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SHORT COMMUNICATION

Simple in vitro migration assay for neural crest cells and the opposite
effects of all-trans-retinoic acid on cephalic- and trunk-derived cells
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Divisions of 1Pharmacology and 3Medical Devices, National Institute of Health Sciences, Tokyo, 2School of Pharmaceutical Sciences,
Toho University, Chiba, and 4Laboratory of Animal Reproduction, United Graduate School of Agricultural Science, Gifu University,
Gifu, Japan

ABSTRACT Here, we describe a simple in vitro neural
crest cell (NCC) migration assay and the effects of all-trans-
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 μM) 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 et al. 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

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% CO2 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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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

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 number of pixels in polygon= ( )π .

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

Radius ratio radius at h radius at h radius at h= −( )48 24 24 .

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 1 h, 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 (DAPI, 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 t-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

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.
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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 μm 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 μM, 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 μM RA but not at 3 μM (Fig. 4). These embryotoxic concentra-
tions were comparable to those in the maternal plasma (about
4.5 μg/mL = 15 μM) 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 μM 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 μM RA reduced the migration by approximately 10% (Fig. 5A).
In contrast, RA (10 μM) enhanced the migration of trunk NCCs by

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.

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.

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.
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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

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 et al. 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

Table 1 Growth of day 10.5 rat embryos cultured in the presence of all-trans-retinoic acid (RA)

All-trans-retinoic acid (μM)

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).

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).
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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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LETTER TO THE EDITOR

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 × 100” in some laboratories, but is “number of live newborns/
number of total newborns × 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 × 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

Reproductive

index

Definition†

Example of brief

definition

Reference Book Contract research organization’s reproductive toxicity test report

Manson &

Kang, 1989 Mizutani, 1992 Ecobichon, 1995 Saikikeisei, 1994 Parker, 2012 Laboratory A Laboratory B Laboratory C Laboratory D

Implantation

index

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

Gestation

index

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

Live delivered

dam/pregnant

rate

Delivery

index

Females which

delivered live borns/

Pregnant females

Dams with live

offspring/Pregnant

dams

Pregnant females with

live pups at birth/

Pregnant females

Pups born/Implantation

sites

Pups born/Implantation

sites

Offspring at birth/

Implantation scars

Pups born/Implantation

sites

Newborn/nidation

rate

Live birth

index

(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

Pups alive day

1/Pups born

alive

Day 1 live pup/live

newborn rate

Live born/Implantation

sites

Live born/Implantation

sites

Live newborn/

nidation rate

Birth index Offspring born alive/

Implantations

Live offspring at birth/

Implantation scars

Live pups at birth/

Implantation sites

Viability

index

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

Pups alive day

7/Pups alive

day 1

Days x/y live/live

pup rate

Viable pups born/Dead

pups born

Live/dead newborn

rate

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

†Common descriptions, “number of” and “× 100,” are omitted.
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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. 

 

Key words 

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 A
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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 A
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Technologies Corp., Carlsbad, CA) and 10% (v/v) fetal bovine serum (GIBCO) at 37°C 

with 5% CO2 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 µl 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 µl 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) A
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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 A
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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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