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Ephrin-As Cooperate With EphA4 to Promote
Trunk Neural Crest Migration
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Trunk neural crest cells delaminate from the dorsal neural tube and migrate on two distinct pathways: a dorsolat-
eral route, between the ectoderm and somites, and a ventromedial route, through the somitic mesoderm. Neural
crest cells that migrate ventromedially travel in a segmental manner through rostral half-somites, avoiding caudal
halves. Recent studies demonstrate that various molecular cues guide the migration of neural crest cells, primarily
by serving as inhibitors to premature pathway entry or by preventing neural crest from entering inappropriate
territories. Trajectories of migrating trunk neural crest are well organized and generally linear in nature, suggest-
ing that positive, migration-promoting factors may be responsible for this organized cell behavior. However, the
identity of these factors and their function are not well understood. Here we examine the expression of members
of the EphA subclass of receptor tyrosine kinases and ephrins using RT-PCR and immunocytochemistry. Neural
crest cells express ephrins and EphA4 at distinct stages during their migration. In functional analyses, addition
of ephrin-A2-, ephrin-A5-, and EphA4-Fc disrupted the segmental organization of trunk neural crest migration
in explants: neural crest cells entered rostral and caudal halves of somites. Finally, to test the specific effects of
these factors on cell behavior, neural crest cells were exposed in vitro to substrate-bound EphA and ephrin-As.
Surprisingly, neural crest cells avoided ephrin-A2 or ephrin-A5 substrates; this avoidance was abolished by the
addition of EphA4. Together, these data suggest that ephrin-As and EphA4 cooperate to positively promote the
migration of neural crest cells through rostral half somites in vivo.

Migration Guidance Chicken Segmentation Ephrin EphA4

NEURAL crest cells emanate from the dorsal neural 20,24,26). However, neural crest migration through
the rostral half sclerotome is well organized and coor-tube and migrate extensively to their final destina-

tions where they give rise to a wide range of deriva- dinated, suggesting that cues present in the rostral
half sclerotome, and perhaps associated with neuraltives, including sensory and sympathetic ganglia,

bones of the face, and pigment cells (21). At trunk crest themselves, influence neural crest movement in
a positive manner (4,8,16,23,27).levels, neural crest cells migrate on two distinct path-

ways: a ventromedial route through the somites and Members of the Eph family are strong candidate
guidance factors for migrating neural crest, due toa dorsolateral pathway, between the ectoderm and so-

mites (22,25). Neural crest cells that migrate ventro- their known involvement in cell migrations and
boundary formation during embryonic developmentmedially move in a segmental manner through the

somites, entering the rostral but not caudal somitic (2,15,33). Previously, we examined the function of
members of the EphB subclass of receptor tyrosinesclerotome (13).

A large variety of molecular cues are thought to kinases (RTKs) and their ephrin-B ligands during
trunk neural crest migration [(17); see also (29,32)].control the segmental movement of neural crest cells

through the somites (15). The predominant notion Disruption of EphB–ephrin-B1 interactions perturbed
the normal segmental migration of trunk neural crestthat has emerged over the past few years is that repul-

sive or inhibitory cues, localized to the caudal half through the somites: neural crest cells entered both
rostral and caudal half somites. In vitro, neural crestsclerotome, control neural crest migration (3,16,17,
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cells specifically avoided ephrin-B1 substrates. These primers for ephrin-A2, ephrin-A5, ephrin-A6, EphA4,
Wnt-3a (a marker for nonmigratory, neural tube cells)data suggested that EphB–ephrin-B1 interactions

controlled the segmental migration of neural crest by and β-actin (controls). Primers used for ephrin-A2
detection were 5′-CCGCAGCAACCCCAGGTTCCserving to inhibit cell entry into the caudal half scle-

rotome. However, this analysis also revealed that AC-3′ (forward) and 5′-CCGCGGCACTAAGAGCC
CAGCA-3′ (reverse) resulting in a 504-bp DNAneural crest trajectories through rostral half somites

of treated embryos were linear and organized, similar product. Primers used for ephrin-A5 detection were
5′-TGGCCGACCGCTACGCCGTCTA-3′ (forward)to controls. These results and others have implicated

other positive, migration-promoting factors in the and 5′-CCACGGGATGGCTCGGCTGACT-3′ (re-
verse), resulting in a 520-bp DNA product. Primerscontrol of trunk neural crest migration.

Here, the spatiotemporal distribution of EphA sub- used for ephrin-A6 detection were 5′-CGTTCGTCC
CCGTTCGGTTCTCC-3′ (forward) and 5′-CCCCCAclass members during early stages of trunk neural

crest migration was examined using RT-PCR and CGTTTTGGGGGTCCAT-3′ (reverse), resulting in a
506-bp DNA product. Primers used for EphA4 detec-avian-specific antibodies. To determine the role of

EphA/ephrin-A interactions, avian trunk explants tion were 5′-CATGTGCCAAATGCCCGCCTCA-3′
(forward) and 5′-TTCCAGCCAGGCCAAGGCAAwere treated with EphA4-, EphA7-, ephrin-A2-, or

ephrin-A5-Fc fusion proteins and the effects on trunk CG-3′ (reverse), resulting in a 524-bp fragment.
Primers used for Wnt-3a detection were 5′-TCGCCneural crest migration assayed using cell-specific

markers. Finally, to examine the specific effects of GATGCCCGAGAGAAC-3′ (forward) and 5′-TCCT
GGCAGCGGACGTAGCA-3′ (reverse), resulting inthese factors, trunk neural crest cells were exposed to

striped substrates containing ephrins or Eph RTKs in a 517-bp DNA product. Primers used for β-actin de-
tection were 5′-CGGTTTCGCCGGGGACGATG-3′vitro. The results of our functional experiments to

date and expression analysis suggest that neural crest (forward) and 5′-CGTCAGGTCACGGCCAGCCA
GA-3′ (reverse), resulting in a 502-bp DNA product.migration through the rostral half somite is promoted

in a positive manner by interactions between ephrin- Touchdown PCR was carried out under the following
conditions: 95°C for 2 min, then 94°C for 1 min, an-As and EphA4.
nealing temperature decreased 1°C every two cycles
from 76°C to 62°C for 1 min, 72°C for 1.5 min (30
cycles), then 94°C for 1 min, 50°C for 1 min, 72°CMATERIALS AND METHODS
for 1.5 min (15 cycles). RT-PCR products were then

Embryos visualized by electrophoresis in 1% agarose in 1×
TAE buffer with ethidium bromide.Fertilized White Leghorn chicken eggs and Japa-

nese quail eggs (Coturnix coturnix japonica) were
Antibodies/Immunocytochemistryacquired from suppliers (Hy-Line International,

Spencer, IA; Bear Bayou Quail Farm, Channelview, Avian-specific antibodies to EphA4, ephrin-A2,
TX) and incubated at 38°C in a humidified incubator ephrin-A5, and ephrin-A6 were applied to 100-µm
until the appropriate developmental stage (8). Em- vibratome sections, as previously described (5). Most
bryos were collected in Ringer’s solution in prepara- sections were also stained with HNK-1 antibody, a
tion for vibratome sectioning or explant cultures. Em- marker for avian neural crest, except for ephrin-A2
bryos to undergo vibratome sectioning were fixed for antibody-labeled sections that were labeled with DiI,
2 h to overnight in 4% paraformaldehyde. as previously described (17). Appropriate Alexa

Fluor secondary antibodies were applied to detect pri-
RT-PCR mary antibody binding (5).

Chicken neural tube/neural crest cultures were pre-
Trunk Explant Cultures

pared as previously described (19). After 12 h in
vitro, neural tubes were removed from culture plates Trunk explants were prepared as previously de-

scribed (17). Trunk regions were preincubated in ausing a tungsten needle and the remaining neural
crest cells were washed with fresh PBS. The identity solution of 10 µg/ml of unclustered ligand (ephrin-

A2, ephrin-A5) or receptor-Fcs (EphA4, EphA7) orof the remaining cells as neural crest was verified by
HNK-1 antibody staining and morphological charac- Fc alone (controls) in culture medium for 4 h at 37°C

in 5% CO2. Explants were placed on Millicell insertsteristics. The Boehringer Mannehim High Pure RNA
Isolation Kit was used to extract total RNA from neu- (Millipore) and grown at 37°C in a 5% CO2 incubator

for 24 h. All explants were fixed in 4% paraformalde-ral crest cells. RT-PCR was then performed using
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hyde, rinsed extensively with PBS, and double- A6, and EphA4, albeit at lower levels, but not Wnt
3a, a marker for nonmigratory dorsal neural tube cellsstained with HNK-1 antibody, to mark neural crest,

and ephrin-B1 antibody, to label the caudal half (Fig. 1). We next examined the spatiotemporal pat-
tern expression of these factors in the trunk regionssclerotome. In some cases, the nuclear marker To-

Pro-3 (Molecular Probes, t-3605) was applied. HNK- of chicken embryos at stages 12–18, when neural
crest are migrating into somites. Ephrin-A2 protein1-positive/To-Pro-3-positive cells in the rostral and

caudal half somites in midregions of trunk explants localizes to the neural tube prior to neural crest emi-
gration and is found on the earliest migrating neuralwere counted in experimental (n = 5 per treatment

condition) and control explants (n = 5) using a Bio- crest cells (Fig. 2). As neural crest migration through
the somites progresses, ephrin-A2 remains associatedRad Radiance 2000 laser scanning confocal micro-

scope (Molecular Cytology Core, University of Mis- with migrating neural crest cells. Ephrin-A5 is also
associated with newly emigrated neural crest cellssouri-Columbia). Percentages of neural crest cells

entering the caudal half somite under each condition
were then determined.

Neural Crest Cultures/Stripe Assays

Primary neural crest cell cultures were prepared
from Japenese quail embryos at stages 12–14, using
standard procedures (19). Striped substrates were pre-
pared as previously described (17,31).

Confocal Imaging

Optical sections at 2-µm intervals were collected
from vibratome sections or trunk explants previously
stained with antibodies using a BioRad Radiance
2000 laser scanning confocal microscope. Z series
stacks of 10 µm were compiled. Each image in a Z
series was viewed and analyzed individually to assure
that antibody labeling was assigned to the correct cell
type. Images were processed in Metamorph and com-
piled into figures using Adobe Photoshop 6.0.

RESULTS

Trunk Neural Crest Cells Express Ephrin-A2,
Ephrin-A5, Ephrin-A6, and EphA4 RTK
at Distinct Stages

Previously, we examined the distribution and func-
tion of EphB subclass members during trunk neural
crest migration through the somitic mesoderm (17).
Our recent analysis of the expression of EphA sub-
class members during motor axon guidance showed
that cells in the dorsal root ganglia express ephrin-
A2 and ephrin-A5 (5). Therefore, we examined the
distribution of EphA4 RTK and ephrin-As during
early stages of neural crest migration, to determine if
these factors were in position to influence neural crest

Figure 1. Ephrin-As and EphA4 are expressed by neural crest cells,
movements in a positive manner. using RT-PCR. Ephrin-A2, ephrin-A5, ephrin-A6, and EphA4 tran-

scripts were all detected in RNA samples from stage 15 wholeFirst, we performed semiquantitative RT-PCR with
embryos (whole) and samples from isolated migratory neural crestEphA4-, ephrin-A2-, ephrin-A6-, ephrin-A6-specific
cells (NC). Wnt-3a, a marker for dorsal neural tube, was used

primers. The results indicated that migratory neural as a control for neural tube contamination of neural crest RNA.
β-Actin was used as an internal control.crest cells expressed ephrin-A2, ephrin-A5, ephrin-
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Figure 2. Ephrin-A2 is expressed by recently delaminated and migratory neural crest cells in the somite. (A, B, C) Cross sections through
stage 14–18 embryos stained with ephrin-A2 antibody (green) and DiI (red), by prelabeling neural tubes prior to neural crest migration. (D,
E, F) Ephrin-A2 antibody labeling. Ephrin-A2 is associated with the surfaces of neural crest cells that have recently delaminated (A, D),
initiated entry into the somites (B, E), and migrated into the rostral half sclerotome (C, F). nt, neural tube.

(Fig. 3). As neural crest migration proceeds, ephrin- The Segmental Migration of Trunk Neural Crest
in the Somitic Mesoderm Is Disrupted in theA5 is apparent on most neural crest cells but more

strongly on ventrally positioned neural crest that are Presence of Ephrin-A2-, Ephrin-A5-, or EphA4-Fcs
loosely associated. In the neural tube, ephrin-A5 pro-
tein is most prominent in its dorsal half and eventu- To test the function of EphA4–ephrin interactions

in trunk neural crest migration, we prepared trunk ex-ally demarcates an intermediate region. Ephrin-A6
is present on newly emigrated neural crest cells at plants and applied EphA- and ephrin-A-Fc fusion

proteins (17). Neural crest cells migrated in the ros-early stages of migration, prior to somite entry (Fig.
4). However, ephrin-A6 appears to be downregu- tral and caudal half somites in the presence of ephrin-

A2-Fc (n = 38), ephrin-A5-Fc (n = 47), and EphA4-lated in neural crest cells that migrate in the somitic
mesoderm. Fc (n = 39) (Fig. 6A, C, D). However, in the presence

of EphA7-Fc (n = 35) and Fc (n = 41; controls), neu-We examined the distribution of EphA4, a poten-
tial receptor for ephrin-A2, ephrin-A5, and ephrin- ral crest typically migrated through the rostral half

somites, as observed normally in vivo, supporting theA6, using antibody labeling. EphA4 protein is ex-
pressed at very low levels by neural crest cells (Fig. specificity of our effects (Fig. 6B, E). We quantified

the numbers of neural crest cells in rostral and caudal5). This weak expression of EphA4 appears associ-
ated with neural crest cells that have recently delami- half somites in treated explants and found that 33.1%,

35.2%, and 36.9% of HNK-1-positive neural crestnated from the neural tube as well as those migrating
in the sclerotome. The expression of EphA7 during cells were found in caudal somite halves in explants

treated with ephrin-A2-, ephrin-A5-, and EphA4-Fcs,the process of neural crest migration was not charac-
terized, as it was previously reported localized to the respectively. In contrast, 4.1% and 9.6% of neural

crest cells were found in caudal somite halves in Fc-caudal half sclerotome (1).
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Figure 3. Ephrin-A5 is most strongly expressed by neural crest cells that have delaminated and migrated ventrally in the sclerotome. (A, B,
C) Cross sections through stages 14–18 embryos stained with ephrin-A5 antibody (green) and HNK-1 antibody (red), a marker for avian
neural crest. (D, E, F) Ephrin-A5 antibody labeling. Ephrin-A5 localizes predominantly to recently delaminated neural crest prior to somite
entry (A–F: arrows), to migratory neural crest (B, E: arrows), and to neural crest at ventral locations in the somite (B, C, E, F: arrowheads).

and EphA7-Fc-treated explants, respectively. These somites. Thus, we examined the effects of substrate-
bound EphA4 and ephrins on migrating neural crestdata suggest that interactions between EphA4,

ephrin-A2, and ephrin-A5 control the segmental mi- cells in vitro, using stripe assays (17,31). Surpris-
ingly, neural crest cells avoided migrating on ephrin-gration of neural crest cells through the somitic meso-

derm. Eph–ephrin interactions could establish the A5 (n = 13; Fig. 7A) or ephrin-A2 (n = 9; data not
shown) in culture. When ephrin-A2 and ephrin-A5rostrocaudal polarity of the somites by forming bor-

ders between these cellular compartments. To deter- were applied together, neural crest cells seemed to
exhibit a stronger avoidance of these substrate-boundmine if somite polarity was altered, treated explants

were labeled with ephrin-B1 antibody, a marker for factors (n = 7; Fig. 7C). These results were unex-
pected in light of the expression of these ligands bycaudal half somites. No alterations in the rostrocaudal

polarity of the somites were evident under any treat- migratory neural crest cells. Uniform migration
across all lanes occurred when neural crest cells werement condition (Fig. 6).
confronted with EphA4 (n = 14) or EphA7 (n = 14),
suggesting these proteins do not act as repulsive
agents for neural crest (Fig. 7B, E). To determine ifNeural Crest Cells Migrate on Substrates Composed

of Ephrin-A2 or Ephrin-A5 Combined With EphA4 the addition of EphA4 to ephrin substrates would
allow or promote neural crest cell migration on
ephrin stripes, we constructed stripes composed ofBecause ephrin-As and EphA4 RTK are expressed

by neural crest cells, we reasoned that the disruption EphA4/ephrin-A2 or ephrin-A5/fibronectin versus fi-
bronectin. Neural crest cells migrated on EphA4/of segmental migration observed in our treated ex-

plants might be due to the perturbation of positive ephrin-A2 (n = 11) or EphA4/ephrin-A5 stripes (n =
12) whereas they had previously avoided ephrins assignals that guide neural crest cells in the rostral half



Figure 4. Ephrin-A6 protein associates with neural crest cells prior to their entry into the somite. (A, B, C) Cross sections through stages
14–18 embryos stained with ephrin-A6 antibody (green) and HNK-1 antibody (red). (D, E, F) Ephrin-A6 antibody labeling. Ephrin-A6
protein is evident on recently delaminated neural crest that lie between the neural tube and somite (A, D: arrows). As neural crest cells enter
the somite, ephrin-A6 protein is not detectable (B–F: arrows).

Figure 5. EphA4 protein is present at very low levels on neural crest cells. (A, B, C) Cross sections through stage 18 embryos, at different
trunk axial levels, stained with EphA4 antibody (green) and HNK-1 antibody (red). (D, E, F) EphA4 antibody labeling. EphA4 protein is
apparent at very low levels on neural crest that have exited the neural tube and are migrating in the somites (arrows). Asterisk (*) marks
EphA4 expression in the floor plate.
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Figure 6. The segmental migration of neural crest cells is disrupted in explants treated with EphA4- or ephrinA-Fc. Trunk explants contain-
ing premigratory neural crest cells were isolated, as previously described (17). Explants were treated with 10 µg/ml of EphA4-Fc (A),
EphA7-Fc (B), ephrin-A2-Fc (C), ephrin-A5-Fc (D), or Fc (E, controls). The disposition of neural crest cells was then examined using
HNK-1 antibody (red) and ephrin-B1 antibody (green) was used as a marker for the caudal half somite. Brackets mark the extent of a single
somite: r, rostral; c, caudal. Neural crest cells invade the caudal half somites in EphA4-Fc-, ephrin-A2-Fc-, and ephrin-A5-Fc-treated explants
(A, C, D: arrows). In EphA7-Fc and Fc controls, neural crest cells migrate in the rostral half somite, typical of normal embryos (B, E).
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simple substrates (Fig. 7D). In control dishes treated to hypothesize that EphA–ephrin-A interactions pro-
moted neural crest migration in the rostral half sclero-with Fc, neural crest migrated uniformly across all

lanes, as expected (n = 16; Fig. 7F). These data, com- tome normally. The results of our in vitro analyses
also support this hypothesis: neural crest cells mi-bined with our expression analysis and explant re-

sults, suggest that EphA4, ephrin-A2, and ephrin-A5 grate on ephrin-A2 or ephrin-A5 substrates in the
presence of EphA4, a situation remarkably similar tointeract together to promote trunk neural crest migra-

tion through the somites. the in vivo environment.
Interactions between Eph RTKs and ephrins are

known to exert inhibitory effects, keeping cells out of
inappropriate regions or forming boundaries betweenDISCUSSION
cellular compartments that prevent cell mixing. How-
ever, recent studies support more positive, growth-One common theme in development is that inhibi-

tory factors sculpt the nervous system by preventing promoting functions of ephrin-As. Ephrin-A2 and
ephrin-A5 promote neurite outgrowth by sympatheticthe entry of neural cells into particular territories. A

diverse collection of inhibitory molecules is thought neurons, and the growth and branching of hippo-
campal neurons in vitro, suggesting that these ephrinsto prohibit the entry of trunk neural crest cells into

the caudal half sclerotome, generating the segmental exhibit bifunctional properties (6,7). Evidence for a
positive role for Eph–ephrin signaling in vivo comesorganization of the peripheral nervous system (15).

Relatively little is understood about the positive fac- from studies in the vomeronasal system, where axons
with high concentrations of receptors project into re-tors that permit or promote neural crest migration in

the rostral half sclerotome. A small number of guid- gions of high ligand concentration (14). In the somi-
tic mesoderm, activation of ephrin-A2 or ephrin-A5ance factors including fibronectin, laminin, integrins,

and tenascin localize to migrating neural crest cells may result in a β1 integrin-dependent increased adhe-
sion of neural crest cells to laminin, as previouslyor the rostral sclerotome, and results from in vitro

analyses support positive roles for these molecules in described (11).
If ephrins display bifunctional properties, what isneural crest guidance (4,18,23,27,30).

Members of the Eph family interact to prohibit the mechanism by which cells respond differently to
ephrins? One possible explanation that would accountneural crest cells from entering the caudal half sclero-

tome (17) and participate in neural crest pathway for our findings in vitro is that coexpression of EphA4
reduces the typical repulsive effects of ephrin-As onchoices in the trunk (28). Our analysis here demon-

strates that EphA subclass members localize to neural neural crest cells. This scenario would be similar to
that described in the retinotectal system, where ephrincrest cells during their migration. Ephrin-A2, ephrin-

A5, and ephrin-A6 are associated with neural crest coexpression with Eph receptors in retinal neurons
decreases the inhibitory effects of ephrins in thecells at distinct stages in their migration from the

neural tube into the somitic mesoderm. EphA4 is tectum on retinal growth cones (10). Alternatively,
downstream components could be differentially acti-coexpressed but weakly by neural crest cells during

their delamination from the neural tube and early en- vated in Eph–ephrin interactions that are positive or
inhibitory. In cells that are inhibited by ephrins, Rac1try into the somites. We examined the functions of

EphA4 and its cognate ephrins by disrupting Eph– could be activated, resulting in endocytosis of the
plasma membrane and the collapse of the leadingephrin signaling in trunk explants and examining the

subsequent disposition of migrating trunk neural edge of migration, as recently demonstrated for axo-
nal growth cones (12). In another example, the metal-crest. Our results show that neural crest cells inappro-

priately enter the caudal half somite when explants loprotease kuzbanian apparently cleaves ephrin-A2,
converting Eph–ephrin adhesion to repulsion (9).are treated with ephrin-A-Fcs or EphA4-Fc. These

data, combined with our expression analysis, led us Whether kuzbanian or other proteases are involved in

FACING PAGE
Figure 7. Neural crest cells migrate uniformly on substrates containing ephrin-A2 or ephrin-A5 plus EphA4. Neural tubes were placed
perpendicular to striped substrates composed of ephrins or Eph RTKs/fibronectin (light lanes) versus fibronectin (dark lanes) and neural
crest were allowed to migrate for 24 h. Digital images were collected of the same field containing the lanes using fluorescence optics and
migratory neural crest cells, using phase optics. (A) Neural crest cells avoid ephrin-A5/fibronectin lanes and migrate on fibronectin-alone
lanes. This behavior was also observed in the presence of ephrin-A2 substrates (data not shown). (B) Neural crest cells migrate uniformly
on lanes containing EphA4/fibronectin vs. fibronectin. (C) Neural crest cells distinctly avoid lanes containing ephrin-A2 and ephrin-A5/
fibronectin. (D) Neural crest migrate uniformly on lanes of ephrin-A5 and EphA4/fibronectin vs. fibronectin. This behavior was also observed
with ephrin-A2/EphA4/fibronectin substrates (data not shown). (E, F) Neural crest cells migrate across all lanes in dishes containing EphA7
or Fc (controls) lanes.
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