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a  b  s  t  r  a  c  t

The  extracellular  environment  through  which  neural  crest  cells  (NCCs)  translocate  and  differentiate  plays
a  crucial  role  in  the  determination  of  cell  migration  and  homing.  In  the trunk,  NCC-derived  melanocyte
precursor  cells  (MPCs)  take  the  dorsolateral  pathway  and  colonize  the  skin,  where  they  differentiate  into
pigment  cells  (PCs).  Our  hypothesis  was  that  the  skin,  the  MPCs’  target  tissue,  may  induce  a directional
response  of NCCs  toward  diffusible  factor(s).  We  show  that  the  treatment  of in  vitro  NCCs  with  skin  extract
(SE) or  Stem  Cell  Factor  (SCF)  contributes  to maintaining  proliferative  activity,  accelerates  melanocyte
differentiation,  and  guides  a  subpopulation  of  NCCs  by chemotaxis  toward  the  gradient  source  of these
factors,  suggesting  that  they  may  represent  the  MPCs’  subpopulation.  Current  data  on  stimulated  direc-
tional  persistence  of  NCCs  supports  the  participation  of  diffusible  molecules  in the  target  colonization
mechanism,  guiding  MPCs  to migrate  and  invade  the  skin.  Our  results  show  similar  effects  of SE and
SCF  on  NCC  growth,  proliferation  and  pigment  cell  differentiation.  Also,  the  use of  a  proven  real-time
directionality-based  objective  assay  shows  the directional  migration  of  NCCs  toward  SE  and  SCF, indi-
cating that  the  epidermal  SCF  molecule  may  be involved  in  the  chemotactic  guidance  mechanism  of
in vivo  NCCs.  Although  SCF  is  the  strongest  candidate  to account  for  these  phenomena,  the nature  of
other factor(s)  affecting  NCC-oriented  migration  remains  to  be  investigated.  This data  amplifies  the  func-
tional  scope  of trophic  factors  by involving  them  in  new  cell  behaviors  such  as  molecular  guidance  in the
colonization  mechanism  of  embryonic  cells.

© 2012 Elsevier GmbH. All rights reserved.

Introduction

In recent years, growing knowledge about cell communication
at a distance has enabled the re-discovery of chemotactic phenom-
ena, conceived as directional cell migration induced by a concen-
tration gradient of soluble factors segregated by “target” fields. This
molecular mechanism of cell orientation is well known in var-
ious biological systems such as flagellated bacteria (Chen et al.,
2003), amoebas (van Haastert et al., 2007), leukocytes (Gómez-
Moutón et al., 2004), neurons (Ng et al., 2005; Paratcha et al.,
2006), and axonal growth cones (Charron and Tessier-Lavigne,
2005; Mortimer et al., 2008; von Philipsborn and Bastmeyer, 2007).
In our laboratory, we made one of the first descriptions of the
chemotaxis of mammal  sperm toward the ovular region (Fabro
et al., 2002; Giojalas and Rovasio, 1998; Giojalas et al., 2004a,b;
Marín et al., 1995; Oliveira et al., 1999; Rovasio et al., 1994; Sun
et al., 2003), with progesterone signals being the strongest attrac-
tant responsible (Guidobaldi et al., 2008; Teves et al., 2006). On the
other hand, it is surprising that the embryonic cells, paradigmatic
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of accurately moving cells, have practically not been dealt with
yet from a “chemotactic point of view” except in a few well docu-
mented systems on mouse embryos (Belmadani et al., 2005; Kubota
and Ito, 2000; Natarajan et al., 2002; Young et al., 2004) and avian
ambryos (Kasemeier-Kulesa et al., 2010; Tosney, 2004).

It is known that neural crest cells (NCCs), after segregating
from the closing neural tube as a multipotent cell population,
migrate along defined pathways and colonize precise sites giv-
ing rise to a variety of cell types, such as neurons, glia, cartilage
and pigment cells (PCs) (Le Douarin and Kalcheim, 1999). In the
modulation of such complex behaviors, the balance between the
signals of a “central program” and those coming from the near
milieu is not yet clear (see reviews by Kulesa et al., 2010; Krispin
et al., 2010; Lock et al., 2008). However, there is growing evi-
dence that indicates that the efficient migration and distribution of
NCCs depends on coordinated genetic and epigenetic factors, spe-
cially triggered by micro-environmental signals (Kee et al., 2007;
Le Douarin et al., 2007; Lock et al., 2008; Kulesa et al., 2010;
Matthews et al., 2008a,b; Rovasio et al., 1983; Sauka-Spengler
and Bronner-Fraser, 2008; Teddy and Kulesa, 2004; Wehrle-Haller
et al., 2001). However, these factors are not sufficient to fully
explain the oriented migration of NCCs. Moreover, the haptotaxis
and galvanotaxis mechanisms lack sufficient supporting evidence
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(Le Douarin and Kalcheim, 1999), and the rejection of a chemotactic
mechanism claimed by some authors is not endorsed by rigorous
experimental trials (Carmona-Fontaine et al., 2008; Erickson, 1985;
Matthews et al., 2008a,b).

In the trunk, NCCs migrate in a dorsoventral pathway between
the neural tube and the cephalic half of the somitic mesoderm (Le
Douarin and Dupin, 1993), and a second wave between the somites
and ectoderm is taken by the subpopulation of melanocyte precur-
sor cells (MPCs) homing to skin (Erickson and Goins, 1995). The PCs
are one of the most extensively studied NCC derivatives, since the
pigment itself constitutes a unique differentiation marker. More-
over, it is known that the relationships between MPCs and their
developmental milieu, and their timing, play key roles in the defi-
nition of PC distribution (Faas and Rovasio, 1998; Fukuzawa et al.,
1995; Thibodeau and Frost-Mason, 1992).

In the avian embryo, MPCs colonize the skin between day 3
and 3.5 of development (Richardson and Sieber-Blum, 1993), and
massively invade from day 5 to 6, when they proliferate (6th–8th
day) and then differentiate into PCs from day 9 of development
(Teillet, 1971). In a previous report, we showed that the spatial
distribution of MPCs varies according to both the axial level and
the developmental stage of the embryo; furthermore, the observed
general pattern of the centrifugal double wave of cell distribution
may be attributed to a different timing of cell differentiation, closely
related to their migratory behavior (Faas and Rovasio, 1998). Con-
sidering the intrinsic motion capacity of NCCs together with the
precisely timed colonization in the epidermis by MPCs, in both
avian and mammalian embryos, it was suggested that the mech-
anism involved could be through a chemoattractant activity of the
skin, its target tissue (Le Douarin and Kalcheim, 1999; Tosney,
2004). Thus, as with some other developmental systems, such as
angiogenesis (Czirok et al., 2008), lymphocyte transmigration and
homing (Cinamon et al., 2001), or genital ridge colonization by
primordial germ cells (Boldajipour and Raz, 2007), the skin’s prod-
uct(s) could be involved in the regulation of PC colonization and
development. Although the molecular cues to account for the pro-
posed directional mechanism are not known, one of the strongest
candidates is Stem Cell Factor (SCF), considering its in vivo expres-
sion in the target region (epidermis) of the NCC-derived MPCs, as
well as the expression of its C-Kit receptor on this cell popula-
tion (Lahav et al., 1994; Lecoin et al., 1995; see also Tosney, 2004).
These molecular facts display a spatiotemporal coherence with the
NCC colonization of the skin as well as their involvement with the
differentiation of the pigment phenotype (Kunisada et al., 1998).

In this context, the present work reports the first direct evi-
dence about the influence of embryo skin diffusible factors and
SCF on the growth, proliferation, melanocyte differentiation and
chemotactically oriented migration of the NCC subpopulation.
These findings support the idea that SCF may  serve as a specific
chemoattractant for in vivo guidance of NCCs as well as having its
canonic growth factor activity, amplifying the functional scope of
trophic factors by involving them in new activities as molecular
guides for embryonic cells. Last, but not least, the results here
reported on turning responses of NCCs, in particular extracellular
gradients of SCF, were obtained using a computer-based real-time
video system and a software based on strictly proven objective
directional criteria (Fabro et al., 2002; Giojalas and Rovasio, 1998;
Ming et al., 1997, 1999; Rovasio et al., 1994; Song et al., 1997,
1998; Zheng et al., 1994).

Materials and methods

Skin extract

Quail embryos (Coturnix coturnix japonica) at 6–6.5 days of
development (stages 22–23 of Zacchei, 1961) were incubated in

deionized MilliQ water (Millipore Corp., Billerica, MA,  USA) at 37 ◦C
for 20 min, and the dorsal skin was mechanically removed using
fine tweezers. The skin obtained from 63 embryos was centrifuged
for 2 min  at 5600 × g to remove the excess water, resuspended in
N2 basal medium (Bottenstein and Sato, 1979) (50% DMEM and 50%
F12 media, plus 15 mM sodium bicarbonate, 15 mM HEPES buffer,
50 IU/ml G sodium penicillin and 50 �g/ml streptomycin sulfate)
without serum and homogenized in an ice bath. The homogenate
was centrifuged for 15 min  at 170,000 × g to remove cell debris, and
the supernatant obtained was  sterilized by filtration (0.22 �m,  Ren-
ner GMBH, Dannstadt, Germany), aliquoted and stored at −40 ◦C
until use. The total protein concentration was  determined on the
skin extract (SE) by Bradford’s method (Bradford, 1976) and was
taken as reference for the dilutions utilized. SDS-PAGE and Western
blot analyses were performed using standard protocols on SE fol-
lowing conventional electrophoresis on 15% SDS-polyacrylamide
gels. After transfer to polyvinylidene difluoride membranes (Milli-
pore Corp., Billerica, MA,  USA), primary antibody against SCF (rabbit
polyclonal ab9753; 1 �g/ml; Abcam Inc., Cambridge, MA, USA) was
used. Rat brain tissue lysate (Cat.# 1463; 20 �g per lane; ProSci Inc.,
Poway, CA, USA) and SCF (S7901; 1 per lane; Sigma Chem. Co., St
Louis, MO,  USA) were running as positive controls, all according to
the indicated manufacturer’s instructions.

Cell culture

Primary cultures of NCCs were made from mesencephalic and
trunk levels of chick embryos (Gallus gallus, Cobb line) incu-
bated at 38 ± 1 ◦C in a humidified atmosphere up to stage 11–14
HH (Hamburger and Hamilton, 1951; Rovasio and Battiato, 2002;
Jaurena et al., 2011). Briefly, after cutting and opening the ectoderm,
mesencephalic NCCs were carefully obtained by microdissection
from the mass of NCCs bilateral to the neural tube, transferred
to coverslips precoated with fibronectin (Rovasio et al., 1983),
and incubated in 35 mm Petri dishes (Sigma Chem. Co., St Louis,
MO,  USA) with 2 ml  of N2 defined medium (N2 basal medium
plus 5 �g/ml insulin, 100 �g/ml transferrin, 20 nM progesterone,
100 �M putrescine and 30 nM selenium in 100 ml of medium)
(Bottenstein and Sato, 1979) supplemented with 10% fetal calf
serum (FCS) (Sigma Chem. Co., St Louis, MO,  USA) during 24 h at
37 ± 0.2 ◦C in 5% CO2 in air. Trunk explants corresponding to the
last five to seven somite pairs were cut away and incubated with
200 �g/ml of dispase (Calbiochem Corp., San Diego, CA, USA) in
N2 defined medium without serum for 15 min  at room tempera-
ture. The segments of neural tube were isolated, washed with N2
medium plus 10% FCS, transferred to coverslips and incubated as
explained. After 24 h, the neural tube explant was removed from the
trunk NCC cultures to discard the possible source of undesired dif-
fusible molecules, then the cultures were treated with 100 �l SE (or
N2 defined medium = control), changing 50% of the culture medium
every day during the time indicated below and in the Results sec-
tion. Equivalent cultures, after neural tube explant removal, were
utilized in chemotactic experiments.

Applying the careful microdissection technique described
above, the degree of purity of NCC cultures was constantly near
100%, without neural tube, ectoderm and/or mesoderm contam-
inants. If some culture contained tissue contaminants, they were
detected by phase contrast microscopy and NC-1 immunolabeling
(Rovasio et al., 1983; Rovasio and Battiato, 1996), and consequently
discarded. To verify for equal numbers of cells in control and
SE/SCF-treated conditions at the beginning of the experiments,
an estimation of NCC population considered the total cell num-
ber per explant at the start of the corresponding treatments (see
Table 1 and Fig. 2, insets). Assuming that, operatively and based
on embryo age, the initial size of the explants could be considered
constant, we calculated the cell number per explant as statistically
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Table 1
Growth parameters of neural crest cell cultures treated with skin extract (SE) and Stem Cell Factor (SCF).

Days of
culture

Cell numbera Percentage of mitosisa Cell outgrowth areaa,b

Control SE SCF
(50 ng/ml)

Control SE SCF
(50 ng/ml)

Control SE SCF
(50 ng/ml)

2 1009.00 ± 395.00 – – 0.43 ± 0.12 – – 4.20 ± 1.0 – –
n:  3000 N: 6

3 1056.05 ± 380.50 3300.10 ± 900.05c 3550.20 ± 759.00c 0.42 ± 0.10 0.70 ± 0.05c 0.73 ± 0.02c 3.25 ± 0.9 6.11 ± 0.8c 5.99 ± 0.9c

n: 2800 n: 3200 n: 3310 N: 5 N: 5 N: 6

4  1275.57 ± 400.83 6928.33 ± 1032.87c 7087.39 ± 994.70c 0.48 ± 0.11 0.98 ± 0.04c,d 1.09 ± 0.02c,d 5.39 ± 1.5 10.49 ± 0.9c,d 11.35 ± 0.5c,d

n: 3500 n: 2200 n: 2500 N: 5 N: 8 N: 8

5 1451.56 ± 489.71 9715.09 ± 1137.40c 9935.10 ± 1003.10c 0.45 ± 0.05 1.70 ± 0.09c,d 1.73 ± 0.08c,d 7.81 ± 1.2 15.97 ± 1.0c,d 16.99 ± 0.9c,d

n: 3500 n: 3500 n: 3650 N: 7 N: 9 N: 8
6 2303.71 ± 588.23 11737.46 ± 1476.73c 12007.50 ± 1161.25c 0.42 ± 0.09 2.00 ± 0.10c,d 2.08 ± 0.10c,d 9.04 ± 2.3 25.51 ± 1.1c,d 25.70 ± 1.3c,d

n: 7500 n: 6500 n: 6800 N: 7 N: 6 N: 7

Differences between SE and SCF groups of the same culture stage are not significant. n: number of cells. N: number of explants.
a Mean ± s.e.m. The initial values at pre-treatment stage (2 days of culture) of control and SE or SCF groups were equivalent.
b Expressed in mm2 as NCCs area (neural tube explant removed).
c Significant difference versus control.
d Significant difference versus the previous culture day.

equivalent at the start of each experimental run (Jaurena et al.,
2011).

Cell counting, DOPA staining and evaluation of pigment cells

The effect of SE/SCF treatment on NCC growth and proliferation
was estimated by comparing the total number of NCCs, the percent-
age of mitosis and the area occupied by NCC outgrowth. Parallel
experiments were made to evaluate proliferation by using BrdU
incorporation and antibody development (Jaurena et al., 2011), and
no significant differences were shown compared with the previous
method.

To detect pigment cells, a histochemical reaction was  per-
formed following a modification of the procedure described by
Perris (1987).  Cultures were fixed in 4% formaldehyde in phosphate
buffer saline (PBS) pH 7.0, for 5 min  at 4 ◦C, washed extensively
in PBS and incubated in PBS containing 1% l-DOPA (Sigma Chem.
Co., St Louis, MO,  USA) for 4 h at 37 ◦C in the dark. The solution
was changed each hour to prevent DOPA autooxidation. Follow-
ing incubation, cultures were washed twice in PBS, post-fixed in
10% formaldehyde in PBS pH 7.4, for 12–24 h at 4 ◦C, and mounted
with glycerin. The number of pigment cells (PCs) was  scored every
day under phase contrast microscopy, and the total numbers of
NCCs and DOPA-positive cells were scored at the beginning (Day 2)
and the end of each experiment (Days 3, 4, 5 and 6 of culture).
Pigment cell differentiation was evaluated as the percentage of
pigmented cultures/total cultures, in SE-treated and control cul-
tures. The percentage of pigmented cultures with different degrees
of pigmentation was scored for each experimental condition and
classified into the following categories: none (absence of PCs),
low (1–10 PCs/culture), medium (11–50 PCs/culture), high (51–100
PCs/culture) and very high (>100 PCs/culture).

Chemotaxis detection system

A modified chemotaxis chamber (Zigmond, 1977) was con-
structed with a Plexiglass plate of 70 mm × 30 mm × 3 mm in which
two 20 mm × 4 mm × 2 mm parallel wells were drilled (Fig. 1A, B,
w1, w2) (each one perforated with two holes at opposite ends,
1 mm diameter), separated by a partition wall 1.0 mm in width
(Fig. 1A, p). After placing three small drops (∼10 �l each) of N2
defined medium equidistant on the partition wall and spreading a
small amount of sterile mineral oil with a cotton-bud on the sur-
face of the plate outside the perimeter of both wells, a coverslip

carrying the cultured NCCs was carefully mounted upside down on
the chamber (Fig. 1A and B). The peripheral mineral oil and the small
drops previously placed in the middle of the partition wall enabled
two parallel closed chambers to be formed. The location of the NCC
culture at the level of the partition wall and equidistant from both
wells was  verified under a stereoscopic microscope (Fig. 1A and
B, cells). In the conventional manner, the left-hand well was per-
fused through the lateral hole with N2 medium using a tuberculin
syringe with a 25 G needle, paying attention not to overflow toward
the opposite well. After the air was  eliminated through the opposite
hole, the fluid just filled the capillary space between the partition
wall and the coverslip, and both holes were stopped with small
drops of mineral oil. Then, the right-hand well was  filled with the
SE or SCF (S7901; Sigma Chem. Co., St Louis, MO,  USA) solution
at the concentration indicated (or N2 medium = control), and both
holes were also stopped with drops of mineral oil. Other experi-
ments were carried out by filling the right-hand well with SE or SCF
samples pre-incubated with 2 �g/ml of neutralizing anti-SCF anti-
body (rabbit polyclonal ab9753; Abcam Inc., Cambridge, MA,  USA),
or with heat-inactivated SCF. Some other experiments were carried
out in the presence of anti-SCF or anti-C-Kit (1.5 �g/ml; monoclonal
ab25495; Abcam Inc., Cambridge, MA,  USA) antibodies in both
wells, all according to the indicated manufacturer’s instructions.
Additional experiments of isotype control (IgG2b) were performed
by using the same concentration of a monoclonal antibody (anti-
melanoma mouse monoclonal ab14203; Abcam Inc., Cambridge,
AM,  USA) under the same blocking protocol.

This construction enabled the formation of a stable two-
dimensional concentration gradient of diffusible molecules over a
distance of a few hundred micrometers between both compart-
ments, which was verified with a modification of a fluorescent
method (Zheng et al., 1994; Zigmond, 1977) (Fig. 1C and D). Briefly,
after the chamber was assembled as explained, the profile of the
concentration gradient was quantitatively monitored by loading
the right-hand well of the chamber with fluorescent reagents of
different molecular weights: fluorescein isothiocyanate (FITC) iso-
mer  I 10% on celite, or 1 mM 5-carboxyfluorescein in N2 defined
medium, or FITC-labeled IgG (Sigma Chem. Co., St Louis, MO,  USA),
and fluorescent images were collected with a ×10 objective for 9 h
at 30 min  intervals, then at 24 h, using a Hamamatsu C2400-08 cam-
era with silicon-intensifier target tube (Hamamatsu Photonics K.K.,
Tokyo, Japan) (Fig. 1C). Densitometric graphs of intensity profiles of
the fluorescent gradient measured pixel by pixel, enabled us to ver-
ify that a stable gradient was quickly established by diffusion over
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the entire width of the partition wall between both compartments
(Fig. 1D). The steepness of the gradient between 200 and 800 �m
from the source of the fluorescent molecule (across the microscopic
field of about 600 �m × 500 �m as marked on Fig. 1D), was esti-
mated as of 5–20◦ between 30 min  and 9 h respectively (around 15
degrees at the end of 6 h of experimental time), values consistent
with previous estimate data from equivalent systems (Lohof et al.,
1992; Zheng et al., 1994).

After mountings, the chemotaxis chamber was placed on
a 37 ± 0.1 ◦C thermostat-controlled plate of an Olympus BX-50
(Olympus Corp., Shinjuku-ku, Tokyo, Japan) microscope with a
phase contrast optic, connected to a video-microscopy system
consisting of a Sony SPT-M328CE video-camera (Sony Corp.,
Minato-ku, Tokyo, Japan), a DAGE-MTI HR1000 monitor (DAGE-MTI
Technologies, Michigan, IN, USA), and a Sony SVT-S3050P video-
recorder (Sony Corp.). Five minutes after the chamber sealing, the
cells in the capillary space (∼10 �m)  between the coverslip and the
middle of the partition wall were focused and video-recorded with
a x10 objective (useful optic field ∼600 �m × 500 �m).  Recordings
were carried out after focusing the cells of the migration front,
and time-lapse video-microscopy was performed for 6 h at 1 frame
every 1.5 s (Rovasio and Battiato, 1996, 2002). Then, cell images
were captured with the VidCap tool by setting the video recorder in
the playback mode (1 frame every 0.017 s, running continuously)
and using the pause control at intervals of 30 min. Cell contours
of each cell were outlined and transferred to a computer using
commercial software (SigmaScanPro, SPSS, California, IL, USA) to
analyze morphometric, dynamic and chemotactic parameters on
the same samples of cells.

Some NCC cultures were fixed at the start and the end of the
experimental time and stained for the actin cytoskeleton by apply-
ing the standard phalloidin-rhodamine reagent (Sigma Chem. Co.,
St Louis, MO,  USA).

Morphometric and dynamic parameters

The following morphometric parameters were evaluated: (1)
Area; (2) Perimeter; (3) Compactness, calculated as perimeter2/area;
(4) Feret diameter, calculated as the square root of 4 × area/�; (5)
Shape factor, defined as (4� × area)/perimeter2. The values of the
three cell shape parameters were coherent, and we report here
only the shape factor values. Because the shape factor of a circle
is equal to the unit, the more an object lengthens, the more the
shape factor tends to 0; and (6) Binary center of mass or “centroid”,
defined as the geometric center of a cell expressed as the average

Fig. 1. Chemotaxis detection system. (A) Transverse section, and (B) plane view of
a  Zigmond chamber under video microscopy equipment. A concentration gradient
is  formed between the coverslip and the partition wall (p) separating two wells
(w1, w2). (C) Projection of the (fluorescent) gradient at the level of the partition
wall at indicated intervals. (D) Densitometric graph of the fluorescent concentra-
tion gradient in function of the width of the microscopy field. The square included
represents the limits of microscope field during recording (see details in the text). (E)
XY  coordinate system with the right side facing the source of the chemoattractant
(or culture medium = control), related to some of the spatio-temporal cell param-
eters under study. A cell track is shown with the starting point at the origin (0,0)
of  the XY system and the final point in the area with highest probability of loca-
tion of chemotactic responsive cells. CLD: curvilinear distance. LD: linear distance.
LN:  linearity. NDx: net distance parallel to the gradient. NDy: net distance perpen-
dicular to the gradient. CI: chemotactic index. F: Schematic directional criteria for
chemotactic behavior test, adapted from Ming et al. (1997, 1999),  Song et al. (1997,
1998) and Zheng et al. (1994).  NCCs migrating from a cephalic cumulus explant or
an outgrowth of neural tube halo, located in the center of the partition wall (see
details in the text), exhibited a centrifugal dispersion in the control condition or
non responder cells (straight arrows on left-hand side), whereas under chemotac-
tic  signals from the right well (w2), the cell displacement—prevented from moving
toward the explant—, show a biased trajectory pattern of movement (bent arrows
on  right-hand side).
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of XY coordinates for every pixel in the cell perimeter, and is the
initial calculation of every dynamic and chemotactic parameter of
our user defined transformations (Fig. 1E).

As indicated in Fig. 1E, considering the X axis parallel to the gra-
dient, the dynamic parameters determined were: (1) Curvilinear
distance (CLD): represents the total distance traveled by the cell;
(2) Curvilinear velocity (CLV): total distance traveled by the cell per
unit time; (3) Linear distance (LD): the straight-line distance from
the start to the final point of a cell trajectory; (4) Linearity (LN):
nondimensional quotient between linear distance and curvilinear
distance (LN = LD/CLD), is an estimator of the straightness capacity
of a migratory cell, where the unit represents a rectilinear trajec-
tory; (5) Net distance in X (NDx): the distance traveled between
the initial and final points of the cell track projected on the X axis,
the positive (right-hand) and negative (left-hand) distances being
parallel to the chemotactic gradient; (6) Net distance in Y (NDy):
the distance traveled between the initial and final points of the
cell track projected on the Y axis, the positive (upper) and negative
(lower) distances being perpendicular to the chemotactic gradient;
and (7) Steepness (Slope): the declivity related to the gradient (X
axis) between the initial and final points of the cell track (Fig. 1E).

In a first batch of experiments to approach the directional loco-
motion pattern(s) of NCCs, the mean-square-displacement and the
diffusion coefficient were evaluated. Cell motility expressed as
mean-square-displacement is the linear correlation between the
square of the distance traveled and the experimental time, indicat-
ing that the motile cell behavior responds to the simple diffusion
model based on random walk theory (Bray, 1992), the charac-
teristics of which are determined by the theoretical parameters,
root-mean-square speed and persistence time of direction. The
root-mean-square speed is a mathematically derived determina-
tion of the speed of the cells which, unlike mean cell speed, is
independent of the chosen time-interval between observations;
and the persistence time of direction can be described as the aver-
age time between significant changes in the directional movement
of a cell (Dunn, 1983; Gail and Boone, 1970). This evaluation of the
global pattern of NCC locomotion supported the following stage of
particular determination of chemotactic parameters.

Chemotactic parameters

In our chemotaxis detection system, it is essential to take
into account several biological/experimental facts as well as the
appropriate system geometry to evaluate the potential chemo-
tactic behavior of the cells (Fig. 1F). Thus, in the embryo, NCCs
migrate from the closing neural tube as a population of polar-
ized substrate-attached cells, with temporary contacts among them
(Teddy and Kulesa, 2004), and under the influence of the contact
inhibition of locomotion (Carmona-Fontaine et al., 2008). The lat-
ter, in the context of a two-dimensional in vitro condition, produces
a centrifugal migration that, after some hours of culture into a
directionality-indifferent milieu, results in a smooth cell halo of
outgrowth around the source explant. Consequently, in contrast
to other free-swimming or isolated cells such as bacteria, sperma-
tozoa or leukocytes, the undisturbed in vitro NCCs do not behave
as isolated cells because (by reason of their explant origin) they
do not show the same ability to move in any direction (Fig. 1F).
Considering that the source of the NCCs, cephalic cell cumulus or
trunk neural tube outgrowth, is positioned at the center of the par-
tition wall, between the chamber wells, the cells that move without
an oriented guide (control = no gradient) are physically prevented
from going toward the explant but migrate in a centrifugal, fan-like
dispersion (Fig. 1F, straight arrows on the left). However, under a
two-dimensional gradient of chemotactic stimulus, the responsive
cells show a clear bias of migratory pattern toward the attractant
source (Fig. 1F, bent arrows on the right).

Two  or more of the previously defined dynamic parameters
were used to calculate the following chemotactic parameters,
applying algorithms developed in our laboratory:

(1) Percentage of cells migrating a net distance parallel to the gradi-
ent (X axis) greater than zero (%NDx > 0): for cells exhibiting a
random movement (control condition), the expected propor-
tion of cells oriented to the right-hand or left-hand well should
be ∼50%, whereas it will be >50% for responsive cells migrating
toward the attractant in a 180◦ angle (Oliveira et al., 1999).

(2) Percentage of cells with the quotient of the net distance paral-
lel to the gradient (X axis) over the absolute value of the net
distance perpendicular to the gradient (Y axis) greater than
one (%NDx/|NDy|>1): for a cell population having equal pos-
sibilities to take any direction, the proportion of cells oriented
toward any of the four quadrants of a two-dimensional micro-
scopic field will be ∼25%, whereas in a chemotactic field, the
proportion of responsive cells oriented toward the quadrant
of 90◦ angle facing the attractant gradient is expected to be
higher than 25% (Fabro et al., 2002). Although this value is
not reached in our experimental system because the cells are
prevented from moving toward the explant but migrate fan-
wise, it is nevertheless a very good parameter for chemotaxis
evaluation.

(3) Mean of the net distance traveled by the cell parallel to the gradient
(X axis) (

∑
NDx (+−)/total No. of cells): result of the algebraic

sum of the net distances on the X axis of all cell tracks (+ and
−) divided by the total number of cells. Alternatively, it is the
positive net distances on the X axis minus the negative net dis-
tances, divided by the total number of cells. The value of this
parameter is expected to be close to zero in a homogeneous,
no-gradient, milieu (control condition) or with a population
of non-responsive cells. In a chemotactic field with respon-
sive cells migrating a longer distance toward the source of the
attractant, the value of this parameter is expected to be higher
than zero (Oliveira et al., 1999).

(4) Chemotactic Index (NDx (+−)/CLD): expresses the efficient dis-
tance traveled by a cell toward an attractant. It is calculated as
the quotient of the net distances parallel to the gradient (X axis)
of all the migrating cells divided by the total distance traveled
(curvilinear distance). This parameter was  the first “classical”
measurement, after McCutcheon and colleagues, for quantify-
ing the direction of migratory cells in relation to a chemotactic
stimulus (McCutcheon et al., 1934); and this was also the begin-
ning of the “quantitative era” employing time-lapse techniques
(Noble and Levin, 1986). For cells responding to a chemotactic
gradient, the value approaches a straight line (i.e. tends to 1),
whereas for cells moving randomly the value tends to 0.

(5) Turning angle in degrees (Angle): expresses the directional bias
of a moving cell responding to chemotactic gradient. This typ-
ically directional parameter is calculated as the arctangent
transformation of the slope between the initial and final points
of the cell tracks (Ming et al., 1997, 1999; Song et al., 1997, 1998;
Zheng et al., 1994).

(6) Turning angle as percentage of cells against, non-oriented or
toward the attractant (% negative, % non-oriented, % posi-
tive): the turning response is scored as the percentage of cells
showing positive turning toward the attractant source (turn-
ing angle > 10◦), no turning (|turning angle| = < 10◦) or negative
turning away from the attractant source (turning angle <−10◦).
The cut-off criterion for cell orientation was based on the value
of 2× standard error of the mean (>95% confidence interval)
of cell tracks in non-stimulated conditions (homogeneous con-
trol milieu). For NCCs evaluated in a Zigmond chamber with
N2 defined medium in both wells, the turning response was
−0.65 ± 4.09 (Mean ± s.e.m.). Thus, a track <−10◦ or >10◦ is



Author's personal copy

380 R.A. Rovasio et al. / European Journal of Cell Biology 91 (2012) 375– 390

Table 2
Morphometric and dynamic parameters of neural crest cells in concentration gradients of Stem Cell Factor (SCF) and controls.

Area (�m2)a Perimeter (�m)a SFa CLD (�m)a CLV (�m/h)a LD (�m) a LIN a

Control
n: 79

2,292.06 ± 129.70 247.90 ± 17.03 0.48 ± 0.05 260.21 ± 11.97 43.37 ± 1.99 160.92 ± 9.30 0.63 ± 0.02

SCF  200 ng/ml
n: 25

1,918.57 ± 139.82 204.49 ± 9.61 0.58 ± 0.05 216.77 ± 16.73 36.13 ± 2,79 148.09 ± 10.91 0.58 ± 0.04

NS  NS NS NS NS NS NS
SCF  100 ng/ml
n: 39

2,003.14 ± 84.78 195.49 ± 16.98 0.66 ± 0.09 220.00 ± 19.15 36.66 ± 3.86 156.01 ± 11.19 0.62 ± 0.03

NS NS NS NS NS NS NS
SCF  50 ng/ml
n: 62

1,728.58 ± 80.56 290.59 ± 5.39 0.26 ± 0.05 215.90 ± 10.80 35.88 ± 2.80 130.49 ± 9.42 0.70 ± 0.02

p  < 0.001 p < 0.04 p < 0.004 p < 0.009 p < 0.03 p < 0.03 p < 0.02
SCF  25 ng/ml
n: 91

1,604.33 ± 68.21 298.78 ± 9.81 0.23 ± 0.03 176.67 ± 7.99 29.44 ± 1.33 111.66 ± 6.32 0.73 ± 0.02

p  < 0.001 p < 0.01 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001
SCF  12.5 ng/ml
n:  33

1,890.03 ± 131.38 232.80 ± 8.77 0.43 ± 0.02 233.00 ± 11.15 38.30 ± 1.86 152.88 ± 9.89 0.69 ± 0.03

NS  NS NS NS NS NS NS
SCF  25-Inac
n: 50

2,164.91 ± 82.45 219.83 ± 15.98 0.56 ± 0.03 250.62 ± 11.26 41.44 ± 1.88 158.08 ± 8.20 0.66 ± 0.03

NS  NS NS NS NS NS NS

SF: Shape Factor. CLD: Curvilinear distance. CLV: Curvilinear velocity. LD: Linear Distance. LN: Linearity. Inac: Heat-inactivated. NS: Not significant. (n): Number of cells in
each  experimental condition. For the number of cell silhouettes evaluated, multiply by 13 in each experimental condition.

a Mean ± s.e.m.

considered left- or right-oriented respectively (Ming et al.,
1997, 1999; Song et al., 1997, 1998; Zheng et al., 1994).

Statistical treatment

After estimation of the minimal sample size, no fewer than
50 cells and a mean of about 650 cell contours and centroids in
each experimental condition repeated in triplicate were stud-
ied. The number of cells (and cell profiling of each cell) in each
experimental condition is mentioned in the Results section. Means
comparisons were made with Student’s t-test and nonparamet-
ric Mann–Whitney tests. Analysis of proportions was performed
with the z-test with Yates correction, or previous transformation to
the corresponding arc-sine values, then one way ANOVA followed
by Scheefee’s method for comparing all contrasts (Montgomery,
1991), or the Tukey assay (Jaurena et al., 2011) performed using
the SigmaStat (SPSS, California, IL, USA) software. Statistical signif-
icance was set at p ≤ 0.05.

Results

Skin extract and chemotactic concentration of Stem Cell Factor
induces proliferation and “motion-morphology” of in vitro neural
crest cells

NCC cultures treated with pure skin extract (SE) showed a sig-
nificant increase in the total number of cells per explant as well as
a higher percentage of mitosis, compared to controls (Table 1). Pro-
liferative data from BrdU incorporation revealed equivalent results
(data not shown). These data are coherent with the cell outgrowth
area occupied by NCCs, despite the reduction of individual cell area
(see below, and Table 2), which is significantly larger in the SE-
treated cultures, increasing also with increased incubation time,
showing a notably extensive halo of outgrowing cells compared
to control cultures (Table 1). Moreover, the number of NCCs, their
proliferative rate and outgrowth area in cultures treated with SCF
(50 ng/ml) were significantly higher than in the control condition
and similar to values obtained with SE treatment (Table 1). On the
other hand, growth parameters of NCC cultures treated with 1/10
or 1/50 dilutions of SE are not different from those of controls (data
not shown).

In pure SE-treated cultures a uniform cell distribution was  also
seen with few cell-free spaces, as well as the typical stellate cell
morphology, and scarce neurite-like processes (Fig. 2B, D, and F).
In contrast, control cultures showed a significantly smaller halo of
NCCs (Table 1), with a smaller cellular area and a high number of
neurite-like processes connecting NCCs (Fig. 2A, C, and E).

Morphometric parameters were determined by applying real-
time video-microscopy of NCCs under concentration gradients of
SE, SCF and control conditions. Values representing the mean of
13 images per cell during 6 h of experimental time were obtained.
When NCCs migrated in concentration gradients of 25 and 50 ng/ml
of SCF at the source well, the cell area of moving cells showed a sig-
nificantly decreased value with an increased perimeter (Table 2).
Reduction of the shape factor was also seen at the same SCF con-
centrations (Table 2), indicating the lengthening experienced by
migratory cells in a chemotactic milieu (see below), which cor-
responds with the typical distribution of cytoskeletal structure in
SCF-exposed cells (see Fig. 7, insets). Similar values of these mor-
phometric parameters were found in NCCs under gradients of SE at
dilutions of 1/10 and 1/50 (data not shown).

Melanocyte differentiation increases after treatment of in vitro
neural crest cells with skin extract or Stem Cell Factor

On NCC cultures of progressive incubation times after SE treat-
met, the PCs showed their typical morphology with a variable
number of cytoplasmic processes and a growing degree of pigmen-
tation (Fig. 2B, D, and F), characteristics that were also seen on NCC
cultures treated with SCF (Fig. 2F, inset). A higher magnification of
these cultures shows up the spherical and elliptic morphology of
melanosomes with variable pigmentation (Fig. 3A and B), suggest-
ing different degrees of maturation (Provance et al., 1996), as well
as proliferating melanocytes (Fig. 3B, inset).

In preliminary experiments, we  observed a high proportion of
pigment cells (PCs) on the 4th day of culture in both control and
pure SE-treated cultures, showing a high variability in their values,
probably due to the remarkable increase in the number of NCCs
at that time of incubation (Table 1). Therefore, we estimated the
melanocytic differentiation as the proportion of pigmented NCC
cultures, which were classified in five degrees of pigmentation
(see Material and Methods). Results summarized in Fig. 4 clearly
show that, at the 3rd day of culture, 62% of controls versus 37% of
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Fig. 2. NCC cultures of 4 (A, B); 5 (C, D) and 6 (E, F) days, controls (A, C, E) and pure SE-treated (B, D, F). Insets on (A) and (B) show NCC cultures at the start of the corresponding
experiments. Inset on (F) shows a NCC culture after treatment with SCF. In all cases, the neural tube explant was removed. Note the enlarged cell density, the low development
of  neurite-like processes (arrows) and the increasing pigmentation in cultures treated with SE/SCF. Phase contrast optic. Bar: 160 �m 100×.

SE-treated cultures remained unpigmented. These percentages
tended to decrease with culture time, reaching zero at day 4 of
culture in SE-treated experiments, while in controls they reached
zero at day 5. On the other hand, the cell proportion with a very
high degree of pigmentation in control cultures increased with the
course of time, from zero at the 3rd day of culture reaching 66% at
day 6, while the SE-treated cultures showed a very high degree of
pigmentation, increasing from 6% at the 3rd day of culture to 86% by
day 6 (Fig. 4). The experiments carried out using culture treatments
with 1/10 or 1/50 dilutions of SE did not show results significantly
different from the controls.

Changes of dynamic parameters and chemotactic response are
induced on in vitro neural crest cells by concentration gradients of
skin extract or Stem Cell Factor

A preliminary goal of this study was to establish a reli-
able, directionality-based, objective method for the evaluation of
chemotaxis, independently of chemokinesis and other dynamic
phenomena. This is essential because, to assert chemotactic cell
behavior, it is not sufficient to show anisotropic cell accumula-
tion, as this could also be biased by effects of cell speed, pattern
of movement, trapping phenomena or trophic effects (Eisenbach,
1999; Fabro et al., 2002). For this reason, we employed a real time

video-microscopy approach and a directionality-based algorithm,
using a chemotaxis chamber (Zigmond, 1977), thus avoiding inter-
ference from processes other than chemotaxis which might cause
selective accumulation of cells (Fabro et al., 2002; Marín et al., 1995;
Rovasio et al., 1994).

The dynamic behavior of NCCs exposed to concentration gra-
dients of 1/10 or 1/50 dilution of SE in the source revealed an
active and global cell response typical of directional migration. As
a first and abridged characterization of the locomotion patterns
of NCCs exposed to a gradient of 1/50 dilution of SE and control,
the mean-square-displacement and the diffusion coefficient are
shown in both conditions (Fig. 5). Our results on NCCs migrating
in the Zigmond chamber indicate that the migratory pattern is dif-
fusive in a 1/50 dilution of SE-treated cultures (Fig. 5), exhibiting
a higher diffusion coefficient than the control (Fig. 5, inset). This
result agrees with the increasing linearity of cells exposed to SE gra-
dient. Thus, preliminary observations suggested that the distance
traveled, velocity, linearity and chemotactic bias are coherently
related and involved in a progressive and oriented motion of the
cell toward factor(s) segregated by the skin.

Dynamic and chemotactic cell behavior data obtained with the
same cluster of parameters applied in NCCs under chemotactic con-
centrations of SE and SCF were not significantly different and we
will show henceforth only the detailed results corresponding to
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Fig. 3. NCCs of 5 (A) and 6 (B) day cultures treated with pure SE. Dopa staining.
Note variations in the number and morphology of melanosomes from spherical
(arrowhead) to elliptic (double arrowhead). Mitoses are also observed in the pig-
ment cells (inset). Phase contrast optic. Bar: 20 �m.  ×800. Similar aspect was seen
after treatment with SCF (50 ng/ml).

the SCF-treated groups. The functional blocking experiments using
anti-SCF or anti-C-Kit antibodies (see Materials and Methods sec-
tion) also gave similar results to those using heat-inactivated SCF,
so we show here only results of the latter condition. Functional
blocking experiments to control monoclonal antibody isotype gave
non-significantly different results from those using SCF alone (data
not shown), showing the specificity of the functional blocking.

After exposure at concentration gradients of 25 or 50 ng/ml
of SCF in the source (chemotactic concentrations, see below), the
absolute distance and velocity, as well as the linear distance trav-
eled by the NCCs, were significantly lower compared to higher or
lower SCF concentrations or to controls (Table 2). Cell linearity, as
a nondimensional parameter characterizing the capacity of the cell
to maintain a straight trajectory, was higher at 25 and 50 ng/ml of
SCF concentrations in the source (Table 2).

These results supported SCF as a strong candidate for the attrac-
tion of pre-melanocyte NCCs to the skin. Thus, cultures under
concentration gradients of SCF showed significant chemotactic

behavior of NCC subpopulations at concentrations of 25 or 50 ng/ml
of SCF at the gradient source. This oriented behavior was  expressed
as the percentage of cells migrating a net distance parallel to the
gradient greater than zero, that is more cells moving into an angle
of 180◦ facing the SCF, while only about 50% of cells migrated to the
control milieu (Table 3, first column; Fig. 6, black columns). Chemo-
taxis was  also revealed under a more stringent test, expressed as
cells that move in a much more oriented way into an angle of 90◦

facing the SCF (Table 3, second column; Fig. 6, grey columns). Lower
and higher SCF concentrations did not induce chemotactic migra-
tion. Moreover, when SE or chemotactic concentrations of SCF (25
or 50 ng/ml) were pre-incubated with anti-SCF or assayed in the
presence of anti-C-Kit antibodies, the values of oriented migration
of NCCs fall to the control condition (Fig. 6). Since there were no sig-
nificant differences between treatments with anti-SCF, anti-C-Kit
antibodies or heat-inactivated SCF, the values of these conditions
were subsequently shown as inactivated SCF (Figs. 7–11, 25-Inac).
At the higher concentration of 200 ng/ml of SCF, the percentage of
chemotactic NCCs was significantly lower than in controls (Table 3,
first and second columns; Fig. 6).

Both 25 and 50 ng/ml of SCF in the gradient source also showed
a chemo-attractant effect when the chemotactic parameter was
expressed as the mean of the net distance traveled parallel to the
SCF gradient, but the treatment with 200 ng/ml of SCF promoted a
significant chemo-repulsive reaction (Table 3, third column; Fig. 7).
As mentioned, NCCs experiencing chemotactic migration showed
cell lengthening and a typical distribution of the actin cytoskeleton
as compared to controls (Fig. 7, insets).

Considering that the chemotactic index expresses how biased a
cell trajectory is, since it is expressed as the quotient between the
net distance parallel to the gradient and the total distance traveled
by the cell, it also confirms the chemo-attraction of NCCs exposed
to gradients of 25 and 50 ng/ml SCF, as well as the chemo-repulsion
after placing 200 ng/ml of SCF in the gradient source (Table 3, fourth
column; Fig. 8). Once more, this parameter shows that NCC chemo-
tactic behavior is prevented by anti-SCF or anti-C-Kit antibodies, or
heat-inactivated SCF (Fig. 8, 25-Inac). Moreover, a clear expression
of the C-Kit receptor was found on the majority of NCCs at the lead-
ing front, supporting the selective directional response of this cell
population toward the SCF (Fig. 8, insets).

The turning angle of the chemotactic response is another impor-
tant parameter of migratory cell behavior, much applied in studies
of chemotactic axonal growth cone (Ming et al., 1997, 1999; Song
et al., 1997, 1998; Zheng et al., 1994), and adapted to our system.
They express the mean value in degrees of the slope between the
initial and final points of the cell track. This parameter also showed
the positive and negative chemotactic behavior of NCCs in SCF gra-
dients at concentrations of 25–50 or 200 ng/ml respectively in the
source (Table 3, right; Fig. 9). When the turning response of migra-
tory NCCs was  evaluated as the proportion of cell tracks that are
non-oriented, or oriented toward or against the SCF source, it was
clearly seen that, at a chemo-attractant concentration of 25 and
50 ng/ml SCF there was  a higher percentage of cells oriented to gra-
dient (Table 3, far right; Fig. 10), while the subpopulation of NCCs
chemo-repelling at 200 ng/ml SCF in the source matched well with
a low proportion of cells non-oriented or oriented toward the SCF.

The position of every cell at the end of each experiment also
shows the biased location of NCCs toward the gradients of 25 and
50 ng/ml SCF when it is expressed as cumulative turning angles of
cell tracks at the end of 6 h of experimental time (Fig. 11A, a,b), and
the repulsive cell behavior (Fig. 11A, c), compared with the equidis-
tant distribution plots of the control conditions (Fig. 11). Moreover,
the chemotactic effect is clearly visualized after plotting the linear
distance expressed as the straight line from the start to the final
points of a cell trajectory after exposure to control (Fig. 11B) or to
the SCF chemotactic gradient (Fig. 11C). As was  previously stated,
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Fig. 4. Different degrees of NCC pigmentation expressed as percentage of pigmented cultures in SE-treated (T) and control (C) conditions, after 3, 4, 5 and 6 days of incubation.
See  criteria for classification in Materials and Methods. Proportion of pigmented cultures was  transformed to arc-sine values to check for statistical differences. Significant
difference with the previous culture day: (a) p < 0.05; (b) p < 0.001 and with control cultures: (c) p < 0.05. Nc: number of control explants. Nt: number of SE-treated explants.
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Fig. 5. Mean square displacement of NCCs exposed to SE-gradient (©)  and con-
trol  (�). r2: linear regression coefficient (p < 0.05). Dashed lines: regression fitting
with 95% confidence interval (- - -). Diffusion coefficient (cm2/seg). On the Y-axis:
1  × 103 �m2. Significant differences * versus control, ** versus opposite side.

Fig. 6. Proportion of NCCs migrating up to gradients of SCF. Chemotaxis is expressed
as  the percentage of cells migrating to the SCF-gradient into a 180◦ angle (black
columns), and into a 90◦ angle (grey columns) (see Materials and Methods for defi-
nitions). Proportion of migrating NCCs was  transformed to arc-sine values to check
for  statistical differences. Western blot (inset) show immunolabeling of SCF in a
sample of SE, using rat brain tissue lysate (20 �g per lane, RBL) and SCF (1 �g per
lane) as positive controls (see Materials and methods for details). Columns marked
25Ab represent pre-treatment of 25 ng/ml SCF with anti-SCF antibody. Since no
significant difference was seen among the pre-treatment with anti-SCF, or in the
presence of anti-C-Kit antibody, or with heat-inactivate SCF, henceforth the values
of  these experimental conditions will be show as inactivate SCF (25-Inac). Signif-
icant differences versus control a: p < 0.05; b: p < 0.008; c: p < 0.003; d: p < 0.03; e:
p  < 0.001.
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Fig. 7. Distance traveled by NCCs in gradients of SCF. Chemotaxis is expressed as
the  mean of the net distance traveled parallel to the gradient (X axis). Significant
differences versus control: a: p < 0.001; b: p < 0.002; c: p < 0.02. Quiescent (A) and
migrating (B) NCCs, actin cytoskeleton stained with phaloidin-rhodamine.

chemotactic response was not observed when anti-SCF or anti-C-
Kit antibodies were present in the system medium, and these values
were not significantly different from those of the heat-inactivated
SCF.

Discussion

One of the most intriguing and complex problems in develop-
mental biology is the foundation of the cell’s ability to distribute
into particular fields of the body. Although in recent decades
much biological knowledge has converged toward the molecular
definition of migratory cell behavior, satisfactory explanations
about the mechanism(s) for the precise orientation of the embry-
onic cells are as yet scarce. A plausible process involving the
directional communication of the cell reverts to the old concept of
chemotaxis, advanced for axon growth cones at the end of 19th cen-
tury (Ramón y Cajal, 1892), as the capacity of the cell to recognize
distant guide signals arising from a spatio-temporal concentration

Fig. 8. Chemotactic index of NCCs in gradients of SCF. Chemotaxis is expressed as
the  quotient between the net distance parallel to the gradient (X axis) and the total
distance traveled. Significant differences versus control condition. a: p < 0.001; b:
p  < 0.001; c: p < 0.008. Insets show immunolabeling of the C-Kit receptor at the lead-
ing  front of NCC culture (A, B), and at the “rear” area of the explants (C, D). A, C:
phase contrast. B, D: immunolabeling.
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Fig. 9. Turning responses of migratory NCCs in gradients of different SCF concentra-
tion. Chemotaxis is expressed as the mean of the turning angle (in degrees) of cell
tracks between the start and final points of migration. Significant differences versus
control. a: p < 0.001; b: p < 0.003; c: p < 0.007.

gradient, and consequently responding with an oriented displace-
ment toward the specific soluble factor(s) segregated by “target”
fields (Belmadani et al., 2005; Natarajan et al., 2002; Tosney, 2004;
Wang et al., 2007). Over the past 15 years, this guidance mechanism
was “re-discovered” by researchers making spectacular contribu-
tions on the pathfinding behavior of the axon growth cone (Charron
and Tessier-Lavigne, 2005; Mortimer et al., 2008; von Philipsborn
and Bastmeyer, 2007); now we wait hopefully for reports focusing
on another accurately moving paradigm, the embryonic cells (see
Kasemeier-Kulesa et al., 2010).

The neural crest cells (NCCs), a well-known example of this
paradigm, form a multipotent cell population of the vertebrate
embryo, undergoing wide dispersion along multiple pathways, and
finally invading and colonizing with high precision particular sites

Fig. 10. Proportion of turning responses of NCCs in gradients of different SCF con-
centrations. Chemotaxis is expressed as percentages of cell tracks not oriented
or  turning toward or against the gradient. Proportion of turning NCCs was trans-
formed to arc-sine values to check for statistical differences. Significant differences:
a:  p < 0.02 versus Control. b: p < 0.003 versus Toward the attractant. c: p < 0.03 versus
Control. d: p < 0.02 versus Control. e: p < 0.02 versus Control. f: p < 0.001 versus
Against the attractant. g: p < 0.001 versus Control. h: p < 0.001 versus Against the
attractant.
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Fig. 11. (A) Distribution of turning angles of NCCs migrating in gradients of different SCF concentrations. Chemotaxis is expressed as cumulative turning angles of cell tracks.
For  each experimental condition, angular positions of all cells at the end of 6 h of exposure to different SCF concentration gradients are shown in a cumulative distribution
plot.  The percent value refers to the percentage of cell tracks with angular position less than or equal to a given angular value on abscissa. Significant differences versus
control: a: p < 0.001; b: p < 0.003; c: p < 0.007. (B) Linear distance of NCCs migrating in a Zigmond chamber without gradient (control). (C) Linear distance of NCCs migrating
in  a concentration gradient of 25 ng/ml SCF at the source (arrow).

of the body to differentiate in pigment cells, among many other
derivatives (Le Douarin and Kalcheim, 1999).

In the present work, we show that the skin extract (SE) signif-
icantly increases NCC number and proliferation, accelerating the
appearance of the melanocyte phenotype (Table 1; Figs. 2–4). In
addition, following a working hypothesis on the possible influence
of epidermal factor(s) on pre-melanocyte colonization (Le Douarin
and Kalcheim, 1999), we show that subpopulations of NCCs respond
with directional migration along gradients of soluble skin factor(s)
(Fig. 5) and of trophic molecule Stem Cell Factor (SCF) (Table 3;
Figs. 6–11). These chemotactically-responsive NCCs also showed
lengthening shape, increased perimeter and decreased cell area, as
well as reduction of speed and greater capacity to maintain rectilin-
ear migration (Table 2), which is consistent with changes observed
in directionally migrating cells, and concomitant with typical rear-
rangements of the actin cystoskeleton (Fig. 7, insets).

The SCF (or steel factor) is a well-known trophic factor, ligand
of the receptor tyrosine kinase C-Kit carried by primordial germ
cells, hematopoietic stem cells, pre-melanocyte NCCs and NCC-
derived neurons (Ashman, 1999; Carnahan et al., 1994; Keshet et al.,
1991; Luo et al., 2003). A common factor of these cell lineages is
the long distance of oriented migration seen during embryo devel-
opment, a process that seems strongly related with the SCF/C-Kit
system (Yoshida et al., 2001), and with reports that SCF is topo-
logically related with migratory routes of those cell populations
(Keshet et al., 1991). From preceding works, it is known that the
SCF stimulates in vitro avian NCC survival and melanocyte differ-
entiation (Lahav et al., 1994), and that early avian embryo extracts
have proliferative and melanogenic effects on NCCs (Lecoin et al.,

1994). Also, in vivo studies showed that during the avian skin devel-
opment, C-Kit-expressing NCCs migrate into the SDF-producing
fields (3–17 days-old avian embryo epidermis) at the time when
melanoblasts proliferate and differentiate (Faas and Rovasio, 1998;
Lecoin et al., 1995). These and other literature data taken as a whole,
together with our present results, indicate that SCF is a qualified
diffusible factor of the skin, favoring the proliferation, melanocyte
differentiation and directional migration of pre-melanocyte NCCs.
Recent reports also show the migration-promoting effect of SCF on
other cell types such as cancer cells (Katiyar et al., 2007), neurons of
the central nervous system (Erlandsson et al., 2004; Soumiya et al.,
2009) and axons (Gore et al., 2008), and also involve this factor in
the oriented migration of neural stem cells toward areas of brain
injury (Sun et al., 2004).

In the present work, after applying a battery of chemotaxis
parameters analyzed under strictly directionality-based criteria,
it was  noteworthy that the chemotactic behavior of a significant
subpopulation of NCCs toward SE and SCF was expressed as the
proportion of migrating cells, the distance traveled toward the
attractants and the angular bias of the cell trajectories. More-
over, all chemotaxis parameters involving different expressions
of oriented cell migration delineated responses with a bell-
shaped curve, typical of a concentration-dependent chemotactic
response (Blume-Jensen et al., 1993; Erlandsson et al., 2004; Gore
et al., 2008). This response to a concentration gradient does not
produce a saturation curve of chemotaxis because, when the attrac-
tant concentration increases above saturation, specific membrane
receptors remain totally occupied, are then incapable of detect-
ing differential changes coming from the extracellular gradient
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and, consequently, the chemotactic response falls. The bell-shaped
curve was constantly found in the proportion of responding NCCs,
the distance traveled and the changes of cell-tracking angle toward
the source of the SE/SCF.

Besides the evidence supporting the notion of chemotactic
motility of NCCs toward a concentration of 25–50 ng/ml of SCF at
the source of the gradient, the NCCs exposed to high concentrations
of SCF (100–200 ng/ml) showed an arrested or repulsive migration
in relation to the gradient.

The idea of chemorepulsion (or fugetaxis) has been far more
studied on leukocytes, contributing greatly in dissecting the molec-
ular mechanisms involved in cell motility toward the tissues and
back to vasculature (Huttenlocher and Poznansky, 2008; Mirakaj
et al., 2011). Also, the negative guidance of the axon growth cone
has received significant attention, from the 1990s classical works
(Charron and Tessier-Lavigne, 2005; Song et al., 1998; Tessier-
Lavigne and Goodman, 1996) up to recent detailed reports on
mechanisms of the in vitro (Rajasekharan et al., 2010) and in vivo
(Murray et al., 2010) wiring of the nervous system. On embry-
onic cells, particularly on NCCs, the evidence of chemorepulsion
is scarce, with the exception of some works involving the develop-
ment of the outflow tract of the heart (Toyofuku et al., 2008), and
the early migratory NCCs confined to the trunk ventral pathway
(Jia et al., 2005). Recent data show a chemokine system involved
in concentration-dependent attraction/repelling phenomena of
NCC-derived melanoma cells, associated with tumoral metastatic
expansion (Amatschek et al., 2011). A similar concentration-
dependent effect of Sonic hedgehog (Shh) was depicted on retinal
axons (Kolpak et al., 2009). In addition to the present report,
recent evidence from our laboratory also showed the bi-phasic
concentration-dependent effect of the chemokine Stromal cell-
Derived Factor-1 (SDF-1) (Jaurena, 2011), as well as the morphogen
Shh (Tolosa et al., 2011) on the mesencephalic NCCs.

It is important to note that the attraction-repulsion phenomena
could be masked by the method of study. Nowadays, a significant
proportion of the reports on chemotaxis utilize variants of Boy-
den’s classic across-filter method (Boyden, 1962). As a whole, this
static system makes it possible to determine the proportion of cells
migrating toward the potential attractant, but not in the opposite
sense (Erlandsson et al., 2004). Among the advantages of real-time
dynamic study methods, apart from the detection of repulsive cell
migration, is the determination of absolute motility parameters
such as the cell speed and distance traveled. In this context, the
present data show that, at a chemoattractive concentration of SCF
(25–50 ng/ml), the NCCs display a significant low cell velocity (see
Table 2). This phenomenon was also reported, among others, on
neurons of the central nervous system attracted by SCF (Erlandsson
et al., 2004) and in our laboratory by the chemokine SDF-1 (Jaurena,
2011) and the morphogen Shh (Tolosa et al., 2011). On the other
hand, the chemotactic response of NCCs up to Neurotrophin-3
shows no variation of the cell speed (Zanin and Rovasio, 2010).
The mechanism of the cell repulsion phenomena, as well as the
relationship between chemotactic orientation and cell velocity, are
today still unexplained. In brief, the plausible mechanism to explain
chemorepulsion leaves a big question whose answer is still elu-
sive. In fact, there is very little consistent evidence suggesting the
general notion that similar molecules drive the cell “forward” or
“backward”, modulating the opposite directional displacements by
very small, but significant, changes in some elements of the com-
plex taxis-associated signal chains (Petersen and Cancela, 2000;
Song et al., 1998).

Results from both the present report and previous literature
as a whole suggest a simplified general model for in vivo NCC
behavior in connection with the SCF/C-Kit system (Fig. 12). The
early migratory NCCs, confronted with a spatial low (downward
slope) concentration gradient of SCF starting at the epidermis,

Fig. 12. Schematic transverse section of a vertebrate embryo showing a general
chemotactic model of in vivo melanogenic subpopulation of NCCs (spheres). The
concentration gradient (shaded triangle) represents epidermal factors (i.e. SCF) that
in  the downward slope induce chemotactic migration up to gradient (arrow), and
at  higher concentration stimulate proliferation and melanocytic differentiation of
NCCs. Ec: ectoderm (future epidermis = target field). NT: neural tube. S: somite. N:
notochord.

respond with an oriented migration toward their destination field
(the skin). When arriving in the vicinity of the target gradient
source, the higher concentration of chemotactic factor(s) stops the
directional guidance but induces a proliferation-survival effect, as
well as melanocyte differentiation (Fig. 12).  Thus, the continuous
growth and expansion of pigment cell lineage could allow their
vast skin colonization without necessity of subsequent chemotac-
tic guidance. The assumed factor(s) involved in the SCF gradient
formation/stability are not known, whether a source-sink model,
SCF consumption by migrating NCCs, or modulation of the SCF
shedding in the souce field. The plasticity of the C-Kit receptor,
which responds to the concentration-dependent functional signals
of the SCF ligand, determining migration, proliferation, survival
and/or differentiation of NCCs, is unknown. Many of these phe-
nomena are well known as in vivo morphogenetic changes (Le
Douarin and Kalcheim, 1999; Wehrle-Haller et al., 2001). However,
we must also consider the probable concomitant influence of other
factor(s) such as Fibronectin (Takano et al., 2002), or Endothelin-
3 (Dupin et al., 2000; Lahav et al., 1998), which can interact with
SCF (Ono et al., 1998), as well as a contribution of the dermis as
a possible source of other long-distance molecular cues (Tosney,
2004).

To our knowledge, the present report provides the first direct
evidence that SE and SCF modify the directionality of a subpopula-
tion of NCCs, inducing a linearization of cell locomotory behavior,
as well as morphologic and dynamic changes typical of oriented
migratory cells. The increased persistence of NCCs could participate
in the mechanism of skin colonization, by guiding the cells through
their surrounding milieu to invade the target field. This observation
is consistent with the report of a subpopulation of NCCs recog-
nized by the Mel-EM antibody, an early marker of pigment cells
(Lahav et al., 1994). It is generally known that the SCF is expressed
in the embryonic epidermis at least from day 3 of development,
and the C-Kit receptor is carried by avian pre-melanocyte NCCs
(Lecoin et al., 1995) as well as by a sub-population of melanogenic
NCCs shortly after their segregation from the neural tube (Luo et al.,
2003). Moreover, our present observation, that a large proportion
of the leading front NCCs migrating up the gradient of SCF express
the C-Kit receptor, suggests that the NCC subpopulation chemo-
tactically responsive to SE and SCF represents the pigment cells
subpopulation. The fact that not all, but a significant subpopula-
tion of NCCs respond, is a reflection of the molecular heterogeneity
of NCCs. Given that NCCs migrate along different pathways and
develop various environment-dependent derivatives (Le Douarin
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and Kalcheim, 1999), it is clear that the identity of the complex
receptor-cytoplasmic signal chain of NCCs is not homogeneous, and
that not all NCCs are necessarily and simultaneously responsive to
the SE/SCF stimulus.

Several molecules and mechanisms were proposed as work-
ing for the efficient migration of NCCs, from the glycoprotein
fibronectin (Rovasio et al., 1983) and other extracellular matrix
molecules (Hay, 2005; Lock et al., 2008; Perris and Perissinotto,
2000), to reports suggesting cell-to-cell contacts (Teddy and Kulesa,
2004), the involvement of the Wnt  family of genes, the pro-
teoglycan Syndecan-4 and the “planar cell polarity” (Matthews
et al., 2008a,b), the mechanism of contact inhibition of locomotion
(Carmona-Fontaine et al., 2008) as well as the association between
the SCF/C-Kit system and the lateral migration of NCC melanocyte
precursors (Wehrle-Haller et al., 2001). These and other studies,
using recent technologies on in vivo embryos, provided valuable
data for understanding the migration of NCCs (Kulesa et al., 2010;
Krispin et al., 2010). However, the persistent motility, contact inhi-
bition phenomena, or even the activity of many extracellular matrix
molecules, although important constituents of migratory behavior,
may  be not exclusively responsible but rather cooperative factor(s)
for oriented cell motility. Our in vitro results, obtained with a sys-
tem that enables the study of NCC subpopulations confronted with
concentration gradients of attractants, excluding other migratory
factor(s), showed that chemotaxis, studied under strict real-time
directional criteria, may  be an essential element of spatiotemporal
orientation of NCCs toward specific fields of the embryo body, and
that NCC-derived pigment cells migrate toward the skin under the
SCF/C-Kit system. In addition, in this sensitive process of NCC guid-
ance, it is also reasonable to consider the confluent (also redundant)
mechanisms governed by other growth factors and chemokines
such as in our not yet published observations (Jaurena, 2011; Tolosa
et al., 2011; Zanin and Rovasio, 2010), providing for any failures in
the directional behavior of embryonic cells.

In conclusion, our in vitro approach seems to support the idea
that diffusible factor(s) of the embryo skin play a crucial role
in pigment cell ontogenesis, involving cell proliferation of NCCs,
melanocyte differentiation and chemotactically-oriented coloniza-
tion of the epidermis, induced by a SCF concentration gradient
emerging from the skin as the target field (Fig. 12). These data also
amplify the functional scope of trophic factors by involving them in
new activities as molecular guides for the colonization mechanism
of embryonic cells.
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