g6 Gnaol
Rps6ka1 Notch2
Shel Tnr
Transcription/chromatin regulation RARa Atbf1 Ascll
RARb Cayl Gusb
RARg Rhog Mef2c
Nanog Rif1 Paxb
Poubf1 Sall1 Pou3f3
Zfpd2 Smarcad1
Neural development Fgfr1 Fos Bdnf
Olig2 Gbx2 Gdnf
Sox2 Hras1 Nrp2
Raf1 Slit2
Sox2 Ywhah
Neural marker Gfap Gfap Gfap
Map2 Map2 Map2
Nestin Nestin Nestin
Tuj1 Tuji Tuji

GENE INTERACTION ANALYSIS
Matrices transferred from gene interaction analysis for set 1, set 2,
and set 3 are shown in Figures 3-5, respectively (see Figures Al1—
A3 in Appendix as references and Tables S1-S6 in Supplementary
Material for input data and output raw-results). In the control
group of set 1, Nanog, and Sox2 (Figure 3) which control ESC
pluripotency, regulate many other genes on DoD 0, 2, and 8. On
DoD 36, Sox2 does not regulate any gene. In RA-treated groups
of set 1, linkages of RARs in the matrix indicated that these genes
might play principal roles in the regulation of expression of other
genes. Briefly, the effect of RA was observed on DoD 8, in which
RA 1078 or 1077 M aggravated Nanog and Pou5f1. On DoD 36, the
matrix was more strongly influenced by RA, in which the neural
marker genes such as Gfap and Map2 up-regulated the other genes,
indicating that RA enhances neural differentiation (Figure 3).

Gene interaction matrix analysis for set 2 is shown in Figure 4.
In the mESC matrix, linkages between genes were concentrated to
categories of pathway signaling and neural development, which is
similar with those in set 1 on DoD 8 and DoD 36. It is note-
worthy that Gbx2 as a neuronal development marker strongly
up-regulated Mapk3, Atbfl, Rhog, Salll, Smarcad, Sox2, and Map2
on DoD 8 as well as DoD 36 in RA 10~® M matrices. RA-treated
matrices showed that linkages shifted to the right side of the matrix
with increasing RA concentrations. Finally, linkages on DoD 36
were concentrated to categories of neural development and neural
markers.

Gene interaction network analysis for set 3 is shown in Figure 5.
In the mESC matrix, linkages between genes were concentrated to
transcription/chromatin regulation and pathway signaling cate-
gories. Linkages between genes in the control matrix on DoD 8

were concentrated to pathway signaling and neural development
categories. In the RA-treated matrices, linkages between genes
moved to the neural marker category from the neural develop-
ment category in a dose-dependent manner. Most of the link-
ages between genes in the RA-treated matrices on DoD 36 were
concentrated to pathway signaling and neural marker categories,
suggesting that Gfap mainly regulates neuronal differentiation.

DISCUSSION

In the present study, a prediction model for the neural differentia-
tion of mESCs was established and stage-specific gene expression
signatures in response to RA were identified using Bayesian net-
work analysis. Our present findings showed that RA significantly
increased the size of neurosphere, neuronal cells, and glial cells on
DoD 36. In addition, neural marker Gfap remarkably up-regulated
the other genes in gene set 1 and 3, and neural development marker
Gbx2 significantly up-regulated the other genes in gene set 2 on
DoD 36 in the presence of RA. These findings suggest that our
protocol for identification of developmental stage-specific gene
expression and interaction is a useful method for the screening
of environmental chemical toxicity during neurodevelopmental
periods.

RA is known as a severe teratogen and causes central nervous
system malformations. However, in vivo study indicated that high
dose (70 mg/kg body weight; b.w.) of RA could induce teratogenic
effects during gestational day 7-9 in Swiss mice (Veiga Quemelo
et al., 2007). In addition, it was reported that the physiological
dose that cannot affect RAR level was 1 mg/kg b.w. and minimally
teratogenic dose was 10 mg/kg b.w. and completely teratogenic
dose was 100 mg/kg b.w. in gestational day 9 of mouse (Harnisha
et al., 1990). In the present study, we selected the dose of RA as
10~ and 10~7 M because endogenous levels of RA-induced neural
differentiation in the early embryo are approximately 1-10 nM
(Maden et al., 1998; Mic et al., 2003). Therefore, we considered
to use 1078 M as a low dose and 1077 M as a high dose to exam-
ine the effect of RA on stage-specific gene expression signature in
mESCs.

We have also successfully designed a mESC neural differentia-
tion protocol to evaluate the effect of RA on the neural differentia-
tion of mESCs. Morphological analysis using a high-content image
analyzer was able to acquire varying differences of differentiation
from mESCs to neural cells by the RA treatment. For instance,
neuronal or glial differentiation from neuronal ESCs was delayed
in control cells without induction by RA, which was further con-
firmed by the lower expression levels of Map2 and Gfap detected
on DoD 36. RA treatments promoted the loss of pluripotency and
differentiation into neural ESCs up to DoD 36 in the present study
(Figures 1B,C), suggesting that the maturation of Map2-positive
neurons and Gfap-positive astrocytes were accelerated by RA treat-
ment. Our results are consistent with a study showing that RA and
LIF enhance the induction of Gfap-positive astrocytes from mice
neural progenitor cells via epigenetic modifications (Asano et al.,
2009).

In restricted sample size analysis like the present study, sim-
ulations using Bayesian network analysis have been suggested
to be a very effective method (Toyoshiba et al, 2006). Our
present study provided a new experimental evidence that Bayesian
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FIGURE 3 | Matrices in gene interaction networks of the
literature-based gene set (set 1) in mESCs, EB, and NP of neuronal
differentiation. Gene Symbols, RARa, RARb, RARg, Nanog, Pou5f1,
Zfp42, Fgfri, Olig2, Sox2, Gfap, Map2, Nestin, Tuj1, line up in order of
up to down in the y axis and left to right in the x axis. Red indicates

upregulated genes and blue indicates downregulated genes. Red
indicates that genes from the y axis upregulated genes from the x
axis. Blue indicates that genes from the y axis downregulated genes
from the x axis. Symbols of C, R8, and R7 indicate vehicle control, RA
108 M, and RA 10-7 M.

network analysis was effective to identify the functions of the
well-known neural development regulators, such as Gfap and
SOX2 (Figures 3-5), in response to RA during the neural dif-
ferentiation of mESCs and suggested its further application to
predict developmental neurotoxicity of environmental chemicals.
However, in the simulation analysis, one major problem is to select
genetic markers related with a trait of interest. To perform accurate
simulation, it is undesirable to select genes with similar expression
patterns. Similar variables could significantly affect the analysis
results and potentially lead to biased results. Hence, the selection of
genes with distinct expression patterns, which can represent each
stage of mESC neural differentiation, seems to be important in the
outcome of the GIN analysis. In this study, we selected gene sets for
GIN analysis by the combined use of two classification methods,
SOM and PCA. SOM is a powerful data mining method, whose

algorithm is an unsupervised competitive learning neural network
and it maps high-dimensional data into a simple low-dimensional
display (Kohonen, 1990; Zhang et al,, 2008). Therefore, SOM is
able to classify the temporal expression data for each gene. After
classification by SOM based on gene expression patterns, the rep-
resentative genes were further selected from each class by PCA.
PCA is a standard technique of pattern recognition and has been
widely used as a tool in exploratory data analysis and for making
predictive models in many biological systems (Aiba et al., 2006; van
Dartel etal, 2010; Qin eval, 2011). In this study, the genes selected
by SOM and PCA were shown to have adequate simulation para-
meters to evaluate the effects of RA on the neural differentiation
of mESCs.

Finally, our prediction model, employing Bayesian network
analysis, showed that it is possible to capture genetic correlations
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FIGURE 4 | Matrices in gene interaction networks of the analysis-based
gene set (set 2} in mESCs, EB, and NP of neuronal differentiation. Gene
Symbols, Map2k1, Mapk1, Mapk3, Pla2g6, Rps6kal, Shcl, Atbf1, CdvT,
Rhog, Rif1, Sall1, Smarcad1, Fos, Gbx2, Hras1, Rafl, Sox2, Gfap, Map2,
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x axis. Red indicates upregulated genes and blue indicates down regulated
genes. Red indicates that genes from the y axis up regulated genes from the
x axis. Blue indicates that genes from the y axis downregulated genes from
the x axis. Symbols of C, R8, and R7 indicate vehicle control, RA 10° M, and
RA 107 M.

B

between genes and to identify slight variations for different
conditions. We performed the same prediction model for three
gene sets of different genetic constitution. Our study indicated
that the GIN was able to capture features of each developmental
stage during the neural differentiation of mESCs. RA treatment
could change the network structure in a dose-dependent man-
ner. In addition, among the three gene sets, set 3 was the best
according to the morphological results. We found that the Gfap
gene was linked with other genes in the RA 1077 M matrix in
the GIN analysis, while the number of Gfap-positive cells was
markedly increased by RA 1077 M treatment on DoD 36 in the
morphological analysis. This suggested that the approach used in
this study, of the independent selection of gene sets using SOM or
PCA, was efficient. This Bayesian model might also be useful to

investigate the developmental toxicity of environmental chemicals
other than RA.

In summary, to find the optimized GIN that integrated chemi-
cal effects, we created three different gene sets and then performed
GIN analysis using Bayesian network algorithms to capture the
stage-specific gene expression signatures in response to RA treat-
ment during the neural differentiation of mESCs. “Toxicity Testing
in the Twenty First Century — A vision and a strategy” issued
by the US Nuclear Regulatory Commission indicated that the
most important issue for toxicity testing is how to connect the
extensive body of toxicity information to high-throughput screen-
ing to perform chemical risk assessment (Thomas et al., 2007;
Davis et al., 2008; Ellinger-Zicgelbauer et al,, 2009; Hubal, 2009).
Here, we described a novel approach to identify stage-specific
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FIGURE 5 | Matrices in gene interaction networks of the enrichment
gene set {set 3) in mESCs, EB, and NP of neuronal differentiation. Gene
Symbols, AdoraZa, Drd5, Fgf13, Gnaol, Notch2, Tnr, Ascll, Gusb, MefZ2c,
Pax5, Pou3f3, Bdnf, Gdnf, Nrp2, Slit2, Ywhah, Gfap, Map2, Nestin, Tuji1 line
up in order of up to down in the y axis and left to right in the x axis. Red

indicates up regulated genes and blue indicates down regulated genes. Red
indicates that genes from the y axis up regulated genes from the x axis.
Blue indicates that genes from the y axis down regulated genes from the x
axis. Symbols of C, R8, and R7 indicate vehicle control, RA 10~ M, and RA
10-7 M.

gene expression in embryonic development and suggested its
application to evaluate the neural developmental toxicity of
environmental chemicals in future studies.
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SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
http://www.frontiersin.org/Toxicogenomics_/10.3389/fgene.2012.
00141/abstract

Table S1| Input data of gene expression values for set 1. Values are
normalized expression values in beads of each gene with approximate 30
replicates.

Table S2 | Input data of gene expression values for set 2. Values are
normalized expression values in beads of each gene with approximate 30
replicates.

Table S3 | Input data of gene expression values for set 3. Values are
normalized expression values in beads of each gene with approximate 30
replicates.

Table S4 | Output results of the Bayesian network analysis with gene
expression values for set 1. Values are posterior probabilities.

Table S5 | Output results of the Bayesian network analysis with gene
expression values for set 2. Values are posterior probabilities.

Table S6 | Output results of the Bayesian network analysis with gene
expression values for set 3. Values are posterior probabilities.
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APPENDIX

FIGURE A1 | Gene interaction networks of the literature-based gene set {set 1) in mESCs, EB, and NP of neuronal differentiation. The optimized network
was generated at p > 0.300. Red indicates that parent genes up-regulate children genes. Blue indicates that parent genes down-regulate children genes.
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FIGURE A2 | Gene interaction networks of the analysis-based gene set (set 2) in mESCs, EB, and NP of neuronal differentiation. The optimized network
was generated at p > 0.300. Red indicates that parent genes up-reguiate children genes. Blue indicates that parent genes down-regulate children genes.
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ARTICLE INFO ABSTRACT
Article history: The establishment of more efficient in vitro approaches has been widely acknowledged as a critical
Received 26 January 2012 need for toxicity testing. In this study, we examined the effects of methylmercury (MeHg), which is a
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well-known developmental neurotoxicant, in two neuronal differentiation systems of mouse and human
embryonic stem cells (mESCs and hESCs, respectively). Embryoid bodies were generated from gathering
of mESCs and hESCs using a micro-device and seeded onto ornithine-laminin-coated plates to promote
proliferation and neuronal differentiation. The cells were exposed to MeHg from the start of neuronal

ﬁg’t‘ggﬁércuw induction until the termination of cultures, and significant reductions of mESCs and hESCs were observed
Human in the cell viability assays at 1,10,100 and 1000 nM, respectively. Although the mESC derivatives were

more sensitive than the hESC derivatives to MeHg exposure in terms of cell viability, the morphological
evaluation demonstrated that the neurite length and branch points of hESC derivatives were more sus-
ceptible to alow concentration of MeHg. Then, the mRNA levels of differentiation markers were examined
using quantitative RT-PCR analysis and the interactions between MeHg exposure and gene expression
levels were visualized using a network model based on a Bayesian algorithm. The Bayesian network
analysis showed that a MeHg-node was located on the highest hierarchy in the hESC derivatives, but
not in the mESC derivatives, suggesting that MeHg directly affect differentiation marker genes in hESCs.
Taken together, effects of MeHg were observed in our neuronal differentiation systems of mESCs and
hESCs using a combination of morphological and molecular markers. Our study provided possible, but
limited, evidences that human ESC models might be more sensitive in particular endpoints in response
to MeHg exposure than that in mouse ESC models. Further investigations that expand on the findings
of the present paper may solve problems that occur when the outcomes from laboratory animals are
extrapolated for human risk evaluation.

Embryonic stem cells
Neuronal development
Alternative method

© 2012 Elsevier Ireland Ltd. All rights reserved.

shellfish, or sea mammals continues to be an issue (Airaksinen
et al,, 2010; Kuntz et al.,, 2010). Nearly all humans worldwide have
trace amounts of MeHg in their tissues, which suggest widespread
presence of MeHg in the environment (Grandjean et al., 2010). In
addition, MeHg can cause neurotoxicity during pregnancy, even in
the absence of maternal toxicity (i.e., the human infants suffered
a so-called congenital Minamata disease and exhibit severe devel-
opmental disabilities, such as cerebral palsy, mental retardation,

1. Introduction
Methylmercury (MeHg) has severely poisoned over tens of

thousands of individuals in Japan and in Irag, and exposure
to small amounts of MeHg through the consumption of fish,

Abbreviations: MeHg, methylmercury; DMSO, dimethyl sulfoxide; MSA,

microsphere-array; EB, embryoid body; hESC, human embryonic stem cell; mESC,
mouse embryonic stem cell; EST, embryonic stem cell test; hNPC, human neuronal
precursor cells; ECVAM, European Center for the Validation of Alternative Methods;
ICA, IN Cell Analyzer.
* Corresponding author. Tel.: +81 29 850 2464; fax: +81 29 850 2546.
E-mail address: hsone@nies.go.jp (H. Sone).
1 These authors contributed equally.

0378-4274/$ - see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.toxlet.2012.04.011

convulsive seizures and muscle rigidity) (Davidson et al., 2004;
Harada et al., 1999). Despite the simultaneous exposure of a mother
and an infant during pregnancy, serious symptoms have not been
observed in mothers, which suggests that the fetal brain is highly
sensitive to MeHg (Davidson et al., 2004; Harada et al., 1999); how-
ever, no information is available on dose-response relationships in
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these children. Laboratory mice and rats do not exhibit the typ-
ical symptoms of congenital Minamata disease following similar
MeHg exposures during pregnancy despite frequent fetal and infant
deaths following exposure to a relatively low dose of MeHg in utero
(Choi, 1989; Hu et al.,, 2010; Satoh and Suzuki, 1983; Weiss et al,,
2005). These findings suggest that the susceptibility of developing
neuronal cells in the human fetus to MeHg is distinct and more
severe from the susceptibility of laboratory animals.

Embryonic stem cells (ESCs) can differentiate in vitro into cells
of all three embryonic germ layers, which reflect to some extent,
the in vivo development of the embryo. This concept has pro-
vided the scientific rationale for emerging research on the use of
ESCs to establish tests for toxicity to the early embryo. An embry-
onic stem cell test (EST) using a cardiac differentiation system
from mouse ESCs (mESCs) is advocated by the European Cen-
ter for the Validation of Alternative Methods (ECVAM) as one of
aiternative methods for in vivo embryo toxicity (Genschow et al.,
2004). Researchers believe that the development of an EST that
is based on human ESCs (hESCs) will provide an ideal tool for
the assessment of human embryo toxicity because such a system
will improve the prediction of human hazards while reducing the
requirement for laboratory animals. In addition, a hESC-based EST
would limit the need to consider interspecies differences (Reubinoff
et al., 2000; Thomson et al., 1998). Many researchers are currently
attempting to develop a human EST to evaluate the effects of chem-
icals on cardiac and neuronal differentiation (Murabe et al., 2007;
Stummann and Bremer, 2008; Sturnmann et al., 2009; Wada et al,,
2009).

The toxicity of MeHg has been examined in several ESCs-derived
neural developmental models and the endpoints generally used
included cell survival, cell morphology, transcript changes, and so
on (Baek et al., 2011; Stummann et al., 2009; Tamm et al., 2006;
Theunissen et al., 2011). In this study, we described two neuronal
differentiation systems of mESCs and hESCs and examined the
effects of MeHg using a combination of morphological and molec-
ular markers. The advantages of our study might include: (1) the
use of mouse vs. human ESCs provided a potential approach to
explore/understand species differences; (2) the incorporation of
the morphological endpoint in addition to the usual mRNA expres-
sion could provide detailed mechanistic insight to improve the EST
for the assessments of developmental neurotoxicants.

2. Materials and methods
2.1. Culture and neuronal differentiation of ESCs

The mESC line, B6G-2 (XY genotype), was provided from RIKEN BioResource
Center and maintained as described (Shimizukawa et al., 2005). The hESC line, KhES-
3 (XY genotype), was provided by Dr. Hirofumi Suemori, Research Center of Stem
Cells, Institute for Frontier Medical Science, Kyoto University (Suemori et al., 2006).
All experiments using hESCs were approved by the ethics committees of the National
Institute for Environmental Studies and the University of Tokyo in accordance with
to the guideline of the Japanese Ministry of Education, Culture, Sports, Science, and
Technology. The procedures for the maintenance of mESCs and hESCs were per-
formed as described previously (Shimizukawa et al., 2005; Suemori et al.,, 2006). Both
mESCs and hESCs were allowed to form embryoid bodies (EBs) in the micro-device
of microsphere-array (MSA; 1020 holes, ¢ 300 um/hole, STEM Biomethods, Japan).
The EBs were seeded onto ornithine-laminin (O/L)-coated 24-well plates to promote
proliferation and neuronal differentiation with the sequential exchange of authentic
appropriate neuronal differentiation media. The schedules for the neuronal differen-
tiation of mESCs and hESCs are summarized in Figs. 1A and 2B, respectively. Exposure
to MeHg (0.001% DMSO) began on Day 12 or Day 27 and continued until Day 23 or
Day 50 for the mESC and hESC derivatives, respectively. The medium containing
MeHg was refreshed every 3 days (see details in Supplemental Material, Methods).

2.2. MTT assay

Cytotoxicity was measured in terms of reduced mitochondrial activity using the
MTT-Assay Kit. EB-derived cells were plated onto O/L-coated 96-well plates, and a
10-pl of aliquot of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide
was added to the cells at each time point and incubated for 4 h. After incubation,

100~ of isopropyl alcohol was added. Following additional 24-h incubation, the
optical density was measured at 570 nm. Standard curves were prepared for each
cell type by counting cells derived from mESCs and hESCs that were cultured in
medium without MeHg or DMSO.

2.3. Immunocytochemistry

Immunostaining of MAP2 was performed on Day 23 for mESCs (mESC-Day 23)
and Day 50 for hESCs (hESC-Day 50). After fixation for 10 min with 4% paraformalde-
hyde, the cells were permeabilized in 0.1% Triton X-100 in PBS. The cells were
incubated with 1% BSA, which was followed by overnight incubation with primary
antibody specific for MAP2 (1:200). After PBS washing, the cells were incubated at
room temperature for 1h with Alexa 568-labeled secondary antibodies (1:1000).
Nuclei were stained using 2 pg/ml of Hoechst 33342 for 15 min.

2.4. Morphological measurement by IN Cell Analyzer

Microphotographs were periodically obtained using Olympus IX70 22FL/PH
inverted microscope (Olympus Optical, Japan). The morphological analysis was per-
formed using an automatic multichannel imaging analyzer (IN Cell Analyzer 1000
(ICA), GE Healthcare UK Ltd., Buckinghamshire, UK). The microphotographs of 57
fields (0.60 mm?) per well of 24 well plate (i.e., 1368 fields per exposure group)
were taken automatically. The fields in a well were created without overlap. The
fluorescent signal detected by the 535-nm laser line combined with a HQ620 60 M
emission filter was considered to be the MAP2-positive signal of neurons. The flu-
orescent signal detected using the 360-nm laser line combined with a HQ460 40 M
emission filter was considered to indicate the Hoechst33342 positive nuclei. Fluo-
rescence emission was separately recorded in the blue and red channels, and a flat
field correction was applied for inhomogeneous illumination of the scanned area
for each of the two channels.

A typical merged image of hESC-derivatives is shown in Fig. S1A. Hoechst-
positive nuclei were recognized using IN Cell Developer Software (GE Healthcare UK
Ltd.) and replaced by yellow dots to accurately count the nuclei number (Fig. S1B).
MAP2-positive signals were also recognized by this software with a threshold appro-
priate for tracing the MAP2-postive neurites. The replaced pink images are shown
in Fig. S1C. MAP2-positive signals surrounding nuclei were regarded as the cell bod-
ies of differentiated neural cells. The number of nuclei within the cell body was
considered to be the number of MAP2-positive neurons in each field. The areas con-
sidered to be cell bodies were subtracted from the MAP2-postive images to generate
the image of the neurites as shown in Fig. S1D. Then the software automatically
replaces the MAP2-positive neurite images with branching morphologies, which
indicated neurite-length as green center lines and branching points as blue cir-
cles (Figs. S1D, S1E, and S1F). As shown in Supplemental Fig. S1E, the cell bodies
were successfully distinguished from the neurites. The total length of the MAP2-
positive projection was automatically measured on its midline (Fig. STF). The values
for neurite length/cell were calculated by dividing the total MAP2-positive neu-
rite length within a field by the number of MAP2-positive neurons. The branching
points of MAP2-positive projections were automatically counted as the total num-
ber of branching points of the MAP2-positive projections (Fig. S1F). The values for
branching points/cell were calculated by dividing the total MAP2-positive neurite
branching points within a field by the number of MAP2-positive neurons. The aver-
age of the neurite length/cell or branching points/cell of all fields in one well of
the 24-well plate were indicated as the value of one experiment. Images of mESC-
derived neuronal cells were analyzed in the same manner.

To evaluate the accuracy of ICA measurements, the total neurite lengths of 5 ran~
domly selected fields were manually measured using Image] (1) software (NIH). The
correlations between data from IN Cell Developer Software and from 1] are shown in
Fig. S2. Although the values obtained by ICA tended to be higher (approximately
1.73-fold for neurite length and 4.42-fold for branching points), the two values
obtained by ICA and 1} were well correlated, which demonstrated the accuracy of
the ICA measurement.

2.5. Quantitative RT-PCR

Total RNA from the mESC or hESC derivatives was harvested with an RNeasy
mini kit. Gene expression of neuronal differentiation markers (Table 1) in the mESC
and hESC derivatives were investigated by semi-quantitative RT-PCR or quantita-
tive RT-PCR (see primer information in Supplemental Material, Table S1) using a
high-throughput real-time thermal cycler (Light Cycler 480 system, Roche, Basel,
Switzerland). The quantitative data were obtained by calculating the absolute copy
number as previously described (Sakata et al., 2007).

2.6. Network model analysis

The linkages between MeHg and differentiation marker gene indices were visu-
alized using a network model that was based on a Bayesian algorithm modified
from an algorithm defined in a previous study (Toyoshiba et al., 2004). In brief,
the network was quantified to calculate the posterior probability distribution for
the strength of the linkages on the basis of the gene expression datasets (see
Supplemental Material, Table S2 and Table S3). A network was used to evaluate
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the ability of the algorithm to have a higher posterior probability (p-value) at the Table 1

correct linkage in the network (see the detail described in Supplemental Material, Selection of neuronal differentiation markers in this study.
Methods). Gene Function Reference
2.7. Statistical analysis NODAL Mesoendoderm formation Tada et al. (2005)
PAX6 Cerebral cortex formation Caric et al. (1997), Duparc
Statistical analyses were performed with StatView for Windows, version 5.0 ) etal. (2006)
(SAS Institute, Cary, NC). All data were expressed relative to the means of the control EMX2 Cerebral cortex formation Galli et 312(2002):
groups. All results are represented as mean= SE. A two-way analysis of variance ) ] Mallamaci et al. (2000)
(ANOVA) was used for the MTT assay to compare the effect of each dose with the Hoxb4 Paraximal mesoderm formation Brend et al. (2003)

DMSO control groups. Other data were analyzed by one-way ANOVA followed by
Fisher's PLSD post hoc test. p-Values less than 0.05 were considered to be statistically
significant.
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Fig. 1. Neuronal differentiation culture systems form mouse and human ESCs. (A and E) Schemesfor culture conditions and MeHg exposure using mESCs and hESCs (see
details in Supplemental Materials, Methods). (B and F) Typical features of mESC and hESC colonies, mouse and human EBs growing in the micro-device, and differentiating
neuronal cells. The values in parentheses are time after plating. Day 23 in mESCs and Day 50 in hESCs show MAP2 immunostaining, respectively. (C and G) Semi-quantitative

RT-PCR analysis for differentiation marker genes. (D and H) Quantitative RT-PCR analysis for Nanog/NANOG and Map2/MAP2 mRNAs. Mtap2/MTAP2 is a official symbol of
Map2|MAP2.
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3. Results
3.1. Neuronal differentiation of mESC and hESC derivatives

Typical features of neuronal differentiation from mESCs and
hESCs are representedin Fig. 1B and F, respectively. In the mESC cul-
ture, EBs were generated in MSA and attached to O/L-coated dishes
on Day 9. The migrating neuron-like cells appeared by Day 17. The
Nanog mRNA level was decreased around Day 6 and became 17.3%
at the end of culture (Fig. 1D). The neuronal lineage makers Emx2,
Pax6, and Map2 mRNAs were first detected on Day 4 and became
stronger throughout neuronal induction (Fig. 1C). In contrast, the
hESC derivatives continued to grow colonially and neuron-like cells
appeared by Day 50 (Fig. 1F). In addition, EMX2, PAX6, and MAP2

mRNAs were first detected around hESC-Day 17 (Fig. 1G), which
was later compared with the mESC cultures (Fig. 1C). Although the
NANOG mRNA was decreased around on Day 22, approximately
one-half of the mRNAs were maintained till Day 50 (Fig. 1H).

3.2. Effects of MeHg on mESC and hESC derivatives cell viability

Based on the mRNA expression levels of neuronal differentiation
markers, we considered that the mESC-Day 12 and the hESC-Day 27
cultures were similar stages of early neuronal development. MeHg
exposure began on mESC-Day 12 and hESC-Day 27 and we mea-
sured the relative MTT activities compared with control (DMSO) for
each time point (Fig. 2). The mESC-derived cells had completely dis-
appeared within 5 days after the 1000 nM MeHg exposure (Fig. 2A),
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Fig. 2. Cytotoxicity of MeHg exposure to mESC- (A) and hESC-derived (B) neuronal
cells. Serially diluted concentrations of MeHg were applied to the cells for the MTT
assay (1, 10, 100 and 1000 nM). Cell viabilities for the DMSO control at each time
point were used for normalization. Two-way ANOVA was used to determine the
statistical difference (*p<0.05; **p<0.01).

whereas, it took 11 days for the same effect to be observed in the
hESC derivatives (Fig. 2B). Significant decreases in mESCs cell viabil-
ity were observed at 9 days after 1, 10 and 100 nM MeHg exposure.
In contrast, we only observed a significant reduction in MTT activity
in hESCs at 13 days after 100 nM MeHg exposure.

3.3. Effects of MeHg on morphologies of mESC and hESC
derivatives

Typical MAP2-immunostainings at the end of the cell culturing
period are shown in Fig. 3A and B. In mESC derivatives, the nuclear
count was significantly decreased in the 100 nM group (0.16-fold)
(Fig. 3C), and this result occurred from the drastic decrease in the
viability of mESC derived cells (Fig. 2A). Conversely, significant dif-
ferences in nuclear count were not found in the hESC derivatives
(Fig. 3C). The Map2-positive neurite density from mESC deriva-
tives was significantly decreased at the highest dose of MeHg
(0.17-fold at 100 nM), whereas that of the hESCs was significantly
decreased in all MeHg exposed groups (0.26-fold at 1nM, 0.04-
fold at 10nM and 0.05-fold at 100nM) (Fig. 3D). Furthermore,
analysis of Map2-positive neurite lengths and branching points
using ICA revealed that MeHg induced changes in morphological

properties (Fig. 3E and F). With more details, significant reduce
in Map2-positive neurite lengths was observed only at 100nM
group in mESC-derivatives (0.48-fold), while there was a signifi-
cant dose-dependent decrease in neurite length in the hESCs, even
at the lowest dose (Fig. 3E). The number of branching points in
both mESC- and hESC-derivatives was only significantly reduced at
100 nM MeHg (0.54-fold and 0.65-fold, respectively) (Fig. 3F).

3.4. Effects of MeHg on the differentiation markers of mESC and
hESC derivatives

Quantitative RT-PCR was performed at the end of the cell cul-
turing period to investigate the effect of MeHg on the mRNA levels
of the differentiation markers, especially those involved in central
nervous system development. Although the mRNA copy numbers
for the undifferentiated marker gene Nanog (mESC) and NANOG
(hESC) were quite different from each other in control groups, they
were increased by MeHg exposure (Fig. 4A and B). However, no
significant increase in Nanog expression was observed in mESC-
derivatives, while significant increases in NANOG expression were
observed in 10 nM and 100 nM group in hESC-derivatives. For both
mESC and hESC-derivatives, the TGFB-family gene NODAL showed
a definite tendency to be increased in a dose-dependent man-
ner (Fig. 4A and B). However, significant increase was observed
only in 100nM group in hESC-derivatives. The neruroectoderm
marker gene PAX6 was significantly decreased by MeHg treatment
inhumancellsin 10nM and 100 nM groups (Fig. 4B). The mRNA lev-
els of EMX2 were also significantly deceased at the three doses in
hESC-derivatives (Fig. 4B). The levels of the dendrite marker MAP2
in both mESC and hESC-derivatives were significantly decreased at
100 nM MeHg. The expression of Hoxb4 was significantly decreased
in mESC-derivatives at 100 nM MeHg. Conversely, HOXB4 showed
significant dose-dependent upregulation in hESCs with the increas-
ing concentrations of MeHg (Fig. 4B).

3.5. Network models

The interaction between MeHg exposure and gene expression
levels observed in the PCR analyses was converted into network
models using a Bayesian algorithm. In accordance with the princi-
ple of the previousreports (Friedman et al., 2000; Imoto et al., 2002),
the regulatory effects of increasing amounts of chemical on mRNA
levels can be evaluated in terms of a probabilistic inference. For
mESC-derivatives, when p-value was defined over 0.5, the MeHg
node dominated only five genes: En1, Nodal, Nes, Otx1, and Hoxb1
(Fig. 5A). In hESC-derivatives, the MeHg node was located at the
top of a network hierarchy and was related directly or indirectly to
all the evaluated genes (Fig. 5B).

4. Discussion

The present study attempted to investigate the effects of MeHg
in mESC- and hESC-derived neural developmental models using
a combination of morphological and molecular markers. Numer-
ous EBs of similar sizes were generated from both mESCs and
hESCs using a unique micro-device (Sakai et al., 2010). With the
exceptions of media, which was optimized for each culture, and
differences in the MeHg exposure period, we attempted to adjust
each protocol to be as similar to each other as possible. The con-
centrations of MeHg used to treat mESC and hESC in our study
were 1,10,100 and 1000 nM, respectively. These concentrations
are almost the same as levels detected in human whole blood
(Grandjean et al., 1998).

The neuronal differentiation of hESCs generally requires a longer
period than that of mESCs, whichis likely due to the species-specific
program. Watanabe and colleagues reported similar protocols for
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the neuronal differentiation of mESCs and hESCs based on EB for-
mation in serum-free suspension cultures (Eiraku et al., 2008;
Watanabe et al., 2005, 2007). According to their reports, telen-
cephalic precursors appeared within 5 days in the case of mESCs,
whereas it took 35 days in the case of hESCs. Consistent with their
reports, our study initially detected the expression of the neuronal
marker genes on Day 4 inmESCs and on Day 17 in hESCs (Fig. 1Cand
G). At the end of culture, the mRNA copy numbers of Map2 (mouse)
on Day 23 and MAP2 (human) on Day 50 were approximately equal,
suggesting that the similar amounts of mature neural derivatives
were successfully differentiated from both ESCs (Fig. 1D and H).
In the morphological analysis, neuron proliferation was observed
until Day 17 for mESC-derivatives, whereas the hESC-derivatives
proliferated colonially in attached cultures on Day 42, and neu-
ron proliferation was observed until Day 50 (Fig. 1B and 1E). These

observations agree with previous studies that have examined the
neuronal differentiation of both mESCs and hESCs (Nat et al., 2007;
Song et al., 2008; Wada et al., 2009). Then, we exposed the cells to
MeHg starting on Day 12 for mESCs and Day 27 for hESC because
these times allowed for equivalent stages of development in both
cell lines.

In utero exposure to MeHg causes severe neurodegenerative
effects in human fetuses, which is known as congenital Minamata
disease in Japan (Harada, 1978). In Iraq, neurodegenerative effects
of MeHg have been attributed to the accidental ingestion of
MeHg-contaminated wheat (Bakir et al,, 1973). Whether human
susceptibility to MeHg is greater than that of laboratory ani-
mals is not clear. According to the results of numerous in vitro
studies using neuronal cell-lines of rodents and human, there
is a tendency for human cells to be more susceptible to MeHg
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poisoning (Ceccatelli and Moors, 2010). Some of the behavioral
effects of MeHg in rodents remain controversial, and the methods
for modeling human MeHg exposure in animals require further
optimization (Liang et al., 2009). For example, in a murine prenatal
exposure model, MeHg (31.9 nmol/g food) accumulated at approx-
imately 25 jug/g fetal brain and resulted in approximately 40% total
embryonic/fetal death (Satoh and Suzuki, 1983). Interestingly,
other than subtle defects in working memory, visual spatial ability,
and anxiety-like behavior, no neurological defects were detected
following the accumulation of 12.8-13.3 jug/g brain of mice (Liang
et al,, 2009). In human epidemiological studies, the highest level
of MeHg in umbilical cords from the patients with congenital
Minamata disease was 1.60+1.00ppm (Harada et al, 1999).
Although it is difficult to comment on interspecies differences
using previous published studies, taken together, they suggest that
human susceptibility to MeHg is greater than that of mice, partic-
ularly with regard to the functional status of developing neurons.
In this present study, our cytotoxicity assays and morphological
analyses provided possible, but limited, evidences that cell death

in immature mouse neuronal cells occurs at lower doses of MeHg
than that in humans, although the morphology and functional sta-
tus of the surviving cells remain normal. In contrast, the abnormal
differentiation and maturation of neurons in humans may begin at
lower concentrations of MeHg than those required for cell death,
which could result in neuro-performance symptoms in infants.
However, it should be noted that the density of Map2-positive
cells was different between our mESC and hESC models, which
might also affect their sensitivities to MeHg exposure.

In our study, the reductions in gene expression levels for PAX6
and EMX2 were clearly detected in hESC-derivatives exposed to
low doses of MeHg. On the other hand, the deletion or mutation
of Pax6 or Emx2 in mice has been reported to cause severe cortical
dysplasia in mouse (Caric et al., 1997; Mallamaci et al., 2000).
Furthermore, a human genetic study showed that the PAX6 gene
had a dosage effect in a family with congenital cataracts, aniridia,
anophthalmia and central nervous system defects (Glaser et al.,
1994). These suggest that both PAX6 and EMX2 genes may cooper-
ate in the proliferation and differentiation of neuronal stem cells
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and the migration of neuronal progenitors during the formation of
the cerebral cortex in the fetus.

Bayesian network analysis has been reported to predict gene
interaction networks and protein-protein interactions (Friedman
et al., 2000; Imoto et al., 2002; Jansen et al., 2003; Pe'er et al., 2001).
The Bayesian network is drawn as a directed acyclic graph, hav-
ing a direction with a hierarchy in which a parent node affects the
child node(s). Therefore elements that exert more effects should be
located higher in the hierarchy of a calculated network model. In
the toxicological studies, Bayesian network analysis has been used
to map the dose-dependent response of biomarkers to chemical
exposures (Hack et al., 2010; Nagano et al,, 2012; Yang et al., 2010).
According to our analysis of mESC-derived cells, the node for MeHg
was located to the middle of hierarchy, which suggested that MeHg
toxicity could not be more definitively mapped because of the slight
effects at lower doses. In contrast, the node for MeHg in hESCs was
located to the top of network hierarchy, which suggested that MeHg
affects the differentiation of neuronal cells in hESCs more signif-
icantly than it does in the mESCs, although differences between
these two culture systems, such as the time frame of the neuronal
differentiation process, length of exposure, and composition of the
culture media, should also be taken into consideration (Fig. 5B).

The EST endorsed by ECVAM includes a cytotoxicity assay and
a cardiac differentiation inhibition assay using mESC cells. Twenty
test chemicals with known in vivo embryo toxic potential, includ-
ing MeHg, were tested in blind conditions, and good reproducibility
was achieved (i.e,, an accuracy of 78%) (Genschow et al., 2004).
MeHg exposure studies in a mESC neuronal differentiation system
found an ICsg value of 260 nM using resazurin cytotoxicity test of
14 days continuous exposure (Stummann et al,, 2007). Consistent
with our study, there was a decrease in Map2 mRNA expression
at 100 nM, which was a non-cytotoxic concentration (Stummann
et al,, 2007). The hESC neuronal differentiation system has been
also used to test the embryo toxic potential of MeHg by the same
research team (Stummann et al., 2009). Following 12 days con-
tinuous exposure (cytotoxicity, ICsg value=39 nM), the neuronal
marker genes NEUROD1 and MAP2 showed significant decreases of
55%and 29%, respectively, in the presence of 25 nM MeHg. Although
the cytotoxicity data for mESCs were different from the present
data, the data from hESCs were similar. In addition to significant
reductions in the expression of PAX6 and EMX2 at MeHg exposure
levels less than 10 nM, there was a tendency for a reduction of MAP2
expression, which suggested a consistent dose-response for human
neuronal development.

Human neuronal precursor cells (hNPC) can be used as an
alternative model to test human susceptibility to developmental
neurotoxicants (Moors et al., 2009). An hNPC can differentiate into
neurons in approximately one week, which is an advantage over
human ESTs. Based on the ratio of hNPC derived Tuj1-positive neu-
ron and migration activity, more than 500nM of MeHg showed
toxic effect (Moors et al., 2009), which suggests a much higher level
of resistance than that observed in the present study. This large dif-
ference may be due to the different differentiation states of hNPCs
at the time of MeHg exposure compared with those of human neu-
ronal progenitors from ESCs. Indeed, the progenitors produced in
our culture system (Day 27) may have been more immature, which
could have increased their sensitivity to MeHg. Despite continu-
ous exposure for an extended time (23 days), the present results
showed that differentiated MAP2-positive neuronal cells were able
tosurvive (Fig. 3B). This observation indicated that mature neuronal
cells are more resistant to MeHg than immature cells. Therefore,
ESTs appear to evaluate embryo toxicity more effectively than an
hNPC culture system. For example, the critical window for observ-
ing psychiatric defects (e.g., autism spectrum disorder) as a result
of thalidomide exposure is suspected to occur before 25 days of
postfertilization (Miller et al., 2005). The effects of chemicals such

as thalidomide on earlier stages can only be analyzed with ESTs,
which clearly highlights the advantages of human ESTs over hNPCs.

In summary, we examined the effects of MeHg in a low concen-
tration range of 1-1000 nM on the neural differentiation of mESCs
and hESCs using a battery of tests, including cell viability assay,
morphological and molecular assessments, and network analysis.
Our study provided possible, but limited, evidences that human ESC
models might be more sensitive in particular endpoints in response
to MeHg exposure than that in mouse ESC models. Further investi-
gations that expand on the findings of the present paper may solve
problems that occur when the outcomes from laboratory animals
are extrapolated for human risk evaluation.
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Reagents.

Dullbecco’s Modified Eagle's Medium (D-MEM) (1X) without phenol red,
D-MEM/F-12 (1X) liquid 1:1 without phenol red, Neurobasal® Medium (1X) without
phenol red, ES cell qualified fetal bovine serum (FBS), Knockout™ Serum Replacement
(KSR), N-2 Supplement (100X), B-27° Supplement Minus Vitamin A (50X),
recombinant human brain-derived neurotrophic factor (BDNF), GlutaMAX " -1 (100X),
MEM Non-Essential Amino Acids Solution 10 mM (100X) (NEAA), TrypLE" Select,
Penicillin-Streptomycin (5,000 units/ml, 5,000pg/ml), 2-Mercaptoethanol (55 mM in
D-PBS, 1000X) (2-ME), and Alexa568-conjugated rabbit anti-mouse IgG were
purchased from Invitrogen Corporation (Carlsbad, CA). Gelatin from porcine skin type
A, Poly-L-ornithine solution 0.01%, Laminin from Engelbreth-Holm-Swarm murine
sarcoma basement membrane, methylmercury chloride (II) (MeHg), and mouse
monoclonal anti-MAP?2 antibody were purchased from Sigma-Aldrich (St. Louis, MO).
Recombinant human basic-FGF (bFGF), all-trans retinoic acid (RA), and ROCK
inhibitor Y-27632 were purchased from Wako Pure Chemical Industries (Chuo-ku,
Osaka, Japan). Dimethyl sulfoxide (DMSO) and MTT cell-number counting kit
(MTT-Assay Kit) were purchased from Nacalai Tesque, Inc. (Nakagyo-ku, Kyoto,
Japan). Murine recombinant leukemia inhibitory factor (mLIF, ESGRO®) was
purchased from Millipore (Billerica, MA). Hoechst 33342 solution was purchased from
Dojindo Laboratories (Kumamoto, Japan). The RNeasy Mini kit was purchased from
QIAGEN (Hilden, Germany). LightCycler® 480 SYBR Green I Master was purchased
from Roche Diagnostics GmbH (Mannheim, Germany). The PrimeScript® RT reagent
Kit and TaKaRa Ex-Taq were purchased from Takara BIO Inc. (Otsu, Shiga, Japan). All
oligonucleotides purified by gel-filtration were purchased from Hokkaido System
Science (Sapporo, Hokkaido, Japan).

Culture and neuronal differentiation of mouse embryonic stem cells.

The mESC line, B6G-2 (XY genotype), was maintained in the medium composed
of D-MEM containing 15% FBS, 100 pM NEAA, 55 uM 2-ME, and 1,000 U/ml mLIF.
Mouse ESCs were cultured on feeder cells of mouse embryonic fibroblasts (MEFs),
which were plated on 0.1% gelatin-coated dish. They were re-plated onto 60 mm dishes
twice without additional MEFs. The mESCs were harvested at 48 hrs after the last
passage (purity > 99%) and suspended in the medium containing D-MEM, 15% KSR,
100 uM NEAA, and 55 pM 2-ME (EB-medium). The suspended mESCs were
dissociated into single cells by mechanical pipetting, seeded at 2.0x10° cells onto the
culture device of a microsphere array (MSA; 1020 holes, 9300 pm/hole, STEM



