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Abstract Proliferation of neural crest (NC) stem cells

and their subsequent differentiation into different neural

cell types are key early events in the development of the

peripheral nervous system. Soluble growth factors present

at the sites where NC cells migrate are critical to the

development of NC derivatives in each part of the body. In

the present study, we further investigate the effect of

microenvironmental factors on quail trunk NC develop-

ment. We show for the first time that EGF induces differ-

entiation of NC to the neuronal and melanocytic

phenotypes, while fibroblast growth factor 2 (FGF2) pro-

motes NC differentiation to Schwann cells. In the presence

of both EGF and FGF2, the neuronal differentiation pre-

dominates. Our results suggest that FGF2 stimulates glio-

genesis, while EGF promotes melanogenesis and

neurogenesis. The combination of both growth factors

stimulates neurogenesis. These findings suggest that these

two growth factors may play an important role in the fate

decision of NC progenitors and in the development of the

peripheral nervous system.
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Introduction

The neural crest (NC) is formed by the lateral borders of

the neural primordium during neurulation. After extensive

migration through embryonic tissues, NC cells differentiate

into a large variety of cell types, including neurons and

glial cells of the peripheral nervous system, melanocytes,

and some endocrine cells. Cephalic NC cells yield adi-

posities, chondrocytes, osteocytes, forebrain meninges,

connective tissue cells in gland and muscles, the cardiac

outflow tract and the vascular smooth muscle cells asso-

ciated with the vessels derived from the aortic arches and

those that supply blood to the face and forebrain (Le

Douarin and Kalcheim 1999; Le Douarin et al. 2008). The

existence of a high number of multipotent NC progenitors

endowed with both chondrogenic and neural potentials has

been recently described (Calloni et al. 2007). In addition,

both avian and mammalian NC cells are able to self-renew

in vitro, demonstrating that subsets of NC cells display true

stem cell properties (Stemple and Anderson 1992; Trentin

et al. 2004).

Soluble growth factors play a role in NC development.

Among these growth factors, fibroblast growth factor 2

(FGF2) has been demonstrated to promote the survival and

proliferation of NC cells (Kalcheim 1989; Murphy et al.

1994) and to regulate their migration (Kubota and Ito

2000). In addition, FGF2 has been reported to promote

chondrogenesis, skeletogenesis, and gliogenesis in neural
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crest of both quail and mouse embryos, and at cephalic and

trunk levels (Sarkar et al. 2001; Petiot et al. 2002; Ido and

Ito 2006; Ota and Ito 2006; Ijuin et al. 2008). Epidermal

growth factor (EGF) has also been suggested to play a role

in quail NC production of proteoglycans and proliferation

in vitro (Erickson and Turley 1987). However, the role of

EGF in NC differentiation has never been investigated. In

this paper, for the first time, we show that EGF promotes

the differentiation of quail trunk NC cells to the neuronal

and melanocytic phenotypes. In addition, we further dem-

onstrate the effects of FGF2 in stimulating NC differenti-

ation to Schwann cells.

Methods

Neural tubes obtained from quail embryos (18–25 somite

stage) were dissected at the trunk level and plated in

uncoated plastic culture dishes (Corning) in the basal

medium a-minimum essential medium (a-MEM; Gibco-

BRL), enriched with 10% fetal bovine serum (FCS, Cult-

lab) and 2% chicken embryonic extract (EE). After 24 h,

emigrated NC cells were harvested for secondary plating in

mass cultures (400 cells per well of a 96-well plate). Plastic

dishes for secondary culture were coated with type I col-

lagen (Sigma). Cultures were maintained for an additional

6 days in a complex medium containing basal medium

enriched with growth factors and hormones (Trentin et al.

2004). The treatment with human recombinant FGF-2

(20 ng/ml, Sigma) and/or mouse submaxillary gland EGF

(10 ng/ml, Sigma) was added during the primary culture

(first 24 h of culture).

Cell phenotypes were analyzed using lineage-specific

markers. Mature melanocytes were identified by the pres-

ence of melanin, smooth muscle cells by immunoreactivity

to mouse a-smooth muscle actin (aSMA) mAb (Sigma),

glial cells by staining with Schwann cell myelin protein

(SMP) mAb (Dulac et al. 1988), and neurons by staining

with tyrosine hydroxylase (TH) mAb (Fauquet and Ziller

1989), bIII-Tubulin (bIII-Tub) mAb (Promega). Detailed

procedures are described elsewhere (Dupin et al. 2000;

Trentin et al. 2004). Cell nuclei were stained with 40,6-

diamidino-2-phenylindole dihydrochloride (DAPI; Sigma).

Fluorescent labeling was observed under an epifluores-

cence microscope (Olympus IX71). Pigmented cells were

quantified in macroscopic views by evaluation of the

intensity of melanin expression as arbitrary densitometric

units (Scion, Image, National Institutes of Health) (Fig. 1).

Quantification of phenotypic markers was performed at day

6 of culture by direct cell counting of positive cells in

relation to total cell population (Fig. 2).

Statistical differences were evaluated by means of one-

way ANOVA with Turkey’s post test using the GraphPad

Prism software (GraphPad Software, Inc.). The level of

significance was set at P \ 0.05 in all cases.

Results

Macroscopic views of NC cultures revealed that EGF

treatment increased the number of pigmented cells (mela-

nocytes) by 2.6-fold relative to the control. In contrast, the

number of melanocytes was reduced by twofold after FGF2

treatment (Fig. 1). Figure 2 shows representative pictures

of melanocytes (melanin-expressing cells), smooth muscle

cells (aSMA?cells), Schwann cells (SMP?cells), and

neurons (bIIItub/TH?cells), maintained in control condi-

tions, or treated with EGF, FGF2 or a combination of both

(EGF ? FGF2). Confirming the results from the macro-

scopic views, quantitative analysis of cells positive for

these phenotypic markers revealed that melanocytes rep-

resented 13% of EGF-treated cells, about 2.8-fold more

than the percentage obtained in control conditions, after

treatment with FGF2 or EGF ? FGF2 (Fig. 3a). In con-

trast, the proportion of smooth muscle cells was similar in

all culture conditions (about 2% of the total cell popula-

tion) (Fig. 3b). The highest proportion of Schwann cells

was observed in FGF2-treated cultures (33%), an increase

of approximately twofold when compared with all other

Fig. 1 Macroscopic views (a) and quantification (b) of the pigmented

cells (melanocytes) in 6-day NC secondary cultures. Cultures were

maintained in basic medium (CTL, control) or treated with FGF2 or

EGF during the 24 h of primary culture, and then in the complex

medium during the 6 days of secondary culture as described in

‘‘Methods’’. Pigmented cells were quantified in macroscopic views by

evaluation of the intensity of melanin expression as arbitrary

densitometric units. Bar = 5 mm
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culture conditions (Fig. 3c). Neurons comprised about 3.1–

3.4% of the total cell population after the EGF and

EGF ? FGF2 treatments, about 3.8-fold and 4-fold,

respectively, more than in the control and FGF2-treated

cultures (Fig. 3d). In our culture conditions, every neuron

was positive for bIII-tub, and some of them also expressed

TH. Neurons were observed for at least 10 days in culture.

Our experiments also revealed that EGF treatment during

the first 24 h of primary culture was critical for the

observed increase in the percentage of neurons and pig-

mented cells, while treatment during the secondary culture

period (24 h to 6 days) did not affect the proportion of

these cell types relative to control (data not shown).

Discussion

In the present work, we provide the first evidence that EGF is

an important soluble factor involved in the development of

the peripheral nervous system. We show, for the first time,

that this growth factor promotes the neuronal differentiation

of embryonic NC cells, and also stimulates melanogenesis.

In contrast, FGF2 stimulates gliogenesis by NC cells.

Soluble growth factors present at the sites where NC

cells migrate are critical to the development of NC deriv-

atives in each part of the body. Such growth factors include

bone morphogenetic protein (BMP) 2/4, which drive NC

cells to adopt autonomic sympathetic-like neuronal fate

Fig. 2 Phenotypic analysis of cultured NC cells at day 6 of secondary

culture. NC cells were grown and treated in primary cultures as

described in Fig. 1 and in ‘‘Methods’’. Control cells (a–d), EGF (e–

h), FGF2 (i–l), and EGF ? FGF2 (m–p). Cell phenotypes were

identified by the presence of specific cell markers: melanin for

melanocytes (a, e, i, m, q), aSMA for smooth muscle cells (b, f, j, n,

r), SMP for Schwann cells (c, g, k, o, s), and b-III-Tub and TH for

neurons (d, h, l, p, t). Higher magnification pictures of melanocytes,

smooth muscle cells, glial cells and neurons (q, r, s, t, respectively).

Inserts represent the nuclei staining with DAPI. Scale bar = 50 lm
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(Shah et al. 1996; Shah and Anderson 1997), neuregulin-1

and Notch ligands which favor gliogenesis (Morrison et al.

2000; Ijuin et al. 2008), and endothelin-3 (ET3) which

promotes survival and proliferation of glial-melanocytic

(GM) bipotent precursors as well as committed melanocytic

and glial cells (Lahav et al. 1996, 1998; Trentin et al. 2004).

Interestingly, human NC cells show a molecular profile

similar to embryonic stem cells when cultured in the pres-

ence of EGF and FGF2 (Thomas et al. 2008). The multi-

potent NC progenitor that gives rise to glial cells, neurons,

melanocytes, smooth muscle cells, and chondrocytes, which

is stimulated by sonic hedgehog (Shh) (Calloni et al. 2007),

which may act by affecting the proliferation of this pro-

genitor. Interestingly, FGF2 treatment inhibits the prolif-

erative effect of Shh on cerebellar granule cell precursors

(Fogarty et al. 2007). Furthermore, FGF2 may play a role in

regulating the survival, proliferation, and migration of NC

cells, in addition to promoting gliogenesis, chondrogenesis,

and skeletogenesis (Kalcheim 1989; Murphy et al. 1994;

Kubota and Ito 2000; Sarkar et al. 2001; Petiot et al. 2002;

Ota and Ito 2006; Ijuin et al. 2008).

Our results reinforce these findings, and further dem-

onstrate the role of FGF2 in stimulating the differentiation

of NC progenitors to Schwann cells. Our results also reveal

the important role of EGF in promoting NC differentiation

to the neuronal and melanocytic fates. The present data

demonstrate that EGF treatment during the first 24 h, when

most of the NC cells are undifferentiated (Nakanishi et al.

2007), is critical for the observed effect, suggesting that

EGF acts at the early stages of neurogenesis and melano-

genesis. FGF2 and EGF seem to have a preventive effect

on melanogenesis and gliogenesis, respectively, since in

the combined treatment condition, FGF2 inhibited the

positive effect of EGF on melanocyte differentiation,

whereas EGF inhibited the positive effect of FGF2 on

Schwann cell differentiation. However, FGF2 did not alter

the positive effect of EGF on neurogenesis, suggesting that

this differentiation pathway might predominate in the

presence of both growth factors (Figs. 2, 3).

Since NC is comprised progenitors endowed with dif-

ferent potentialities, including the oligopotent glial/neuro-

nal/melanocytic (GNM) progenitor (Trentin et al. 2004),

our results suggest a possible involvement of EGF and

FGF2 in the fate decision of NC stem cells. FGF2 might

stimulate the differentiation of the GNM progenitor into

the glial phenotype, whereas EGF may promote entry into

the neuronal and melanocytic pathways. However, in the

presence of both growth factors, neuronal differentiation

seems to predominate.
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