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eural crest precursors to the autonomic nervous
system form different derivatives depending upon
their axial level of origin; for example, vagal, but

not trunk, neural crest cells form the enteric ganglia of the
gut. Here, we show that Slit2 is expressed at the entrance
of the gut, which is selectively invaded by vagal, but not
trunk, neural crest. Accordingly, only trunk neural crest
cells express Robo receptors. In vivo and in vitro experiments

N

 

demonstrate that trunk, not vagal, crest cells avoid cells or
cell membranes expressing Slit2, thereby contributing to
the differential ability of neural crest populations to invade
and innervate the gut. Conversely, exposure to soluble
Slit2 significantly increases the distance traversed by
trunk neural crest cells. These results suggest that Slit2
can act bifunctionally, both repulsing and stimulating the
motility of trunk neural crest cells.

 

Introduction

 

Neural crest cells emerge from the dorsal neural tube and
migrate along pathways that are characteristic of their axial
level of origin, with cells from different axial levels populating
different derivatives (Le Douarin, 1986; Bronner-Fraser et al.,
1991; Le Douarin et al., 1992). For example, vagal neural
crest cells emerge from the caudal hindbrain and migrate into
and along the rostrocaudal extent of the gut where they form
the enteric ganglia. In contrast, trunk neural crest cells never
enter the gut, even if transplanted to vagal levels (Le Douarin
and Teillet, 1973, 1974; Erickson and Goins, 2000). Little
is known about the molecular mechanisms underlying
these differences in the migratory pathways taken by trunk
and vagal neural crest cells.

Several inhibitory molecules have been shown to play
important roles in neural crest migration. For example,
ephrinB family members prevent neural crest entry into
the caudal portion of each somite, resulting in segmental
migration in the trunk region (Krull et al., 1997; Wang and
Anderson, 1997). Other molecules implicated in neural
crest cell guidance include chondroitin sulfate proteoglycans
(Oakley et al., 1994) and Semaphorin3A and 3C (Eickholt
et al., 1999; Brown et al., 2001; Feiner et al., 2001). How-

ever, none of these explain differences between the ability of
vagal and trunk neural crest populations to enter the gut.

Slit proteins play important roles in axonal guidance in
both vertebrates and invertebrates (Brose et al., 1999; Kidd
et al., 1999; Li et al., 1999). These glycoproteins are
known to be potent chemorepellents for midline axons in

 

Drosophila

 

 as well as olfactory, forebrain, and dentate gyrus
axons in mammals (Brose et al., 1999; Kidd et al., 1999; Li
et al., 1999; Nguyen Ba-Charvet et al., 1999; Bagri et al.,
2002). Slits function as repulsive factors during migration
of neurons and glia (Hu, 1999; Wu et al., 1999; Zhu et al.,
1999; Kinrade et al., 2001) and also can regulate axon
elongation/branching in mammals (Wang et al., 1999).

In this study, we examine the potential role of Slit in
neural crest migration. Slits are expressed in places where
they could influence migrating neural crest cells (in the
dorsal neural tube from which neural crest cells emigrate
and near the entrance to the gut, which is selectively invaded
by vagal, but not trunk, neural crest cells). Consistent with
this, we find that only trunk neural crest cells possess
Robo receptors for Slit. We tested the possible functional
role of Slit on neural crest migration in vitro and in vivo
by confronting neural crest cells with Slit2-producing cells
or soluble Slit2. The results reveal for the first time a dual
role for Slit2 in a migratory cell type, both inhibiting
movement when in direct confrontation and enhancing
motility when in solution. Our results at least partially
account for the differential ability of vagal, but not trunk,
neural crest cells to invade and innervate the gut.

 

The online version of this article includes supplemental material.
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Results

 

Slit and Robo receptor expression during development

 

We examined the distribution pattern of vertebrate Slits
and their Robo receptors at the time of active neural crest
migration in chick embryos at embryonic days 2 and 3.
Both whole mount and section in situ hybridization were
performed for transcripts encoding Slits 1, 2, and 3 as well
as Robo1 and Robo2.

We found that the patterns of expression for Slit2 (Fig. 1, a,
d, and e), Slit1 (Fig. 1, b and c), and Slit3 (Fig. 1 f) largely
overlapped. All were expressed prominently in the splanchnic
mesoderm that marks the entrance to the gut. In addition,
there was marked expression in the ventral neural tube,
notochord, and dorsomedial dermomyotome. Slit1 and
Slit2 were expressed strongly in the roof plate, whereas
Slit3 had little or no expression in this site. Interestingly,
Slit1 and Slit2 were expressed in both the floor plate and
in forming motor neuron pools. In contrast, Slit3 was ex-
pressed in motor neurons but had low expression in the
floor plate. These expression patterns are similar to those
noted previously in the mouse (Yuan et al., 1999).

Trunk, but not vagal, neural crest cells express both Robo1
and Robo2 receptors (Figs. 2 and 3). Whole mount in situ
hybridization reveals Robo receptors on neural crest cells as
they migrate through the trunk somites (Fig. 2, a–c, e, and g).
However, neural crest cells at vagal levels, which can be
visualized by their expression of the HNK-1 epitope (Fig. 2
f), lack detectable Robo receptors. Robo1 expression was similar
to that of Robo2 but initiated at later stages. By section in situ
hybridization, which gives better cellular resolution, we noted
that Robo1 (Fig. 3, a and b) and Robo2 (Fig. 3, c and d) were
expressed on migrating trunk neural crest cells. In contrast,
vagal neural crest cells lacked Robo receptor expression above
background (Fig. 3, e–h). Not all HNK-1

 

�

 

 migrating trunk
neural crest cells were Robo

 

�

 

 during early stages of migration.
With developmental age, the levels of Robos on migrating
neural crest cells appeared to increase such that late migrating
trunk neural crest cells expressed high levels of both receptors
(see Fig. S1, available at http://www.jcb.org/cgi/content/full/
jcb.200301041/DC1). In addition to the neural crest, Robo1 is
seen in motor neurons. Robo2 appears throughout the neural
tube with the exception of the ventral-most region. All Robos
are expressed at low levels in the dermomyotome. These
observations confirm and extend previous work by others
in mouse (Holmes et al., 1998; Yuan et al., 1999) and
chick embryos (Li et al., 1999; Holmes and Niswander,
2001; Vargesson et al., 2001).

 

Trunk, not vagal, neural crest cells are repelled by Slit2

 

We next examined the effect of vertebrate Slit on neural
crest migration in vivo and in vitro using Slit2 as a ligand for
most experiments. The expression patterns and functions of
Slits have been shown to overlap in other published assays
(Wu et al., 1999; Bagri et al., 2002), and we verified that
Slit1 can function similarly to Slit2 (see below).

Cells expressing Slit2 were introduced onto neural crest
migratory pathways. HEK293 cells transfected either with
human Slit2 or control vectors (Li et al., 1999) were la-
beled with DiI and microinjected onto trunk and/or vagal

neural crest migratory pathways in early chick embryos.
Vagal level injections were performed into somites 1–7 of
stage 10–12 chicken embryos (Hamburger and Hamilton,
1951). When injected into this location, the labeled cells
appeared to localize in ventral sites around the dorsal aorta,
as has been previously described for injections of cells or la-
tex beads (Bronner-Fraser and Cohen, 1980; Bronner-
Fraser, 1982). Vagal neural crest cells migrate from the
neural tube and proceed ventrally to populate the dorsal
root and sympathetic ganglia. Other vagal crest cells mi-
grate further ventrally to penetrate the gut. When encoun-
tering Slit2-secreting cells at the level of the aorta, the vagal
neural crest cells appeared to mix and closely associate with
Slit2-secreting cells (Fig. 4, c–e). Their distribution pattern
was similar to that observed after injection of parental con-
trol cells (Figs. 4, a and b). Little or no avoidance behavior
was observed after either injection of Slit2 cells (

 

n

 

 

 

�

 

 1/8
embryos) or control cells (

 

n

 

 

 

�

 

 0/6 embryos) at vagal levels.
In marked contrast to injections at vagal levels, when Slit2-

expressing cells were introduced onto trunk neural crest mi-
gratory pathways at the level of somites 8–28 in stage 12–16
embryos, the trunk neural crest cells avoided and circum-
vented the Slit2-expressing cells. In whole mount view, neural
crest cells appeared to stop when confronted by an aggregate
of Slit2-expressing cells (Fig. 4, f–l). The injected cells were lo-
calized ventrally adjacent to the aorta, which is a site normally
populated by neural crest cells. Although trunk neural crest
cells approached the vicinity of the Slit2-expressing cells, they
failed to contact and mix with them and were generally dis-
tant by one cell diameter or more (Fig. 4, f, j, and l), whereas
they freely intermixed with control cells (Fig. 4 h). Avoidance
behavior was observed after injection of Slit2 cells (

 

n

 

 

 

�

 

 12/15
embryos) but rarely after injection of control cells (

 

n

 

 

 

�

 

 1/10
embryos) at trunk levels.

To visualize the interaction between neural crest cells and
Slit2-expressing cells, we turned to an in vitro system in
which cultured neural crest cells were confronted with Slit2-
expressing cells. Neural tubes containing premigratory neu-
ral crest cells were isolated from stage 13–16 embryos and
plated onto tissue culture dishes in close proximity to con-
trol or Slit2-expressing cells. In this way, delaminated neural
crest cells emerged from the neural tube and migrated to-
ward the Slit2-expressing cells in a two-dimensional envi-
ronment. After each experiment, cultures were stained with
the HNK-1 antibody to confirm that the migrating cells
were neural crest cells. Under these conditions, 

 

�

 

90% of
the migrating cells were HNK-1 positive.

Whereas trunk neural crest cells freely approached and in-
termixed with control HEK cells (Fig. 5 a), a sharp border
was observed between trunk neural crest cells and Slit2-
expressing cells (Fig. 5 b). A similar experiment was per-
formed for vagal neural crest cells, using neural tubes ex-
planted from the levels of somites 1–7 of stage 10–12
embryos. In this case, the vagal cells intermixed equally well
with Slit2-expressing cells and control cells (Figs. 5, c and
d). Thus, analogous differences in the response of trunk ver-
sus vagal neural crest cells were noted both in vivo and in
vitro, suggesting that the former, but not the latter, avoided
an exogenous source of Slit2. Table I summarizes the results
for in vivo and in vitro assays.
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Figure 2. Expression of Robos during 
neural crest migration. Whole mount in 
situ hybridization with Robo1 and Robo2 
probe reveals that the receptor is 
expressed in the trunk neural tube, on 
migrating trunk neural crest cells within 
the somites, and in the dermomyotome, 
but is not expressed by vagal neural crest 
cells. (a) In a stage 15 chicken embryo, 
there is no staining for Robo2 at vagal 
levels (bracket) though there is staining at 
truncal levels. (b and c) At stage 18 during 
the peak of neural crest migration, Robo1 
(b) and Robo2 (c) are strongly expressed 
in neural crest cells at the trunk levels 
(black arrows) but not in the vagal region 
(brackets). (d) Robo2 labeling in the head 
of a stage 15 embryo shows staining on 
the dorsal half of the otic vesicle (ov), 
trigeminal placode, and dorsal neurons in 
the mesencephalon; the posterior part of 
the second/hyoid branchial arch is also 
positive for Robo2 (arrowhead). (e–g) At 
stage 20, when neural crest cells are 
condensing to form the dorsal root ganglia 
(arrows), Robo1 (e) and Robo2 (g) are 
strongly expressed in trunk, but not vagal 
(brackets), regions. (f) The same stage 
embryo labeled with HNK-1 shows neural 
crest cells migrating and beginning to 
condense into dorsal root ganglia at both 
vagal and trunk levels.

Figure 1. Expression of Slits during 
neural crest migration. In situ hybrid-
ization of Slit2, 1, and 3 demonstrates 
that Slits are expressed in the mesenchyme 
at the entry to the gut as well as in the 
neural tube and somites. (a–c) Whole 
mounts of stage 17 chicken embryos. 
(a) Whole mount in situ hybridization 
with a Slit2 probe reveals that it is 
expressed in the dorsal neural tube 
(black arrow), ventral neural tube 
(white arrow), and gut mesenchyme 
(black arrowhead). (b and c) Whole 
mount in situ hybridization with a Slit1 
probe reveals that it is expressed in the 
dorsal neural tube, dorsomedial 
dermomyotome (red arrow), and gut 
mesenchyme. (b) A higher magnification 
of c. (d) Transverse section in situ 
hybridization through the lumbar level 
of a stage 17 chick embryo shows Slit2 
in the floor plate and developing 
motor neurons (white arrow), the roof 
plate of the neural tube (black arrow), 
and the mesenchyme immediately 
dorsal to the gut (black arrowhead); 

the Slit1 pattern (not depicted) looked identical. (e) A similar expression pattern for Slit2 and Slit1 (not depicted) was observed at the 
hindlimb level of a stage 19 embryo. (f) Slit3 in a stage 16 embryo appeared similar to the other Slits, except that staining was reduced 
or absent in the floor plate and dorsal neural tube.
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In addition to Slit2, we also tested on trunk neural crest
cells the effects of exposure to Slit1-expressing cells using the
same in vitro paradigm as described above for Slit2. These
results were identical (not depicted), suggesting that Slit1 is
also a repellent for trunk neural crest cells.

 

Slit2 repulsive effect on trunk neural crest 
is contact mediated

 

Although Slit2 is soluble and can be secreted, it is most com-
monly found in membrane extracts and tightly associated with
the cell surface (Brose et al., 1999; Nguyen Ba-Charvet et al.,
2001a). To determine if the effects of Slit2 on trunk neural crest
cells were caused by soluble Slit2 present in the media (Wu et
al., 1999) or by cell membrane–associated Slit2 (Hu, 2001;
Nguyen-Ba-Charvet et al., 2001b), we repeated the in vitro as-
say above with cells that were dried and dead but retained
membrane-bound Slit2 (not depicted). Under these conditions
(Figs. 5, e–h), trunk, but not vagal, neural crest cells avoided
Slit2 membrane ghosts, confirming that the effects of Slit2 are
cell surface dependent. These results are summarized in Table I.

 

Soluble Robo reverses Slit2 repulsion 
of trunk neural crest

 

Slit2 is a known ligand for the Robo1 and Robo2 trans-
membrane receptors (Brose et al., 1999). We tested the abil-
ity of a soluble form of the receptor to neutralize the effects
of exogenous Slit2. RoboN consists of the extracellular por-
tion of Robo1 (Wu et al., 1999). When trunk neural crest
cells were grown in media conditioned by the RoboN-
secreting cells, the repulsive effect caused by Slit2 was re-
versed (Table II), suggesting that the effect was indeed Slit
mediated. In contrast, RoboN media had no significant effect
on trunk crest encountering control HEK cells. Similarly,
trunk neural crest cells showed no altered behavior when en-
countering RoboN-secreting cells alone (not depicted).

 

Soluble Slit2 affects trunk, not vagal, neural crest 
migratory properties

 

The observation that the membrane-bound form of Slit2 ap-
pears to be responsible for its chemorepulsive effects on neural
crest cells does not rule out a possible function of the soluble

Figure 3. Expression of Robos on 
migrating trunk but not vagal neural 
crest. Section in situ hybridization with 
Robo1 and Robo2 probes reveals that the 
receptor is expressed in the trunk neural 
tube and on migrating trunk neural crest 
cells within the somites but is not 
expressed by vagal neural crest cells. All 
embryos were stage 18. Left panels show 
in situ signal, and right panels show the 
same section stained with HNK-1 anti-
body to recognize neural crest cells. 
(a and b) Robo1 is strongly expressed in 
trunk neural crest cells (arrows) and motor 
neuron precursors in the ventral neural 
tube (NT). (c and d) Robo2 is also strongly 
expressed in migrating trunk neural crest 
cells and the neural tube, except for the 
ventral-most side. (e–h) At vagal levels, 
Robo1 (e and f) and Robo2 (g and h) are 
expressed in the dermomyotome and 
neural tube but not in the migrating vagal 
neural crest cells.
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form of the molecule. In fact, we noted that trunk neural crest
cells in the vicinity of Slit2-expressing cells in vivo and in vitro
appeared more elongated than in the presence of control cells,
raising the possibility that cytoskeletal and/or motility changes
may occur in the presence of soluble Slit2.

To examine the effects of soluble Slit2, migrating neu-
ral crest cells were placed on fibronectin-coated substrates
transfilter to Slit2-expressing cells, control cells, Slit2-
conditioned medium (CM),* or control CM (Wu et al.,
2001). This assures that crest cells under experimental
conditions would be exposed only to the soluble form of
Slit2. With either transfilter Slit2 cells or Slit2 CM, the
maximum distance traveled by neural crest cells was an
average of 21% more than that observed under control
conditions (

 

n

 

 

 

�

 

 100 neural tubes in a total of 12 separate
experiments; Table III; Fig. 6). In contrast, vagal neural
crest cells failed to exhibit enhanced migration under
identical conditions (

 

n

 

 

 

�

 

 12 neural tubes in a total of
three separate experiments; Table III).

 

In a second assay for Slit2’s effects on migrating neural crest
cells, we examined the rapidity with which neural crest cells
closed an injury-induced gap within their population (Fig. 7 a).
In the presence of Slit2 CM, 

 

�

 

20% of cultures had completely
sealed the gap within 2 h, compared with 

 

�

 

10% of cultures ex-
posed to control medium (Fig. 7 b; Table IV). Moreover, when
cells were “primed” with CM before the wound assay, 

 

�

 

40%
of cultures had sealed the wound within 2 h, compared with

 

�

 

20% of controls (P 

 

�

 

 0.005; Table IV). The increased mi-
gratory response occurred rapidly, within 

 

�

 

1 h of exposure to
Slit2. Given this short time interval, an increase in the number
of migratory cells is unlikely (Mason et al., 2001). Consistent
with this, no increase in cell division was observed by anti-
phosphohistone3 labeling, when neural crest cells were exposed
to Slit2 (unpublished data). Furthermore, we noted no alter-
ation in cell death, as assayed by pyknotic nuclei identified by
DAPI staining (unpublished data). In contrast to trunk neural
crest cells, vagal neural crest cells were unaffected by the pres-
ence of Slit2 in the medium.

We repeated the wound assay but preexposed the cells
to either control or Slit2 CM mixed with RoboN CM
(1:1) to see if this reversed the effects of Slit2. RoboN CM
reduced (P 

 

�

 

 0.02) the percentage of cells closing the gap

Figure 4. Effects of Slit2-expressing cells 
on neural crest migration in vivo. Cells 
expressing Slit2 or control HEK cells were 
labeled with the lipophilic dye DiI and 
implanted onto vagal and/or trunk neural 
crest migratory pathways. Left panel shows 
flattened confocal Z-series of whole 
mounts of embryos stained with the HNK-1 
antibody (green) to recognize neural crest 
cells, and the right panel shows both the 
neural crest and the injected cells (red) at 
both vagal and trunk levels. Embryos were 
analyzed one day after injection. (a–d) At 
vagal levels, neural crest cells intermixed 
with both control and Slit2-expressing 
cells. (g–l) In contrast, at trunk levels, neural 
crest cells overlapped with control cells (g 
and h) but appeared to stop (white arrow-
head) some distance away from Slit2 cells 
(i–l). Notice also how trunk neural crest 
cells circumvent Slit2-expressing cells 
(white arrow in j). (e and f) Sections through 
embryos injected with Slit2 show that vagal 
neural crest freely intermix with Slit2 cells, 
whereas trunk neural crest cells avoid 
(white arrowhead) Slit2 cells.

 

Table II. 

 

Slit2 repulsion is neutralized by RoboN

Explants with inhibition out of total number

 

�

 

RoboN

 

�

 

RoboN

 

Control 3/23 1/22
Slit2 16/27 3/22

 

a

 

Neural tubes were cultured overnight on fibronectin-coated slides
containing control medium or Slit2 with or without RoboN. Inhibition is
defined by the presence of a clear separation between neural crest cells and
the Slit2 or control cell lines. Control, untransfected HEK293; Slit2,
combined results from two different Slit2-expressing cell lines.

 

a

 

P 

 

�

 

 0.00001, Chi-squared test.

Table I. 

 

Trunk, but not vagal, neural crest cells avoid 
Slit2-expressing cells

In vivo In vitro

Control Slit2 Control Slit2

 

Live cells
Trunk 1/10 12/15 2/12 18/20
Vagal 0/6 1/8 0/6 0/6

Dried cell ghosts
Trunk 0/5 5/7
Vagal 0/6 0/6

Numbers correspond to individual embryos (in vivo) or neural tubes with
migrating neural crest (in vitro) that showed avoidance when encountering
either the control or Slit2-expressing cells.

 

*Abbreviations used in this paper: CM, conditioned medium.
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within 2 h by half, a level similar to that observed under
control conditions (Fig. 7 c; Table IV).

 

Slit2 increases trunk neural crest cell motility

 

The results suggest that soluble Slit2 enhances neural crest mi-
gration, as the distance traveled by the cells as a function of
time increases significantly. To view this at higher resolution,
we tracked individual cell movement by imaging neural crest
cells in the presence or absence of soluble Slit2 by time-lapse
video microscopy. To aid visualization, trunk neural tubes
were electroporated with a GFP expression vector in vivo
(Megason and McMahon, 2002), and then the tubes were ex-
planted in vitro. Cultures were primed with Slit2 or control
CM and filmed under a confocal microscope. The resultant
movies were analyzed to examine the total and net distance
navigated, speed, directionality, and persistence of movement
of individual, GFP-labeled neural crest cells.

The results confirmed static pictures showing that trunk
neural crest cells moved more dynamically and for greater

distances in Slit2 than in control medium (Fig. 8; see Videos
1 and 2, available at http://www.jcb.org/cgi/content/full/
jcb.200301041/DC1). With or without Slit2, neural crest
cells moved in a somewhat erratic manner, with frequent
changes in direction (Kulesa and Fraser, 1998, 2000). The
cells appeared to collide more frequently in the presence of
Slit2, raising the possibility that cell–cell collision may effect
their degree of movement.

Fig. 9 a, which illustrates by groups the total path
length of all cells normalized to a total of 2.5 h, shows
that the Slit2-exposed neural crest cells tend to move fur-
ther than control-treated cells, with twice as many within
the range of 100–200 

 

�

 

m from the neural tube (

 

n

 

 

 

�

 

 74
experimental and 65 control cells analyzed from five sep-
arate experiments). We also noted a significant difference
in both the total distance traveled (i.e., including the var-
ious turns made by the cells) and the net distance away
from the neural tube of neural crest cells exposed to solu-
ble Slit2 compared with control CM (Fig. 9, b and c).
Accordingly, the net path length was 36% longer in the
Slit2-exposed cells compared with control-treated length
(38 

 

�

 

 3 

 

�

 

m in Slit2 compared with 28 

 

�

 

 3 

 

�

 

m in con-
trol medium, P 

 

�

 

 0.02, Mann-Whitney test), as was the
total path length (139 

 

�

 

 15 

 

�

 

m for control and 167 

 

�

 

14 

 

�

 

m for Slit2, P 

 

�

 

 0.005, Mann-Whitney test; Fig. 9
b). We analyzed the speed of movement in groups of cells
assayed for similar lengths of time and found an average

Figure 5. Trunk, not vagal, neural 
crest cells are repelled by Slit2-
expressing cells in vitro. (a–d) Trunk 
and vagal neural crest cells (green) 
were grown apposed to live control 
HEK cells (a and c) or Slit2-expressing 
cells (b and d) (blue DAPI label). Only 
when trunk neural crest cells (b) were 
grown with Slit2-expressing cells was 
there a sharp border (white arrowhead) 
formed between the two populations. 
(e–h) A similar experiment performed 
with dead control or Slit2-expressing 
cells again shows a border between trunk 
neural crest cells and the Slit cell ghosts 
(white arrowhead in f), demonstrating 
that the repellent activity is membrane 
bound.

Figure 6. Neural crest cells migrate further in the presence of 
Slit2 CM. (a) A neural tube explanted in the presence of CM from 
control cells shows that migrating neural crest cells have moved 
several cell diameters away from the neural tube after 18 h in 
culture. (b) A similar neural tube cultured in medium conditioned 
by Slit2-expressing cells had neural crest cells that had migrated 
significantly further in 18 h.

 

Table III. 

 

Slit2 enhances migration of trunk, not vagal, 
neural crest cells

Control Slit2

 

�

 

m

 

�

 

m

 

Trunk 133 

 

�

 

 3.8 161 

 

�

 

 4.2 21%

 

a

 

Vagal 132 

 

�

 

 7 125 

 

�

 

 6

 

�

 

6%

Neural tubes were cultured overnight on fibronectin. Values correspond to
the average distance traveled by the neural crest cells away from the neural
tube explant 

 

�

 

 SEM. For trunk, there were a total of 

 

�

 

100 neural tubes per
condition in 12 separate experiments. For vagal, there were 12 neural tubes
per condition in three separate experiments.

 

a

 

P 

 

�

 

 0.0001, 

 

t

 

 test.
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increase in speed of 52% in Slit2-containing medium rel-
ative to the control (P 

 

�

 

 0.009, 

 

t

 

 test). Interestingly, the
persistence and directionality were not significantly dif-
ferent between control and Slit2 exposed. Thus, the cells

change directions with the same frequency but move fur-
ther in the same time in the presence of Slit2.

 

Discussion

 

Neural crest cells arising from the vagal axial level form the en-
teric ganglia that innervate the gut. They invade the foregut
and migrate long distances from rostral to caudal regions of
the gut to populate its entire length. In contrast, trunk neural
crest cells fail to invade gut tissue immediately below their mi-
gratory pathways. Even if transplanted to vagal levels, trunk
neural crest cells do not enter the gut (Le Douarin and Teillet,
1973; Erickson and Goins, 2000). Several inhibitory mole-
cules have recently been shown to play important roles in the
general migratory process of neural crest cells, e.g., ephrinB
family members, Semaphorin3A, and chondroitin sulfate pro-
teoglycans (Oakley et al., 1994; Krull et al., 1997; Eickholt et
al., 1999). Here, we show that substrate-bound Slit2 is a
chemorepellent for migratory trunk, but not vagal, neural
crest cells. The differential effects of Slit2 provide the first mo-
lecular explanation for the differences in the migratory prop-
erties of these two populations.

The expression of Slits in the mesentery is uniform
throughout the rostrocaudal extent of the gut mesenchyme.
Thus, the selective entry of vagal neural crest cells lies not
in the distribution of the ligand but rather with expression
of Slit receptors, Robo1 and Robo2, in different neural
crest populations (Li et al., 1999; Holmes and Niswander,
2001; Vargesson et al., 2001). Migratory and condensing
trunk neural crest cells express both Robo receptors,
whereas neither receptor was detected on vagal neural crest.
The absence of Robo receptors on vagal neural crest cells is
consistent with their lack of response to Slit2. In previous
publications that have examined the embryonic distribu-
tion of Robos, no expression on migrating neural crest cells
was noted. By using higher resolution in situ hybridization
and, in particular, in situs performed on tissue sections, we
detected expression of both Robo1 and Robo2 on trunk
neural crest cells. Not all of the HNK-1–positive cells ex-
pressed detectable levels of Robo receptors; it is possible
that some of the migrating cells expressed levels of receptors
that were below the sensitivity of this method. Consistent

Figure 7. Slit2 enhances trunk neural crest motility in a wound 
assay. Trunk neural tubes were cultured overnight on fibronectin. 
After one day, media was changed to one conditioned by control or 
Slit2-secreting cells. A wound of one to two cells width was made 
with a fine pipette. After 2 h, the percent of wounds with cells crossing 
and sealing the gap was determined. (a, unsealed) Image of a neural 
crest culture fixed immediately after wounding and stained with the 
HNK-1 antibody. (a, sealed) Image of a similar culture fixed 4 h after 
wounding showing that many neural crest cells have sealed the gap 
by this time point. (b) Primed neural crest cultures were incubated for 
2 h before performing the wound with media conditioned for 5 d by 
control HEK cells or Slit2-secreting cells. Nonprimed corresponds to 
neural crest cells that were not preexposed to Slit2 in the media before 
the wound. Data correspond to one representative experiment out of 
eight. (c) Slit2 enhances wound healing of trunk, not vagal, neural 
crest, and this effect can be reversed by soluble Robo. The enhanced 
migration of trunk neural crest by Slit2 was significantly reduced by the 
presence of RoboN in the media. Neural crest cultures were primed for 
2 h before performing the wound with media conditioned for 5 d by 
control HEK cells, Slit2-secreting cells, or a 1:1 combination of RoboN 
and Slit2 media. After 2 h of culture, the percent of wounds with cells 
crossing and sealing the gap was determined. Data correspond to one 
representative experiment of six.

 

Table IV. 

 

Slit2 enhances wound closure by trunk, not vagal, 
neural crest cells

Percent of sealed wounds

Nonprimed Primed

Trunk Trunk Trunk 
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 RoboN Vagal
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Slit2 22 

 

�

 

 5 41.6 
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b

 

7.0 
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 1.7

Trunk neural tubes were cultured overnight on fibronectin. After one day,
media was changed to one conditioned by control or Slit2-secreting cells.
A wound of one to two cells width was made with a fine pipette. After 2 h,
the percent of wounds with cells crossing and sealing the gap was
determined. For trunk, there were a total of 

 

�

 

100 neural tubes per
condition in five or seven separate experiments (nonprimed and primed,
respectively). For vagal, there were 

 

�

 

70 neural tubes per condition in three
separate experiments.
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 test, in trunk exposed to control versus Slit2 media.
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 test, in trunk exposed to Slit2 versus Slit2 
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 RoboN media.
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with this possibility, older embryos during later stages of
migration had more prominent Robo expression on migrat-
ing trunk neural crest cells, suggesting that receptor levels
increase with developmental age.

Our data support the idea that Slits can function as direct
chemorepellents for trunk neural crest cells. In vivo, we
cannot rule out the possibility that Slits might also influ-
ence neural crest cells via indirect interactions with other
tissues adjacent to neural crest migratory pathways, as the

neural tube and dermomyotome also express Robo recep-
tors. Our in vitro data, however, show that exogenous Slit2
and Slit1 can repel trunk neural crest cells in the absence of
neighboring cell types. Furthermore, addition of RoboN
specifically reverses the inhibitory effects of Slit2, suggest-
ing a direct interaction.

Slit2 is likely not the only chemorepellent for trunk neural
crest cells. Although Slit2 was used for most of the functional
experiments performed here, we observed that multiple Slit

Figure 8. Movie stills from time-lapse video microscopy. Trunk neural crest cells exposed to Slit2 migrate further and have a longer total 
path length than those exposed to control medium. Trunk neural crest cells were labeled with Calcein AM (Molecular Probes) and washed 
before exposure to control or Slit2 CM. Cultures were time lapsed for �2.5 h under a confocal microscope. Images represent stills from a 
movie taken at the indicated times. Two cells (red) in each movie were manually traced to follow their movements. Their final path length is 
indicated in yellow in the last frame.

Figure 9. Slit2 enhances neural crest 
cell migration. Trunk neural crest cells 
exposed to Slit2 migrate for longer 
distances compared with control 
exposed neural crest cells. Trunk and 
vagal neural tubes were cultured over-
night on fibronectin. After one day, 
media was changed to one conditioned 
by control or Slit2-secreting cells 1 h 
before video microscopy in a confocal 
microscope for 3 h. (a) The total path 
length was determined and normalized 
to a 2.5-h time period and binned in 
groups of 100-�m distances traveled. 
(b) Total path length (total distance 
traveled, including the various turns 
made by the cells) of neural crest cells 
was plotted as cumulative percentages 
of the distance traveled. (c) Net path 
length (net distance from starting 
point) of neural crest cells was plotted 
as cumulative percentages of the 
distance traveled.
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isoforms, Slit1 and Slit3, have similar expression patterns in
mesoderm at the entrance to the gut and that Slit1 can func-
tion similarly to Slit2. Furthermore, all three Slits share the
highly conserved four leucine-rich repeats that have been
shown to be responsible for Slit repellent activity (Battye et
al., 2001; Chen et al., 2001; Nguyen Ba-Charvet et al.,
2001a). Such redundancy has also been shown for olfactory
neurons; these neurons that are repelled by endogenous Slit2
in the subventricular zone are also repelled by Slit1 (Wu et
al., 1999). However, we cannot exclude the possibility that
there are subtle functional differences in the different Slit
proteins (Bagri et al., 2002; Plump et al., 2002).

The membrane-bound form appears to be responsible for
Slit2’s chemorepulsive effects on trunk neural crest cells. The
200-kD Slit2 glycoprotein is proteolytically processed into a
140-kD NH2-terminal fragment and an �60-kD COOH-
terminal fragment in cell culture and in vivo (Brose et al.,
1999; Nguyen-Ba-Charvet et al., 2001b). The NH2 terminus is
more tightly bound to the membrane and has been shown to
mediate repellent activities and stimulation of axon elongation
(Brose et al., 1999; Wang et al., 1999; Niclou et al., 2000;
Battye et al., 2001; Nguyen-Ba-Charvet et al., 2001b). As the
COOH terminus does not appear to interact with Robo re-
ceptors (Nguyen Ba-Charvet et al., 2001a), the repulsion we
observed on neural crest cells almost certainly involves only
the NH2 terminus of the protein. In support of this, the leu-
cine-rich repeats of the NH2 terminus appear to be sufficient
to achieve trunk neural crest repulsion (Chen et al., 2001; un-
published data). Moreover, trunk neural crest cells exposed to
diffusible Slit2 either in chemotaxis chambers or collagen gels
showed no apparent repulsion (unpublished data).

In addition to being a chemorepellent, our data suggest
that soluble Slit2 selectively enhances the distance migrated
by trunk neural crest cells. Such dual function for Slit2 con-
curs with observations on axon guidance where Slit family
members have been shown to play multiple roles, causing
both faster axon growth and induction of branching (Wang
et al., 1999; Ozdinler and Erzurumlu, 2002). For the case of
trunk neural crest cells, Slit2 appears to have opposite effects
of inhibition and promotion of motility in the same cell
type. Our results are consistent with previous studies show-
ing that Slit2 can affect cell motility independent of its re-
pulsive activity (Mason et al., 2001).

Although many trunk neural crest cells exhibited en-
hanced migration in the presence of soluble Slit2, a subpop-
ulation of cells in explant cultures moved relatively short dis-
tances away from the center of the explant, as assayed both
by static visualization and by time-lapse video microscopy.
One possibility is that there are two separate populations of
cells in our cultures. The majority (�90%) of cells was
shown to be HNK-1–positive neural crest cells, but a minor-
ity population fails to express this epitope and may represent
neural tube mesenchymal cells rather than neural crest cells.
Thus, it is possible that this small population of Slit2-unre-
sponsive cells represents a nonneural crest population.

The dual functions of Slit2 in both repulsion and stimula-
tion of migration in the same type of cell are not necessarily
contradictory; an optimal chemorepellent might logically be
expected to stimulate rapid movement away from its source.
Previous studies have shown that Slit2 repels axons from

motor, olfactory, dentate gyrus, and retinal neurons (Brose
et al., 1999; Li et al., 1999; Erskine et al., 2000; Ringstedt et
al., 2000), while it inhibits migration of olfactory bulb and
cerebral cortical neurons as well as leukocytes (Hu, 1999;
Wu et al., 1999, 2001). In addition to repulsive effects on
axonal growth and cell migration, Slit2 is a potent stimula-
tor of axonal elongation and dendrite branching (Wang et
al., 1999; Ozdinler and Erzurumlu, 2002; Whitford et al.,
2002). In the last few years, several axonal pathfinding and
axonal regeneration inhibitor molecules have been shown to
induce both chemorepulsion or chemoattraction, depending
on the type or age of the cell (Lohof et al., 1992; Song et al.,
1998; Cai et al., 2001; Qiu et al., 2002). These opposing ef-
fects appear to be due to the internal levels of cyclic nucle-
otides in the cells, leading to promotion or inhibition of ax-
onal growth (Cai et al., 1999; Hopker et al., 1999).

In summary, we have shown that Slit2 is a true bifunc-
tional molecule: it can both repel neural crest cells and in-
crease their rate of migration. The presence of Slit family
members at the entrance of the gut mesenchyme coupled
with the presence of Robo receptors on trunk and absence
from vagal neural crest provides the first molecular explana-
tion for the differences in migratory behavior of these two
subpopulations via Slit chemorepulsion. The results suggest
that neural crest cells may not only avoid, but also rapidly
move away from, sources of chemorepellents like Slit.

Materials and methods
In situ hybridization
Embryos were removed from the eggs, stripped of membranes, and fixed in
4% paraformaldehyde overnight before being stored in 0.1 M PBS. Pat-
terns of gene expression were determined by whole mount in situ hybrid-
ization using DIG-labeled RNA antisense probes as described by Henrique
et al. (1995). The 1.7-kb c-slit1, 3.5-kb c-slit2, 1.9-kb cslit3, 1.9-kb c-robo1,
and 2.1-kb c-robo2 (provided by E. Laufer, Columbia University, New
York, NY) probes used are described in (Vargesson et al., 2001).

Section in situs were performed as follows. Embryos were fixed in mod-
ified Carnoy’s and then dehydrated in 70%, 90%, 2 	 100% ethanol se-
ries, followed by two changes of histosol, and then paraffin. Sections were
mounted on gelatin-covered superfrost glass slides and dried overnight.
Before in situ, slides were dewaxed in histosol, rehydrated by passing
through a series of ethanol (90, 70, and 50%), and rinsed in water, then
PBS, and then in two changes of 2	 SSC. Hybridization was done by dilut-
ing 1.5 ng/�l of slit2 and robo1 and 2 probes (Vargesson et al., 2001), in-
cubated at 65
C overnight in 50% formamide, 2	 SSC–humidified cham-
ber. Slides were washed for 15 min in 50% formamide, 1	 SSC, 0.1%
Tween-20 at 65
C and then in MABT. The slides were then blocked for 1.5 h
in MABT with 2% Boehringer blocking reagent and 20% any goat serum.
Anti–DIG-AP was diluted 1:2,000 in the above solution and applied over-
night at room temperature. The next day, slides were rinsed in MABT in
agitated bath, 30 min each, and then equilibrated in NTMT (0.1 M NaCl,
0.1 M Tris, pH 9.5, 5 mM MgCl2, 0.1% Tween-20) before BM purple color
reaction.

In vivo avoidance assay
Fertilized eggs were incubated at 38
C for �28–56 h, until embryos
reached HH10–12 (for vagal neural crest) and HH12–16 (for trunk neural
crest). Occasionally, stage 12 embryos received injections at both vagal
and trunk levels. Eggs were windowed and visualized by a sub-blastoder-
mal injection of India ink (diluted 1:10 in PBS). Slit2-expressing or control
HEK293 cells, labeled with DiI, were injected in the somites at trunk or va-
gal levels. The eggs were closed with Scotch tape and reincubated for an
additional 24 h. Embryos were removed from the eggs, stripped of the
membranes, and fixed in 4% paraformaldehyde overnight before being
stored in PBS. Embryos were thoroughly washed in PBS and then blocked
overnight with PBS containing 1% Triton X-100 and 10% FBS at 4
C. After
3 h at room temperature in washing buffer (PBS with 1% Triton-X100, 1%
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FBS), embryos were incubated with 1:300 HNK-1 supernatant in PBS over-
night at 4
C. The next day, embryos were extensively washed and incu-
bated with an anti–mouse IgM-specific Alexa 488–conjugated antibody
(Molecular Probes). The next day, the embryos were washed extensively, Z
scanned with a 410 LSM confocal microscope, and projected into a single
file with LSM 5 Image Browser by Carl Zeiss MicroImaging, Inc.

In vitro avoidance assay
Quail neural tubes from HH10–12 (for vagal crest, using only the neural
tubes from the first until the seventh somite) and HH13–16 (for trunk, the
posterior parts of the tube) were dissociated in 1.5 mg/ml of dispase and
washed in Leibovitz-15 medium. The neural tubes were cut in small pieces
(size of two to three somites) and pipetted in the center of wells coated
with fibronectin (10 �g/ml) already surrounded by a monolayer of live or
dried Slit2 or control HEK293 cells (Li et al., 1999). Neural tubes were cul-
tured in DME, 10% FBS, and 100 mg/ml and 100 U of penicillin and strep-
tomycin, respectively, for 18 h, after which they were fixed in 4% parafor-
maldehyde for 30 min and subsequently blocked for 30 min with PBS, 1%
Triton X-100, 10% FBS. Primary antibody was HNK-1 for visualizing neu-
ral crest cells, followed by an anti–mouse IgM–Alexa 488 secondary (Mo-
lecular Probes). At the end, slides were incubated with DAPI in PBS to vi-
sualize cell nuclei.

Neural crest response was determined as follows. If both types of cells
(neural crest and HEK) either mixed and/or overlapped, it was scored as no
repulsion. If, however, neural crest cells kept a marked distance between
both cells, failed to overlap, and/or changed their shape from mesenchy-
mal to slender, more collapsed, it was scored as repulsion. The number of
neural tubes with such responses was counted, and the percentage was de-
termined based on the total number of neural tubes with neural crest in
close proximity to the control cells. Neural tubes with neural crest cells
that were not in close proximity to the cells were not counted.

Transient transfections of mSlit1 (Wu et al., 1999) into HEK293 cells were
done using Lipofectamine 2000TM (Invitrogen) according to the manufac-
turer’s instructions. The next day, cells were lifted and plated onto fibronec-
tin-coated slides overnight. The next day, a hole in the monolayer was cre-
ated, neural tubes were added, and the rest was as described above.

In vitro migration assay
Quail neural tubes from HH10–12 (for vagal crest) and HH13–16 (for
trunk, the posterior parts of the tube were obtained as described above)
were cultured in DME/10% FBS in fibronectin-coated 24-transwells (Corn-
ing) above either Slit2 or control HEK cells or CM from the same cells. Cul-
tures were grown overnight, and the next day, neural crest cells could be
seen as a halo around the neural tubes. The cultures were fixed with ice-
cold methanol for 20 min, cells were stained with toluidine blue, and the
maximal distance of neural crest cell from the neural tube was measured
and compared.

In vitro wound assay
Quail neural tubes from HH13–16 (for trunk, the posterior parts of the tube
were obtained as mentioned above) were cultured in DME/10% FBS in a
fibronectin-coated 2-well chamber slide (Nunc) overnight, and the me-
dium was changed to one conditioned for 5 d by Slit2 or control cells. For
the priming experiments, neural crest cells were preincubated with CM for
2 h before making the wounds. Wounds were made by scraping cells (two
to three cells–width lanes) with a pulled glass needle, and lanes were
scored over 1–1.5-h periods to count the cells crossing the wound space.
The criteria used was to count the points at which the wound was sealed at
any length of the wound lane (regardless of the number) as “sealed”; “non-
sealed” was scored as the number of lanes that did not have cells contact-
ing from the opposing sides of the wound.

Time-lapse video microscopy
Quail embryos stage 13–15 were electroporated with pCIG vector carrying
the GFP marker (Megason and McMahon, 2002) with two pulses of 100
mV each. After 1–2 h in a 38
C incubator, neural tubes were isolated as
described above and cultured on glass slides coated with fibronectin in
DME/10% FBS. The next day, cells were primed for 1 h with control or
Slit2 CM as before, and labeled cells were imaged using a Carl Zeiss Mi-
croImaging, Inc. 410 LSM every 90 s for �3 h. The average speed traveled
by individual neural crest cells in control versus Slit2-containing medium
was determined by comparing cells filmed on the same day during a set
number of frames (each frame corresponding to 90 s). The captured images
were converted into a QuickTime movie with NIH Image 3 and analyzed
with the DIAS (Dynamic Image Analysis System; Solltech Inc.) program for
cell tracking and measurements.

Online supplemental material
The supplemental material (Fig. S1 and Videos 1 and 2) is available at http://
www.jcb.org/cgi/content/full/jcb.200301041/DC1. The movies show neural
crest cells moving from three different experiments combined together for
control and Slit2-exposed neural crest cells. The lapsed time is �2.5 h.
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