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A Critical Period for Conversion of Ectodermal
Cells to a Neural Crest Fate
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Previously, we found that interactions between neural and nonneural ectoderm can generate neural crest cells, with both
the ectodermal and the neuroepithelial cells contributing to induced population (M. A. J. Selleck and M. Bronner-Fraser,
1995, Development 121, 525–538). To further characterize the ability of ectodermal cells to form neural crest, we have
challenged their normal fate by transplanting them into the neural tube. To ensure that the ectoderm was from nonneural
regions, we utilized extraembryonic ectoderm (the proamnion) and transplanted it into the presumptive midbrain of
1.5-day-old chick embryos. We observed that the grafted ectoderm has the capacity to adopt a neural crest fate, responding
within a few hours of surgery by turning on neural crest markers HNK-1 and Slug. However, the competence of the
ectoderm to respond to neural crest-inducing signals is time limited, declining rapidly in donors older than the 10-somite
stage. Similarly, the inductive capacity of the host midbrain declines in a time-dependent fashion. Our results show that
extraembryonic ectoderm has the capacity to form neural crest cells given proper inducing signals, expressing both
morphological and molecular markers characteristic of neural crest cells. © 2000 Academic Press
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INTRODUCTION

The neural crest is a highly migratory cell type that
emerges from the dorsal neural tube following neurulation.
It was classically assumed that presumptive neural crest
cells were a segregated lineage, distinct from presumptive
central nervous system cells within the neural tube. Ac-
cordingly, expression of neural crest markers like the zinc
finger transcription factor, Slug (Nieto et al., 1994), in the

eural folds and neural tube has been taken as evidence for
fate restriction toward a neural crest lineage. However,

ingle-cell lineage analysis of dorsal neural tube cells has
evealed that there is a shared lineage between neural crest
nd spinal cord cells in the chick (Bronner-Fraser and Fraser,
988, 1989), frog (Collazo et al., 1993), and mouse (Ser-
edzija et al., 1992). Even more surprisingly, prior to neural

tube closure, single cells within the avian neural folds have
the ability to form epidermal derivatives in addition to
neural crest and neural tube derivatives (Selleck et al.,
1995). These results demonstrate that cells within the
neural folds or dorsal neural tube are capable of contribut-
ing to the neural crest lineage, but are not uniquely fated to
do so.

1 To whom correspondence should be addressed. Fax: (626) 395-
7717.
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An interaction between the presumptive epidermis and
the neural plate induces the formation of neural crest cells
(Moury and Jacobson, 1989; Selleck et al., 1995; Dickinson
et al., 1995). This interaction is time dependent, with the
competence of the neural plate to respond to inductive
signals declining after stage 10 (Dickinson et al., 1995).
Interestingly, quail/chick recombinants demonstrated that
both neural and nonneural ectoderm are able to contribute
neural crest cells as a result of this interaction, suggesting
that the neural plate induces ectoderm to form neural crest
and vice versa (Selleck et al., 1995). Overexpression of the
transcriptional regulator Id2, which is expressed in the
cranial neural folds, converts ectodermal cells to neural
lineages, demonstrating that proper transcriptional control
is necessary for appropriate allocation of cell types to
epidermal, neural crest, and neural tube lineages (Martinsen
and Bronner-Fraser, 1998). Taken together, these experi-
ments demonstrate an intriguing relationship between ec-
todermal derivatives (neural crest, epidermis, and neural
tube).

Many questions remain about the spatial and temporal
ability of the ectoderm to respond to inductive interactions
by the neuroepithelium. First, little is known about the
time of competence of the ectoderm to respond to induction
by the neural plate or the time of competence of the neural
plate to induce ectoderm to become neural crest. Second,
13
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14 Ruffins and Bronner-Fraser
only embryonic ectoderm was recombined with neural
plate previously, whereas no attempt was made to examine
the ability of the extraembryonic ectoderm to form neural
crest cells. The embryonic ectoderm will form epidermis. In
contrast, extraembryonic ectoderm is distant from the
prospective neural plate and destined to form only extraem-
bryonic membranes.

Here, we challenge the developmental potential of ecto-
dermal cells by transplanting them into the neural tube,
from which neural crest cells normally arise. To ensure that
the ectoderm was from nonneural regions, we utilized
extraembryonic ectoderm (the proamnion) and transplanted
it into the presumptive midbrain of 1.5-day-old chick em-
bryos. The results show that the grafted ectoderm has the
capacity to express morphological properties and molecular
markers characteristic of neural crest cells within a few
hours of surgery. The competence of the ectoderm to
respond to neural crest-inducing signals decreases with
time as does the inductive capacity of the midbrain. These
results demonstrate that nonembryonic ectoderm has the
capacity to form neural crest cells given proper inducing
signals.

MATERIALS AND METHODS

Ectoderm Grafts

White Leghorn chick and Japanese quail eggs were obtained
through a commercial supplier (Highland International and Kara-
soulas Farms, respectively). Eggs were incubated at 37°C until the
4- to 21-somite stage and windowed. Ectoderm from the proamnion
of quail embryos was dissected using glass needles and transferred
to chicken eggs with a finely pulled glass mouth pipette. At
midbrain levels, the quail ectoderm was placed: (1) into the lumen
of the midbrain neural tube, (2) through the ventral neural tube, or
(3) through the host ectoderm into the dorsal neural tube (see Fig.
1). After surgery, Howard Ringers solution was placed on the
embryo and the egg was closed with Scotch brand Magic Tape (3M
Corp.) and incubated for 8 or 14 h.

Histochemistry and in Situ Hybridization

After the appropriate incubation period, the eggs were reopened
and the embryos removed, washed with Howard Ringers solution,
and fixed in Carnoy’s fixative (10% acetic acid, 60% EtOH, 30%
CHCl3) for 5–10 min. The embryos were then dehydrated with 70
and 100% EtOH, washed 33 in Histosol, and embedded in paraffin.
Embedded embryos were sectioned at 10 mm, placed on glass slides,
eparaffinized, rehydrated, and incubated with monoclonal anti-
odies QCPN and HNK-1 for at least 4 h at room temperature or
vernight at 4°C. The slides were then washed in PBS and incu-
ated with FITC–goat anti-mouse IgM (to detect HNK-1) and
ITC–goat anti-mouse IgG (to detect QCPN) at a dilution of 1:500
ach for 1–2 h. In situ hybridization was performed by the method
escribed in Henrique et al. (1995).

Microscopy and Image Processing

Slides of sectioned embryos were viewed with a Zeiss Axiophot
epifluorescence microscope. A rhodamine filter set was used to
Copyright © 2000 by Academic Press. All right
visualize QCPN antibody-stained cells, while a fluorescein filter
set was used to visualize HNK-1 antibody staining. Data were
recorded photographically using Kodak Elite II 400 film or elec-
tronically using a Hamamatsu SIT camera or Bio-Rad MRC 600
LSM and stored on removable Iomega Jaz discs. Image processing
was performed using the Vidim software system (Fraser, Stolberg,
and Belford, unpublished), NIH Image (available by anonymous
FTP at FTP:zippy.nimh.nih.gov/pub/nih-image) and Adobe Photo-
Shop (Adobe Systems, Inc.). Whole-mount in situ hybridization
images were recorded photographically using Kodak 160T film. All
images were postprocessed and composed using Adobe PhotoShop.

RESULTS

We have examined the ability of nonneural ectoderm to
form neural crest cells by grafting extraembryonic ectoderm
(the proamnion) into the presumptive midbrain. Donor
quail ectoderm was collected from the proamnion region of
embryos having from 4 to 21 somites. By the 4-somite stage,
proamnion (anterior and lateral to the head) begins to
delaminate from the underlying endoderm. This separation
allows for the relatively simple collection of pure ectoder-
mal tissue.

Quail ectoderm was grafted at the level of the midbrain
into the lumen of the midbrain neural tube, through the
ventral neural tube, or through the host ectoderm into the
dorsal neural tube (see Fig. 1). All sites of placement within
the midbrain gave identical results and, therefore, are
presented cumulatively. Embryos were fixed at 8 or 14 h
postsurgery. Neural crest formation was assayed using two
cell markers: the HNK-1 antibody, which recognizes mi-
grating neural crest cells (Tucker et al., 1984), or the zinc
finger transcription factor Slug, which recognizes premigra-
tory and early migrating neural crest cells (Nieto et al.,
1994). As is the case with most molecular markers, neither
of these is unique to neural crest cells. However, both
HNK-1 and Slug are expressed on early migrating neural
rest cells. The combination of two molecular markers
ogether with the migratory morphology of the HNK-1-
ositive cells is likely to reflect a population with the
bility to form neural crest. To verify that the cells were of
onor origin, sections were also stained with the QCPN
ntibody, which specifically recognizes an epitope in the
ucleus of quail cells.

Extraembryonic Ectoderm Has the Potential
to Form HNK-1-Positive Neural Crest

In embryos examined 8 h after grafting, 15% of the grafts
(n 5 20 embryos) from donors ranging from the 5- to
10-somite stage contained quail HNK-1-immunoreactive
neural crest cells (Fig. 2A). These results suggest that at
least a small number of ectoderm cells are able to manifest
neural crest characteristics as early as 8 h postgrafting.
Given that the HNK-1 epitope is expressed only after neural
crest cells emigrate from the neural tube, it is a relatively
late marker, indicating that response to induction may be
rapid.
s of reproduction in any form reserved.
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FIG. 1. Schematic diagram illustrating the types of operations performed in the this study. (A) A whole-mount view showing the location
of the proamnion, an extraembryonic ectoderm, relative to the embryo. The proamnion begins to delaminate at the 4-somite stage, allowing
for relatively easy collection of ectoderm. Quail proamnion was transplanted at the midbrain level of chick embryos into the lumen (B),
through the ventral neural tube (C), or through the ectoderm into the neural tube (D). nt, neural tube.
FIG. 2. Ectoderm transplanted into the neural tube expresses the HNK-1 epitope. (A) A transverse section showing quail ectoderm (identified
by QCPN in red) grafted into the neural tube that expresses the HNK-1 epitope (green), a neural crest marker. Double-labeled cells appear yellow.
(A and C) Close contact between the graft and the neural tube does not appear to be necessary for induction of HNK-1 expression in ectoderm
grafts. (B) A monochrome confocal image of a longitudinal section shows the location of the graft within the midbrain. Note that the graft is
within the lumen of the neural tube. (C) Higher magnification of the inset (yellow box in B) shows that grafted cells express both QCPN (red) and
the HNK-1 epitope (green). Noto, notochord; NT, neural tube; fb, forebrain. Arrows point to HNK-1-expressing quail cells.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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Given that response to induction was low at 8 h postsur-
gery, embryos were allowed to develop for a total of 14 h.
Donor tissue was derived from embryos having 4 to 21
somites. For donor tissue ranging from the 4- to 10-somite
stage, there was a robust ability to form HNK-1/QCPN-
immunoreactive cells (Fig. 2A). Positive cells were observed
in 89% of the grafts (n 5 37; Fig. 3). HNK-1/QCPN-positive
ells were generally dispersed within the grafted ectoderm
nd occasionally had migrated away from the graft by the
ime of fixation. Typically, 1–10 positive cells were ob-
erved per embryo. Interestingly, quail neural crest cells
ppeared to be induced not only when ectoderm and mid-
rain neural tube were in direct contact, but also when the
ctoderm remained segregated within the lumen of the
eural tube (Figs. 2B and 2C). This suggests that contact is
ot requisite for induction of neural crest cells.
Extraembryonic ectoderm collected after the 10-somite

tage had a reduced ability to produce neural crest cells (Fig.
). Only 18% (n 5 11) of the grafts from 14-somite-stage

donors expressed HNK-1-positive cells and no tissue col-
lected after the 16-somite stage produced any HNK-1-
immunoreactive cells. When embryos containing grafts
from 11- to 21-somite-stage ectoderm were pooled, only 8%
(n 5 25) of the donor tissue generated neural crest cells.
The precipitous drop in the ability of proamnion to produce
HNK-1-positive cells at these later stages indicates that this
tissue loses its capacity to respond to the inducing signal(s).

Although these experiments were not designed to quan-
titate the amount of neural crest cells produced by the
neural tube in response to an interaction with the proam-
nion, there appeared to be an increase in host neural crest
generation. In four separate embryos in which ectodermal
transplants pierced the neural tube, the neural tube ap-
peared to continue to produce emigrating neural crest cells
for longer periods of time on the engrafted side (Fig. 4). In
contrast, the ventral extent of neural crest migration was
similar on both operated and unoperated sides (Fig. 4).

Analysis of Slug Expression by Grafting
Extraembryonic Ectoderm

Although the HNK-1 epitope is a useful neural crest
marker, it is later expressed in the neural tube itself and on
a variety of cell adhesion molecules (Kruse et al., 1984).
Therefore, we employed a second neural crest marker, the
transcription factor Slug (Nieto et al., 1994), to provide
further evidence that the ectoderm grafts to the neural tube
were generating neural crest de novo. Donor grafts were
obtained from embryos having 4 to 9 somites and host
embryos were fixed after 14–18 h. After this manipulation,
all donor grafts expressed Slug (Fig. 5). The signal for Slug
was comparatively weaker in the grafted quail ectoderm
compared with the host neural crest. One possible explana-
tion for the difference in intensity of staining is that the
length of interaction resulting in Slug expression is much
longer in the host tissue than in the donor ectoderm.
However, a more likely explanation is that the Slug probe is
derived from the untranslated region of the chick Slug gene,
Copyright © 2000 by Academic Press. All right
which cross-reacts with quail but is not a perfect match,
likely leading to weaker signal.

In contrast to the HNK-1 epitope, which is expressed in a
subset of the grafted cells, Slug transcripts appear to be
expressed uniformly throughout the graft. In normal em-
bryos, Slug is an early marker expressed throughout the
neural folds in a population that has the potential to form
neural crest cells. Our lineage studies, however, show that
these neural fold cells give rise not only to neural crest but
also to epidermis and the central nervous system (Selleck et
al., 1995). Thus, the entire donor ectoderm may express
Slug, which correlates with the ability to form neural crest
cells, whereas a subset of these cells actually goes on to
form neural crest. Had our embryos been incubated for
longer times, it is conceivable that a larger population
would also become HNK-1 immunoreactive.

Extraembryonic Ectoderm Grafted into the Head
Mesenchyme Does Not Form Neural Crest

To examine whether grafting extraembryonic ectoderm
to any location within the embryo would induce production
of neural crest cells, we performed grafts similar to those
above but inserted the quail ectoderm into the head mes-
enchyme adjacent to the neural tube rather than in the
neural tube itself. Competent quail extraembryonic ecto-
derm from 4- to 8-somite-stage donors was grafted into the
head mesenchyme of similarly staged chick hosts (n 5 10).
The operated embryos were allowed to develop for 14 h and
stained with the HNK-1 antibody. In no cases were HNK-
1-positive cells of donor origin observed (Fig. 6). This
suggests that the inducing signal is either not present or
suppressed within the head mesenchyme.

Stage Dependence of the Ability of Midbrain to
Induce Neural Crest Cells from Donor Ectoderm

The above experiments suggest that the midbrain of host
chicken embryos ranging from the 4- to 12-somite stage has
the ability to induce neural crest formation in donor quail
ectoderm. We next examined whether the inducing signal is
present in the neural tube at later stages. Competent
extraembryonic ectoderm was grafted into somite stage
17–24 chick midbrains which were allowed to develop an
additional 14 h. In no cases (n 5 12) were HNK-1-positive
quail cells found in the grafted tissue (Fig. 3). This suggests
that the ability of the midbrain to induce neural crest cells
in competent ectoderm has declined by these stages.

DISCUSSION

Neural crest cells arise via an inductive interaction
between the neural plate and the nonneural ectoderm when
these two tissues are juxtaposed (Moury and Jacobson,
1989; Selleck and Bronner-Fraser, 1995; Dickinson et al.,
1995). This interaction sets up a specialized region of cells,
the neural folds, that expresses cell-type-selective markers
s of reproduction in any form reserved.
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17Ectoderm Induced to Form Neural Crest
(e.g., Slug) and has the potential to form neural crest cells.
However, these cells are not uniquely destined to form
neural crest cells. In fact, cell lineage studies have revealed
a remarkable plasticity in cells of the neural tube and neural
folds. In the neural folds prior to neural tube closure, single
cells have the capacity to generate all ectodermal deriva-
tives, including epidermal cells, neural crest cells, and
neural tube cells (Selleck and Bronner-Fraser, 1995). Thus,
the neural crest does not represent a segregated population
in the early neural plate. These experiments raise the
intriguing question of when cells become “committed” to a
neural crest versus an ectodermal fate. In order to test cell
commitment, it is necessary to challenge developmental
potential by transplanting either one cell or a group of cells
into a region destined to form other embryonic structures. If
transplanted cells alter their fates under these circum-
stances, they cannot have been committed at the time of
transplantation.

In the present study, we have challenged the ability of
extraembryonic ectoderm to contribute to embryonic tis-
sues and, in particular, to neural crest cells. Our results
demonstrate that ectoderm, derived from the extraembry-
onic proamnion, can be induced to express the neural crest
markers HNK-1 and Slug when juxtaposed with neural tube
ells in vivo. Interestingly, the competence of this ectoderm
o respond to induction rapidly declines as a function of age.
imilarly, the ability of the midbrain neural tube to induce
eural crest cells from extraembryonic ectoderm dimin-
shes with time. These results show that the competence of
oth the inducing and the responding tissue is time limited.
Other data support the idea that inductive interactions
ay be time limited in the early development of the neural

rest and neural tube. Just as juxtaposition of nonneural
ctoderm and early neural plate tissue induces the forma-
ion of neural crest cells (Selleck and Bronner-Fraser, 1995),
nteractions using slightly older neural tissues lead to the
xpression of dorsal tube markers like Wnt-1 and Wnt-3a

(Dickinson et al., 1995), which normally form only from
dorsal regions of the neural tube. Thus, induction of par-
ticular markers is stage dependent. Recently, BMP-4 and
BMP-7 have been shown to be sufficient to substitute for
the nonneural ectoderm in inducing neural crest cells (Liem
et al., 1995). Although it remains to be demonstrated
whether BMPs are necessary for this induction and if their
effects are primary, this class of molecules represents good
candidates for neural crest inducers. Later, BMPs induce
expression of roof plate cells and dorsal sensory neurons
within the neural tube (Liem et al., 1998). These data
suggest that neural plate/epidermal interactions induce
multiple dorsal properties in the developing spinal cord that
occur in a temporally distinct sequence. Clearly, the com-
petence of the neural plate to respond to induction changes
as a function of time. It remains to be determined whether
single or multiple dorsalizing signals are involved in these
inductive interactions.

Although molecules like BMPs are good candidates for
the ectodermal signal that induces neural crest cells from
Copyright © 2000 by Academic Press. All right
neural plate tissue, the nature of the reciprocal inducer (i.e.,
neural plate/tube inducer that generates neural crest cells
from ectoderm) is unknown. BMPs are initially expressed in
the nonneural ectoderm, but later in the neural folds
(Watanabe and LeDouarin, 1996). Therefore, it is possible
that BMPs represent the inducing molecules. This possibil-
ity is made even more intriguing by the observation that
BMPs appear to exert their primary function in neural crest
formation when they are expressed in the neural folds
rather than in the nonneural ectoderm (Selleck et al., 1998).
It is worth noting that the proamnion, itself, does not
express BMP-4 (unpublished observation). Other good can-
didates for inducers are Wnts, since both Wnt-1 and Wnt-3a
are expressed at high levels in the dorsal neural tube
(Hollyday et al., 1995). In Xenopus, Wnts have been shown
o be potent neural crest inducers in combination with
nhibition of BMP signaling (LaBonne and Bronner-Fraser,
998).
In numerous grafts, we observed expression of neural

rest markers even when the graft was within the neural
ube lumen and not directly contacting the neural tube.
his suggests that the inducing signal is diffusible. In the
onor tissue, Slug was expressed throughout the graft,
hereas HNK-1 immunoreactivity arose in a few cells
ithin the graft. The uniform Slug expression is likely to

reflect two things. First, Slug is an earlier marker, coming in
premigratory regions, whereas HNK-1 is first expressed
after cells emigrate from the neural tube in normal em-
bryos. Second, Slug is expressed in cells with the “poten-
tial” to form neural crest. However, only a subset is likely
to actually differentiate into neural crest cells. This is
similar to the situation in the neural folds, where Slug-
expressing precursors can form neural crest, ectodermal,
and neural tube derivatives (Selleck et al., 1995).

By challenging the fate of ectodermal and neural plate
cells of various developmental stages, these experiments
tell us: (1) the stages at which the neural tube produces
inductive signals leading to neural crest formation and (2)
the stages at which ectodermally derived tissue can respond

FIG. 3. The capacity for the proamnion to express the HNK-1
epitope diminishes rapidly after the 10-somite stage.
s of reproduction in any form reserved.
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FIG. 4. Transplanted ectoderm appears to increase the length of time that neural crest emigrates from the neural tube. (A and B) Sections
from a single embryo at different axial levels. (A) At the level at which the ectoderm (red) is contained within the neural tube, no alterations
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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FIG. 6. Grafts of donor ectoderm into the head mesenchyme just below the notochord (A) midline or adjacent to the neural tube (B) do
ot express the HNK-1 epitope.
in neural crest production were seen. (B) In contrast, donor ectoderm traversing the neural tube appeared to increase production of neural
crest (green) by the host embryo on the engrafted side. Note that neural crest emigration is complete on the unoperated side. This embryo
was fixed 8 h postgraft, at which time little or no expression of neural crest markers was observed in donor tissue.
FIG. 5. Slug is expressed in the grafted tissue. (A) Whole-mount in situ hybridization reveals Slug expression within the grafted ectoderm.
(B) A section at the level of the graft shows Slug expression in the graft, but less intense than that observed in the host neural crest. op, optic
vesicle; nc, neural crest; NT, neural tube.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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to inductive signals to form neural crest. The present study
is the first to directly demonstrate that extraembryonic
ectoderm can be converted into neural crest cells. The
results highlight the incredible plasticity in early vertebrate
development and the important role of inductive interac-
tions in this plasticity.
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