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SUMMARY

A culture method for neural crest cells of mouse embryo is described. Trunk neural tubes
were dissected from 9-day mouse embryos and explanted in culture dishes. The develop-
mental potential of mouse neural crest in vitro was shown to be essentially similar to that of
avian neural crest. In the mouse, however, melanocytes always appeared in association with
the epithelial sheet close to the explant. Neural crest cells surrounding the epithelial sheet,
which probably migrated from the neural tubes in the early culture phase, never differen-
tiated into melanocytes. The bimodal behaviour of mouse crest cells seems to be due to the
heterogenous potency of the crest cells and the interaction of these cells with the surround-
ing microenvironment. This culture system is well suited for various experiments including
the analysis of gene control on the differentiation of neural crest cells.

INTRODUCTION

In vertebrates, neural crest is the embryonic precursor of a diversity of cell
types, including pigment cells, and the neurons and glial cells of the peripheral
nervous system. Neural crest migrates from the roof of the neural tube to
various sites in the embryo during early embryogenesis, and differentiates in
various ways according to their location sites.

Hitherto, many embryologists have been interested in these characteristics
of the neural crest, and have performed intensive studies (Horstadius, 1950;
Weston, 1970). Recently, in investigations using avian neural crest, it has been
suggested that differentiation and migration of these cells were affected by the
surroundings. In particular, by establishing a culture system for quail neural
crest (Cohen & Konigsberg, 1975), it has been shown that the developmental
potential of individual crest cells is heterogenous and can be altered by
environmental factors.

Despite abundant information on the developmental behaviour of crest
cells, gene control of the interaction between neural crest and the surrounding
environment has not yet been satisfactorily established. In mouse, it is well
known that there are many mutations which influence differentiation of the
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neural crest (Silvers, 1961, 1979). The use of these mutations, combined with
in vitro culture systems, will enable us to obtain more information on the
differentiation of the crest cells.

The objective of the present study is to establish a culture system for neural
crest in mouse and to describe the behaviour of mouse crest cells in vitro from
wild-type and mutant mice.

MATERIALS AND METHODS

C57BL/6J mice were originally obtained from the Jackson Laboratory (Bar
Habor, Maine), and further maintained in our laboratory by inbreeding. Mice
of C3HB/St strain were provided by Dr. W. C. Quevedo, Jr., Brown
University.

Culture methods

9-day mouse embryos were used. Embryos were obtained from timed
mating; the day vaginal plugs were observed was defined as day 0 of
pregnancy.

The dorsal trunk region posterior to the hind limb buds (Fig. 1A) was
dissected out by means of sharpened tungsten needles. The trunk was treated
with 1% trypsin (Difco, 1 : 250) in Tyrode solution for 20 min at 4°C.
Trypsinization was terminated by replacing the enzyme with a 10% solution of
foetal bovine serum (FBS, Flow) in Tyrode solution, and the tissue was then
gently pipetted with a small pore Pasteur pipette to separate the neural tube
from other components of the trunk (Cohen & Konigsberg, 1975).

Careful visual inspection indicated that mouse neural tubes prepared in this
manner were free of their surrounding tissues (Fig. IB, C). Three or four
neural tubes were explanted in a 35 mm tissue culture dish (Falcon) containing
1-5 ml of culture medium (see below). In some cases, the neural tubes were
carefully detached from the dishes with tungsten needles and discarded after 2
days in culture. The cells that had emigrated from the explants were fed with
1-5 ml fresh medium. The culture was incubated at 37°C in a humidified
atmosphere of 5% CO2 in air for 10 to 15 days. One-half of the culture medium
was changed every third day.

Fig. 1. (A) The posterior trunk region of a 9-day embryo. Neural tube was isolated
from the section between arrows, x 32. (B) A neural tube isolated from the
posterior trunk region. The neural fold has not yet fused at this stage, x 80.
(C) Transverse section of the isolated neural tube. The neural tubes were fixed in
Bouin's fluid, and then embedded in paraffin. Sections were cut at 10 fim, and
stained with haematoxylin and eosin. x 700.
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Culture medium

Culture medium consisted of Eagle's minimum essential medium (MEM,
Nissui), FBS, and chick embryo extract (CEE). By examining the effect of the
concentrations of FBS and CEE on the appearance of melanocytes (data not
shown), the concentrations of 15% FBS and 2-4% CEE were selected. In
some experiments, the cultures were treated with 0-1 /Ag/ml & -melanocyte
stimulating hormone (a -MSH, Ciba Geigy) in Tyrode solution.

CEE was prepared from the bodies of 10-day chick embryos. After washing
the embryos in Tyrode solution, they were homogenized, and then mixed with
an equal volume of Tyrode solution. The mixture was freeze-thawed three
times, and centrifuged twice at 3000 r.p.m. for 15 min. The resulting super-
natant was used as CEE.

DOPA reaction

The cultures were rinsed in Tyrode solution, and fixed at 4°C in periodate-
lysin-parafolmaldehyde fixative (McLean & Nakane, 1974) for 2 h. After being
washed in 0-1 M-phosphate-buffered saline (PBS, pH 7-4), the cultures were
incubated at 36°C in 0-1% 2-6(3,4-dihydroxyphenyl) alanine (DOPA) solution
in PBS for 3 h. The DOPA reaction was terminated by rinsing the cultures
several times in PBS.

The cultures to which the DOPA reaction had been performed were post-
fixed in 1% OSO4 at room temperature in PBS for 30 min. These samples were
routinely dehydrated and embedded in Epon 812. The sections were cut with a
LKB ultramicrotome (8800), stained with uranylacetate and lead citrate, then
examined in a Hitachi electronmicroscope (H-500).

Formaldehyde-induced fluorescence

The cultures were examined for intracellular catecholamine (CA) by
formaldehyde-induced fluorescence (FIF) histochemistry (Falck & Owman,
1965). They were washed with Tyrode solution, and then quenched in
isopentan cooled with liquid nitrogen. The samples were dried in a lyophilizer
(Refrigeration For Science Inc., Island Park, NY) for 1 h, and exposed to
formaldehyde gas at 75-85°C for 1 h. CA fluorescence was viewed with
Olympus fluorescence microscope (BH2-RFL, excitation filter V (BG-3 +
IF405), barrier filter Y475).

RESULTS

Appearance of neural crest cells

Within 24 h, the explants of neural tubes adhered to the bottom of the
culture dish. Shortly after the adhesion, a population of small stellate cells was
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Fig. 2. (A) The crest cell outgrowth around the explant (e), after 53 h in culture,
x 80. (B) Phase-contrast micrograph of ganglion-like structure (g) in culture for 15
days, x 300.

observed in the area surrounding the explants (Fig. 2A). These cells rapidly
increased in number in the early stage of culture. By 6 days in culture,
randomly distributed cell clumps were beginning to be seen in this area
(Fig. 2B). As the culture in progresses the margin of the tube flattened to form
an epithelial sheet.
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Differentiation into melanocytes

In experiments with neural crest from 2-day quail embryos, some of the crest
cells differentiated into melanocytes under the conditions used in this study.
Cluster formation, which was reported in the study of Loring, Glimelius,
Erickson & Weston (1981) with quail embryos, also occurred. In cultures of
neural tube from mouse embryos, however, fully developed melanocytes never
appeared (Fig. 3A). Therefore, in order to detect immature melanocytes, the
DOPA reaction (Ito & Takeuchi, 1981) was performed. After 10 to 15 days in
culture, cells positive to the reaction were always found in association with
epithelial sheet around the explants (Fig. 3B). These DOPA-positive cells
were of dendritic morphology, characteristic of melanocytes derived from the
neural crest (Fig. 3C). When the cells were examined with an electron
microscope, melanosomes of various stages were observed (Fig. 4).

On the other hand, fully melanized cells appeared after the addition of
ar-MSH to the culture medium (Fig. 5). These cells began to appear by 12 days
in culture, and, like the DOPA-positive melanocytes, were always in associat-
ion with epithelial sheet around the explants. DOPA-positive melanocytes that
were likely to be in their migrating phase from explants to epithelial sheet were
also observed (Fig. 6A, B). The cell population that proliferated in the area
surrounding the explants failed to undergo melanogenesis under the culture
conditions used.

Differentiation into adrenergic cells

In avian embryos, the expression of CA-positive adrenergic phenotype in
vitro in neural crest cells was reported (Norr, 1973; Cohen, 1977; Sieber-Blum
& Cohen, 1980; Sieber-Blum, Sieber & Yamada, 1981; Loring, Glimelius &
Weston, 1982). In mouse neural crest, the cell clumps (Fig. 2B) that appeared
by 6 days in culture were particularly CA-positive (Fig. 7A, B). As culture
proceeded, the number of CA-positive clumps increased. Some of the clumps
possessed axon-like processes. The ganglion-like structures randomly dis-
tributed on the epithelial sheet and in the surrounding outgrowth. The differ-
entiation into adrenergic cells also occurred in the culture in which neural
tubes were detached and discarded after 2 days in culture (Fig. 7C).

The culture of neural crest in mutant mice (mibw/mibw)

Mice of C3HB/St strain are homozygous for mibw (black-eyed white allele at
the microphthalmia locus), one of white spotting mutations. Mutations at the

Fig. 3. (A) The epithelial sheet around the explant, after 15 days in culture, x 80.
(B) The same epithelial sheet in (A) after the DOPA reaction. The DOPA-positive
melanocytes are observed, x 80. (C) Enlargement of box (B). Dendritic melano-
cytes are seen, x 320.
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Fig. 6. DOPA-positive melanocytes, likely to be migrating from the explants(e).
The DOPA reaction was performed after 10 days (A) or 15 days (B) in culture, x
250.

mMocus usually result in depigmentation in the coat but not eyes which remain
black. Therefore, it is suggested that this gene acts during the process of
differentiation of neural crest. When neural tube culture was performed with
mutant embryos, differentiation into melanocytes has never been found
(Fig. 8). No DOPA-positive melanocytes appeared even when 0-1 /xg/ml
cr-MSH was added to the culture medium (Table 1).

Fig. 4. Electronmicrograph of a DOPA-positive cell cultured for 15 days. Melano-
somes of various stages are observed, m, mature melanosome; p, pre-melanosome;
n, nucleus. Scale bar = 1 ftm.

Fig. 5. Fully melanized cells (arrows) in a culture to which oc-MSH was added.
The culture was incubated for 15 days, (e) indicates explant. x 320.
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Fig. 8. The epithelial sheet around the explant after 15 days in culture, from
C3HB mutant (mibw/mibw) mouse embryo. Although the DOPA reaction was
performed, DOPA-positive melanocytes have never been found, x 250.

Table 1. Differentiation potency of neural crest cells into melanocytes in
C3HB/St mutant (mibw/mibw) mice.

Number of explants with DOPA-
positive cells/Total explants

Experiments 1 2 3 Total
15-4* 0/3 0/2 0/2 0/7
l5-4.Mt 0/2 0/4 - 0/6

*Cultured in MEM + 15% FBS + 4% CEE
tCultured in MEM + 15% FBS + 4% CEE + 0-1 /xg/ml <*-MSH

Fig. 7. FIF of CA-positive cells after 12 days (A) and 15 days (B, C) in culture. In
(C), the explanted neural tube was detached and discarded after 2 days in culture.
Ganglion-like cell clumps (g) are particularly CA-positive. x 220.
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DISCUSSION

In the present study, culture of trunk neural tube of mice gave rise to the
appearance of a population of small stellate cells. Judging by their character-
istic morphology, it seems that these cells are neural crest cells (Cohen &
Konigsberg, 1975; Maxwell, 1976). In contrast to quail neural crest, differen-
tiation of mouse crest cells into melanocytes has never been found previously
since explants were discarded at an early stage of culture. All of the observed
melanocytes appeared in association with epithelial sheet which seemed likely
to be derived from the neural tube. The melanocytes (from neural crest) can be
identified by the typically dendritic morphology.

The behaviour of mouse neural crest demonstrated in the present study
seems to suggest the following.

(1) The developmental potential of mouse trunk crest cells in vitro seems to
be essentially similar to that of avian trunk crest cells.

(2) In the mouse, the epithelial sheet provides the microenvironment to
support the differentiation of the crest cells into melanocytes. In the study
using quail embryos, Weston and his collaborators (Loring et al., 1971;
Glimelius & Weston, 1981) reported that part of the neural crest cells formed
clusters on the explanted neural tube, and that all cluster cells differentiated
into melanocytes in vitro. They further suggested that there is a close associ-
ation of the clusters with neural tube and that cell aggregation may be
necessary for the crest cells to become melanocytes in vitro. In mouse, it is
likely that the association between neural crest cells and epithelial sheet from
the neural tube is required for the differentiation of crest cells into
melanocytes.

It has been shown that migration and differentiation of neural crest depend
on the surrounding environment (Le Douarin, Renaud, Teiller & Le Douarin,
1975; Le Douarin, 1980). A series of recent studies (Sieber-Blum & Cohen,
1980; Sieber-Blum et al., 1981; Loring et al., 1982; Pratt, Larsen & Johnston,
1975; Newsome, 1976; Derby, 1978; Pintar, 1978; Newgreen & Thiery, 1980;
Mayer, Hay & Hynes, 1981; Greenberg, Seppa, Seppa & Hewitt, 1981;
Bronner-Fraser, 1982) have indicated the importance of the interaction be-
tween neural crest and extracellular matrix. The behaviour of mouse crest cells
observed in the present study may also result from the interaction of these cells
with the surrounding environment.

(3) Several investigators (Cohen & Konigsberg, 1975; Sieber-Blum &
Cohen, 1980; Ziller et al., 1983; Kahn & Sieber-Blum, 1983) have suggested
that the developmental potential of individual crest cells may be hetero-
geneous. Mouse crest cells which are already committed to the melanogenic
pathway might leave the neural tube during the late stage rather than the early
stage under the culture condition used in the present study. This possibility is
indicated by the appearance of DOPA-positive melanocytes on the epithelial
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sheet. They are likely to be migrating from explant to the epithelial sheet.

In the cultures using mutant mice, crest cells failed to undergo melano-
genesis under any tested culture conditions. This result suggests that mibw gene
functions within neural crest cells. In the previous study, we proposed the idea
that mibw gene may function through the interaction between melanoblasts and
skin environment (Ito & Takeuchi, 1981). The effect of this mutant gene
during melanocyte differentiation may be similar to that of piebald mutation,
s, another white spotting gene. Mayer (1965,1967a,b, 1977) has suggested that
the primary site of function of s gene is within melanoblasts and that the
function is also dependent on the skin environment.

Although intensive efforts have been made by several investigators to study
the differentiation of mouse neural crest (Rawles, 1947; Mayer, 1965,1967a,b,
1977), there have been some technical restrictions: (1) the experimental
manipulation was rather complicated. (2) In the culture of mouse tissues in
chick coelom, it has been difficult to perform an artificial treatment during the
culture period. (3) Differentiated cell types detected under their conditions
were solely pigment cells.

Our culture system seems to overcome these difficulties. (1) The experi-
mental operation is much simpler. (2) It is possible to perform an artificial
treatment during culture period. (3) The differentiated cell types were not
only pigment cells but also adrenergic cells. This culture system, combined
with the mutation affecting the differentiation of the neural crest, is well suited
for the study of the gene control on neural crest development.

The authors are grateful to Dr. H. Ide for his valuable discussion. This work was partly
supported by Grants-in-Aid from Ministry of Education, Science and Culture, Japan.
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