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Slits Affect the Timely Migration of Neural Crest
Cells Via Robo Receptor
Dion Giovannone,1 Michelle Reyes,1 Rachel Reyes,1 Lisa Correa,1 Darwin Martinez,1 Hannah Ra,1

Gustavo Gomez,3 Joshua Kaiser,1 Le Ma,2 Mary-Pat Stein,1 and Maria Elena de Bellard1*

Background: Neural crest cells emerge by delamination from the dorsal neural tube and give rise to vari-
ous components of the peripheral nervous system in vertebrate embryos. These cells change from non-
motile into highly motile cells migrating to distant areas before further differentiation. Mechanisms con-
trolling delamination and subsequent migration of neural crest cells are not fully understood. Slit2, a che-
morepellant for axonal guidance that repels and stimulates motility of trunk neural crest cells away from
the gut has recently been suggested to be a tumor suppressor molecule. The goal of this study was to fur-
ther investigate the role of Slit2 in trunk neural crest cell migration by constitutive expression in neural
crest cells. Results: We found that Slit gain-of-function significantly impaired neural crest cell migration
while Slit loss-of-function favored migration. In addition, we observed that the distribution of key
cytoskeletal markers was disrupted in both gain and loss of function instances. Conclusions: These
findings suggest that Slit molecules might be involved in the processes that allow neural crest cells
to begin migrating and transitioning to a mesenchymal type. Developmental Dynamics 241:1274–1288,
2012. VC 2012 Wiley Periodicals, Inc.
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Key findings:
� Pre-migratory neural crest expresses Slit molecules.
� Slit molecules affect cell cytoskeleton via Robo receptor.
� Neural crest cells cytoskeleton is re-arranged, cells become less migratory.
� Neural crest cells will not delaminate.
� Slit delays crest EMT.
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INTRODUCTION

The neural crest is a population of
migrating cells that originate from the
dorsal neural tube during vertebrate
development and differentiate into
many cell types. In order to migrate,
neural crest cells need to change from
an epithelial, non-motile cell type to a
mesenchymal, highly motile cell type

as they delaminate from the neural
tube. This transformation is known as

EMT for epithelial to mesenchymal

transition, and is accompanied by

changes in transcription factors, cell

adhesion molecules, and the cytoskel-

eton (Vernon and LaBonne, 2004;

Taneyhill et al., 2007; Salvador et al.,

2009; Thiery et al., 2009).

Although we know some of the key
players in neural crest EMT transi-
tion, i.e., Slug, Sox9, Wnt, and so on,

there are still some fundamental

aspects that still remain unanswered.

Which key molecules do these tran-

scription factors regulate? Which ones

are key in starting or preventing neu-

ral crest delamination? How do these
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molecules regulate the precise timing

of neural crest EMT transition? One

family of molecules stands out among

a list of candidates for their ubiquity

in expression throughout neural crest
development: Slits. These receptors
and their ligands are present at the
beginning of neural crest delamina-
tion, during and at the end of migra-
tion (De Bellard et al., 2003; Jia et al.,
2005; Shiau et al., 2008; Shiau and
Bronner-Fraser, 2009).

The Slit proteins (1, 2 and 3) have
been known as key players in axonal
guidance in both vertebrates and
invertebrates (Brose et al., 1999; Kidd
et al., 1999; Li et al., 1999), as well as
guiding neural crest cells during
migration (De Bellard et al., 2003; Jia
et al., 2005). Slit glycoproteins func-
tion as repulsive factors during
migration of neurons and glia (Hu,
1999; Wu et al., 1999; Kinrade et al.,
2001) and can also regulate axon elon-
gation/branching in mammals (Wang
et al., 1999). But what is more inter-
esting is that Slits and their Robo

receptors have been found to play a
role in cancer metastasis (Schmid
et al., 2007; Sharma et al., 2007; Singh
et al., 2007; Prasad et al., 2008; Tseng
et al., 2010). More specifically, Slit
molecules have recently been defined
as true tumor suppressor molecules
(Dallol et al., 2002, 2003a; Dickinson
et al., 2004; Yu et al., 2010). Slit
expression correlated with reduced
cell motility in cancer cells while
reduced Slit expression is associated
with more aggressive cancer types.
Furthermore, Slit2 was found to regu-
late beta-catenin expression, which is
critical during cell migration transi-
tions (Kim et al., 2008; Prasad et al.,
2008; Tseng et al., 2010). Altogether
these data suggested that Slit-Robo
interactions, present throughout crest
development, may not only play a role
in their guidance, but may also affect
their migratory transitions (Prasad
et al., 2008; Tseng et al., 2010).

In this study, we examined the
potential role of Slit in the process of
neural crest cell migration. Slits are

expressed in the dorsal neural tube
by pre-migratory neural crest cells;
however, expression decreases after
emigration while Robo receptor
expression increases. We tested the
possible functional role of Slit on neu-
ral crest cell migration in vivo and in
vitro using Slit gain-of-function and
loss-of-function experiments. The
results reveal for the first time a new
role for Slit2 in neural crest cell
migration and provide evidence for
the ability of Slits to affect the timely
migration of neural crest cells in a
Robo-dependent manner.

RESULTS

Distribution of Slit

Expression During Trunk

Neural Crest Migration

Slit molecules are known chemorepel-
lants typically expressed along the
pathways of growing axons (Kidd
et al., 1999). In addition to axonal
pathfinding, Slit molecules also guide
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Fig. 1. Slit molecules are expressed by pre-migratory neural crest cells. A–E: Wholemount in situ hybridization images of chicken embryos with
Slit1 (A), Slit2 (B), Slit3 (C), Robo1 (D), and Robo2 (E) anti-sense probes. HH12–13 chicken embryos showed expression of Slit ligands in dorsal neu-
ral tube (arrows in H–K sections for Slit1 and Slit2). Robo1 receptor is expressed in the medial somites (red arrow in D) but also in the neural tube
at the most caudal portions (black arrowhead in D). While Robo2 receptor is expressed in the dorsal neural tube at the most rostral portion hind-
brain and somites 1–10 (arrow in E, section in L of HH10–11). M: Robo2 in situ section through the trunk of a HH16 embryo, highlighting that migrat-
ing trunk express Robo2 (arrowhead) while pre-migratory neural crest expresses practically no Robo2 (arrow). Sox10 in situ (F, HH12–13; G, HH10–
11) highlights that at these stages only vagal neural crest has delaminated (N, sections at vagal; O, at trunk level). Bars ¼ 50 mm in C or 200 mm in O.
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migrating neural crest cells (De Bel-
lard et al., 2003; Jia et al., 2005;
Shiau et al., 2008). However, Slit mol-
ecules are not only expressed along

the pathways that neural crest cells
avoid but also are expressed by neural
crest cells prior to migration away
from the neural tube (Holmes and

Niswander, 2001; De Bellard et al.,
2003; Jia et al., 2005).
Neural crest cell induction occurs

much earlier in chicken embryos than
developmental stage HH17 when the
peak of trunk crest migration takes
place. However, it was not clear if
Slits are expressed during earlier
stages, before trunk neural crest initi-
ate delamination (before HH13). We
observed that in HH12–13 embryos
(Fig. 1A–C, H–K), as for HH17 (see
Supp. Fig. S1A–H, which is available
online), Slit1, Slit2, and Slit3 are
expressed in the trunk dorsal neural
tube but are absent in the first wave
of migrating trunk crest cells. By com-
parison, Slit receptor Robo1 is
expressed in the closing neural tube
and proximal somites, while Robo2 is
expressed in an almost non-overlap-
ping pattern to Robo1 in the caudal
hindbrain and less prominently in the
dorsal neural tube (Fig. 1D,E, L and
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Fig. 2. Fig. 3.

TABLE 1. Percentage of GFP Cells in Gangliaa

Percentage of GFP-positive cells per DRG

Control Slit1 Robo

Average 100.00 51.08** 23.95**
SEM 14.58 9.15 4.42
N 21 15 9

Percentage of GFP-positive cells in SG

Control Slit1

Average 100.00 36.59*
SEM 10.96 15.07
N 17 13

aThe total number of GFP cells present in either DRG or sympathetic ganglia (SG)
were counted in consecutive serial sections to make sure we were counting one
DRG or SG. The numbers were normalized to control average levels.
*P < 0.003; **P < 0.0005.
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Supp. Fig. S1I–N). This stage com-
prises the peak of cranial neural crest
migration as shown by Sox10 in situ
(Fig. 1F,G, N,O) and trunk neural
crest migration will not start until
HH14 (Thiery et al., 1982; Serbedzija
et al., 1989). Therefore, pre-migratory
trunk neural crest cells express both
ligands and receptors before they
begin to migrate. Later, during the
peak of trunk neural crest cell migra-
tion (HH16–17), pre-migratory neural
crest cells express Slits while the
migrating neural crest expresses
Robo (Supp. Fig. S1) (De Bellard
et al., 2003; Jia et al., 2005).

Slit expression was never observed
in migrating trunk neural crest cells,
only in the dorsal neural tube where
pre-migratory trunk neural crest cells
reside before the initiation of delamina-
tion and subsequent migration.
Towards the end of trunk neural crest
cell migration (HH21), Slit1 and 2 con-
tinued to be expressed in the dorsal
and ventral neural tube (Supp. Fig.
S1B, D, F, H). On the other hand,
Robo1 and Robo2 have overlapping pat-
terns of expression at these stages:
both are expressed by the migrating
trunk crest at HH17 (Supp. Fig. S1I, K,
M, O) and later expressed in the dorsal
root ganglion (Supp. Fig. S1J, L, N).

Ectopic Expression of Slits in

Trunk Neural Tube Impairs

Neural Crest Cell Migration

The fine tuning of Slit and Robo
expression suggested that Slit mole-
cules may have another role during
neural crest cell development besides

being a repellant for ventrally migrat-
ing trunk neural crest cells (De Bel-
lard et al., 2003). Since Slit1 and/or
Slit2 can impair metastatic cell migra-
tion (Tseng et al., 2010; Yu et al.,
2010), we explored the possibility that
Slits could also affect neural crest cell
migration. We first approached this
question by constitutively expressing
Slit2 in gain-of-function (GOF) experi-
ments. We hypothesized that Slit mol-
ecules have an analogous role in neu-
ral crest cells as in metastatic cells,
preventing movement and affecting
migratory capabilities.

We investigated this correlation by
electroporating chicken embryo neu-
ral tubes at HH14–16, before the
peak of trunk neural crest cell migra-
tion (HH16–17) with either myc-
tagged Slit or in a bi-cistronic plas-
mid. We observed that embryos elec-
troporated with a control GFP-
expressing plasmid displayed many
GFP-positive cells that had migrated
out of the neural tube along the ven-
tromedial pathway (Fig. 2A and C)
and had already begun entering the
hindlimb at 48 hr post-electroporation
(hpe). Comparatively, when mSlit1 or
hSlit2 proteins were ectopically
expressed in the neural tube, the reg-
ular pattern of neural crest cell
migration along the ventromedial
pathway was impaired (Fig. 2B and D
for hSlit2 and data not shown for
mSlit1) as well as the dorsomedial
(arrowheads in Fig. 2D). This altered
migration was observed at both 24
and 48 hpe and in 45/51 and 12/15
total embryos, respectively, indicating
that the migratory properties of the

neural crest cells were not just
impaired during their initial migra-
tion phase but remained impaired for
the duration of hSlit2 expression.
Cross-sections of these embryos
showed that while neural crest cells
expressing control GFP followed their
normal ventro-medial pathway into
dorsal aorta region, there were far
fewer Slit-expressing cells that
reached the dorsal aorta region in the
Slit GOF electroporated embryos (Fig.
2E,F). This impaired migration was
observed using either a myc-tagged
Slit2 or using a bi-cistronic GFP plas-
mid for Slit2 expression.
The first wave of migrating neural

crest cells in the trunk encompasses
the cells that will eventually form the
sympathetic ganglia by the dorsal
aorta (Serbedzija et al., 1989). Thus,
any sympathetic ganglia size reduc-
tion is an indication that either neural
crest cells did not migrate properly or
that the neural crest cells died en
route to their destination. When we
quantified the total number of electro-
porated cells in condensing dorsal root
ganglion (DRG) and sympathetic gan-
glia (Table 1), we found a significant
reduction in the number of mSlit1- or
hSlit2-expressing cells compared to
controls. This deficit was especially
marked for the sympathetic ganglia af-
ter mSlit1 GOF: 50%, P < 0.0005 for
DRG and 64%, P < 0.005 for sympa-
thetic ganglia. To determine whether
or not cell death was responsible for
the reduced number of Slit1-express-
ing cells in the ganglia, we scored the
number of DAPI-stained condensing
or fragmented nuclei in the mSlit1
GOF compared with control GFP and
did not find any significant difference
(data not shown). TUNEL assays were
also performed on these embryos and
no increase in the amount of cell death
was observed in Slit GOF compared to
control or non-electroporated sides
(data not shown). These results sug-
gested that the reduction of Slit-
expressing neural crest cells in DRG
and sympathetic ganglia was not due
to cell death but instead to impaired
migration upon constitutive expres-
sion of Slit.
The size of neural crest cell–

derived structures depends on the
cell cycle of migrating neural crest
cells as well as the ongoing genera-
tion of neural crest cells from the

D
ev

el
op

m
en

ta
l D

yn
am

ic
s

Fig. 2. Slit molecule over-expression impairs neural crest cell migration. Chicken embryos
HH14–15 were electroporated with control GFP (A, C, E) or mSlit1 (B, F), hSlit2 (D) plasmids and
incubated for 24 hpe (A, B arrows point to forelimb area) or 48 hpe (C–F arrows point to hindlimb
area). Cells were visualized with anti-GFP or anti-myc for Slit1. Neural crest cells expressing Slit1
or Slit2 did not migrate as far as in control embryos (arrows in A–H), and Slit-electroporated cells
looked rounder and less dispersed than control GFP. Sections through a 48-hpe embryo at hind-
limb level showed that a larger number of control electroporated cells reached the dorsal aorta
(arrow in E) compared with mSlit1-expressing cells (arrow in F). Cultures of electroporated neural
tubes (bright with DAPI) showed that mSlit1-expressing cells did not migrate as far as control
GFP cells (arrows in G, H). Cross-sections were counter-stained with HNK1 (red in E–F).

Fig. 3. In vitro expression of Slit molecules impairs neural crest cell migration. Neural crest cells
were cultured in vitro and chemically transfected with GFP. A: Bar graph scoring cell shape of
neural crest cells after electroporation (t-test: P < 0.005, N ¼ 680 per each treatment). There
were far fewer neural crest cells showing a migratory/mesenchymal morphology compared with
GFP cells. B: Morphology of neural crest cells chemically transfected with GFP, Slit2-GFP, or MIF-
GFP. C: Graph showing individual cell area (y axis corresponds to mm2 of cell surface) for neural
crest cells after transfection. Cells expressing Slit2-GFP were significantly smaller than control-
GFP or MIF-GFP expressing cells (t-test: P < 0.0004; t-test, N ¼ 60 cells per each treatment).
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dorsal neural tube, the latter of
which is dependent on the timely and
proper expression of pre-migratory
neural crest cell transcription factors
(Gammill and Bronner-Fraser, 2003).
When we examined the expression of
Pax7, Msx, Sox10, or Cad6b via in
situ after ectopic expression of hSlit2
and mSlit1 in the neural tube, we did
not observe any changes in the
boundary or levels of expression of
these molecules (data not shown).
These results further suggested that
the change in cell numbers we
observed in Slit-expressing neural
crest cells could be due to delayed
delamination of neural crest cells
still expressing high levels of Slits.

Slit Over-Expression Impairs

Cell Migration In Vitro

The absence of Slit expression has
been related to metastasis and nota-
bly the ectopic expression of Slit can

impair tumor formation (Dallol et al.,
2002, 2003a; Dickinson et al., 2004).
To further confirm that Slit GOF
similarly affects neural crest cell
migration, we performed in vitro

experiments to reduce the influence of
other guidance molecules during
migration. Neural crest cell migration
begins 2–3 hr after the neural tubes
are introduced into in vitro culture.

To eliminate neural crest cells that
had undergone delamination immedi-
ately prior to the time of electropora-
tion, electroporated neural tubes were
explanted 5 hr post-electroporation

(hpe) into in vitro culture. In doing so,
any GFP- or myc-positive cells
observed in the halo of neural crest
cells correspond to cells that had con-
tinuous expression of Slit throughout

the delamination process.
Observation of neural crest halos

suggested that control GFP-trans-
fected cells migrated in larger num-
bers and longer distances from the
neural tube explants than those from
mSlit1 electroporated neural tubes
(see control neural crest halo in Fig.
2G). Comparatively, we observed that
mSlit1-electroporated neural crest
cells had significantly smaller halos
(observed in 80% of neural tubes, N ¼
45), had more rounded cells, and had
fewer Slit-expressing cells around the

edge of the halo (Fig. 2H) compared
with control GFP-expressing cells
(Fig. 2G, N ¼ 96). We repeated this
experiment with hSlit2-GFP and
observed the same results: neural
crest cells did not migrate as far away
from the neural tube as control cells
expressing GFP (N ¼ 50, and data not
shown). Once again, these findings
with both Slit1 and Slit2 suggested
that Slit over-expressing cells were ei-
ther dying, changing their shape, or
not emigrating from the neural tube.
The possibility of cell death in Slit-
positive cells was considered unlikely
as we repeated these experiments in
vitro and did not observe any differ-
ence in cell death between control and
mSlit1- or hSlit2-expressing cells
using the TUNEL assay (data not
shown). In addition, embryo sections
co-stained with DAPI were analyzed
for the presence of nuclear fragmenta-
tion or condensation, a sign of cell
death. No significant differences
between Slit-positive cells and non-
electroporated neural crest cells were
observed (data not shown). As a result
of the in vivo and in vitro findings, we
can dismiss cell death as an effect of
Slit GOF.

Neural crest cells derived from Slit
electroporated neural tube and then
cultured exhibited changes in cell
morphology in both whole embryos
and in cultures. Specifically, Slit-
expressing cells were smaller in size
and more rounded than non-Slit-
expressing cells. We examined this
more thoroughly by scoring for the
number of cells in these cultures dis-
playing a classic migratory shape ver-
sus a non-migratory rounded shape
(Strachan and Condic, 2003) and
found that Slit1- or Slit2-expressing
cells were more likely to be rounded
(�70%). Furthermore, Slit-expressing
cells rarely showed the classic
stretched shape of migrating neural
crest cells (Fig. 3A, N ¼ 500).

To ensure that electroporation and cy-
totoxicity due to high plasmid loads did
not cause the rounded phenotypes we
observed, experiments using chemical
transfections of dissected neural tubes
with the same plasmids were per-
formed. Cell morphology was assessed
by analyzing the total area covered by
GFP- or Slit-GFP-expressing cells after
24 hr of culture. We observed that neu-
ral crest cells expressing Slit2 were

smaller and rounder than control GFP-
expressing cells (Fig. 3A, B). Figure 3B
and C shows that Slit2-expressing cells
were 73% the size of control cells (�25%
size reduction, P < 0.005, N > 600 cells
per treatment), indicating that Slit2
expression affected cell size. To dis-
count any transfection artifact, we
repeated these experiments usingMac-
rophage inhibitory factor (GFP-MIF)
as a positive control because it is
known to enhance directional cell
migration of leukocytes and we have
found that it is a neural crest cell che-
moattractant (data not shown and per-
sonal communication) (Gregory et al.,
2006). Cells expressing MIF were big-
ger and the percentage of cells with the
migratory shape was increased com-
pared to control cells (Fig. 3C). In con-
trast, Slit molecules had the opposite
effect, causing rounding of neural crest
cells and reducing their ability for
migration. Further confirmation of
these morphological differences was
obtained by measuring the long and
short axes of neural crest cells. We
found that Slit-expressing neural crest
cells have a 2.24 ratio of long versus
short axis comparedwith a 3.12 for con-
trol GFP (P< 0.0004 t-test, N¼ 60 cells
per each treatment). Taken together,
these results strongly suggest that Slit
expression causes cell rounding and
morphological alterations consistent
with a non-migratory phenotype.
In order to observe the behavior of

live cells following Slit electroporation,
neural crest cells were imaged using
confocal microscopy over a 2–3-hr time
course. We found that hSlit2-GFP cells
rounded and stretched intermittently
as well as exhibited more membrane
blebbing than controls (Fig. 4 and
Supp. Movies S1, S2). This behavior
was observed at a 3:1 ratio in Slit2-
expressing cells compared with control
GFP-expressing cells in more than 10
movies per each treatment (Supp.
Movie S2 and data not shown). Trac-
ing the paths of these GFP-expressing
cells demonstrated that neural crest
cells expressing Slit2-GFP had more
stalls and short side turns along their
paths compared with control GFP-
expressing cells (Fig. 4E, arrows in J).
The dynamic nature of these changes
as observed in live cell imaging sup-
ports our observation of rounded, non-
migratory and migratory phenotypes
in cell culture.
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Fig. 4. Aberrant migratory paths of neural crest cells shown by live imaging after Slit2 GOF. Sequential still images of movies were taken from
Supplementary Movies S1 and S2. Three cells were pseudo-colored to highlight their path during the movie. Notice how the red-labeled cell in the
control movie moved across the field (A–C) and then moved out of frame (D). Neural crest cells expressing Slit stopped more frequently to round
up than control cells (blue arrows B,C and F–I). Cell trackings from several movies were overlapped to characterize migratory behavior (E, J).
While control electroporated cells moved farther away, Slit2 cells showed shorter and more tortuous paths (black arrows in J) than control cells.
Interestingly, Slits cells showed impaired migration. Slit2: 53663 mm/hr (N ¼ 14) and GFP controls: 39652.39 um/hr (N ¼ 16), P < 0.45 unequal
variance t-test.

Fig. 5.

Fig. 6. Quantification of in vitro Slit2 and Robo GOF effects on neural crest cell
migration. A: Neural tubes of chicken embryos HH14–15 were electroporated
with control GFP, mSlit1 or hSlit2, or Robo1 plasmids, isolated and cultured over-
night before fixing and measuring the total area covered by transfected cells nor-
malized with total area covered by all cells as assessed by DAPI (B). Bar graph
shows that neural tubes electroporated with mSlit1, hSlit2, and Robo1 had a
�30% reduction in total migration area compared with control GFP. N ¼ 20 neu-
ral tubes per treatment. Robo1 (56%), mSlit1 (65%), or hSlit2 (61%) control GFP-
expressing (88%), t-test: P < 0.005. Cartoon in B illustrates how we measured
the total area (blue striped area) and transfected cells (green stripes) and how it
looked for control GFP or Slit2 GOF experiments.

Fig. 5. Robo receptor over-expression impairs neural crest cell migration.
Chicken embryos HH14–15 were electroporated with control-GFP or Robo1-GFP
plasmids and incubated for 24 hpe (A, B) or 48 hpe (C, D). Neural crest cells
expressing Robo1 did not migrate as far as in control embryos (arrows in A–H).
Sections through a 24-hpe embryo at midtrunk level showed a larger number of
control electroporated cells in the dorsal root ganglion area (arrow in E) compared
with none in the Robo1 section (arrow in F). Cultures of electroporated neural tubes
showed that Robo1 cells could not migrate as far as control GFP cells (arrows in
G, H). Embryos, cultures in A,B, E–H were counter-stained with HNK1 (red).
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Ectopic Expression of Robo

in Trunk Neural Tube

Impairs Neural Crest Cell

Migration

Neural crest cells express reduced
amounts of Robo receptors prior to
EMT transition. Once migration com-
mences, Robo1 expression is dramati-
cally up-regulated and Slit expression
is down-regulated (De Bellard et al.,
2003). Here, we assessed if the aber-
rant neural crest cell migration asso-
ciated with Slit GOF was linked to
the concomitant expression of Robo
receptor by neural crest cells. Using
electroporated Robo plasmids in
HH15–16 neural tubes, we examined
the effect of Robo GOF after 24 and
48 hpe in neural crest cells. Robo1
GOF prevented neural crest migra-
tion more dramatically than Slit-
expression GOF (observed in 90% of
embryos, N ¼ 45) (Fig. 5B). In some
embryos, no cell migration was
observed (Fig. 5D). This result was
confirmed by examination of embryo
cross-sections following the electropo-
ration of Robo plasmid confirming
that very few neural crest cells
migrated from the neural tube after
Robo GOF compared with control
GFP (Fig. 5E,F, N ¼ 12). We observed
normal spinal nerves in these sec-
tions, implying that ventral motor
axon elongation was not affected
while neural crest cell migration was
significantly impaired. A similar
effect was observed when culturing
electroporated neural tubes: fewer
neural crest cells expressing Robo1
migrated all the way to the edge of
the neural crest cell halo (Fig. 5H)
compared with control GFP-express-
ing neural tubes (Fig. 5G). This sug-
gests that impaired migration was
directly related to the expression of
Robo1.

When we measured the difference
in total area covered by neural crest
cells positive for Slit or Robo com-
pared to control electroporated cells,
we found that the total area covered
by cells expressing Robo1 (56%),
mSlit1 (65%), or hSlit2 (61%) was
reduced compared with control GFP-
expressing neural tubes (88%, P <
0.005, >N ¼ 25 neural tubes per
treatment) (Fig. 6A, B). Therefore,
GOF expression of either Slit or Robo
impaired neural crest cell migration.

Slit Silencing Enhanced

Neural Crest Cell Migration

in Trunk Neural Tube

To further address the role of Slit mol-
ecules in neural crest cell migration,
we performed loss-of-function (LOF)
experiments using chicken Slit2
FITC-labeled morpholinos in HH13–
14 chicken embryo neural tubes. We
examined neural crest cell migration
patterns following morpholino knock-
down of Slit2 18 hpe. Slit2 LOF
enhanced neural crest cell migration.
Neural tubes expressing chicken
Slit2 spliced blocking morpholinos
(SpSlit2-MO) or Slit2 translational
blocking morpholinos (TrnSlit2-MO)
at the level of the last somites com-
pared to cells expressing Slit2 spliced
scrambled (SpCont-MO) or standard
control morpholinos consistently dem-
onstrated enhanced migration (Fig.
7A–E). Normally neural crest migra-
tion is observed to start around the
4th–5th last somites. However, when
neural tubes were electroporated with
either of the two types of Slit2-MO,
neural crest cells were observed as
early as in the 2nd to last somites
(arrows in Fig. 7B, D). Electropora-
tion at an older stage (HH16) with
Slit2 morpholinos confirmed these
results. We observed in sections what
would be the consequence of earlier
migration: more FITC-positive cells in
condensing DRG (data not shown and
Supp. Fig. S2). Enhanced migration
was frequently observed bilaterally
because �50% of embryos electropo-
rated with either control or Slit2 mor-
pholinos stained positively for MO-
expression in both halves of the neu-
ral tubes. This is likely due to the net
neutral charge of morpholinos.

This phenomenon of enhanced
migration was observed in 71% of
embryos (N ¼ 35) compared with con-
trol morpholinos where early migra-
tion was observed in only 15% of
embryos (N ¼ 40). We corroborated
these qualitative observations using a
double-blind assessment. Further-
more, S2-MO electroporated neural
tubes showed more delaminated cells
compared with control, as well as
many more HNK1-positive cells
migrating along the ventro-medial
pathway on both sides of the neural
tube compared with control morpholi-
nos at the same axial level in

TrnSlit2-MO embryos (Supp. Fig.
S2A–F).
In order to further corroborate this

Slit2 LOF effect, we also performed
rescue experiments electroporating
simultaneously Slit2-MO and Slit2-
GFP. Rescued embryos displayed
migration patterns more similar to
Slit2 GOF embryos (8/22) as com-
pared to TrnSlit2-MO alone (Fig. 7F).
Although neural crest cell migration
was not as significantly impaired as
in plain Slit GOF experiments, res-
cued embryos showed that TrnSlit2
morpholinos were capable of reducing
the Slit2 GOF phenotype observed in
Figure 2.
Cultured neural tubes after electropo-

ration with Slit2-MO also displayed an
enhanced migratory type neural crest
cell shape, opposite to that observed
with Slit GOF cells (Supp. Fig. S2G, H).
TUNEL assays on MO-expressing
embryos did not show any significant
increased in cell death compared with
control morpholinos or the un-electropo-
rated side (data not shown).
Somewhat analogously, we observed

an increase in the condensation of
sympathetic chain when cells from
chicken embryos were cultured in the
presence of a soluble form of Robo re-
ceptor (RoboN) (Supp. Fig. S3). RoboN
is commonly utilized to block the
effects of Slit (Liu et al., 2004; Sabatier
et al., 2004). In embryos cultured in
ovo or ex ovo with RoboN, the sympa-
thetic ganglia condensed earlier than
control embryos (Supp. Fig. S3B, N ¼
14 embryos) and in 50% of the
embryos, the migration of neural crest
cells was disrupted morphologically
compared to control embryos (data not
shown). RoboN treatment also facili-
tated neural crest cell migration at the
most caudal somites (El-Ghali et al.,
2010). These in vivo and ex ovo results
were substantiated by culturing neu-
ral tubes in the presence or absence of
RoboN-conditioned media (Supp. Fig.
S3C–E). RoboN-exposed neural crest
cells migrated farther away (50%
wider halo) from the neural tube when
compared to controls, demonstrating
their enhanced migration capabilities
(N ¼ 22 neural tubes) (Coles et al.,
2007; Taneyhill et al., 2007).
Altogether, the data for Slit ligands

or Robo receptors confirm that Slit
and Robo both play an important role
in neural crest cell migration.
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Slit Molecules Affect

Expression of Cytoskeletal

Molecules

The above results suggested that Slit
expression might play a role in the
cellular changes accompanying the
transition of neural crest cells from
an epithelial to a mesenchymal cell
type. If this were the case, one would
expect to observe changes in the over-
all distribution of the cell’s cytoskele-
ton (Gundersen et al., 1987). We dis-
covered that expression of mSlit1 and
hSlit2 altered the expression pattern
of acetylated tubulin (a stable cell
cytoskeletal marker) (Piperno et al.,
1987) while control GFP- or MIF-
expressing cells did not display such
an effect (data not shown for MIF)
(Fig. 8A–C). In control GFP and
mSlit1 electroporated neural tubes,
the acetylated tubulin was readily
observed only in neuroepithelial cells
(non-motile). However, after mSlit1
GOF, migrating neural crest cells dis-
played high levels of acetylated
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Fig. 7.

Fig. 8.

Fig. 7. Slit2 loss of function enhances neural
crest cell migration. Tail end of chicken
embryos HH16 that were electroporated with
splice Slit2 control (SpCont-MO) FITC, splice
Slit2 (SpSlit2-MO), translational Slit2 (TrnSlit2-
MO), or standard control morpholinos and
incubated for 24 hpe (A–F). Neural crest cell
migration in Slit2 morpholinos was present
even in somite no. 2 (see arrows pointing to
earlier migration of HNK1-stained neural crest
cells in B and D), way in advance compared
with both types of control morpholinos
(arrows pointing to normal migration in A and
C). Rescue experiments by doing double elec-
troporation of TrnSlit2-MO and Slit2 plasmid
(F) showed that neural crest migration was
now more similar to control levels compared
with a TrnSlit2-MO alone (E, which shows
many migrating crest in somite 4). This behav-
ior was more prominent when looking at
migrating neural crest cells in the 9th somite
(arrows).

Fig. 8. Slit molecules affect the cytoskeleton
in the neural crest. Sections through the mid-
trunk region of chicken embryos HH13–15
electroporated with control-GFP (A–C),
mSlit1-myc (D–F), or Slit2-MO (G–J, TrnS2-
MO) were stained with anti-acetylated tubulin.
Control GFP migrating neural crest cells did
not express acetylated tubulin (B), while Slit1
did (E). Migrating S2-MO neural crest cells
had lower staining of acetylated tubulin (H).
Interestingly, S2-MO neural tube cells also
showed a reduced level of acetylated tubulin
(arrowhead in G,H) compared with Slit1 neural
tube cells (arrowhead in D–F).
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tubulin (Fig. 8C and F). Interestingly,
neural tubes electroporated with
Slit2-MO also displayed marked lev-
els of acetylated tubulin (Fig. 8J).

These results suggested that cytos-
keletal rearrangements occur in neu-
ral crest cells dependent on Slit
expression. We looked further into
this possibility by immunostaining
neural tube cultures after Slit electro-
poration. We corroborated that Slit
GOF was capable of altering cytos-
keletal organization of cultured neu-
ral crest cells (Fig. 9). For example,
the microtubule organizing center
(MTOC) in about 50% of Slit2-electro-
porated cells was much less promi-
nent than in controls (arrows in Fig.
9G, H). Similarly, the pattern of actin
distribution was also altered when
comparing controls to Slit2-express-
ing cells. In Slit GOF cells, neural
crest cells exhibited fewer actin stress
fibers and more membrane-associated
cortical actin compared with controls
(Fig. 9I–P).

To confirm these findings, we trans-
fected Slit into a cell line very similar
to neural crest cells (Buchstaller

et al., 2004). We observed the same
range of cytoskeletal changes as in
neural crest cells after Slit GOF,
including reorganization of acetylated
tubulin and actin fibers and reduced
levels of tyrosinated tubulin (Supp.
Fig. S4 and data not shown). These
results suggest that the findings were
not due to spurious effects associated
with the culturing of electroporated
primary neural tube cells.

Finally, we tested the effect of
Slit2-MO on the distribution of acety-
lated tubulin and actin filaments.
Acetylated tubulin fibers were wide-
spread throughout the cell cytoplasm
in control neural crest cells while
neural crest cells expressing the
Slit2-MO displayed very prominent
fibers, with heavy concentration of
acetylated tubulin in the MTOC
(arrows in Fig. 10A–D). In addition,
neural crest cells expressing Slit2-
MO exhibited an increase in actin
stress fibers compared to control cells
(arrows in Fig. 10E–H). Thus, both
the Slit GOF and LOF experiments
suggest that Slit expression results
in alterations in cytoskeletal compo-

nents that may be necessary for cell
migration.

DISCUSSION

Slit chemorepellant molecules were
initially described by their involvement
in axon and cell guidance. However,
recently Slit molecules have also been
implicated in trigeminal condensation
and cancer metastasis (Dallol et al.,
2003b; Shiau et al., 2008). We exam-
ined whether or not Slit molecules play
a different role in neural crest cell de-
velopment, similar to its inhibition of
migration in metastatic cells. Our find-
ings demonstrate that in addition to
being neural crest chemorepellants,
Slit molecules are capable of impairing
neural crest cell migration.

Slit Molecules Impair Neural

Crest Migration

The process of cell migration is
extremely complex because it entails
coordination of many seemingly oppos-
ing cell functions. Cells need to become
polarized, make adequate plasma
membrane protrusions, and generate
traction while simultaneously retract-
ing the cell body. Our findings herein
demonstrate that Slit expression sig-
nificantly impaired the movement of
actively migrating neural crest cells.
Slit molecules not only command
where neural crest cells will migrate
(De Bellard et al., 2003), but also
impair the process of initial migration
from the neural tube thereby becoming
a highly migratory cell.
Our findings highlight a critical

and highly debated question regard-
ing neural crest cell migration: how
can one distinguish a simple guidance
phenomenon from a migratory or mo-
tility phenomenon in a highly migra-
tory mesenchymal cell? Neural crest
cells begin to migrate rapidly and per-
sistently along set pathways after
delaminating from the neural tube,
suggesting a carefully guided develop-
mental process (Kulesa et al., 2004;
Hall, 2009; Kulesa and Gammill,
2010). Our present results support a
new role for Slit molecules during
neural crest cell development. One,
Slit molecules provide guidance by
preventing neural crest cells from
entering regions with high concentra-
tions of Slit molecules (De Bellard

D
ev

el
op

m
en

ta
l D

yn
am

ic
s

Fig. 9. Slit molecules affect expression of cytoskeletal markers in the neural crest. Neural
tubes were cultured and simultaneously transfected with Control or Slit2-GFP plasmids and
stained for acetylated tubulin (A–H) and actin (I–P) shown in red channel or grayscale. Slit2
induced cytoskeletal re-arrangements in neural crest cells (E–H, M–P). While control GFP
showed normal microtubule-organizing centers close to the nucleus (MTOC arrows in C, D),
Slit2-expressing cells did not have such an arrangement (arrows in G, H). Actin cytoskeleton in
control-GFP cells showed stress fibers of migratory cells (arrows in K, L, and O), while Slit2-
expressing cells showed fewer stress fibers or none at all (arrows in O, P). In addition, they have
more cortical actin than control cells (red arrows in O, P).
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et al., 2003). Two, Slit molecules can
delay and impair the initiation of neu-
ral crest migration (see cartoon in
Fig. 11). Thus, Slit molecules not only
behave as guidance ligand molecules
(telling cells where to go), but are also
capable of affecting cell motility (how/
if cells reach those targets).

Several key observations support
this hypothesis. First, during Slit
GOF, neural crest cells migrated less
efficiently away from the Slit-express-
ing neural tube, undermining the idea
that Slit solely has a role in guidance
in a gradient-dependent manner.
Instead, during Slit GOF cells
migrated very poorly along their regu-
lar ventral pathway or away from the
neural tube in culture. However, not
all the Slit GOF neural crest cells
showed impaired migration. Some
Slit-expressing cells still reached their
targets in the embryo or the halo edge
in culture. Second, we also observed
that after Slit GOF, cells were dynami-
cally changing their shape and round-
ing up, which is a less motile pheno-
type. Together, these observations
point towards a role for Slits during
the initiation of migration separate
from their role in guidance. While
some authors think that cells first
undergo guidance then migration
(Chodniewicz and Klemke, 2004),
others have shown that many cells can
polarize spontaneously in the absence
of concentration gradients (Paliwal

et al., 2004). In fact, neural crest cells
will vigorously migrate in culture de-
spite lack of guidance cues (even dem-
onstrating spontaneous migration af-
ter neural tube removal). Thus, neural
crest cells are capable of migrating
without guidance cues. In other words,
neural crest cell migration very likely
entails separable guidance and motil-
ity mechanisms.

More relevant to our present find-
ings is that recently Slit2 was found
to be expressed in solid tumors (Wang
et al., 2003) and unmethylated-Slit2
can behave as a tumor suppressor
and impair cell migration in some
human cancers (Prasad et al., 2008).
It looks as if Slits molecules are im-
portant in the transition towards a
migratory type in some mesenchymal
cells. In other words, in the same way
that Slits impair, or better, restrain
cancer cell migration, they can also
restrain the process of neural crest
migration. Although the data pre-
sented here cannot determine if it is
at the initiation of cell migration
when neuroepithelial cells change
their phenotype or after this step, we
showed that Slit-Robo interactions
are part of this transition.

Slit Molecules Affect Neural

Crest Cytoskeleton

Cellular morphology and cell shape
are highly dependent on cytoskeletal

elements such as filamentous actin
(F-actin). In vitro, epithelial neural
crest cells display significant levels of
F-actin fibers, with minimal cytosolic
globular actin (Newgreen and Mini-
chiello, 1995). Upon initiation of
EMT, levels of F-actin decrease while
cytosolic globular actin levels increase
(Newgreen and Minichiello, 1995).
Data presented here suggest that
expression of Slit2 affects the pattern
of actin distribution in neural crest
cells. In highly motile neural crest
cells, actin localized to areas of mem-
brane blebs and sites of filopodial
extension, with the greatest actin
staining visible when filopodial re-
traction occurred (Berndt et al.,
2008). Here, we found when neural
crest cells expressed Slit2, fewer
stress fibers were visible and, in gen-
eral, actin distribution did not follow
the classic patterns observed in mes-
enchymal cells. In contrast, during
Slit LOF more stress fibers were
observed and cortical actin increased
on cellular extensions compared with
controls, reminiscent of highly motile
cells (Pellegrin and Mellor, 2007).
These data suggest that decreases in
Slit-expression result in alterations in
actin more reminiscent of a mesen-
chymal phenotype.
We also observed that expression of

Slit could affect the distribution pat-
tern of another important cytoskeletal
protein: tubulin. The pattern of
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Fig. 10. Slit2 morpholinos affect expression of cytoskeletal markers in the neural crest. Neural tubes were cultured after electroporation and
stained with acetylated tubulin (A–D) or actin (E–H). Although most Slit2-MO neural crest cells have normal cytoplasmic distribution of microtu-
bules and of their MTOC, the tubulin fibers were less diffuse (arrows in C, D) than in control cells (arrowhead in B). Actin cytoskeleton in S2-MO-
expressing cells showed more stress fiber (arrows in G, H) compared with controls. Less frequently, we found abnormal actin fiber organization
(arrowhead in H).
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cytoplasmic distribution of post-trans-
lationally modified tubulins, acety-
lated tubulin (Ac-tubulin) and tyrosi-
nated tubulin (t-tubulin), were
altered upon ectopic expression of
mSlit1 and hSlit2. Similar to our
observations for actin, mSlit1 expres-
sion in neural crest cells resulted in
condensed fibers of Ac-tubulin, as

found in less motile cells. Although
the precise roles of Ac-tubulin in de-
velopment have yet to be defined, the
developmental regulation of post-
translationally modified tubulin has
been previously described (Fukushima
et al., 2009). Ac-tubulin is observed in
highly stable microtubules, such as
those in the proximal sites of mature

neurons and non-mesenchymal cells
(Brown et al., 1993) as well as in non-
motile types of cells (Geuens et al.,
1986; Gundersen et al., 1987). One ex-
planation for the observed changes in
distribution of Ac-tubulin after Slit
GOF is that Slits may promote stabil-
ity of the cell cytoskeleton in pre-mi-
gratory neural crest. Complementing
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Fig. 11. Graphic abstract of Slit function during trunk neural crest migration. Cartoon showing the expression of Slits (red) and Robo receptors
(blue) during trunk neural crest development. A: A pre-migratory neural crest cells that simultaneously expresses Slit and its Robo receptors; these
cells are not motile. B: Migrating neural crest cells that express Robo receptors but no Slit; these are highly motile cells avoiding dermomyotome
(Jia et al., 2005). C: Neural crest cells expressing Robo receptors stopping by the dorsal aorta after encountering Slit molecules expressed at the
entrance of the developing gut; these cells are non-motile, non-epithelial (De Bellard et al., 2003).
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these results, Slit2 LOF reduced and
redistributed the total number of cyto-
plasmic Ac-tubulin fibers, concomi-
tantly increasing the concentration of
acetylated tubulin in the MTOC.

More relevant to our findings is that
recently Slit2 has been found to
increase E-Cadherin and decrease
beta-catenin (Tseng et al., 2010), both
key components of cell structural dy-
namics. Both of these findings were
observed in the context of cancer me-
tastasis transitions. It is known that
the EMT transformation of the neural
crest is accompanied by changes in cell
adhesion molecules (Nakagawa and
Takeichi, 1998), which are remarkably
similar to those that occur during me-
tastasis. In addition, when Okamoto
and co-workers over-expressed Slit2 in
one-cell zebrafish embryos, an impair-
ment of the convergent-extension
movement of the mesoderm was
observed (Yeo et al., 2001). These find-
ings are similar to the findings we
present here. Slit molecules impaired/
altered the transition of neural crest
cells from a non-migratory to a migra-
tory, mesenchymal cell.

One interesting finding from Slit
GOF experiments was the observation
that neural crest cells showed a
higher incidence of membrane bleb-
bing. This phenomenon is believed to
be actively generated by alterations in
the actin cytoskeleton during neural
crest delamination. More importantly,
membrane blebbing protrusive activ-
ity has been shown to be concomitant
with neural crest cells EMT (Berndt
et al., 2008). Our findings that Slit
molecules increased cell blebbing sug-
gest that Slit molecules may cause
actin detachment from cell membrane
as observed by Berndt and co-workers.

There are several findings that
highlight the complexity and impor-
tance of Slit-Robo interactions. One
came from screening for genes respon-
sible for axonal regeneration. In this
study, Chen and co-workers found
that Slit-Robo interactions play a
modulatory, critical step in the capa-
bility of neurons to regenerate by
affecting downstream signals required
for cytoskeletal assembly during neu-
rite outgrowth (Chen et al., 2011).
Also, it is known that Slit molecules
via its Robo receptor are capable of
altering the expression of small
GTPases like Rho, Cdc42, and Rac,

which are responsible for cytoskeletal
re-arrangements (Wong et al., 2001;
Yiin et al., 2009; Huang et al., 2011).
These molecules are known to be im-
portant not only in the cytoskeletal re-
arrangements necessary during
migration but also importantly during
the initiation of neural crest cell
migration (Wong et al., 2001; Werbo-
wetski-Ogilvie et al., 2006; Yiin et al.,
2009). This data in conjunction with
the more recent description of the role
that FGF and RA have on the timely
delamination of neural crest denote
that the rostro-caudal complementary
expression of Robo1 and Robo2 may be
also play a role in the timely delamina-
tion of trunk neural crest (Martı́nez-
Morales, 2011).

There are two possible mechanisms
that could explain our results. One
will be the ‘‘sandwich’’ model proposed
by Kraut and Zinn, of an anti-migra-
tory effect of Slit-Robo signaling on
sensory neurons observed in the fly
embryo (Kraut and Zinn, 2004). The
model proposed might also apply to
cells while still inside the neural tube,
because it allows trans-signaling
between two pre-migratory neural
crest cells, with one presenting Slit to
the other via binding to its Robo recep-
tors (Fig. 11A). We think the role of
Slits is more complex. One important
reason is that although in the Kraut
and Zinn (2004) article the Slit sand-
wich model is sufficient to prevent
migration of sensory neurons in Dro-
sophila, in neural crest it is not suffi-
cient. This is because we observed that
neural crest cells were capable of
delaminating and migrating even
while constitutively expressing high
levels of Slits in vivo and in vitro,
albeit their motility was restrained.
The other mechanism will be the axon
regeneration inhibition proposed by
Chen et al. (2011) where they proposed
a cell-autonomous role for Robo-Slit in
inhibiting growth cone re-growth. We
think this model explains better why
neural crest expressing both Slit and
Robo simultaneously could not move
as freely as control cells, and corre-
sponds to our preliminary findings
that Slit GOF and LOF alter neural
crest EMT transition and induce cyto-
skeleton re-arrangements (Fig. 11C
and data not shown).

The novelty of the work presented
here is that it addresses an earlier as-

pect of neural crest cell migration,
namely the time of delaminating from
the neural tube, and it unravels a new
function for Slit/Robo system in the
control of neural crest EMT. In sum-
mary, we can propose two functions for
Slit molecules during neural crest de-
velopment. The first established effect
of Slits is analogous to their effect on
axonal pathfinding: cells avoid areas
expressing Slit like the dermomyo-
tome (Fig.11B with 1 vs. 2 paths
depending on Slits) (Jia et al., 2005)
and the gut (Fig. 11C) (De Bellard
et al., 2003). The second effect pertains
to its effect in impairing timely
delamination of neural crest (Fig.
11A).

EXPERIMENTAL

PROCEDURES

In Situ Hybridization

Chicken embryos were fixed in 4%
paraformaldehyde (PFA) overnight
before being stored in 0.1 M Phos-
phate Buffered Saline (PBS). Patterns
of gene expression were determined
by whole-mount in situ hybridization
using DIG-labeled RNA antisense
probes as previously described (Hen-
rique et al., 1995). The cSlit1, cSlit2,
and cRobo1 probes used are described
in De Bellard et al. (2003) and Sox10
in Cheng et al. (2000).

Electroporation With Slit

or Robo

A 3-mg/ml solution of DNA (pMES-
GFP, pMES-Slit2, pCS2-GFP, pCS2-
mSlit1, or pCS2-hSlit2) was injected
into the chicken embryo neural tubes
using a mouth pipette and immedi-
ately electroporated with two 50-ms
pulses of 25 mV each. Embryos were
sealed with tape and re-incubated for
1–2, 24, or 48 hr until fixation or neu-
ral tube culture.
A 100-mM solution of morpholinos

(MO) was injected into the embryo
and electroporated as above. The
morpholinos were prepared for
translational blocking chicken Slit2
(50 GGAGCCTCCCCCAGGCGCACAT
CAT 30), standard control scrambled
(50 CCTCTTACCTCAGTTACAATTT
ATA 30), splice blocking chicken Slit2
(50 GGGACACAAATGTGACTCACAA
TGT 30), and splice scramble control
chicken Slit2 (50 GGCACAGA
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AATCTGACTCAGAATCT 30) by Gen-
eTools, LLC. (Philomath, OR). All mor-
pholinos were tagged with Fluorescein
at the 30 end of the oligo. A specific
splice scramble control chicken Slit2
was created by using the splice block-
ing chicken Slit2 sequence but
included 5-bp mismatches (Bold nucle-
otides). Slit2-MO specificity was deter-
mined after transfecting cSlit2-MO on
a hSlit2 permanent cell line. Western
blot analyses revealed a �50% reduc-
tion of Slit2 in these Slit2-expressing
cells. A hSlit2-GOF experiment dem-
onstrated a �50% increase in the
amount of Slit2 observed.

In Vitro Neural Crest Culture

Chicken neural tubes were isolated
by incubating trunks in 1.5 mg/ml of
Dispase for 30–60 min, followed by
dissecting neural tubes into small
pieces and culturing on Fibronectin-
coated Nunc-glass chamber slides for
18 hr in Dulbecco’s Modified Eagle
Medium (DMEM), 10% fetal bovine
serum (FBS), and 100 mg/ml and 100
U of penicillin and streptomycin,
respectively. Samples were then fixed
in 4% PFA. For immunostaining, cul-
tures were blocked for 30 min with
PBS, 1% Triton-X100, 10% serum.
Primary antibodies were directed
against HNK1 or GFP (Invitrogen,
Carlsbad, CA) for visualizing neural
crest cells. Acetylated Tubulin and
Actin antibodies were from purchased
from Sigma (St. Louis, MO), NCad
and Cad6b from DSHB (Iowa City,
IA), Tubulin antibodies were from
Chemicon (Temecula, CA). Secondary
antibodies were anti-mouse or anti-
rabbit-Alexa 488/594 (Molecular
Probes, Eugene, OR). DAPI was used
to visualize cell nuclei.

Whole Mount

Immunofluorescence

After overnight incubation in blocking
buffer PBS with 1% Triton-X100, 10%
serum, electroporated embryos were
incubated with 1:100 HNK1 superna-
tant in PBS overnight at 4�C, then
were extensively washed with PBS
and incubated with an anti-mouse
IgM- Alexa 488/594. Embryos were
washed extensively in PBS and photo-
graphed using a Zeiss A-1 AxioImager.

Time Lapse Video Microscopy

The neural tubes of chicken embryos
were electroporated with pMES-GFP
or pMES-Slit2. After 1–2 hr at 38�C,
neural tubes were isolated and cul-
tured as described previously. The
next day, cells were imaged using a
Zeiss (Thornwood, NY) 410 LSM ev-
ery 90 sec for approximately 3 hr. The
captured images were converted into
a QuickTime movie with NIH ImageJ
and analyzed with GoFigure (https://
wiki.med.harvard.edu/SysBio/Megason/
GoFigure).

Ex Ovo Embryo Culture

Chicken embryos were cultured as
described previously (El-Ghali et al.,
2010). Briefly, embryos are cultured
outside of the embryo on a filter ring
containing approximately 3 ml condi-
tioned culture media (specifically,
from 293HEK cells expressing Slit2
or controls) at 37�C in a CO2 incuba-
tor (5%) for 24 hr until fixation and
wholemount staining.

Cell and Neural Tube

Transfection

Cell cultures of SpL201 (Lobsiger
et al., 2001) or dissected neural tubes
were transfected with Lipofectamine
2000 (Gibco, Gaithersburg, MD) fol-
lowing the manufacturer’s instruc-
tions. In the case of neural tubes, cells
were cultured for 3 hr to allow proper
attachment of dissected neural tubes.
Cells were then treated with lipofect-
amine mixtures containing plasmids
(pMES-Slit2, pMES-GFP, or pCIG-
MIF) and incubated until the next
day when cells were fixed and
blocked. After antibody staining with
anti-GFP and/or HNK1, cells were
traced using the ‘‘area measurement’’
tool from the Zeiss LE AxioVision Rel
4.8 program and cell areas were
recorded. Primary antibodies were
directed against HNK1 or GFP (Invi-
trogen) for visualizing neural crest
cells. Acetylated Tubulin and Actin
antibodies were from purchased from
Sigma. Secondary antibodies were
anti-mouse or anti-rabbit-Alexa 488/
594 (Molecular Probes). DAPI was
used to visualize cell nuclei.

RT-PCR Analysis of Splice

Blocking Morpholinos

Chicken embryos at St. HH13–14
were electroporated on both sides of
the neural tube with injected Splice
mismatch control morpholino and
Splice blocking Slit2 morpholino with
electrodes on either side of the neural
tube 5 mm apart; five pulses at 18.0V,
100 ms on, 50 ms off. Embryos were
incubated at 37�C for 24 hpe.
Embryos were removed and rinsed in
ice cold ringers before being placed in
ice cold L15 media for dissection of
neural tubes. Neural tubes were
placed into RNAlater (Ambion, Aus-
tin, TX) and stored at �20�C. RNA
was isolated from neural tubes using
the GeneJet RNA purification kit
(Fermentas) and recommended proto-
col. Subsequently, we performed RT-
PCR using the Superscript III one
step RT-PCR system with platinum
TAQ DNA polymerase (Invitrogen).
SuperScript Vilo cDNA synthesis kit
(Invitrogen) is used to amplify cDNA
products. Apex Taq DNA polymerase
Master mix (Genesee Scientific, San
Diego, CA) is used to amplify cDNA
products. Samples are run on a 2%
agarose gel (length 7 cm) at 35V for 3
hr with Nanodrop DNA concentra-
tions at �2 mg/ml.
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