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We analyzed the cellular and molecular mechanisms governing the adhesive and migratory behavior of
enteric neural crest cells (ENCCs) during their collective migration within the developing mouse gut. We
aimed to decipher the role of the complement anaphylatoxin C3a during this process, because this well-
known immune system attractant has been implicated in cephalic NCC co-attraction, a process con-
trolling directional migration.

We used the conditional Ht-PA-cre transgenic mouse model allowing a specific ablation of the
N-cadherin gene and the expression of a fluorescent reporter in migratory ENCCs without affecting the
central nervous system. We performed time-lapse videomicroscopy of ENCCs from control and N-cad-
herin mutant gut explants cultured on fibronectin (FN) and micropatterned FN-stripes with C3a or C3aR
antagonist, and studied cell migration behavior with the use of triangulation analysis to quantify cell
dispersion. We performed ex vivo gut cultures with or without C3aR antagonist to determine the effect
on ENCC behavior. Confocal microscopy was used to analyze the cell-matrix adhesion properties. We
provide the first demonstration of the localization of the complement anaphylatoxin C3a and its receptor
on ENCCs during their migration in the embryonic gut. C3aR receptor inhibition alters ENCC adhesion
and migration, perturbing directionality and increasing cell dispersion both in vitro and ex vivo. N-cad-
herin-null ENCCs do not respond to C3a co-attraction. These findings indicate that C3a regulates cell
migration in a N-cadherin-dependent process. Our results shed light on the role of C3a in regulating
collective and directional cell migration, and in ganglia network organization during enteric nervous
system ontogenesis. The detection of an immune system chemokine in ENCCs during ENS development
may also shed light on new mechanisms for gastrointestinal disorders.
& 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The enteric nervous system (ENS) controls the motor and se-
cretory functions of the gastrointestinal tract. It consists of enteric
neurons and glial cells, most of which are produced from the vagal
enteric neural crest cells (ENCCs), which invade the foregut me-
senchyme of mice at E9.0–9.5, subsequently migrating ros-
trocaudally within the gut mesenchyme. At early stages of devel-
opment, the gut is a straight tubular structure that increases in
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length and undergoes morphological changes and regionalization
during its colonization by ENCCs. During the gut colonization
process, these cells proliferate, differentiate and progress caudally
in the midgut. They pause at the cecum and then continue to
migrate until they reach the distal hindgut (Druckenbrod and
Epstein, 2007, 2005; Young et al., 2004; Lake and Heuckeroth,
2013; Xu et al., 2014). In addition, a transmesenteric subpopulation
of ENCCs migrates from the midgut towards the hindgut without
passing through the cecum (Nishiyama et al., 2012).

During gut colonization, the ENCCs migrate collectively, es-
tablishing transient cell-cell contacts and migrating as chains of
cells, with the lead cells following unpredictable local trajectories
(Druckenbrod and Epstein, 2005; Young et al., 2014). The ex-
tending strands of cells form nodes and diverge to form new
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nodes, suggesting that attraction-repulsion behavior occurs during
network formation (Druckenbrod and Epstein, 2007). ENCC be-
havior is driven mostly by migration and proliferation. Some
ENCCs advance caudally whereas others populate individual re-
gions by “directional dispersion”, thereby ensure that enteric
neurons are present along the entire length of the gut; the ENCCs
may therefore be considered to colonize the gut while migrating
(Young et al., 2014). ENCC proliferation is observed throughout the
developing gut and at the front of cell migration whose progres-
sion is probably driven by the ENCC-free space ahead (Newgreen
et al., 2013).

In addition to the frontal expansion other mechanisms were
shown to control collective NCC behavior including the response
to gradients in all NCC populations, the “follow-the leader” in trunk
and cranial NCCs, and the combined action of co-attraction and
contact inhibition of locomotion (CIL) in cranial NCCs (Kulesa and
McLennan, 2015). CIL was discovered by Abercrombie and
Heaysman (Abercrombie and Heaysman, 1953, 1954), and is de-
scribed as a repulsive interaction causing a change of migration
toward the opposite direction upon contact with an adjacent cell.
The cranial and trunk NCCs exhibit a collective migration after
emerging from the neural tube. They retain their cohesiveness and
the same neighbors for a long period mostly via transient and
dynamics contacts, and migrate between locations in closely as-
sociated groups, as streams or sheets. In chick, cranial NCCs mi-
grate as stream of cells and adopt a follow-the-leader behavior
(Wynn et al., 2013) regulated by biased cell-cell contact and re-
spond to environmental cues. In Xenopus the regulation of cranial
NCCs involves two mechanisms, a CIL where repulsive local in-
tercellular interaction between cells redirects their migration and
chemotaxis towards a NCC-secreted chemoattractant (co-attrac-
tion) (Theveneau et al., 2010; Theveneau and Mayor, 2011; Woods
et al., 2014). Mutual chemoattraction and repulsion between cells
act as complementary mechanisms with opposite effects (Car-
mona-Fontaine et al., 2011). N-cadherin has been implicated in the
CIL of cranial NCCs (Theveneau et al., 2010), a process regulated by
Rho GTPases and Wnt signaling (Carmona-Fontaine et al., 2008).
The Complement anaphylatoxin C3a was identified as the essential
co-attractant factor acting in concert with CIL by counteracting
cranial NCC dispersion, thereby orchestrating their collective and
directional migration in Xenopus (Carmona-Fontaine et al., 2011).

Complement is known to play a central role in the immune
system, in which it acts as a rapid and efficient surveillance sys-
tem, eliminating cell debris and infectious microbes, orchestrating
immune responses and maintaining homeostasis (Ricklin and
Lambris, 2013; Shinjyo et al., 2009). C3a has chemotactic proper-
ties in the immune system. It also binds neural progenitor cells in a
specific and reversible manner, stimulating their differentiation
into neurons, and it modulates the SDF-1a-induced differentiation
and migration of these cells (Shinjyo et al., 2009). The Comple-
ment system is activated via three independent pathways con-
verging on the cleavage of C3 into two fragments, C3b and C3a.
The C3a fragment is a small anaphylatoxin peptide that binds to
the receptor C3aR. In Xenopus cranial NCCs, C3a is localized in the
NC territory at the premigratory and migratory stages. It is colo-
calized with C3aR only at the migratory stage, and these two
molecules together regulate the collective migration of these cells
(Carmona-Fontaine et al., 2011). The Complement pathway is
highly conserved and plays several unexpected roles in animal
development, highlighting its importance for the control of cell
behavior (Leslie and Mayor, 2013).

ENCCs also require transient cell-cell adhesion for forward
progression in the gut wall, because isolated cells migrate more
slowly than high-density groups of cells (Young et al., 2004). Iso-
lated cells exhibit an unbiased random walk behavior, while non-
solitary cells or cells in chains are more directional and progress
caudally (Young et al., 2014). ENCCs may therefore be considered
to be a population of cells migrating collectively, however in
contrast to the cranial NCCs they do not retain their neighbors.
Several adhesion receptors have been implicated in the coloniza-
tion of the developing gut by ENCCs (Anderson et al., 2006; Breau
et al., 2006). Cooperation between N-cadherin and beta1 integrins
has been shown to control the balance between cell-cell and cell-
extracellular matrix adhesion in ENCCs, to regulate the migration
of these cells and to be required for the correct ontogenesis of the
ENS (Breau et al., 2009; Watanabe et al., 2013; Broders-Bondon
et al., 2012). The interactions of ENCCs with their surroundings
may also contribute to the response of cells to cues from the gut
environment (Wynn et al., 2013).

In this study, we investigated whether ENCCs used a C3a-based
and N-cadherin dependent mechanism to regulate their collective
behavior. We show here that ENCCs express the complement C3aR
and that the anaphylatoxin C3a is present in gut and in cultured
gut explants. We also found that C3a/C3aR inhibitors disturbed the
migratory chains and neuronal network organization during the
ENCC colonization of the embryonic gut, their cohesiveness, co-
attraction, and directionality of migration, through an N-cadherin-
dependent process.
2. Materials and methods

2.1. Mouse maintenance and genotyping

Mutant mice were crossed as previously described (Broders-
Bondon et al., 2012). Ht-PA-Cre;Ncadneo/þ breeding males were
crossed with Ncadfl/fl;beta1fl/fl;R26RYFPfl/fl females. Two genotypes
were obtained in the progeny: Ht-PA-Cre;Ncadneo/fl;beta1þ/fl;R26R
YFPþ/fl (referred to as Ncad� /� or the Ncad mutant), and
Ht-PA-Cre;Ncadþ /fl;beta1þ/fl;R26R YFPwt/fl (referred to as controls).
ENCCs from Ncad mutants are referred to as Ncad�/� ENCCs. This
crossing strategy allows the expression of the YFP reporter protein in
all the ENCCs.

The protocol was approved by the Committee on the Ethics of
Animal Experiments of the Institut Curie (National registration
number: #118). Genotyping was performed with primers synthe-
sized by Eurogentec (Belgium); the primers for Ht-PA-Cre mice
have been described elsewhere (Pietri et al., 2003). The sense and
antisense primers used for N-cadherin neo amplification have
been described elsewhere (Broders-Bondon et al., 2012).

2.2. Micropatterns

Micropatterns were created with deep UV as previously de-
scribed (Azioune et al., 2009; Lautenschlager and Piel, 2013), with
13 mm-wide micropatterned lines separated by 40 mm-wide non-
adhesive intervals. They were incubated with Alexa 594-con-
jugated fibronectin (FN) (Molecular Probes, Eugene, OR) and un-
labeled FN (Sigma F1141, 10 μg/ml) and were used as substrate for
gut explants.

2.3. Antibodies and immunostainings

The C3b/C3c and C3a complement monoclonal antibodies
(mAb2/11 and 3/11, respectively) have been described elsewhere
(Mastellos et al., 2004). They were used at a dilution of 1/100 and
1/50, respectively. C3aR antibody was obtained from Santa Cruz
Technology and used at a dilution of 1/50. C3a agonist peptide (H-
CNHITKLREQHRRDHVLGLAR-COOH sequence) was synthesized as
previously described (Hoeprich and Hugli, 1986). The selective
C3aR antagonist peptide was obtained from Calbiochem
(SB290157) and used at concentrations of 100 nM in gut explant
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cultures and 20 μM for whole gut ex vivo treatment, respectively.
Paraffin sections were immunostained as previously described
(Pietri et al., 2004), using primary antibodies for the following cell
markers: P75NTR receptor (Promega ab8875, 1/250), Sox10 N-20
(Santa Cruz Technology, 1/50), TUJ1 (Eurogentec, 1/1000), β1-in-
tegrin (Chemicon 9EG7, 1/100), paxillin (BD Bioscience, 1/100),
phosphorylated cortactin (Cell Signaling, 1/50), GFP (Molecular
Probes A11122, 1/200), Dapi (Molecular Probes, 1/ 10,000). Alexa
Fluor 488- and 647-conjugated secondary antibodies were ob-
tained from Invitrogen. CY3-conjugated secondary antibodies
were obtained from Jackson ImmunoResearch. All were used at a
dilution of 1/500. Whole-mount immunostaining of the embryo-
nic guts for TUJ1 and YFP were performed as previously described
(Stanchina et al., 2006).

2.4. Organotypic cultures, video time-lapse imaging and confocal
microscopy

Cultures of E12.5 midgut rings on fibronectin (FN, Sigma F1141,
10 μg/ml) and ex vivo gut cultures were carried out as previously
described (Breau et al., 2009).

Briefly, midgut rings were cultured in defined culture medium
made of DMEM-F12 (Invitrogen) supplemented with glutamine
(Gibco 25030-081, 1/100e), penicillin-streptomycin (Gibco 15140-
122, 1/100) and ITS (insulin, transferrin, selenium solution, In-
vitrogen; 1/100). Phase contrast images were captured as de-
scribed in the legend of movies. Whole guts were cultured in
defined culture medium supplemented with 5% horse serum
(Babco). In experiments where samples were treated with C3aR
antagonist peptide the controls correspond to samples treated
with the solvent (DMSO) at the same dilution. For ex vivo time-
lapse imaging, gut segments were placed in a drop of growth
factor-reduced Matrigel (Becton Dickinson) on the bottom of a
microdish in DMEM/F12 (Invitrogen)þ5% horse serum (Babco).
YFP images were captured every 10 min for at least 12 h.

Video-time lapses of ex vivo gut cultures and in vitro gut ex-
plant cultures were carried out with a Nikon Eclipse Ti inverted
video-microscope equipped with a cooled CDD-camera, at 37 °C, in
a humid atmosphere containing 5% CO2.

Image acquisition and analysis were performed on work-
stations of the Nikon Imaging Centre @ Institut Curie-CNRS" and
Institut Mondor de Recherche Biomédicale, U955 INSERM (IMRB).
Whole-mount immunostained guts were analyzed with an in-
verted confocal A1-R Nikon and LSM 510 confocal microscopes.

2.5. Image analysis

Individual ENCCs of ex vivo gut cultures were tracked manually
using Metamorph 7.7.3.0 software to determine their mean speed
of locomotion as described previously (Breau et al., 2009). Direc-
tionality was evaluated by measuring the angle between the ros-
tro-caudal axis of the gut and the straight line separating the in-
itial and final positions of the cell. The rostro-caudal axis was
identified at the initial position of the cell by the median axis of
the hindgut cylinder portion that is parallel to the gut wall. The
caudal and rostral orientation corresponds to 0° and 180°, re-
spectively. Cells migrating caudally toward the right and left side
of the hindgut correspond to an orientation at 90° and 270°,
respectively.

Individual ENCCs from in vitro cultures on 2D-surfaces and FN-
stripes were tracked manually with the Manual Tracking plugin
available from http://rsb.info.nih.gov/ij/plugins/track/track.html
running under ImageJ/FIJI software. The output was a new stack in
which cell centers were represented as dots, and an Excel file
containing for each cell trajectory, the positions occupied by the
cell over time.
For the analysis of cell dispersion following chemokine treat-
ment, we devised an ImageJ macro determining for each cell, re-
presented as a dot, its two closest neighbors, on the basis of a
Delaunay triangulation algorithm, and the areas of the triangles
formed, which were proportional to cell dispersion. For the ana-
lysis of cell movements on 2D and FN-stripes, we developed a
Matlab script for determining, from the Excel file containing the
manual tracks: (i) the directionality, the index of which was cal-
culated as the distance between the start and end points (a Eu-
clidean distance) divided by the length of the actual path taken by
the cells (a geodesic distance, i.e. the sum of all displacements), (ii)
the mean speed, in mm per frame, calculated as the geodesic dis-
tance divided by the number of time points, which is not asso-
ciated with any particular notion of direction; (iii) the exploration
speed in the main direction (mm per frame), calculated as the
longest axis of the ellipse fitting the convex hull of the trajectory
divided by the number of time points, associated with the notion
of efficient movement in one direction. The non-parametric
Kruskal-Wallis test for multiple comparisons was used for statis-
tical analysis (in Matlab). This analysis workflow is described in
Supplementary Fig. 1.

For the quantification of overlapping events between ENCCs,
we used the ImageJ tracking plugin. We analyzed migration of
7 adjacent cells during 3 h on gut explant cultures on 2D. For
quantification of the influence of C3a on cell adhesion, focal ad-
hesions (FAs) were segmented by manual thresholding. The
number, area and Feret's diameter of the FAs were then quantified
with the Analyze Particle plugin of ImageJ. Statistical analysis was
performed using Student’s t test. For quantification of the influ-
ence of the C3aR antagonist on ENCC network during gut coloni-
zation, the number of isolated cells and chains that are dis-
connected from the network (“broken chains”) were counted on
Z-stack confocal acquisitions performed on whole-mount im-
munostained guts. Statistical significance of differences was as-
sessed in two-tailed Mann-Whitney U test.
3. Results

We analyzed the cellular and molecular mechanisms governing
the adhesive and migratory behavior of ENCCs during the coloni-
zation of the developing gut in mice, focusing on the putative role
of C3a and its cooperation with N-cadherin-mediated cell-cell
adhesion.

3.1. Complement C3 fragments are specifically present in enteric
neural crest cells during early embryonic development

On E12.5 embryonic gut sections, we observed that ENCC
progenitors (p75NTRþ , YFPþ , Sox10þ) are stained for activated
C3b/iC3b (Fig. 1A). At higher magnification (Fig. 1A, bottom pa-
nels), p75NTR was clearly located at the membrane, Sox10 was
clearly present in the nucleus and C3b/iC3b was detected in the
cytoplasm and at the membrane of ENCCs. A staining was also
observed in the proximity of ENCCs, associated with cells negative
for Sox10 and p75NTR. The mesenchymal, endothelial, epithelial
and muscle cells (Dapiþ , p75NTR� , Sox10� , Fig. 1A, *) only ex-
hibited a faint staining for C3b/iC3b, suggesting that C3b/iC3b
were mainly expressed by ENCCs migrating in the developing in-
testine. ENCCs were labeled with the anti-C3a antibody (Fig. 1B
and Supplementary Fig. 2A), whereas p75NTR� cells were not,
except some higher staining observed in few cells located close to
the epithelium. Observations at a higher magnification (Fig. 1B,
bottom panels) showed C3a to be located mostly in the cytoplasm
of ENCCs and in a lesser extent at the membrane.

In the gut sections stained with anti-C3aR antibody we

http://rsb.info.nih.gov/ij/plugins/track/track.html


Fig. 1. Localization of C3 fragments and C3aR in E12.5 gut. (A) Confocal images of midgut sections immunostained with antibodies against C3b/iC3b (red), P75NTR (P75,
green), YFP (cytoplasmic staining, green), Sox10 (nuclear staining, cyan) and labeled with Dapi (blue). (B) Confocal images of E12.5 embryo sections at the level of gut and
immunostained with antibodies against C3a (red), P75NTR (green) and labeled with Dapi (blue). (C) Confocal images of midgut sections with antibodies against C3aR (red),
P75NTR (green), YFP (green). The white boxes in the upper panels indicate the regions shown at higher magnification in the lower panels. The white asterisk and arrows
indicate the position of mesenchymal cells and ENCCs, respectively. Scale bars in A represent 30 mm. Scale bar in C represent 50 mm.
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Fig. 2. Detection of C3 fragments and C3aR in E12.5 midgut explant cultures. (A) Confocal images of cultures immunostained with antibodies against C3b/iC3b fragments
(red), P75NTR (P75, green), YFP (cytoplasmic staining, green), Sox10 (nuclear staining, cyan) and labeled with Dapi (blue). (B) Confocal images of cultures immunostained
with antibodies against C3a (red), YFP (green), Sox10 (cyan) and labeled with Dapi (blue). (C) Confocal images of cultures showing the expression of C3aR (red) by ENCC
progenitors (Sox10þ; nuclear, green). The white boxes in the upper panels indicate the regions shown at higher magnification in the lower panels. The white asterisk shows
the position of mesenchymal cells. Scale bars in A represent 30 mm.
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observed a faint signal in the gut tissue and a higher staining for
C3aR in a subset of ENCCs (Fig. 1C, Supplementary Fig. 2B upper
panels). Some p75NTR� cells positive for C3aR were found in the
mesenchymal layer (Supplementary Fig. 2B, white arrows) located
close to ENCCs (Supplementary Fig. 2B, white arrowheads) or close
Fig. 3. The addition of a C3aR antagonist disturbs gut colonization by ENCCs. (A) Whole-m
C3aR antagonist-treated (lower panel) gut taken at the level of the migratory front. ENCC
chains or clusters (broken chains) in control (DMSO-treated, black bars) and C3aR antago
front (front) or 200 mm behind this zone (behind the front). Error bars are SEM, **po0.01
(in the presence of solvent, DMSO) and in the presence of the C3aR antagonist. Directiona
and the straight line separating the initial and final positions of the cell. Each arrow c
(YFPþ) within the proximal hindgut in control condition (n¼16 cells) and in the presenc
series, with the initial positions of the cells indicated by circles. (D) Whole-mount TUJ1 i
C3aR antagonist-treated guts (bottom panel) is disorganized with larger ENCC-free spa
pared to control gut (upper panel). Red arrows point on the orientation of neurites and
to the epithelium. In the sections stained with control Ig we ob-
served some background staining that does not correspond to
ENCC (Supplementary Fig. 2B lower panels and C). The presence of
C3b/iC3b, C3a and C3aR in ENCCs was observed on nine gut sec-
tions from embryos from three independent crosses.
ount anti-GFP immunostaining of E12.5 control (solvent-treated, upper panel) and
s are visible in green. (B) Quantification of the number of isolated cells, disconnected
nist-treated gut (gray bars) counted in a zone covering 200 mm from the migratory
. (C) Mean directionality of ENCCs tracked in ex vivo gut culture in control condition
lity was evaluated by measuring the angle between the rostro-caudal axis of the gut
orresponds to individual ENCC. The pictures show individual trajectories of ENCCs
e of the C3aR antagonist (n¼23 cells). The tracks overlay the first image in the time
mmunostaining (red) of E12.5 gut. ENCCs are visible in green. The ENCC network in
ces (white arrow) and small groups of non-cohesive cells (white arrowhead) com-
ENCC network Scale bars in A and D represent 100 and 20 mm, respectively.
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3.2. Complement C3 fragments are specifically present in enteric
neural crest cells in gut explant cultures

We also analyzed the presence of C3a fragments in gut explants
cultured in vitro (Fig. 2). In these 2D cultures, ENCCs usually mi-
grate outside of the explant, often before the escape of mesench-
ymal cells, and the ENCCs are mostly located at the edge of the
outgrowth. Fig. 2 shows confocal images of ENCCs at the periphery
of the explants. The enteric progenitors displayed staining for C3b/
iC3b, C3a and C3aR (Fig. 2A–C, respectively) whereas mesenchy-
mal cells did not contain these molecules. At higher magnification,
the C3b/iC3b fragments were localized principally in the cyto-
plasm of ENCCs, whereas C3a and C3aR were present in both the
cytoplasm and nuclei. C3aR has recently been detected in the
nuclei of mesenchymal stem cells, suggesting that it is translo-
cated into the nucleus following stimulation with C3a (DiScipio
et al., 2013). A similar process probably occurs in ENCCs. Identical
results, with C3b/iC3b, C3a and C3aR specifically detected in
ENCCs, were obtained for seven gut explants from embryos from
four independent crosses.

3.3. Blockade with a C3aR antagonist affects gut colonization and
neuronal network organization

Our results suggest that the anaphylatoxin C3a and its receptor
may be involved in the colonization of the developing gut by
ENCCs. We investigated whether the C3a anaphylatoxin was re-
quired during ENCC migration within the gut wall, by carrying out
ex vivo experiments in the presence of C3aR antagonist, which
specifically blocks the C3a-C3aR interaction (Ames et al., 2001).
We treated E12.5 guts with (n¼6) and without the C3aR antago-
nist (n¼5) for 16 h. We did not observe a significant delay in the
caudal advance of the front in the presence of the C3aR antagonist
during the overnight treatment compared to control. We mostly
observed an effect on the organization of ENCCs within the gut
wall. By contrast to the control conditions, in which ENCCs formed
a network of ramified and interconnected chains of cells in the
hindgut (Fig. 3A, upper panel), in the presence of the C3aR an-
tagonist, ENCCs were more dispersed and the network more dis-
continuous with disconnected chains from the network (Fig. 3A,
lower panel). This reflects the formation of isolated groups of cells
that did not form a continuous network of connected cells re-
sembling that formed by control ENCCs. We quantified the number
of isolated ENCCs and disconnected chains from the network
(“broken chains”), in a zone covering 200 mm from the migratory
front or 200 mm behind this zone. We observed a significant in-
crease in the number of single cells and disconnected chains in
C3aR antagonist-treated guts compared to control guts (Fig. 3B).

We then analyzed the effect of C3aR antagonist on YFPþ ENCC
dynamics in the mouse proximal hindgut tissue by performing
time-lapse video-microscopy on ex vivo whole gut culture. At the
migratory front of guts treated with C3aR antagonist, ENCCs only
exhibit a slight decrease speed of locomotion (mean speed:
2374 mm/h; n¼8) compared to control ENCCs (mean speed:
26.773 mm/h; n¼10; Student’s t-test, p Value o0.05). The ENCC
directionality of C3aR antagonist-treated guts was perturbed and
characterized by more trajectories oriented perpendicularly to the
rostro-caudal axis compared to control cells (Fig. 3C). The behavior
of ENCCs in the C3aR antagonist-treated gut was similar to that of
Ncad�/� ENCCs (Broders-Bondon et al., 2012), which displayed
transient adhesion and altered directionality.

In the colonized part of the C3aR antagonist-treated E12.5
mouse gut, we observed a disorganized network of ENCCs (Fig. 3D,
n¼3), with empty spaces (white arrow) and small groups of non-
cohesive cells (white arrowhead). By contrast, the control cells
formed a network in which the neurons (TUJ1þ) and ENCCs
(YFPþ) were well connected (Fig. 3D, n¼3). Neurites (red arrows)
and ENCC network were mostly oriented parallel to the rostro-
caudal axis in the control while they were randomly oriented in
C3aR antagonist-treated E12.5 mouse gut. This may reflect in part
the impact of C3aR antagonist on the organization of ENCC chains
that are disrupted and progression of the ENCCs in the gut wall
during the colonization process.

3.4. ENCC co-attraction is regulated by C3a and requires N-cadherin

In vitro, while migrating ENCCs interact together via transient
cell-cell interaction, they exchange their neighbors within a cluster
that is not a strongly cohesive group of cells. An additional para-
meter to transient adhesion should be necessary for migratory
ENCCs to stay close together in these conditions. We investigated
the contribution of C3a-C3aR to the maintenance of the ENCC
cluster and thus the attraction between ENCCs during their mi-
gration, by carrying out gut explant cultures in the presence of
C3aR agonist or C3a. We analyzed the dynamic behavior of small
groups of adjacent ENCCs in response to the factors added. We
studied both control ENCCs (Ctrl, Fig. 4A–C) and N-cadherin-null
ENCCs (Ncad�/�; Fig. 4D–F) treated with C3a (B, E; n¼18) and
C3aR antagonist (C, F; n¼15), comparing these cells with un-
treated cells (A, D; n¼18). Time-lapse video microscopy was per-
formed, with one image taken every five minutes, before and
immediately after the addition of factors, over a period of 3.5 h.
We followed the dynamic behavior of groups of adjacent cells
migrating out of gut explants (Fig. 4); small inserts in each panel
show the positions of the tracked cells at t¼0 (green asterisk) and
t¼3.5 h (red asterisk). Groups of five or six adjacent ENCCs were
tracked manually and cell dispersion was quantified with the
Delaunay triangulation algorithm (see supplementary Fig. 1), as
previously described (Carmona-Fontaine et al., 2011). This algo-
rithm determines the two closest neighbors for each cell, and
determines the areas of the triangle formed by the space between
these cells, providing an indication of cell dispersion. Panels A–F of
Fig. 4, show the Delaunay triangles corresponding to analyses over
the two time periods: the first 25 min (green triangles), and all
time points from 75 min to 3.5 h (red triangles).

The untreated control (Ctrl) ENCCs remained close to their
neighbors (Fig. 4A, similar areas for the green and red triangles),
whereas treatment with soluble C3a (Fig. 4B) or C3aR antagonist
(Fig. 4C) significantly increased cell dispersion, resulting in larger
triangle areas (compare the green and red triangles in Fig. 4B and
C). Thus, exogenous C3a stimulates ENCCs and favors their dis-
persion from the neighbors. By contrast, C3aR antagonist inhibits
C3aR and impedes the maintenance of ENCC clusters, thereby
promoting their dispersion. This indicates that C3a/C3aR is re-
quired for ENCCs to keep their neighbors close to them and sug-
gests that an attractive effect counteracts dispersion.

Ncad� /� ENCCs displayed weaker cell-cell adhesion (Fig. 4D)
than control ENCCs (Fig. 4A), but they nevertheless retained some
capacity for intercellular adhesion, mediated by the other adhe-
sion receptors on their surface as previously described (Broders-
Bondon et al., 2012). Ncad�/� ENCCs located in close proximity to
each other dispersed over time. The addition of exogenous soluble
C3a and C3aR antagonist to Ncad�/� cells did not promote dis-
persion (Fig. 4E and F, red arrow). Thus, N-cadherin is implicated
in the response of ENCCs to C3a.

After 75 min, control ENCCs (#Ctrl) displayed significantly
lower levels of dispersion (p value o0.01) than ENCCs treated
with C3a (#Ctrl C3a) and C3aR antagonist (#Ctrl, SB) (Fig. 4G, black
lines), and Ncad� /� ENCCs (#Ncad) (Fig. 4G, green lines). Fur-
thermore, the dispersion response of Ncad� /� ENCCs to C3a (#
Ncad C3a) was significantly weaker (p value o0.01) than that of
control ENCCs (#Ctrl C3a) (Fig. 4G, red lines), and not significantly



Fig. 4. Dynamic analysis of ENCCs in gut explants cultured in vitro on a 2D FN-coated substrate. (A–C) Behavior of control ENCCs (Ctrl, YFPþ , green) in culture medium (A),
and with C3a (B) or the C3aR antagonist (C). In ENCC clusters, the tracked cells are highlighted with colored dots at two time points: t¼5 minutes (top inset, green asterisk)
and t¼3.5 h (bottom inset, red asterisk). The Delaunay triangles obtained are shown on the left part of the panels. (D–F) Behavior of Ncad� /� ENCCs in culture medium (D),
and with C3a (E) or the C3aR antagonist (F). (G) Quantitative analysis of the Delaunay triangulation results. The mean areas of Delaunay triangles are combined for each set of
conditions into two groups. One group corresponds to the first 25 min of time-lapse video microscopy for untreated control (Ctrl) and Ncad�/� ENCCs (Ncad), for C3a-
treated control (Ctrl C3a) and Ncad�/� ENCCs (Ncad C3a), and for control (Ctrl SB) and Ncad�/� ENCCs (Ncad SB) treated with C3aR antagonist (SB). The second group
corresponds to all time points after 75 min of time-lapse video microscopy for untreated control (#Ctrl) and Ncad�/� ENCCs (#Ncad), for C3a-treated control (#Ctrl C3a)
and Ncad�/� ENCCs (#Ncad C3a), and for control (#Ctrl SB) and Ncad�/� ENCCs (#Ncad SB) treated with C3aR antagonist (SB). The black, green and red lines indicate
significant differences (po0.01) between the corresponding conditions. The errors bars are SEM. Scale bar in A represents 30 mm.
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Fig. 5. Analysis of the migratory behavior of ENCCs on 2D substrates. (A) Diagram of the organotypic culture of gut explants with ENCCs escaping the explant and moving on
2D-FN-coated substrates (ENCCs, green; other cells of the gut in light orange). (B) Immunofluorescence staining of a gut explant culture after 18 h for YFP (green) and paxillin
(red), with Sox10 (cyan), showing ENCCs (Sox10þ) and mesenchymal cells (highly positive for paxilline staining, Mes). (C–E) Representative tracks followed by the ENCCs on
FN coated-surfaces for control (C, D) and Ncad� /� ENCCs (E, F) in culture mediumwithout (C, E) or with C3a (D, F). (G–I) Quantification of mean speed (G), exploration speed
(H) and directionality (I). (J) Quantification of overlapping/crossing events between control (white bar) and Ncad� /� (gray bar) ENCCs. Error bars are SEM, *po0.05. Scale
bars in B and C represent 30 and 50 mm, respectively.
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Fig. 6. Analysis of the migratory behavior of ENCCs on FN stripes. (A) Diagram of gut explant cultured on micro-patterned-FN stripes (13-mm FN-stripes /40-mm non-adhesive
stripes; ENCCs, green; other cells of the gut, light orange). (B) Immunostaining of gut cultures for Sox10 and P75 (green), and cortactin (red), with Dapi labeling (blue), on
Alexa594-coupled stripes of FN (cyan). The ENCCs migrate on the stripes (merge). (C–F) Representative tracks followed by ENCCs on FN stripes for control (C, D) and Ncad�/
� ENCCs (E, F) without (C, E) or with C3a (D, F). (G–I) Quantification of mean speed (G), exploration speed (H) and directionality (I) in culture medium (ITS) without or with
C3a. Error bars are SEM, *** po0.005. Scale bars in B and C represent 30 and 50 mm, respectively.
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different from that of untreated Ncad� /� cells (#Ncad). Our results
indicate that C3a/C3aR-mediated co-attraction is involved in and
required to maintain the cohesiveness between ENCCs, a process
that requires N-cadherin function.

3.5. The ENCC behavior is regulated by C3a- and N-cadherin-medi-
ated responses on 2D surfaces

The effect of C3a on the migratory behavior of ENCCs was
analyzed by time-lapse imaging overnight, on surfaces (2D, with a
homogeneous FN coating), with one image taken every five min-
utes beginning just before and continuing for six hours after the
addition of C3a. On 2D surfaces, ENCCs escaped from the explant
with mesenchymal cells (Fig. 5A and B) but are often observed at
the periphery of the outgrowth. ENCCs were able to move in any
direction (Fig. 5C–F). Control ENCCs had more dispersed trajec-
tories and explored a larger territory in the presence of C3a than
untreated cells (Fig. 5C, n¼11; D, n¼13). The trajectory of neigh-
boring ENCCs with time (Fig. 5C) appeared more intricate in
control conditions than in the presence of C3a. In contrast,
Ncad�/� ENCCs had less dispersed trajectories in the presence of
C3a than in its absence (Fig. 5E, n¼13; F, n¼12). Thus, control and
C3a-treated Ncad�/� ENCCs on the one hand, and Ncad� /� and
C3a-treated control ENCCs on the other, had similar behavior.

We observed that Ncad�/� cells entering into contact with
other ENCCs displayed protrusions extending toward the top of
contacting cells (overlaps) and had the tendency to cross them. We
quantified the number of overlapping/crossing events between
control (n¼30) and Ncad�/� (n¼31) ENCCs on 2D surface (Fig. 5J)
by analyzing the behavior of groups of 7 adjacent cells from
3 distinct experiments. Movies 1 and 2 in the supplementary
materials illustrate the behavior of a group of control and Ncad� /�

ENCCs, respectively. We detected that a small % of moving ENCCs
were able to overlap or cross their neighbors upon contact. In
contrast, we observed a strong increase in these events for
Ncad�/� cells (p value¼0.01). This indicates that control and
Ncad�/� ENCCs exhibit a different migratory behavior upon in-
tercellular adhesion. This could resemble a CIL behavior, which is
abolished in Ncad� /� cells.

We next analyzed the effect of cell-cell contact on in vitro ENCC
behavior by time-lapse imaging at a higher magnification, with
images taken at a much higher frequency, once every 10 s. Movie
3 in the supplementary materials illustrates the intercellular ad-
hesion-mediated changes in the direction of control ENCC migra-
tion characteristic of the contact-dependent repolarization of cells
causing them to move away from other cells, in a process of CIL. In
this movie, we can see an ENCC located on the left migrating to-
wards another ENCC located on the right. Upon contact, the cells
retract and the cell on the left repolarizes in the opposite direction
and moves away. Thus, in addition to a process of co-attraction
between ENCCs controlled by C3a-C3aR-dependent mechanisms,
these cells can respond to transient contact with each other,
through a CIL mechanism.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2016.03.022.

3.6. The ENCC behavior is regulated by C3a- and N-cadherin-medi-
ated responses on FN-stripes

In situations in which mesenchymal cells are located beyond
the ENCCs, this might affect ENCC behavior. We investigated this
aspect with a micropatterning strategy, making it possible to
control cell shape and behavior, including migration (Thery et al.,
2006; Thery and Bornens, 2006; Thery and Piel, 2009). Gut ex-
plants were deposited on substrates micropatterned with 13 mm-
wide straight FN-stripes (Fig. 6A and B). The choice of dimension
for these lines was based on the size of adherent ENCCs, to prevent
the strong effects on cell motility observed with narrower
stripes (Doyle et al., 2009). The first cell to escape from the explant
at a FN-stripe was the first to migrate on it; it can be an ENCC or a
mesenchymal cell. Because ENCCs are often found escaping first
the explant as group of cells we often observed several ENCCs
migrating along the stripes but more rarely a mixture of ENCCs
and mesenchymal cells. This made it possible to carry out a more
detailed analysis of ENCC migration behavior, as previously re-
ported for cranial NCCs (Scarpa et al., 2013). The migratory beha-
vior of control and Ncad� /� ENCCs observed on cell tracking in-
dicated that the cells moved as expected on the basis of the spatial
restrictions imposed by the patterns (Fig. 6C–F), as shown by
comparisons with 2D conditions. Control ENCCs had longer tra-
jectories on FN-stripes in the presence of C3a (Fig. 6D, n¼17) than
in its absence (Fig. 6C, n¼13). More back and forth behaviors on
stripes were observed for control ENCCs than for C3a-treated cells
indicating a tendency for ENCCs to move toward other ENCCs. In
contrast, Ncad�/� ENCCs had more dispersed trajectories in the
absence of C3a (Fig. 6E, n¼7) than in its presence C3a (Fig. 6F,
n¼8). The cells therefore migrated to similar extents in 2D and FN-
stripes cultures. Similar patterns of ENCC migration were observed
for the cells of embryos from two independent crosses.

3.7. The migratory parameters are differentially affected on 2D sur-
faces and FN-stripes

We decided to analyze ENCC behavior more precisely, quanti-
fying it with other parameters in a mathematical analysis, as de-
scribed in the Materials and Methods. We analyzed the tracks for
mean speed, exploration speed and directionality. Mean speed,
regardless of direction, did not differ significantly between ENCCs
with and without C3a treatment or between control and Ncad� /�

cells on 2D surface and FN-stripes (Figs. 5G and 6G). The ex-
ploration speed was used as an indicator of the efficiency of
movement in the principal direction of migration. Exploration
speed was significantly lower in Ncad�/� ENCCs, which moved
more randomly towards the main direction than control ENCCs on
FN-stripes. We observed differences between 2D and FN-stripes
conditions (Figs. 5H and 6H), with a lower exploration speed for
control C3a-treated ENCCs in 2D (po0.05) but no difference in
exploration speed in the presence and absence of treatment on
FN-stripes. Finally, we analyzed the directionality index, which
was calculated by dividing the straight-line distance between the
start and end points by the length of the actual trajectory. The
values of this index can vary between 1 (directional: shortest
straight line) and close to 0 (non-directional: trajectories fre-
quently changing direction and covering long distances). The di-
rectionality and mean speed values of ENCCs were slightly lower
on FN-stripes than on 2D substrates, due to the constraints im-
posed by the stripes, forcing the cells to migrate forward or to
change direction and migrate backward (Scarpa et al., 2013),
whereas they can move in any direction on 2D substrates. Control
ENCCs treated with C3a had a higher directionality than untreated
ENCCs (po0.005) on FN lines, but no such difference was ob-
served on 2D substrates. Thus, the restricted migration of C3a-
treated cells on FN lines made their directionality predictable,
highlighting the effect of this exogenous chemoattractant on the
migratory behavior of ENCCs. By contrast, Ncad�/� ENCCs behaved
similarly in the presence and absence of C3a, confirming that
mutant ENCCs do not respond to C3a.

3.8. C3a modulates the size of focal adhesion sites

Gut explants cultured for 24 h on FN-coated surfaces were
examined by labeling with antibodies against Sox10 (enteric
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Fig. 7. Effects of C3a/C3aR on the FAs of ENCCs. (A) Immunofluorescence staining of ENCCs cultured without (–), with C3a, C3aR antagonist or a mixture of C3aþ C3aR
antagonist, for paxillin (red), YFP (green), Sox10 (cyan), and with Dapi labeling (blue). The small white boxes in the upper panels indicate the regions shown the paxillin
staining at higher magnification in the left inserts. (B, C) Quantification of paxillin-positive adhesion sites (FAs): the graphs show the mean area (B) and mean Feret's
diameter (C)(7 SEM). n440 cells; n4300 sites and n450 cells; n4500 sites from control cells with and without C3a treatment; n420 cells; n479 sites and n424 cells;
n4400 sites from control cells with C3aR antagonist and C3aþC3aR antagonist, respectively. Two independent experiments were carried out for this analysis. (D, E)
Quantification of activated beta1 integrin-positive adhesion sites: the graphs show the mean area (E) and mean Feret's diameter (F) (7 SEM). n440 cells; n4300 sites and
n450 cells; n4500 sites from control cells with and without C3a treatment. n420 cells; n4260 sites and n415 cells; n4220 sites from Ncad�/� cells without and with
C3a treatment, respectively. Two independent experiments were carried out for this analysis. Error bars are SEM, ****; po0.0001. **, po0.01). Scale bar in A represents
10 mm.
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progenitors), paxillin (maker of focal adhesions, FA) and activated
beta1 integrin (open conformation of the receptor) to identify
cell-FN adhesion sites and with Dapi (Fig. 7). The area and Feret's
diameter of FA were quantified. Feret's diameter is the longest
axis of the FA. The area and length of paxillin-positive FAs were
significantly lower for ENCCs treated with C3a or C3aR antagonist
than for untreated cells (Fig. 7A–C, po0.0001). Those of FAs
positive for activated beta1 integrins were significantly lower for
ENCCs treated with C3a than for untreated cells (Fig. 7D–E,
po0.0001), indicating that C3a/C3aR stimulation modulates the
cell-matrix adhesion properties of ENCCs. By contrast, Ncad� /�

ENCCs had smaller FAs (activated beta1þ , po0.01) than control
cells and the size of their FAs was not modified by C3a treatment
(Fig. 7D and E), indicating that N-cadherin depletion modulates
the cell-matrix adhesion properties of ENCCs and that this mo-
lecule is required for the C3a-dependent modulation of ENCC
adhesions.
4. Discussion

4.1. Chemokine and colonization of the gut by ENCCs

In the fetal gut, ENCCs progress through the gut mesenchyme,
from which they receive environmental signals. GDNF and en-
dothelin-3 (EDN-3) are two of the main factors expressed by the
gut mesenchyme. Their downstream signaling cascades regulate
ENCC behavior (Goto et al., 2013) and are critical for the survival,
proliferation and maintenance of the pool of ENS progenitors,
which are important parameters regulating ENCC migration and
gut colonization, and their differentiation (Hearn et al., 1998; Nagy
and Goldstein, 2006; Hotta et al., 2010; Barlow et al., 2003;
Simpson et al., 2007). GDNF is increasingly expressed in the de-
veloping gut mesenchyme at the stage of the colonization by
ENCCs. It is enriched in the cecum and proximal midgut (Young
et al., 2001), and functions as a chemoattractant molecule for
ENCC migration in vitro and in vivo (Young et al., 2001; Natarajan
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et al., 2002). EDN-3 is enriched in the cecum and colon (Leibl et al.,
1999). Perturbation of EDN-3/EDNRB signaling impaired gut co-
lonization (Nagy and Goldstein, 2006; Barlow et al., 2003) and
decreased their speed of migration in the gut tissue without af-
fecting their directionality (Young et al., 2014). Our study shows
that, in addition to these two factors, the Complement anaphyla-
toxin C3a is expressed in the developing gut by ENCCs (Fig. 1 and
supplementary Fig. 2). The perturbation of C3a/C3aR interaction
alters the organization of non-solitary ENCCs at the migratory
front and behind by disrupting migratory chains and increasing
the number of isolated cells with consequence in their speed of
locomotion and directionality (Fig. 3). This illustrates a role for the
C3a/C3aR signaling during the ENS ontogenesis.

Recent data suggest that individual ENCCs cannot sense the
polarity of the gut and are unable to detect chemotactic gradients
along it, as revealed by their unbiased random walk behavior
(Young et al., 2014). In the case of solitary cells located at a dis-
tance from the main ENCC population their randomwalk behavior
may not the signature of a lack of a co-attraction but the result of
other effects. Their behavior may depend on other parameters
counteracting the co-attraction between ENCCs. Mesenchymal
cells surround these isolated ENCCs and this may impede the
diffusion of co-attraction signal. Alternatively, solitary cells at the
front may respond to another cue, which compete with the co-
attraction favoring cell dispersion. However, these hypotheses
remain to be further investigated.

Xu and colleagues summarize views reconciling contradiction
between the self-organizing ability of ENCCs and the roles of the
gut mesenchyme-derived factors, because this situation favors the
generation of local gradients (Xu et al., 2014). These local gradients
may involve chemokines, small secreted proteins that diffuse lo-
cally and GDNF has been identified as a good candidate for di-
recting migration (Young et al., 2001). It has been proposed that
ENCCs produce GDNF gradients themselves by consuming it lo-
cally, thus favoring enteric progenitor migration toward higher
levels of untapped GDNF in gut region beyond the migratory front.
These stimuli could act in synergy with the C3a-dependent co-
attraction between ENCCs to regulate their collective behavior
during ENS ontogenesis.

4.2. C3a and co-attraction between ENCCs

We observed that ENCCs express C3a and its receptor C3aR
(Figs. 1, 2 and supplementary Fig. 2). We did not use heparin-ac-
rylic beads soaked in purified factor to test C3a-dependent at-
traction process, as described for in vitro chemotaxis assays on
clusters of cephalic NCCs (Carmona-Fontaine et al., 2011), because
of the cell heterogeneity and topology of gut explants, and the
timing of ENCC escape from the explant. We found that purifica-
tion steps (flow cytometry) isolating ENCCs from the surrounding
gut tissue before their culture, in the defined medium we used in
the present study, altered the migratory properties of these cells
(Broders-Bondon, unpublished data). Instead, we used in vitro
techniques based on use of the C3a anaphylatoxin or C3aR an-
tagonist, added to the culture medium in organotypic culture, and
devised several approaches to quantifying ENCC dispersion and
directionality in the absence or presence of specific factors. While
ENCCs are highly migratory they are rarely dispersed and rather
tend to stay close to their neighbors forming groups of cells.

We showed that these cells can response to C3a (Figs. 4–6). We
expect that in ENCC clusters a significant level of C3a is achieved
locally that sustains the ability of cells to stay in close proximity.
An external C3a source disrupts the paracrine effect of C3a on
surrounding cells and favors cell dispersion, due to the competi-
tion between exogenous C3a and the endogenous C3a secreted by
ENCCs. This indicates that C3a is responsible for the ability of
ENCCs to keep their neighbors close to them and thus to be “at-
tractive” to avoid cell dispersion. If C3aR antagonist perturbs C3a/
C3aR signal the ENCC clusters disperse. Untreated ENCCs migrat-
ing in chains on FN stripes exhibit more back and forth behaviors
(Fig. 6) compared to C3a-treated cells, which display higher di-
rectionality revealing the ability of ENCCs to move toward other
ENCCs. Thus C3a/C3aR signal has a short-range effect by main-
taining ENCCs together in a cluster contributing to an attractive
effect of the ENCCs on neighbors. A C3a-C3aR mediated co-at-
traction between ENCCs regulates their migratory behavior.

Control ENCC clusters can disperse in response to exogenous
C3a or C3a antagonist whereas cells lacking N-cadherin cannot,
suggesting that C3a could regulate cell cluster maintenance and
migration through a N-cadherin-dependent process.

4.3. Intercellular interactions, contact inhibition of migration and co-
attraction in NCCs

The collective migration of cells is a complex process driven by
their intrinsic properties, interaction with other cells and response
to extrinsic cues. Intercellular contacts between ENCCs favor their
directionality during gut colonization (Young et al., 2014). N-cad-
herin depletion in ENCC alters their directionality during gut co-
lonization (Broders-Bondon et al., 2012) and provokes a transient
delay in the colonization of the developing gut. During gut colo-
nization ENCC chains are often seen in close association with
growing axons (Hao and Young, 2009; Landman et al., 2011) and
this type of interaction is retained in N-cadherin-depleted ENCCs
(Broders-Bondon et al., 2012). Landman and colleagues (Landman
et al., 2011) used cellular automata simulations to model and
analyze several hypotheses including those of the contribution of
axon-dependent and -independent formation of ENCC chains
during gut colonization. They identified important parameters
governing ENCC patterns. In the second hypothesis it was taken in
account the fact that ENCCs prefer to visit a site that has been
previously visited by ENCCs, called reinforced random walk, pos-
sibly involving mechanisms such as ENCCs locally depositing at-
tractive cues, locally depleting repulsive cues or altering the ex-
tracellular matrix (Landman et al., 2011). A C3a-dependent co-at-
traction could contribute to such mechanism.

Desai et al. (2013) have demonstrated that discrete differences
in cell repolarization speed at the «tail» and «head» part of cell
upon CIL contribute to the formation of train of cells from an initial
population of isolated cells migrating on 2D-stripes. It would be
interesting to probe whether co-attraction can improve or affect
the occurrence of this behavior.

Wynn et al. (2013) have analyzed the role of intercellular
contact-mediated guidance, including those mediated through fi-
lopodia, and cell interaction with extrinsic signals in dictating the
“follow-the-leader” mode of cranial NCC migration both using
transplants and mathematical simulations. They demonstrated
that the persistence of cell-cell contact is an important parameter
but alone it does not explain the migration in chain, which re-
quired the contribution of additional parameter including cell in-
teraction with the environment (extracellular matrix). ENCCs es-
tablish transient contacts but did not retain their neighbors. In this
case an additional parameter keeping cells close together may
help in regulating their collective behavior and we propose that
co-attraction mediated by C3a could contribute to regulate this
process, in addition to N-cadherin mediated transient contacts.

4.4. N-cadherin adhesion and C3a/C3aR signaling

Ncad�/� ENCCs exhibited different response to C3a and C3aR
antagonist than control cells on gut culture explants (Figs. 4–6).
One explanation could be that Ncad�/� cells exhibit a perturbed



Fig. 8. Proposed additional mechanisms involved in the collective migration of
ENCCs during gut colonization. In addition to other mechanisms, the C3a/C3aR-
dependent co-attraction and the N-cadherin dependent regulation of ENCC dis-
persion upon intercellular contact could contribute to regulate ENCC behavior.
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C3aR signaling or a defective C3aR expression. We have detected
very faint staining of ENCCs for C3aR in gut section of Ncad� /�

conditional mutant gut (data not shown). However, the staining
for the receptor is already faint in control ENCCs and it was not
possible to determine if these differences are significant or not.
Another possibility is that C3a/C3aR signaling has an effect on cell
adhesion properties. We detected small changes in ENCC focal
adhesions in the presence of C3a (Fig. 7). It could not be excluded
that C3a produces some changes in intercellular adhesion by
modifying adhesion half-life or cadherin function. It was shown
that C3aR morpholino-treated cells did not have altered N-cad-
herin based adhesion (Carmona-Fontaine et al., 2011) but the ef-
fect of cranial NCC stimulation by C3a on this process has not been
tested. C3a alters E-cadherin expression in epithelial cells (Tang
et al., 2009). If such mechanism occurs for N-cadherin, the sti-
mulation by C3a should not change the Ncad�/� ENCC behavior.
It would be interesting to assess the C3a impact on ENCC cadherin-
based adhesion.

Cranial NCC collective behavior involves a co-attraction process
combined to a N-cadherin dependent CIL. We observed that when
an ENCC is moving toward another ENCC and came into contact it
repolarizes and migrates away, in vitro, (Supplementary movie 3).
The analysis of collisions between ENCCs migrating in opposite
direction is very difficult to observed in vivo but a CIL behavior can
be occasionally observed ex vivo (Young et al., 2014). In vitro time-
lapse imaging of groups of cells revealed that migrating ENCCs
rarely cross their neighbors while more than 50% of Ncad� /�

ENCCs can extent protrusions on their neighbors and exhibit a
crossing behavior (Fig. 5J). Crossing the neighbors reveals that cells
do not display a CIL. The presence of N-cadherin in control ENCCs
decrease the crossing behavior indicating that their locomotion is
modified upon contact and may reveal of potential for CIL. The
combined effects of co-attraction and contact dependent regula-
tion of locomotion could contribute in ENCC collective migration
during the colonization of the developing gut. Our results on
ENCCs are in agreement with previous studies on cranial NCCs
where N-cadherin anti-sense morphant induces wide cell over-
lapping (Theveneau et al., 2010). CIL of cranial NCCs requires
N-cadherin function. A similar N-cadherin dependent regulation of
locomotion or CIL process could dictate ENCC collective behavior
at least in a subset of cells but this requires further detailed
investigation.

4.5. Cell-matrix adhesion during collective ENCC migration

Cell adhesion molecules mediate interactions between ENCCs
and between ENCCs and the extracellular matrix along which they
migrate during gut colonization. ENCCs express a large repertoire
of cell surface receptors of the integrin family, controlling adhesion
to the extracellular matrix (Breau et al., 2009; McKeown et al.,
2013), and cadherins, controlling intercellular adhesion (Breau
et al., 2006; Broders-Bondon et al., 2012; Gaidar et al., 1998). Cell-
cell and cell-matrix interactions cooperate to ensure the efficient
migration of ENCCs and the correct organization of the ENS. ENCCs
express N-cadherin strongly, and cadherin-6 and -11 to a lesser
extent (Breau et al., 2006). They express a repertoire of integrins,
including α4β1, α5β1, α6β1, αvβ1, αvβ3 and αvβ5 (Breau and
Dufour, 2009). β1-integrins mediate the interaction of ENCCs with
FN, whereas αV-integrins tend to be involved principally in ad-
hesion to vitronectin substrates. Once the integrins have been
activated, they recruit structural and signaling proteins that con-
tribute to the maturation of the nascent adhesion towards FA and
regulate cell migration. The size and dynamics of FAs are im-
portant parameters controlling cell migration. ENCCs are mi-
gratory cells producing small focal adhesions compared to the gut
mesenchymal cells (Broders-Bondon F. and Gazquez E., data not
shown). In vitro, the treatment of ENCCs with C3a reduces FA size
and favors cell dispersion. The effect of C3a on ENCC FA size may
reflect a change in FA maturation or dynamics. Our results indicate
that C3a regulates the adhesion properties of ENCCs, which are
probably linked to changes in cell polarity and dispersion during
the co-attraction process. C3a was unable to modulate β1-in-
tegrin-mediated adhesions in N-cadherin-depleted ENCCs sug-
gesting that these mutant cells may have an impaired response to
C3a signaling but this hypothesis remains to be investigated.
5. Conclusions

Co-attraction regulated by the C3a anaphylatoxin and its re-
ceptor contributes to ENS ontogenesis. Ncad� /� ENCCs do not
respond to the co-attraction effect, which suggests that crosstalk
between N-cadherin-mediated adhesion and C3a/C3aR signaling
may control the interactions between ENCCs during their collec-
tive migration in the developing gut (Fig. 8).
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