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ABSTRACT — The liver is the central organ of metabolism, but its function varies during develop-
ment from fetus to adult. In this study, we comprehensively analyzed and compared metabolites in fetal
and adult hepatocytes, the major parenchymal cell in the liver, from human donors. We identified 211
metabolites (116 anions and 95 cations) by capillary electrophoresis-time-of-flight mass spectrometry
(CE-TOFMS) in the hepatocytes cultured in vitro. Principal component analysis and hierarchical cluster-
ing analysis of the relative amounts of metabolites clearly classified hepatocytes into 2 groups that were
consistent with their origin, i.e., the fetus and adult. The amounts of most metabolites in the glycolysis/
glyconeogenesis pathway, tricarboxylic acid cycle and urea cycle were lower in fetal hepatocytes than in
adult hepatocytes. These results suggest different susceptibility of the fetal and adult liver to toxic insults

affecting energy metabolism.
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INTRODUCTION

The liver is the central organ of human metabolism.
The liver performs several complex reactions such as
plasma protein synthesis, bile production, nutrient metab-
olism, energy metabolism, and disposal of waste products
of intermediary metabolism. In addition, the liver per-
forms detoxification of xenobiotic compounds through
phase I and II biotransformation (Arias et al., 2009).

Hepatocytes are the predominant cell type in the liv-
er, accounting for approximately 70% of the mass of the
adult organ. Hepatocytes, along with biliary epithelial
cells, are derived from the embryonic endoderm, while
stromal cells, stellate cells, Kupffer cells and blood ves-
sels, are of mesodermal origin (Zaret, 2008; Zhao and
Duncan, 2005).

The fetal liver is important for development, and its
function is distinct from that of the adult liver, functioning
primarily as a hematopoietic organ. Chinnici et al. (2014)
reported that cell suspensions obtained after collagenase
digestion of human fetal livers contained approximate-

ly 35% of hepatocytic/epithelial lineage cells, while the
remaining cells were mainly erythroid cells. In rodents,
fetal hepatocytes are glycolytic and have few mitochon-
dria, suggesting that their energy production is lower than
that of adult hepatocytes (Burch et al., 1963; Oliver et al.,
1983; Vergonet et al., 1970). A comparison of metabolic
function between rat fetal and adult hepatocytes revealed
lower activity of key metabolic enzymes in the fetal hepa-
tocytes, including phosphoenolpyruvate carboxykinase
and glucose 6-phosphatase for gluconeogenesis, carni-
tine palmitoyltransferase I and medium-chain acyl-CoA
dehydrogenase for fatty acid oxidation, and cytochrome ¢
and B-ATP synthase for mitochondrial energy metabolism
(Sharma et al., 2008).

It is also known that the expression of liver-specif-
ic genes changes transcriptionally and post-transcrip-
tionally during rat development (Panduro et al., 1987).
In humans, several cytochrome P450 enzymes such as
CYP1Al, 1A2, 2A6, 2C9, 2E1, and 3A4 were expressed
in adult livers, whereas fewer forms of cytochrome P450,
namely CYP1A1l and 3A7, were detected in fetal livers

Correspondence: Seiichi Ishida (E-mail: ishida@nihs.go.jp)

225

Vol. 39 No. 5



718

S.-R. Kim et al.

(Shimada et al., 1996).

In recent years, comprehensive transcriptome analysis
of rat liver and primary cultured hepatocytes treated with
several chemicals was carried out and the gene expression
database was used for identification of predictive biomar-
kers for drug-induced toxicity at or before the pre-clinical
stage of drug development (Uehara et al., 2010).

The metabolome is the complete set of small mole-
cules (metabolites) in cells in a particular physiological
condition and considered to be closely related to the phe-
notype. Thus, metabolome analysis plays a critical role in
understanding complex biochemical and biological sys-
tems (Delneri ef al., 2001).

Recently, metabolome analysis using capillary electro-
phoresis-mass spectrometry (CE-MS) has been developed
(Monton and Soga, 2007) and applied to the characteriza-
tion of ionic metabolites from several diseases, including
cancer (Hirayama et al., 2009; Kami et al., 2013).

Global metabolome analysis of liver has been per-
formed in several animal models. The differences of met-
abolic profile in an alcoholic fatty liver in zebrafish were
analyzed by proton nuclear magnetic resonance spec-
troscopy and gas chromatography-mass spectrometry
(GC-MS) (Jang et al., 2012). Metabolome profile alter-
ations in fatty liver induced by a high-fat diet in rats
were analyzed by GC-MS (Xie et al., 2010). The meta-
bolic profile changes in the liver were also analyzed in
aging mice (Houtkooper ef al., 2011) and undernourished
neonate mice (Preidis ef al., 2014). In humans, metabolic
profiling and systems biological approaches were used to
elucidate the mechanisms of metabolic syndrome and fat-
ty liver disease (Dumas et al., 2014). However, metabo-
lome analysis of prenatal or neonatal human liver has not
been investigated.

In this study, to clarify the differences of the basal met-
abolic functions along with the development of the liver,
in vitro cultured human fetal and adult hepatocytes were
compared by metabolome analysis using capillary electro-
phoresis time-of-flight mass spectrometry (CE-TOFMS).

MATERIALS AND METHODS

Cells and culture conditions

Human fetal hepatocytes (Hc cells, CS-ABI-3716)
were purchased from DS Pharma Biomedical (Osaka,
Japan). Hc cells were originally prepared from six normal
fetal livers (gestation average 16 weeks) by Applied Cell
Biology Research Institute (Kirkland, WA, USA). The
cells were maintained in CS-C medium kit R (DS Pharma
Biomedical) as described previously (Matsushita et al.,
2003). The He cells were divided into three aliquots that
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were cultured separately.

Primary human hepatocytes (HEP220) from three
adult donors were purchased from Biopredic International
(Rennes, France). The primary human hepatocytes were
obtained from patients undergoing resection for prima-
ry or secondary tumors, and isolated by collagenase per-
fusion of histologically normal liver fragment. Patient
information is listed in Supplementary Table S1. The
cells were maintained in Incubation Medium (MIL214;
Biopredic International).

Metabolite extraction

lIonic metabolites were extracted from 2-3 x 10¢ cells
of human fetal and adult hepatocytes. Cells were washed
twice with 5% mannitol solution and suspended in
1 mL of cold methanol containing 10 pM internal stand-
ards (Human Metabolome Technologies, Inc., Yamagata,
Japan). The number of cells in the same culture condition
was counted with a haemocytometer. The cell suspension
diluted to 2 mL with methanol was mixed with 2 mL of
chloroform and 0.8 mL of Milli-Q water. After centrifu-
gation, the separated methanol-water layer was ultrafil-
tered using an ultrafiltration tube (Ultrafree-MC, UFC3
LCC; Millipore Corporation, Billerica, MA, USA) with
a molecular weight cut-off of 5 kDa to remove proteins.
The filtrate was evaporated, dissolved in 50 pL of Milli-Q
water, and analyzed using CE-TOFMS.

Measurement of ionic metabolites using the
CE-TOFMS system

CE-TOFMS experiments were performed using an
Agilent Capillary Electrophoresis System equipped
with an Agilent 6210 Time of Flight mass spectrometer,
Agilent 1100 isocratic HPLC pump, Agilent G1603A CE-
MS adapter kit, and Agilent G1607A CE-ESI-MS sprayer
kit (Agilent Technologies, Waldbronn, Germany).

Cationic metabolites were analyzed using a fused sili-
ca capillary i.d. 50 pm % 80 cm, with Cation Buffer Solu-
tion (Human Metabolome Technologies, Inc.) as the elec-
trolyte. The sample was injected at a pressure of 5.0 kPa
for 10 sec. The applied voltage was set at 27 kV. Electro-
spray ionization-mass spectrometry (ESI-MS) was con-
ducted in the positive ion mode, and the capillary voltage
was set at 4,000 V. The spectrometer was scanned from
m/z 50 to 1,000.

Anionic metabolites were analyzed using a fused sil-
ica capillary i.d. 50 pm x 80 cm, with Anion Buffer
Solution (Human Metabolome Technologies, Inc.) as the
electrolyte. The sample was injected at a pressure of 5.0
kPa for 25 sec. The applied voltage was set at 30 kV. ESI-
MS was conducted in the negative ion mode, and the cap-
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illary voltage was set at 3,500 V. The spectrometer was
scanned from m/z 50 to 1,000. Other conditions for CE-
TOFMS experiments were described previously (Soga et
al., 2007).

Data analysis

The raw data obtained by CE-TOFMS were proc-
essed with MasterHands software (Human Metabolome
Technologies, Inc.; Sugimoto et al., 2010). Peak infor-
mation including m/z, migration time (MT) and area was
obtained. The migration time of each sample was normal-
ized relative to the internal standards. The resulting rel-
ative area values were further normalized based on the
total number of cells. Each peak was aligned according
to similar migration time on CE and the m/z value was
determined by TOFMS. Metabolites in the samples were
identified by comparing the migration time and m/z ratio
with those of authentic standards, in which differences
of &+ 0.5 min and + 10 ppm were permitted, respective-
ly. Quantitative values of metabolites are the mean + S.D.
for 3 replicates.

The relative quantitation data of identified metab-
olites were imported into GeneSpring GX software
(Version 12.0; Agilent Technologies, Santa Clara, CA,
USA), and subjected to principal component analysis
(PCA). The relative amounts of metabolites were com-
pared by Welch's ¢-test between fetal and adult hepa-
tocytes, with p < 0.05 considered to be statistically sig-
nificant. Hierarchical clustering analysis and heatmap
representations were also performed with GeneSpring

GX software.

RNA isolation and quantitative RT-PCR analysis
Total RNA was isolated from hepatocytes with TRI-
zol reagent (Invitrogen, Breda, the Netherlands), fol-
lowed by purification using the RNeasy Mini Kit
(QIAGEN, Hilden, Germany). The concentration and
purity of RNA were measured by Nanodrop ND-1000
spectrophotometer (Nyxor Biotech, Paris, France). First-
strand cDNA was prepared from | pg of total RNA
using the High-Capacity RNA-to-cDNA Kit (Applied
Biosystems, Foster City, CA, USA) with random primers.
Real-time PCR assays were performed with the ABI7900
Real Time PCR System (Applied Biosystems) using the
TagMan Gene Expression Assay for ASS1 (argininosucci-
nate synthase 1, Hs01597989 g1), ASL (argininosuccinate
lyase, Hs00902699_m1), ARGI (arginase, Hs00968979 _
m1l) and OTC (omithine transcarbamylase, Hs00166892_
m1), according to the manufacturer’s instructions. The

relative mRNA levels were determined using calibra-

tion curves obtained from serial dilutions of the pooled
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hepatocyte cDNA. Transcripts of B-actin were quanti-
fied as internal controls using TagMan B-Actin Control
Reagent (Applied Biosystems). The f-test was applied to
the comparison of the average values of mRNA levels of
urea cycle enzymes between fetal and adult hepatocytes.

RESULTS AND DISCUSSION

Metabolome analysis

We performed metabolome analysis of human fetal
and adult hepatocytes using CE-TOFMS. Based on m/z
values and migration times, 211 metabolites (116 ani-
on and 95 cation) were identified (Supplementary Table
$2), and visualized on a large-scale metabolome pathway
map (Supplementary Fig. S1), using VANTED software
(Junker et al., 2006). Using the whole data set of iden-
tified metabolites, we performed a principal component
analysis (PCA, Fig. 1) and a hierarchical clustering anal-
ysis (HCA, Supplementary Fig. S2) to reveal the simi-
larities/dissimilarities of 2 groups regarding variations in
metabolite amounts. From the PCA score plot, fetal and
adult hepatocytes were separated in the first principal
component (PC1, 47% proportion). The PCA plot indi-
cated that the metabolomic profile of the adult hepato-
cytes was much more heterogeneous than that of the fetal
hepatocytes (Fig. 1). This may reflect the individual dif-
ferences of donor patients. Metabolites with high absolute
values of factor loadings for PC1 included amino acids,
glycolysis/glyconeogenesis and tricarboxylic acid (TCA)
cycle intermediates, and urea cycle intermediates (data
not shown). A heat map representation of HCA was per-
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PC 1 (47%)
Fig. 1. PCA score plot using the normalized metabolomic data

from human fetal and adult hepatocytes. The samples
were fetal (F1 to F3, open diamonds) and adult (A1
to A3, filled diamonds) hepatocytes. Percentage values
indicated on the axes represent the contribution rate of
the first (PC1) and the second (PC2) principal compo-
nents.
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Table 1. Highly increased or decreased metabolites in the adult hepatocytes compared to those in the fetal hepatocytes °

' Relative area? Fold change (Adult/Fetal)
Compound name l\l;z:;d hepaﬂt()_queDs- SSZ: hepatocs}il[tz)% — —
increased S
Cys 4.3E-04 1.6E-04 2.9E-02 1.1E-02 66.3 0.050
Ornithine 4.2E-03 1.1E-03 2.5E-01 1.1E-01 59.8 0.057
Cysteine glutathione disulphide 6.3E-04 1.3E-04 2.9E-02 2.1E-02 46.1 0.139
Thiaproline 1.9E-03 1.7E-04 6.6E-02 2.6E-02 34.6 0.050
Glycerophosphocholine 5.6E-02 9.8E-03 1.1E+00 1.OE+00 20.6 0.203
O-Phosphoserine 2.1E-04 4.3E-05 4.1E-03 1.3E-03 19.1 0.038
Glycerol 3-phosphate 4.3E-03 3.4E-04 7.5E-02 4.2E-02 17.7 0.098
Urea 1.8E-02 2.3E-03 2.0E-01 1.1E-01 11.1 0.111
Ala 2.4E-01 6.1E-03 2.3E+00 1.2E+00 9.4 0.102
Glucuronic acid 2.9E-04 2.1E-05 2.6E-03 1.7E-03 9.1 0.138
2-Hydroxybutyric acid 3.7E-04 1.1E-04 3.1E-03 2.4E-03 8.4 0.184
3-Hydroxybutyric acid 2.5E-03 3.3E-04 2.1E-02 1.6E-02 8.3 0.189
Guanidoacetic acid 1.5E-03 1.6E-04 1.2E-02 5.1E-03 8.1 0.069
N-Acetylneuraminic acid 1.4E-03 1.1E-04 1.1E-02 9.8E-03 8.0 0.235
Thiamine 1.0E-03 1.7E-04 8.2E-03 3.7E-03 7.8 0.078
Uric acid 1.3E-04 1.9E-05 9.2E-04 7.3E-04 7.2 0.201
Pyridoxamine 5'-phosphate 5.1E-04 5.7E-05 3.7E-03 1.8E-03 7.1 0.094
NB-Acetylspermidine 2.5E-03 9.5E-04 1.8E-02 6.4E-03 7.1 0.051
Citrulline 4.3E-03 3.7E-04 2.6E-02 1.0E-02 6.1 0.062
Fumaric acid 5.5E-03 3.7E-04 3.2E-02 2.1E-02 5.8 0.166
Glucaric acid 2.3E-04 5.0E-05 1.2E-03 8.9E-04 32 0.200
NADP* 2.2E-03 9.7E-05 1.2E-02 8.0E-03 5.2 0.181
decreased
2-Amino-2-(hydroxymethyl)-1,3-propanediol 3.3E-03 2.5E-04 1.1E-03 3.8E-04 0.3 0.036
2-Oxoisovaleric acid 2.5E-03 2.3E-05 7.6E-04 6.0E-04 0.3 0.040
Gly-Gly 2.2E-03 2.4E-04 6.3E-04 N.A. 0.3 N.A.
Pyridoxine 2.1E-03 1.9E-04 5.9E-04 4.2E-04 0.3 0.091
Carnitine 7.7E-02 1.6E-03 2.1E-02 1.3E-02 0.3 0.015
Gly-Asp 4.5E-03 3.3E-04 1.2E-03 6.9E-04 0.3 0.006
Diethanolamine 5.1E-03 1.6E-03 1.2E-03 1.8E-04 0.2 0.053
Pantothenic acid 3.2E-02 2.3E-03 7.1E-03 6.8E-03 0.2 0.017
Cyclohexylamine 7.2E-03 1.7E-03 1.5E-03 3.4E-04 0.2 0.026
GABA 1.2E-02 9.4E-04 2.7E-03 1.8E-03 0.2 0.004
Phosphocreatine 3.0E-02 4.9E-04 5.5E-03 5.0E-03 0.2 0.014
O-Acetylcarnitine 3.3E-02 1.0E-03 6.0E-03 6.1E-03 0.2 0.015
Fructose 1,6-diphosphate 1.5E-02 1.5E-03 2.4E-03 1.6E-03 0.2 0.009
PRPP 4.4E-03 1.5E-03 6.8E-04 N.A. 0.2 N.A.
p-Ala 1.7E-01  1.2E-02 LOE-02  LIE-02 0.1  6.0E-05

a§.D., standard deviation; N.D., not detected; N.A., not available.

bn values are calculated by Welch's t-test between fetal and adult hepatocytes.

formed on both the metabolite and sample axes. The den-
drogram of HCA showed that the adult hepatocytes were
well-distinguished from the fetal hepatocytes (Supple-
mentary Fig. S2).

Next, the relative amounts of metabolites were com-
pared between fetal and adult hepatocytes and those
that displayed greater than 5-fold or less than 0.3-fold
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change in adult hepatocytes were listed (Table 1). High-
ly increased metabolites in the adult hepatocytes includ-
ed glycolysis/glyconeogenesis intermediates, some amino
acids, and TCA and urea cycle intermediates; decreased
metabolites were glycolysis/glyconeogenesis intermedi-
ates and metabolites involved in fi-oxidation of fatty acids.
This trend was consistent with the PCA results described
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above. Statistically significant differences in the relative
amounts of metabolites between fetal and adult hepato-
cytes were not found in metabolites that were increased
in the adult hepatocytes, because of the variation between
adult hepatocyte samples.

Energy metabolism

We first compared the relative amounts of glycoly-
sis/glyconeogenesis and TCA cycle metabolites between
human fetal and adult hepatocytes (Fig. 2), because it
was previously reported that fetal hepatocytes are glyc-
olytic and have few mitochondria, suggesting their ener-
gy production is lower than that of adult hepatocytes in
rat (Burch et al., 1963; Oliver ef al., 1983; Vergonet ef
al., 1970). Our results showed that the levels of glucose
6-phosphate (3.5-fold), fructose 6-phosphate (2.3-fold)
and phosphoenolpyruvic acid (2.1-fold) in glycolysis/gly-
coneogenesis, and fumaric acid (5.8-fold), 2-oxoglutar-
ic acid (4.8-fold), malic acid (4.2-fold) and succinic acid
(3.5-fold) in the TCA cycle were higher in the adult com-
pared with the fetal hepatocytes. In contrast, fructose 1,6-
diphosphate in glycolysis/glyconeogenesis was signif-
icantly lower (0.2-fold, p = 0.009) (Fig. 2, Table 1 and
Supplementary Table S2). In addition, among the metab-
olites involved in P-oxidation of fatty acids, the lev-
el of glycerol 3-phosphete which is required for synthe-
sis of diacylglycerol and triacylglycerol, was 17.7-fold
higher in the adult compared with the fetal hepatocytes,
whereas levels of carnitine and O-acetylcarnitine which
are required for transport of fatty acids into mitochon-
dria from the cytoplasm, were lower (0.3-fold, p = 0.015
for carnitine, and 0.2-fold, p = 0.015 for O-acetylcarni-
tine, respectively) (Table 1). These results are consistent
with previous findings that fetal hepatocytes are glyco-
lytic and possess low mitochondrial activity, and suggest
that the pathways of glyconeogenesis and B-oxidation of
fatty acid are activated in adult hepatocytes. In fact, the
fetus depends on the umbilical supply of glucose via the
placenta. Under physiological condition, glucose is not
only oxidized to CO, but also used to synthesis of new
structural components and energy storage materials such
as glycogen and fat (Fowden, 1994).

Urea cycle

The relative amounts of urea cycle metabolites were
compared between fetal and adult hepatocytes (Fig.
3). The relative amounts of ornithine (59.8-fold), urea
(11.1-fold) and citrulline (6.1-fold) were higher in adult
compared to fetal hepatocytes (Table 1). The expression
levels of urea cycle enzymes were measured by real-
time PCR assays and compared between fetal and adult
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Fig. 2. Comparison of relative amounts of glycolysis and TCA

cycle-related metabolites in human fetal (open box)
and adult (closed box) hepatocytes using CE-TOFMS.
N.D. indicates “not detected”. The columns represent
relative average amounts and error bars indicate SD.
Numbers below the metabolite name represent the ratio
of relative amounts of metabolites from the adult hepa-
tocytes to those from the fetal hepatocytes. The ab-
breviations are as follows: GIP, glucose 1-phosphate;
G6P, glucose 6-phosphate; F6P, fructose 6-phosphate;
F1,6P, fructose 1,6-diphosphate; DHAP, dihydroxyac-
etone phosphate; G3P, glyceraldehyde 3-phosphate;
3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate;
PEP, phosphoenolpyruvate.
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Fig. 3. Comparisen of relative amounts of urea cycle metabo-

lites in human fetal (open box) and adult (closed box)
hepatocytes using CE-TOFMS. The columns represent
relative average amounts and error bars indicate SD.
Numbers below the metabolite name represent the ra-
tio of relative amounts of metabolites from the adult
hepatocytes to those from the fetal hepatocytes. The
abbreviations are as follows: ASS1, argininosuccinate
synthase 1; ASL, argininosuccinate lyase; ARG, argi-
nase; OTC, ornithine transcarbamylase.

hepatocytes (Fig. 4). The results showed that the expres-
sion levels of ASS1 and ASL were significantly higher
in the adult compared to the fetal hepatocytes (2.6-fold,
p = 0.014 for ASSI1, and 10.4-fold, p = 0.027 for ASL,
respectively). Moreover, expression of ARG1 and OTC
was detected only in the adult, and not in the fetal hepa-
tocytes. These results indicated that the adult hepatocytes
could metabolize the ammonium produced during amino
acid metabolism through the urea cycle, whereas the fetal
hepatocytes could not.

The lower levels of the urea cycle and TCA cycle
metabolites in the fetal hepatocytes are closely relat-
ed to mitochondrial function. The numbers of mitochon-
dria in mouse hepatocytes were low in the prenatal stage
and increased through development and aging of animals
(Nagata, 2006). This indicates that energy metabolism
differs in fetal and adult hepatocytes and is consistent
with previous findings that fetal hepatocytes are glycolyt-
ic (Vergonet et al., 1970).

The liver is the first site of contact with xenobiotics,
it possesses a high metabolic capacity and has been fre-
quently investigated as a target of toxicity. In adults, the
mechanisms of hepatotoxicity are well understood for
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levels of urea cycle enzymes were normalized with
B-actin mRNA levels. The results indicate the mean +
S.D. *, p<0.05 and N.D., not detected. The abbrevia-
tions are as in Fig. 3.

many hepatotoxicants. However, it is known that the
sensitivity of fetal hepatocytes to chemical compounds
is distinct from that of adult hepatocytes (Shankar and
Mehendale, 2010). Most drugs and xenobiotics have molec-
ular weight less than 500 Da and easily cross the placenta
to enter the fetal compartment (Evans and Ganjam, 2011).
Although systems for evaluating the toxicity of sever-
al drug and chemical compounds have been studied for
adult liver, such systems have not been elucidated for pre-
natal or neonatal human liver. Progressive changes in the
production of liver-specific enzymes and proteins dur-
ing normal development generally occur at three specific
developmental stages: (1) late gestation, (2) at or directly
following birth, and (3) just prior to weaning (Greengard,
1977). We are now proceeding with experiments to con-
struct evaluation systems for toxicity of drugs and chem-
ical compounds in the prenatal period, based on the dif-
ferences of basal metabolic functions between fetal and
adult hepatocytes.

In conclusion, comprehensive metabolome analysis
of human fetal and adult hepatocytes was performed by
CE-TOFMS and 211 ionic metabolites (116 anion and
95 cation) were identified. Comparison of the relative
amounts of metabolites between fetal and adult hepato-
cytes showed that some metabolites in glycolysis/glyco-
neogenesis, the TCA cycle and the urea cycle were low-
er in fetal hepatocytes than in adult hepatocytes. These
results provide useful, fundamental information for stud-
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ies on the basal metabolic functions of human fetal and
adult hepatocytes.
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ABSTRACT Here, we describe a simple in vitro neural
crest cell (NCC) migration assay and the effects of all-frans-
retinoic acid (RA) on NCCs. Neural tubes excised from the
rhombencephalic or trunk region of day 10.5 rat embryos were
cultured for 48 h to allow emigration and migration of NCCs.
Migration of NCCs was measured as the change in the radius
(radius ratio) calculated from the circular spread of NCCs
between 24 and 48 h of culture. RA was added to the culture
medium after 24 h at embryotoxic concentrations determined
by rat whole embryo culture. RA (10 pM) reduced the migra-
tion of cephalic NCCs, whereas it enhanced the migration of
trunk NCCs, indicating that RA has opposite effects on these
two types of NCCs.

Key Words: developmental toxicity, embryo, migration assay,
neural crest cell, rat

INTRODUCTION

In vertebrate development, neural crest cells (NCCs) migrate from
the neural primordia throughout the embryo and contribute to
morphogenesis (Douarin and Kalcheim 1999). Malfunction of
NCCs leads to dysmorphologies, tumors, and syndromes called
neurocristopathies (Hall 2009). In developmental toxicology, it has
been proposed that altered migration of cephalic NCCs induced by
chemicals leads to fetal malformation. For example, retinoic acids
and fluconazole inhibited the migration of cephalic NCCs, causing
branchial abnormalities in cultured rat and mouse embryos (Pratt
et al. 1987; Menegola et al. 2004). These abnormalities are consid-
ered to result in in vivo craniofacial malformations, such as the cleft
palate, cleft lip, micrognathia, and thymic agenesis (Hall 2009).
However, the effects of developmental toxicants on the migration
of NCCs in mammals have not been fully investigated because no
convenient experimental methods are available. Migration of NCCs
is usually examined by time-lapse video imaging of in vitro cultured
cells (Fuller etal. 2002) or in vivo fluorescently labeled cells
(Kawakami et al. 2011). These methods are time-consuming and are
not suitable for developmental toxicity investigations of chemicals.
In the present study, we have described a simple migration assay
that enables investigation of the effects of chemicals on rat NCCs.
Cephalic or trunk NCCs were cultured as emigrants from isolated
neural tubes of day 10.5 rat embryos. The cultured NCCs were
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exposed to test chemicals for 24 to 48 h, and their migration was
determined as the change in the radius calculated from the circular
spread of the NCCs during exposure. By using this assay method,
we found that RA has opposite effects on the migration of cephalic
and trunk NCCs.

MATERIALS AND METHODS

Animals

Wistar rats (Crj:WI; Charles River Japan, Kanagawa, Japan) were
used in these assays. Pregnant rats were obtained by mating female
and male rats overnight, and the plug day was designated as day 0.5
of gestation. All the animal experiments were performed in accord-
ance with the guidelines for animal experiments of the National
Institute of Health Sciences.

Rat whole embryo culture

Rat embryos on day 10.5 of gestation were cultured for 24 h by the
roller bottle method as described previously (Usami et al. 2008).
All-trans-retinoic acid (RA, CAS 302-79-4; Wako Pure Chemical
Industries, Osaka, Japan) was dissolved in dimethyl sulfoxide
before adding it to the culture medium, which was rat serum.
Control embryos were cultured in the presence of the same concen-
tration of dimethyl sulfoxide.

NCC culture

Neural crest cells were cultured as emigrated cells from the neural
tubes of day 10.5 rat embryos, as outlined in Figure 1A. Neural
tubes were excised from the rhombencephalic or trunk region of the
embryos in Hanks’ balanced salt solution with sharpened tungsten
needles. The excised neural tubes (approximately 0.7 mm long)
were cut open dorsally and attached to the 35-mm culture dishes
(BD Primaria; Becton Dickinson, Franklin Lakes, NJ, USA) con-
taining 2 mL of Dulbecco’s Modified Eagle Medium with high
glucose (DMEM; Gibco, Life Technologies, Carlsbad, CA, USA)
and 10% (v/v) fetal bovine serum (Gibco) (Fig. 1B,C). The dishes
were incubated at 37°C with 5% CO- for 48 h. After 24 h of culture,
the medium was replaced with medium containing RA dissolved in
dimethyl sulfoxide (final concentration, 0.1% v/v).

Observation and analysis of cultured NCCs

Neural crest cells emigrated from the neural tubes were observed
for their attachment to the surface of the culture vessels and the
extent of migration. Images of cultured NCCs were recorded digi-
tally with a phase-contrast microscope (BZ-9000; Keyence, Osaka,
Japan) after 24 and 48 h of culture. NCCs that did not completely
surround the neural tube after 24 h of culture and those cultures in
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(A)
@ Neural tube
Day 10.5 rat embryo Start of culture

|

Addition of test chemical Analysis of migration

B)

Attachment of neural tube

Incision of neural tube

Fig. 1 Outline of the neural crest cell (NCC) migration assay. (A) Neural
tubes were excised from the rhombencephalic region of day 10.5 rat
embryos and cultured for 48 h to allow emigration of the NCCs.
Test chemicals were added to the culture medium after 24 h of
culture. Migration indices were calculated as the circular spread of
NCCs after 24 and 48 h of culture. (B) A dorsal view of a neural
tube prepared for culture. The right side is cranial. (C) Neural tubes
were incised dorsally and pressed to the culture plate surface with
the outer wall downward using a tungsten needle. It should be noted
that the neural tubes became concave outward after the incision.
NT, neural tube. WN, tungsten needle.

which the neural tube detached from the surface of the culture
vessel before the end of the culture period were omitted from the
analyses because they showed little migration.

The migration distance of the NCCs was calculated as the
increase in the radius of the circular spread between 24 and 48 h of
culture. The digital images of cultured NCCs were analyzed by
using ImageJ] software (http:/rsb.info.nih.gov/ij/, 1997-2009;
Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, MD, USA). The outermost NCCs in each of the cultured
neural tubes were connected with the polygon tool as if a rubber
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band were placed around the cells, and the pixel count inside the
polygon was measured. Considering the polygon as a circle, its
radius was calculated as follows:

Radius = 1/(number of pixels in polygon/r).

To assess NCC migration, the radius ratio was calculated using the
following formula:

Radius ratio = (radius at 48 h — radius at 24 h)/radius at 24 h.

This ratio was then normalized to the control to allow for compari-
sons between experiments.

Immunocytochemistry

At the end of the culture period, the neural tubes and non-NCCs
derived from surrounding tissues were removed with tungsten
needles under a stereomicroscope, leaving the emigrated cells in the
dish. The emigrated cells were fixed with 4% (w/v) paraformalde-
hyde in phosphate-buffered saline (PBS) for 20 min, permeated
with 0.1% Triton X-100 in PBS for 2 min, and blocked with 3%
(w/v) bovine serum albumin (BSA) in PBS for 30 min at room
temperature. The treated cells were incubated with a primary anti-
body in 1% (w/v) BSA-PBS for 1h, and then incubated with a
secondary antibody in 1% (w/v) BSA-PBS for 1 h at room tem-
perature. The primary antibodies used were an anti-HNK-1 mouse
IgM monoclonal antibody (CBL519; Merck KGaA, Darmstadt,
Germany) and an anti-SOX10 mouse IgG monoclonal antibody
(MAB2864; R & D Systems, Minneapolis, MN), and the secondary
antibodies used were fluorescently labeled anti-mouse (Alexa Fluor
488 goat anti-mouse IgM, A-21042; Invitrogen, Life Technologies)
and anti-rabbit (Alexa Fluor 594 goat anti-mouse IgG (H+L),
A-11005; Invitrogen) antibodies. To stain the cell nuclei, 4’,6-
diaminodino-2-phenylindole (DAPIL, D-1306; Invitrogen) dissolved
in methanol (2 mg/mL) was added to the secondary antibody solu-
tions at a concentration of 0.1% (v/v). The immunostained cells
were photographed with a fluorescence microscope (BZ-9000,
equipped with the DAPI-BP, GFP-BP, and Texas Red filters;
Keyence).

Statistical analysis
Statistical significance of the difference between the experimental
groups was examined by the Student’s z-test or Fisher’s exact test.

RESULTS

Identification of NCCs

Cells emigrated from explanted rhombencephalic and trunk neural
tubes during culture were identified as NCCs by immunocytochem-
istry of the following marker antigens, HNK-1 (Nagase et al. 2003)
on the cell membrane and SOX10 (Kim et al. 2003) in the cell
nucleus. The nuclei of the emigrated cells were stained by DAPI
and the anti-SOX10 antibody, and the cells were stained by the
anti-HNK-1 antibody (Fig. 2A—C). The merged images showed the
co-expression of HNK-1 and SOX10 in the emigrated cells at least
in the periphery of the circular spread (Fig. 2D). Thus, the emi-
grated cells were identified as NCCs.

Analysis of NCC migration

Figure 3A shows images of NCCs after 24 and 48 h of culture. The
migration of NCCs was calculated as the difference in the radius of
the circular spread of the cells between 24 and 48 h of culture
because it was impossible to determine the migration distance from
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SOX10 Merged

Fig.2 Immunocytochemical identification of neural crest cells (NCCs).
(A) Nuclear staining with 4’6’-diamidino-2-phenylindole
dihydrochloride (DAPI). (B) Staining of the cell membrane with an
anti-HNK-1 antibody. (C) Staining of nuclei with an anti-SOX10
antibody. (D) A merged image of A, B, and C.

the neural tube since its outline was obscured during culture, and
individual NCCs could not be distinguished. The mean migration
distance of the NCCs calculated using this method was approxi-
mately 500 um during the 24-h culture period. To evaluate NCC
migration, the radius ratio was used because this ratio showed less
variability than the radius difference as determined by the coeffi-
cient of variation, suggesting the dependence of NCC migration on
the size of the explanted neural tubes (Fig. 3B).

Effects of RA on cultured rat embryos

Embryotoxic concentrations of RA were determined by rat whole
embryo culture to compare RA-induced embryotoxicity to the
effects of RA on NCC migration. RA was toxic to cultured rat
embryos at concentrations =3 UM, which caused a reduction in the
number of somite pairs and an increased incidence of morphologi-
cal abnormalities (Table 1). Deformed branchial arches, more spe-
cifically, the hypoplastic 3rd branchial arch, were observed at
10 uM RA but not at 3 uM (Fig. 4). These embryotoxic concentra-
tions were comparable to those in the maternal plasma (about
4.5 pg/mL =15 uM) obtained by the administration of a terato-
genic dose (10 mg/kg) of RA to mice (Kraft 1992), and the
observed abnormalities corresponded to in vivo malformations of
the ear, eye, and thymus. Based on these results, RA was added at
0, 3, and 10 pM during the 24-h exposure period in the following
NCC migration experiments.

Effects of RA on NCC migration

Rat NCCs emigrated from the neural tube were exposed to
embryotoxic concentrations of RA for 24 h. RA reduced the migra-
tion of cephalic NCCs in a concentration dependent manner, and
10 uM RA reduced the migration by approximately 10% (Fig. 5A).
In contrast, RA (10 pM) enhanced the migration of trunk NCCs by

© 2014 Japanese Teratology Society
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Fig. 3 Analysis of neural crest cell (NCC) migration. (A) Cultured NCCs

were enclosed in a polygon to calculate the migration indices after
24 and 48 h of culture. (B) Comparison of migration indices. The
means + standard error of the mean (SEM) of the coefficient of
variation from eight control cultures are shown for the migration
indices: the radius ratio and the radius difference.

All-trans-retinoic
acid (10 uM)

Control

Fig.4 Appearance of rat embryos cultured in the presence of all-trans-
retinoic acid. Rat embryos after 24 h of culture are shown after
removal of the embryonic membranes. Arrowheads indicate
deformed organs. Br, branchial arch; NT, neural tube; Op, optic
vesicle; Ot, otic vesicle; So, somite; Ta, tail.
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Table 1 Growth of day 10.5 rat embryos cultured in the presence of all-frans-retinoic acid (RA)

All-trans-retinoic acid (UM)

0 (Control) 1 3 10

No. embryos 6 6 6 6

No. viable embryos 6 (100%) 6 (100%) 6 (100%) 5 (83.3%)

Crown-rump length (mm) 4.28 £0.05 4.45 +0.07 4.29 £ 005 4.12+0.22

Head length (mm) 2.34+£0.04 2.40+0.04 2.34 £ 0.06 2.19+£0.13

No. somite pairs 27.7+£0.21 27.5+0.22 27.0+0.37 25.6 £ 0.60%*

No. embryos with deformed organ 0 0 5 (83.3%)** 5 (100%)**
Branchial arch 0 0 0 4 (80.0%)*
Neural tube 0 0 5 (83.3%)** 5 (100%)**
Optic vesicle 0 0 5 (83.3%)** 4 (80.0%)*
Otic vesicle 0 0 5 (83.3%)** 5 (100%)**
Somite 0 0 2 (33.3%) 3 (60.0%)
Tail 0 0 2 (33.3%) 1 (20.0%)

Embryos were cultured for 24 h by the roller method in the medium composed of pure rat serum. Mean = standard error of the mean (SEM)
is shown. Asterisks indicate significant difference from the control value (*P < 0.05; **P < 0.01).

(B)

Cephalic NCC

100+

50

Neural crest cell migration
(% of control)

o ' 10 %

All-trans-retinoic acid (uM)

approximately 10%, indicating the RA has opposite effects on
cephalic and trunk NCCs (Fig. 5B).

DISCUSSION

In the present study, we established a simple in vitro NCC migration
assay that enabled easy assessment of the effects of chemicals on
NCC migration in developmental toxicity studies. However, the
present method is not suitable for screening because the concentra-
tions found to be effective do not provide information on overall
embryotoxicity. Whole embryo culture or general cytotoxicity
assays in combination with the present NCC migration assay should
be useful for examining the specific effects of chemicals on NCCs.
One advantage of the present NCC migration assay is that general
cellular techniques and toxicogenomic analyses for toxicological
mechanistic studies are easily applicable to NCCs isolated by the
removal of neural tubes, as described for the immunocytochemistry
methodology.

By using this method, we found that RA had opposite effects on
the migration of cephalic and trunk NCCs. The reduction in

{EZA CephalicNCCEA Trunk l\i?C
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Fig.5 Neural crest cell (NCC) migration
during 24 h of culture in the presence of
all-trans-retinoic acid (RA). (A) Effects
of RA on cephalic NCCs. (B) Effects of
RA on trunk NCCs. NCC migration was
calculated as the ratio of the radius from
the circular spread of the NCCs and was
normalized to the control. The means *
standard error of the mean (SEM) of
9-11 neural tubes are shown. Asterisks
indicate statistically significant differ-
ences from the corresponding control
(**P <0.01).

cephalic NCC migration induced by RA is consistent with previous
reports that described the inhibitory effects of RA on cephalic
NCCs as a pathogenic mechanism underlying craniofacial malfor-
mation (Pratt etal. 1987; Menegola et al. 2004). In the present
study, we observed hypoplasia of the 3rd branchial arch, the for-
mation of which is dependent on migrated cephalic NCCs, at the
same RA concentration that reduced cephalic NCC migration.
Enhancement of trunk NCC migration is not directly related to any
known developmental toxicity of RA. However, these opposite
effects on cephalic and trunk NCCs will make it easy to investigate
the mechanisms underlying RA effects on NCCs by allowing com-
parative analysis.

When evaluating the results of the present NCC migration assay,
it should be noted that altered migration is not necessarily a direct
effect of the chemical on the motility of NCCs. Because NCC
migration in the present assay was determined as the circular spread
of the cells, the number of cells can influence the result, that is, a
decrease in the number of cells induced by cytotoxicity can result in
a reduced migration index. It is also possible that altered NCC
migration is due to the effects of chemicals on the neural tube. This

© 2014 Japanese Teratology Society
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is because NCC migration in the present assay is dependent on the
presence of a neural tube, as evidenced by the reduced migration of
NCCs whose neural tube detached from the culture surface.

In conclusion, we established a simple migration assay that
enables investigation of the effects of chemicals on rat NCCs. By
using this assay method, we found that RA has opposite effects on
the migration of cephalic and trunk NCCs.
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Various definitions of reproductive indices: A proposal for combined use

of brief definitions

Several reproductive indices, such as live birth index, are calculated
as endpoints to be evaluated in toxicity tests concerning reproduc-
tive effects of chemicals. These indices are useful to correct
for variations resulting from infertility and multiple pregnancy, for
example, the varied numbers of pups, among treatment groups and
dams, respectively. In the toxicity test reports, the reproductive
indices are used with their definitions, usually expressed as calcu-
lation formulae, to describe what they mean.

Despite their frequent use, however, the definitions of the repro-
ductive indices have not been standardized; that is, they are differ-
ent among laboratories, and are confusing. For example, the live
birth index is “number of live newborns/number of implantation
sites X 100” in some laboratories, but is “number of live newborns/
number of total newborns X 100” in others, as listed in Table 1.
These two definitions are quite different from each other in that the
latter does not involve postimplantation loss, but the former does,
though the live birth index is one of the most important reproductive
indices. In most toxicity test laboratories, on the other hand, the
definitions of reproductive indices cannot be changed even for
standardization because they are defined as a part of laboratory
computer systems.

In the database era, the confusion of reproductive indices has
become more serious than ever, because data from various labora-
tories in the toxicity databases are frequently consulted at a time as
in meta-analyses for building quantitative structure-activity rela-
tionship models. In the meta-analysis of reproductive toxicity data,
reproductive indices cannot be used as toxicological endpoints to be
evaluated unless their definitions, usually not found in the abstract
because of their lengthiness, are clearly identified.

As a solution to this issue, we here propose combined use of brief
definitions that describe the meaning of the reproductive indices
with simpler words than the calculation formulae, for example,
“live newborn/nidation rate” for “number of live newborns/number
of implantation sites X 100.” Explanatory descriptions of the repro-
ductive indices with their brief definitions, for example, “the live
birth index (live newborn/nidation rate)” at their first appearance in
the abstract and main text would be most helpful.

In this letter, we show various definitions of representative
reproductive indices and propose their brief definitions. We found
14 reproductive indices with 23 definitions by a brief survey of
toxicological reference books (Manson and Kang 1989; Mizutani
1992; Saikikeisei ni kansuru dejitaruka sagyogruupu iinkai 1994;
Econbichon 1995; Parker 2012) and contract research organiza-
tions’ reports in a toxicological database (Japan Existing Chemical
Data Base, http://dra4.nihs.go.jp/mhlw_data/jsp/SearchPage.jsp).
From these indices, we show seven representative indices and 12
brief definitions as examples (Table 1), but it is not intended that the
brief definitions presented here should be used as they are.
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Table 1 Representative reproductive indices and their definitions appeared in reference books and toxicity reports

Definition{

Reference Book

Contract research organization’s reproductive toxicity test report

Manson &
Kang, 1989

Reproductive

index

Mizutani, 1992

Ecobichon, 1995

Saikikeisei, 1994

Parker, 2012

Laboratory A

Laboratory B

Laboratory C

Laboratory D

Example of brief

definition

Implantation

Implants/Corpora

lutea

Implantation sites/

Corpora lutea

Implantation sites/

Corpora lutea

Implantation scars/

Corpora lutea

Implantation sites/

Corpora lutea

Nidation/luteum

rate

Implantations/Pregnant

females

Nidation/pregnant

rate

Females with live
offspring/Pregnant

females

Females with live
offspring/Pregnant

females

Females with live
born/Females with
evidence of

pregnancy

Females with live pups/

Pregnant females

Females which
delivered live borns/

Pregnant females

Dams with live
offspring/Pregnant

dams

Pregnant females with
live pups at birth/

Pregnant females

Live delivered
dam/pregnant

rate

Pups born/Implantation

sites

Pups born/Implantation

sites

Offspring at birth/

Implantation scars

Pups born/Implantation

sites

Newborn/nidation

rate

(Viable pups born/
litter)/(Pups born/
litter)

Pups born alive/Total

pups born

Live pups on lactation

day 0/Pups born

Live offspring at birth/
Offspring at birth

Live pups at birth/Pups

born

Live/total newborn

rate

Day 1 live pup/live

newborn rate

Live born/Implantation

sites

Live born/Implantation

sites

Offspring born alive/

Implantations

Live offspring at birth/

Implantation scars

Live pups at birth/

Implantation sites

Live newborn/

nidation rate

Offspring alive on day 4
after birth/Live born

Offspring alive on day 4
after birth/Offspring

born alive

Live pups on lactation
day 4/Live pups on
lactation day 0

Live pups on postnatal
day 4/Live born

Live offspring at 4 days
after birth/Live
offsprings at birth

Live pups on postnatal
day 4/Live pups at
birth

Day 4 live pup/live

newborn rate

Days x/y live/live

pup rate

Viable pups born/Dead
pups born

Live/dead newborn

rate

index
Gestation
index
Delivery
index
Live birth
index
Pups alive day
1/Pups born
alive
Birth index
Viability
index
Pups alive day
7/Pups alive
day 1
Sex ratio
(at birth)

Male offspring/Female
offspring

Male offspring/Total
offspring

Male pups born/Pups

born

Male offspring/(Male
offspring + female

offspring)

Males born/Pups

born

Male/total pup rate

Live male pups/Live

pups

Live born males/Live

born

Live male /live

total pup rate

fFCommon descriptions, “number of” and “x 100,” are omitted.
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ABSTRACT — Protein expression changes were examined in day 10.5 rat embryos cultured for 24 hr
in the presence of ethanol by using two-dimensional electrophoresis and mass spectrometry. Exposure to
cthanol resulted in quantitative changes in many embryonic protein spots (16 decreased and 28 increased)
at in vitro embryotoxic concentrations (130 and 195 mM): most changes occurred in a concentration-de-
pendent manner. For these protein spots, 17 proteins were identified, including protein disulfide isomerase
A3, alpha-fetoprotein, phosphorylated cofilin-1, and serum albumin. From the gene ontology classifica-
tion and pathway mapping of the identified proteins, it was found that ethanol affected several biological
processes involving oxidative stress and retinoid metabolism.

Key words: Ethanol, Embryotoxicity, Protcomics, Rat
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INTRODUCTION

Developmental toxicology is a rapidly growing area of
proteomics; it is expected to provide mechanistic insights
and protein biomarkers for the safety evaluation of chem-
icals (Usami and Mitsunaga, 2011). For example. expres-
sion changes in actin-binding proteins were consid-
ered to be involved in selenate embryotoxicity in the rat
whole embryo culture (Usami ¢t af., 2008). Ditferenc-
es in strain sensitivity to cadmium-induced teratogenic-
ity were related to unfolded protein response process
and actin polymerization in the mouse limb-bud culture
(Chen et al., 2008). Furthermore, based on cluster anal-
vsis of proteins with expression changes in the embry-
onic stem cell test, chemicals were classified into high-
ly embryotoxic and non- or weakly embryotoxic (Groebe
et al., 2010). It is thus important to accumulate proteomic
analysis data in the field of developmental toxicology. In
the present study, protein expression changes in day 10.5
rat embryos cultured for 24 hr in the presence of ethanol,
a well-known developmental toxicant, were examined by
two-dimensional electrophoresis (2-DE) and mass spec-
trometry (MS).

MATERIAL AND METHODS

Embryo culture and ethanol treatment

Day 10.5 embryos (plug day = day 0.5) of Wistar
rats (Crlj: WI, Charles River Laboratories Japan. Inc.,
Kanagawa, Japan) were cultured for 24 hr (Usami er af.,
2008). Ethanol was diluted in Hanlk’s balanced salt solu-
tion in two-fold and added to the culture medium com-
posed of 100% rat serum at concentrations of (0, 65, 130,
and 195 mM. Medium-sized cultured embryos (four
embryos per treatment group) were selected for subse-
quent protein analyses. All animal experiments were car-
ried out according to the guidelines for animal use of the
National Institute of Health Sciences.

2-DE and MS analyses of embryonic protein

The analyses of 2-DE gels (one embryo per gel, four
gels per treatment group) were carried out as previous-
ly reported (Usami ¢7 al., 2009), except that the gels
were stained with a fAuorescent dye (Flamingo gel stain,
Bio-Rad, Hercules, CA, USA) and scanned with a laser
scanner (FLA-5100, GE Healthcare UK Litd.. Amersham
Place. Little Chalfont. UK) at an excitation wavelength of

Correspondence: Makoto Usami (E-mail: usamifnihs.go.]

ip)
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473 nm. Quantitative differences in protein spots of more
than 1.5-fold with statistical significance by the /-test at
5% probability level between the control and 195 mM
ethanol groups. were regarded as ethanol-induced protein
expression changes.

Classification and mapping of identified proteins

NCBInr GI numbers of the identified proteins were
mapped to UniProtKB AC, and gene ontology (GO)
terms were assigned using the UniProt web site (htip:/
www.uniprot.org/) (Jain et «l., 2009; The UniProt
Consortium, 2011). The occurrence of the GO terms
(76 biological processes) of the proteins was counted
with the CateGOrizer web tool in the “MGI GO slim2”
ancestor terms using the multiple count method (hiep://
www.animalgenome.org/tools/catege/) (Hu et al., 2008).
UniProtlKB ACs of the proteins were queried against the
KEGG PATHWAY for Rattus norvegicus with the KEGG
Mapper on the GenomeNet web site (http:/www.genome.
jplen/).

RESULTS

Effects of ethanol on the growth of cultured rat
embryos

Ethanol inhibited the growth of cultured embryos at
concentrations of 130 mM or higher in a concentration-
dependent manner (Table 1). Deformed organs included
branchial arch, heart, neural tube, optic vesicle, otic ves-
icle, somite, and tail (Fig. 1), which is in agreement with
previous reports (Giavini ef al., 1992: Zhou et al., 2011).

Compared to blood ethanol levels found in humans, these
embryotoxic ethanol concentrations are rather high: how-
ever, an ethanol concentration of 150 mM can be observed
after acute alcohol intake in chronic alcoholics and
200 mM of ethanol has often been used in in vitro toxi-
cological experiments (Li and Kim, 2003; Szabo ¢i al.,
1994; Wentzel and Eriksson. 2008).

Effects of ethanol on embryonic protein
expression

About 900 protein spots were matched through six-
teen 2-DE gels (four gels per experimental group). Qual-
ity changes. i.e.. appearance or disappearance, in the

.-

1 mm
R

Control Ethanol (195 mM)

Fig. 1. Appecarance of rat embryos cultured in the presence of
cthanol. Rat embryos at the end of 24-hr culture are
shown after removal of the embryonic membranes.
Arrowheads indicate deformed organs. Br, branchial
arch; He, heart; Nt, neural tube; Op. optic vesicle: Ot,
otic vesicle; So, somite; Ta. tail.

Table 1. Growth of day 10.5 rat embryos cultured in the presence of ethanol

0 (Control)
No. of embryos 6
No. of viable embryos 6 (100%)
Crown-rump length (mm) 4.11 £0.15
Head length (mm) 223 £0.11
No. of somite pairs 26.7+0.52
No. of embryos with deformed organ 0
Branchial arch 0
Heart 0
Neural tube {0
Optic vesicle 0
Otic vesicle 0
Somite 0
Tail 0

Ethanol (mM)
130
[
6 (100%)
3.72 & 0.29%

195
5
5 ( ]””"'u)

325+ 0.28%*

05
5

5(100%)
399+ 0.17

2.16+0.14 2.01 +0.22 1.74 + (.35%#
26.4 + 0,55 24,5+ 281 21.2 + 2.49%:

0 3 (50%) 5 (1009)%*

0 2(33%) 4 (80%)*

0 1(17%) 3(60%)

0 2 (33%) 2 (40%0)

0 2(33%) 5 (100%)%+F

0 2(33%) 5 (100%)%

0 3 (50%) 5. (100%)

0 2 (SBH") 4 (809 )*

Embryos were cultured for 24 hr by the roller method. Asterisks indicate statistically significant differences compared to the control
group identified by Dunnett’s multiple comparison test or Fisher’s exact test (% p < (L05: % p < 0.01).
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Molecular
weight (k)
116 2-

7 4

66.2-

45-

Control

14.4-

6.5-

116.2-
97.4-

66.2-

45-

31-
Ethanol
195mM

65

Fig. 2.
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Two-dimensional electrophoresis pattern of proteins from rat embryos cultured in the presence of ethanol. Representative

gels are shown for the control and ethanol (195 mM) groups. Proteins with cthanol-induced expression changes are indi-
cated by circles with standard spot numbers (SSPs); decreased proteins are indicated in the “control™ gel (top) and increased

ones in the “ethanol™ gel (bottom).

protein spots were not observed. Ethanol-induced quanti-
tative changes were noted in 44 spots, l.e., 160 spots were
decreased and 28 spots were increased by 1.5-fold or
more. The differences between the 195 mM ethanol group
and the control group were significant and occurred for

241

most proteins in a concentration-dependent manner (Figs.
2 and 3). Of these spots, 23 were analyzed by MS, result-
ing in the identification of 7 proteins that were decreased
(Table 2) and 11 proteins that were increased (Table 3).
Some proteins that were increased. ¢.g.. alpha-fetopro-

Vol. 39 No. 2
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Fig. 3. Quantification of protein spots with expression chang-

es in two-dimensional electrophoresis gels from rat
embryos cultured in the presence of ethanol. Intensi-
ties of protein spots with ethanol-induced expression
changes are shown. A. Protein spots with decreased in-
tensity. B. Protein spots with increased intensity. Error
bars indicate the standard error ot the mean.

tein (standard spot numbers (SSPs) 4810, 4818), cofilin-1
(SSP 6001), and serum albumin (SSPs 4832, 58035, 6802),
were the same as those identified as candidate proteins
involved in embryotoxicity in our previous studies (Usami
et al.. 2009, 2008); cofilin-1, which was increased, was
found to be in its phosphorylated form.

Several protein spots were identified as charge vari-
ant forms ot the same proteins, i.e., protein disulfide iso-
merase A3 (PDIA3: SSPs 4714, 4727, 5702, 5710, 5716,
6601), alpha-fetoprotein (SSPs 4810, 4818), and serum
albumin (SSPs 4832, 5805, 6802). The quantities of spots
that were identified as PDIA3 were increased (SSPs 4727,
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5702, 5710, 5716, 6601). as well as decreased (SSP 4714)
(Fig. 3). Because the PDIA3 spot with decreased quantity
was the most acidic spot. it appeared that a basic pl shift
of PDIA3 occurred in the groups exposed to ethanol.

Classification and mapping of proteins with
ethanol-induced expression changes

According to their GO terms, the identified proteins
were classified into various categories; the six major
categories were “metabolism™ (including 32% of the
GO terms), “protein metabolism™ (13%), *death™ (9%),
“developmental processes™ (9%). “cell organization and
biogenesis™ (8%). and “stress response™ (§%).

The identified proteins were mapped to 22 pathways
using the KEGG pathway mapper (Table 4). Multiple
proteins, i.c.. PDIA3, 78-kDa glucose-regulated protein
(SSP 1802), and heat shock cognate 71-kDa protein (SSP
1813), were mapped to the same two pathways, i.e.. “pro-
tein processing in endoplasmic reticulum™ (rno04141) and
“antigen processing and presentation” (mo04612). Some
proteins were mapped to multiple pathways. e.g.. heat
shock cognate 71-kDa protein (nine pathways), 78-kDa
glucose-regulated protein (four pathways), and cofilin-1
(four pathways).

DISCUSSION

As mechanisms of ethanol-induced embryotoxici-
ty., oxidative stress, and inhibited retinoid synthesis have
been proposed (Goodlett er af.. 2005), which seems to be
in accordance with the GO classification (32% metabo-
lism and 8% stress response) of the proteins identified in
the present study. In this context. expression changes in
PDIA3 (also known as GRp38 and ERp57) are intrigu-
ing because it is an endoplasmic reticulum stress pro-
tein with oxidoreductase activity that regulates cellu-
lar redox homeostasis (Frickel ¢z afl., 2004; Ni and Lee,
2007). PDIA3 is also involved in the nuclear transloca-
tion of retinoic acid receptor alpha (Zhu ¢z «l., 2010) and
its deficiency is embryonic lethal (Coe er al., 2010). The
identified proteins with GO terms classified into “death™
may be involved in ethanol-induced apoptosis of neuro-
nal cells, which has frequently been observed (Ahlgren
et al., 2002; Giles er al., 2008). The present results also
agreed with some biological networks that were perturbed
by ethanol in cultured whole mouse embryos, involving
cell death, reproductive system and antigen processing
(Mason er al., 2012). The pathways associated with mul-
tiple identified proteins may be more susceptible to etha-
nol. because these pathways could be affected at multiple
steps simultancously. On the other hand. the finding that
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multiple pathways were associated with the same proteins
might partially explain the complexity of ethanol-induced
embryotoxicity.
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ABSTRACT

The inhibition of neural crest cell (NCC) migration has been considered as a possible
pathogenic mechanism underlying chemical developmental toxicity. In this study, we
examined the effects of 13 developmentally toxic chemicals on the migration of rat
cephalic NCCs (cNCCs) by using a simple in vitro assay. cNCCs were cultured for 48 h
as-.emigrants from rhombencephalic neural tubes explanted from rat embryos at day 10.5
of gestation. The chemicals were added to the culture medium at 24h of culture.
Migration of cNCCs was measured as the change in the radius (radius ratio) calculated
from the circular spread of cNCCs between 24 and 48 h of culture. Of the chemicals
examined, 13-cis-retinoic acid, ethanol, ibuprofen, lead acetate, salicylic acid, and
selenate inhibited the migration of cNCCs at their embryotoxic concentrations; no effects
were observed for acetaminophen, caffeine, indium, phenytoin, selenite, tributyltin, and
valproic acid. In a cNCC proliferation assay, ethanol, ibuprofen, salicylic acid, selenate,
and tributyltin inhibited cell proliferation, suggesting the contribution of the reduced cell
number to the inhibited migration of cNCCs. It was determined that several
developmentally toxic chemicals inhibited the migration of cNCCs, the effects of which

were manifested as various craniofacial abnormalities.
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Developmental toxicity; Embryo; Migration assay; Neural crest cell; Rat
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INTRODUCTION

In vertebrate embryos, neural crest cells (NCCs) migrate to various tissues throughout
the body and contribute to tissue organization; malfunction NCCs of can lead to
dysmorphologies, tumors and syndromes called neurocristopathies (Hall 2009; Le
Douarin & Kalcheim 1999). The inhibition of NCC migration has, therefore, been
considered as a possible pathogenic mechanism underlying chemical developmental
toxicity. It has been shown, for example, that all-trans-retinoic acid, a well-known
teratogen, inhibits the migration of cephalic NCCs (cNCCs), causing branchial
abnormalities in cultured mouse and rat embryos (Menegola et al. 2004).

The effects of chemicals on the migration of NCCs in mammals, however, have not
been fully investigated, probably because no convenient experimental methods are
available. The migration of NCCs has been examined by time-lapse video image analysis
of fluorescence-labeled cells (Fuller et al. 2002; Kawakami et al. 2011), or by human
neural crest stem cells with scratch assay (Zimmer et al. 2012). These methods are
complicated and therefore not ideal for testing of chemicals in a common toxicity
laboratory.

Recently, we established a simple in vitro assay that enabled examination of the effects
of chemicals on the migration of cNCCs and trunk NCCs (tNCCs) (Usami et al. 2014b).
In this method, NCCs are cultured as emigrants from isolated neural tubes of day 10.5 rat
embryos. The cultured NCCs are exposed to test chemicals and their migration is
determined as the radius ratio calculated from circular spread of the NCCs during the
exposure period. Using this method we examined the effects of 13 developmentally toxic
chemicals on the migration of cNCCs. We also examined the effects of chemicals on the

proliferation of cNCCs, because this migration assay depends on the spread of cells and
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can therefore be influenced by the cell number.

We selected developmentally toxic chemicals on the basis of our interest in our related
study such as proteomics of embryos (Usami et al. 2014a; Usami et al. 2009; Usami et al.
2008) and metabolomics of hepatocytes (Kim et al. 2014) since there was little
information about the effects of chemicals on the migration of cNCCs. However, we
considered that the chemicals include both ones might affect cNCC migration, e.g.,
ethanol, and selenate, and ones might not, e.g., indium, and tributyltin, which was

speculated from their potential to cause craniofacial abnormality.
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MATERIALS AND METHODS
Animals

Wistar rats (Crj: WI, Charles River Japan Inc., Kanagawa, Japan) were used. Pregnant
rats were obtained by mating female and male rats overnight, and the plug day was
designated as day 0.5 of gestation. All the animal experiments were performed according

to the guidelines for animal experiments of the National Institute of Health Sciences.

Chemicals

Acetaminophen (CAS 103-90-2), 13-cis-retinoic acid (CAS 4759-48-2), ibuprofen
(CAS 31121-93-4), salicylic acid (CAS 54-21-7), selenate (CAS 13410-01-0), and
selenite (CAS 10102-18-8) were purchased from Sigma-Aldrich Co. (St. Louis, MO).
Caffeine (CAS 58-08-2), ethanol (CAS 64-17-5), indium (CAS 22519-64-8), lead acetate
(CAS 6080-56-4), phenytoin (CAS 57-41-0), and tributyltin (CAS 1461-22-9) were
purchased from Wako Pure Chemical Industries (Osaka, Japan). Valproic acid (CAS

1069-66-5) was purchased from Merck Co. (Darmstadt, Germany).

Culture of NCCs

Rat NCCs were cultured as emigrated cells from neural tubes of rat embryos at day 10.5
of gestation as previously described (Usami et al. 2014b), according to the culture
schedule shown in Fig. 1. Neural tubes were excised from the rhombencephalic (for
cNCCs) or trunk (for tNCCs) region of the embryos in Hanks’ balanced salt solution with
sharpened tungsten needles. The excised neural tubes were cultured in 35-mm culture
dishes (BD Primaria; Becton, Dickinson and Company, Franklin Lakes, NJ) containing 2
ml of Dulbecco’s Modified Eagle Medium with high glucose (DMEM; GIBCO, Life
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Technologies Corp., Carlsbad, CA) and 10% (v/v) fetal bovine serum (GIBCO) at 37°C
with 5% CO,, for 48 h.

Phase-contrast images of cultured NCCs were recorded digitally at a magnification of
%10 with a microscope at 24 and 48 h of culture (BZ-9000; Keyence, Osaka, Japan). In
the proliferation assay, the neural tube was removed at 18 h of culture, and the cell nuclei
were stained with 4',6- diaminodino-2-phenylindole (DAPI, Invitrogen) and fluorescent
images were photographed with the microscope at 48 h of culture. Representative

photographs of the cNCCs are shown in Fig. 2.

Addition of chemicals

The chemicals were added at 24 h of culture by replacing the culture medium. For
addition to the culture medium, caffeine, ethanol, salicylic acid, selenate, selenite, and
valproic acid were directly dissolved in or diluted with the culture medium.
Acetaminophen, 13-cis-retinoic acid, phenytoin, and tributyltin were dissolved in or
diluted with dimethyl sulfoxide and 5 pl each of the solutions was added to 5 ml of the
culture medium. Ibuprofen, indium, and lead acetate were dissolved in pure water and
100 pl each of the solutions was added to 4.9 ml of the culture medium.

The concentrations of the following chemicals in the culture medium were their
embryotoxic concentrations obtained from the literature: acetaminophen (Weeks et al.
1990), caffeine (Robinson et al. 2010; Shreiner et al. 1986), 13-cis-retinoic acid (Lee et al.
1991), ethanol (Usami et al. 2014a), ibuprofen (Guest et al. 1994), indium (Usami et al.
2009), lead acetate (Zhao et al. 1997), phenytoin (Winn 2002), salicylic acid (Greenaway
et al. 1985), selenate (Usami et al. 2008), selenite (Usami et al. 2008), tributyltin (Cooke

et al. 2008; Adeeko et al. 2003), and valproic acid (Guest et al. 1994)
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Migration assay of NCCs

The migration distance of NCCs was calculated as the increased radius of the circular
spread of NCCs that emigrated from the neural tubes between 24 and 48 h of culture
(Usami et al. 2014b). The outermost NCCs in each of the cultured neural tubes were
connected with the polygon tool as if a rubber band were put around the cells, and its
inner area was measured as a pixel count. Considering the polygon as a circle, its radius
ratio was calculated: radius ratio = (radius at 48 h - radius at 24 h)/radius at 24 h. This
ratio was then normalized as a percent of the simultaneous control to express the NCC

migration for comparisons among experiments.

Proliferation assay for NCCs

NCC proliferation was evaluated as a ratio of the cell count at 48 h to that at 24 h of
culture, and the effects of chemicals were examined. The cells were counted manually at
24 h on the phase-contrast image with the Cell Counter plugin of the ImageJ software
(http://rsb.info.nih.gov/ij/, 1997-2009; Rasband, W.S., ImageJ, U. S. National Institutes
of Health, Bethesda, MD, USA). The cell count at 48 h was estimated as the count of
stained cell nuclei from the fluorescence image with the Hybrid Cell Count function of
the BZ-X Analyzer software (Keyence). The average cell counts in an intact control
group were 170.6 at 24 h and 272.1 at 48 h (n = 10). Two proliferation indices, the cell
count ratio and the cell proliferation ratio, were calculated as follows: cell count ratio =
cell count at 48 h/cell count at 24 h, and cell proliferation ratio = (cell count at 48 h - cell
count at 24 h)/cell count at 24 h.

Although these indices are basically the same, the latter is more suitable for representing

7/28
This article is protected by copyright. All rights reserved.

253



the proliferation rate and the former is more useful for comparison with the migration
index. These indices were normalized to the control to allow for comparisons among

experiments.

Statistical analysis
Statistical significance of the difference between the experimental groups was

examined by the Student t test at a probability level of 5%.
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