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At early neural tube stages, individual stem cells can generate
neural crest cells as well as dorsal or ventral spinal cord cells.
To determine whether this pluripotency is lost as development
proceeds, we back-transplanted quail spinal cells from different
developmental stages and different spinal locations into the
crest migratory pathways of st 16–20 chicken host embryos.
The transplanted spinal cells from st 27 dorsal cord and st 18
ventral cord differentiated within the new crest environment into
sensory and sympathetic neurons, satellite and Schwann cells,

and melanocytes. St 27 ventral cells still generated several
crest derivatives but not sensory or sympathetic neurons. This
loss in ability to produce neurons correlates with the end of
neurogenesis in ventral cord. The end of neurogenesis in the
cord, therefore, results from an intrinsic change in the potential
of spinal neuroepithelial cells to generate neurons.
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At early neural tube stages, cells from the most dorsal aspects of the
tube migrate into the surrounding tissue where they give rise to many
different cell types, including sensory and autonomic neurons, satel-
lite cells, Schwann cells, and melanocytes (Weston, 1981; Le Doua-
rin, 1982). The emerging view is that at early neural tube stages
individual neuroepithelial cells are pluripotent and can give rise to all
types of neural crest (NC) derivatives as well as neurons and glia that
remain in the spinal cord (Scherson et al., 1993; Selleck et al., 1993;
Artinger et al., 1995). Once crest cells have migrated away from the
tube, there is a progressive restriction in their developmental poten-
tial (Anderson, 1989; Weston, 1991).
A progressive restriction of cell fates for neuroepithelial cells

remaining within the neural tube is less clear. Neuroepithelial
cells at stages before neural tube closure are able to generate both
dorsal and ventral phenotypes within the spinal cord as well as NC
derivatives. Placement of a notochord adjacent to the dorsal
region of a newly closed neural tube induces dorsal neuroepithe-
lial cells to express ventral cord markers (Artinger et al., 1995). If
the dorsal portion of the neural tube is removed before NC
emigration, the remaining ventral portion is able to generate
normal NC derivatives (Scherson et al., 1993). But if the deletion
is made shortly after emigration, NC derivatives are not generated
(Scherson et al., 1993; Sechrist et al., 1995). When do neuroepi-
thelial cells within the cord become truly restricted in their po-
tential to generate progeny with crest phenotypes?
The recent demonstration of a second major emigration of neu-

roepithelial cells away from the neural tube into sensory ganglia
shows that at least some cells within the tube retain their ability to

develop as crest cells until well after normal crest migration (Sharma
et al., 1995). Only the cells within the dorsal half of the spinal cord
contribute to this late-migrating population, and they contribute only
to a subset of possible crest phenotypes. These results, together with
those of Bronner-Fraser and coworkers (Scherson et al., 1993;
Sechrist et al., 1995), might reflect both a loss in potential of cells in
the ventral cord to develop as crest cells and a restriction in the
possible crest-like fates of the dorsal cells.
To test these possibilities, we have transplanted cells from dorsal

or ventral spinal cord into the crest migratory pathway of younger
embryos and then followed their development over time to analyze
their phenotypes. Cells from the dorsal spinal cord even 1–2 d after
the end of normal crest emigration continue to divide after trans-
plantation, migrate along the crest migratory pathways, and give rise
to a variety of crest derivatives including peripheral neurons. In
contrast, cells from the ventral cord at the same stage are restricted
in their developmental potential. Although they also continue to
divide after transplantation, ventral cells migrate less extensively and
do not produce peripheral neurons.

MATERIALS AND METHODS
Transplantation experiments. White Leghorn chick embryos (SPAFAS)
were used as hosts and quail embryos as donors in all experiments. Host
and donor embryos were staged according to Hamburger and Hamilton
(1951). St 17–28 quail spinal cords were separated into dorsal and ventral
halves with tungsten needles. Donor cells were dissociated by incubation
for 10 min in calcium/magnesium-free (CMF)-trypsin solution (0.1 mg/
ml) at 228C followed by trituration with a fire-polished Pasteur pipette.
After centrifugation, the cell pellet was resuspended in MEM with 0.01%
Fast Green for visualization during transplantation. Approximately 200–
500 cells were drawn into a polished glass electrode (tip diameter 10–30
mm) in 0.5 ml of solution. Chick embryo hosts (st 16–20) were exposed for
transplantation by opening the vitelline membrane. The tip of the elec-
trode was then positioned just beneath the host ectoderm and just lateral
to the neural tube in the cranial half of a somite, and the cells were
injected with pressure pulses under visual control. All transplantations
were made at the level of the wing bud. Eggs were then sealed with
cellophane tape and returned to the incubator.
Immunohistochemistry. Host embryos were killed 1–10 d after trans-

plantation (st 20–40). Embryos up to st 25 were processed as described
by Oakley and Tosney (1991). Older embryos were perfused transcardi-
ally with 4% paraformaldehyde in PBS. The brachial region was sepa-

Received Aug. 7, 1996; accepted Sept. 5, 1996.
Support for this work and for Z̆.K. was provided by National Institutes of Health

Grant NS24373 and a McKnight Investigator Award to E.F. We thank Dr. Cynthia
Lance-Jones for advice during these experiments and on this manuscript, Dr.
Anthony Frankfurter for the TuJ1 antibody, Dr. Hideaki Tanaka for the QN
antibody, and Dr. Kamal Sharma for help with the initial experiments. Ms. Xiaoping
Chen provided technical assistance. The cell line producing QCyPN was obtained
from the Developmental Hybridoma Bank.
Correspondence should be addressed to Dr. Eric Frank, Department of Neuro-

biology, BST W1452, University of Pittsburgh School of Medicine, Pittsburgh, PA
15261.
Copyright q 1996 Society for Neuroscience 0270-6474/96/167638-11$05.00/0

The Journal of Neuroscience, December 1, 1996, 16(23):7638–7648



rated and post-fixed for 4–10 hr in the same fixative. Alternate serial 20
mm cryostat sections were collected on separate slides. One set of sections
was used to locate and count donor cells by staining with a quail-specific
antibody, QCyPN (Developmental Hybridoma Bank) using the staining
protocol described in Sharma et al. (1994). The second set was stained
with anti-tubulin antibody, TuJ1 (a gift from Dr. Anthony Frankfurter,
University of Virginia), to identify small peripheral nerves in muscles (see
Fig. 3C) or with a quail-specific neuron-specific antibody, QN (a gift from
Dr. Hideaki Tanaka, Kumamoto University) to identify neuronal donor
cells (see Fig. 3A,B,D–F ). Staining protocols have been described pre-
viously (Moody et al., 1989; Tanaka et al., 1990; Sharma et al., 1995).
Identification of donor cell phenotypes. The phenotypes of donor cells

were classified in st 34–40 host embryos, 7–10 d after transplantation.
Donor melanocytes were easily recognized by their characteristic quail
pigmentation in the white chicken hosts (see Fig. 4). Quail cells with
elongated, QCyPN-positive nuclei and located in peripheral nerves and
spinal roots were classified as Schwann cells (see Figs. 2E, 3C), because
they appeared identical to Schwann cells in normal quail embryos (Fig.
2F). The possibility exists, however, that these cells were oligodendro-
cytes rather than Schwann cells. The antibody QN was a useful marker for
quail peripheral neurons at these stages (Tanaka et al., 1990; Sharma et
al., 1995) (our unpublished observations). By st 30, developing white
matter tracts in the quail spinal cord are QN-positive, as well as sensory
axons in dorsal roots, but no neuronal somata in the spinal cord or
peripheral ganglia are stained. Many quail DRG and sympathetic neu-
ronal somata become QN-positive by st 34, and this staining persists until
at least st 39–40. Throughout this time period, however, neuronal somata
within the spinal cord show only background levels of staining for QN. No
chicken cells were QN-positive through st 40.
Labeling of dividing cells. Bromodeoxyuridine (BrdU) was used to label

dividing cells. A 100 ml aliquot of 50 mg/ml BrdU in PBS was applied to
the host chorioallantoic membrane 4–8 hr before killing. In control
experiments, we found this protocol sufficient to maximize the number of
labeled cells and, therefore, likely to label all dividing cells. Donor quail
cells were identified by double labeling with QCyPN. Sections were treated
in 2N HCl for 40 min, incubated in blocking buffer for 30 min, and then
incubated in QCyPN hybridoma supernatant for 1 hr. A Cy3-labeled goat
anti-mouse IgG secondary antibody was applied for 1 hr, after which the
sections were fixed for 30 min in 4% paraformaldehyde, rinsed, and
incubated in blocking buffer for 30 min. Sections were then incubated in
monoclonal anti-BrdU antibody (Sigma, St. Louis, MO) for 1 hr followed
by FITC-labeled goat anti-mouse IgG secondary antibody. The fraction
of donor cells that continued to divide after transplantation was calcu-
lated in chimeric embryos exposed to BrdU as the fraction of QCyPN-
positive cells that were also BrdU-positive (refer to example in Fig. 7A).
Analysis. A complete camera lucida reconstruction of the location and

number of donor cells was made for each case using the alternate sections
stained with QCyPN. A representative section from the center of the
transplant region was used as a schematic, and individual donor cells were
indicated as dots on this schematic drawing. Examples of these recon-
structions are shown in Figures 2, 5, and 6. The total number of donor
cells (see Table 2) was calculated as 2 times the number of QCyPN-
positive cells counted in the alternate sections. The cell counts do not
include quail melanocytes, which were scored separately and only semi-
quantitatively because of their large numbers.
An estimate of the extent of donor cell migration was made by calcu-

lating the average number of crest target tissues these cells occupied in
each chimeric embryo for each type of transplant (st 26–28 dorsal cells,
st 26–28 ventral cells, and st 17–20 ventral cells). The seven crest target
tissues are listed in the columns of Table 1 and include DRG, sympathetic
ganglia, dorsal and ventral roots, peripheral nerves, muscle, and skin.

RESULTS
The ability of neuroepithelial (NE) cells within the spinal cord to
develop as neural crest cells was determined by back-transplanting
quail cells into the crest migratory pathway in chicken host em-
bryos. The transplantation of donor cells to host embryos is shown
schematically in Figure 1A. To minimize possible influences of the
transplanted cells on the host environment, we injected relatively
small numbers (200–500) of dissociated cells. The normal period
of neural crest migration is between st 13 and 22, so donor cells
were injected into st 16–20 host chicken embryos. Shortly after
injection (0.25–6 hr, n 5 5), transplanted cells were found clus-

tered near the dorsolateral quadrant of the neural tube, below the
ectoderm and medial to the dermomyotome (Fig. 1B). In this
position, they were in the host migratory pathway and among
migrating host neural crest cells.

Dorsal cells migrate and differentiate as normal
crest cells
The first issue was to determine whether the limited phenotypes
of normal late-migrating spinal cells in DRG (Sharma et al., 1995)
result from an intrinsic limitation in the developmental potential
of these cells. Late-migrating cells originate from the dorsal spinal
cord at the level of the dorsal root entry zone and migrate out of
the cord into DRG between st 26 and 29. We therefore used
dorsal spinal cells from st 26–28 quail embryos but placed them

Figure 1. Transplantation procedure. A, Chimeric embryos were created
using quail spinal cord cells transplanted into chicken embryo hosts.
Dissociated cells from the dorsal or ventral halves of quail spinal cords
were pressure-injected into the neural crest migratory pathway in st 16–20
chick hosts. B, Donor cells stained with QCyPN (quail-specific perinuclear
Ab) 30 min after transplantation are located adjacent to the dorsolateral
neural tube just ventral to dorsal ectoderm. Scale bar, 50 mm.
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Figure 2. Distribution of transplanted dorsal cells within a host embryo. A, Camera lucida reconstruction of the distribution of st 28 dorsal quail
cells 8 d after transplantation into a st 17 host embryo. This composite drawing shows dorsal cells (indicated by dots) found within one segment
of the host embryo. Donor cells are located in the DRG, sympathetic ganglia, peripheral nerves, and muscle (total number 6932 quail cells, not
including melanocytes). All sections in B–F were stained with QCyPN. Figure legend continues.
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Figure 3. Phenotypes of transplanted cells within host embryos. A and B show transplanted dorsal cells stained with QN (quail-specific neuron-specific
Ab) that differentiated into peripheral neurons within the host DRG (arrows point to stained neurites). C, Transplanted donor cells (black-stained with
QyCPN) associated with the branch of a small muscle nerve (gray-stained with TuJ1). Two transplanted dorsal cells (arrows) have the morphology of
Schwann cells; the other two are out of focus (arrowheads). D–F show transplanted younger ventral cells (stained with QN Ab) within the host DRG that
also differentiated into neurons. Arrows point to stained neurites. Scale bar, 10 mm.

4

B, Transplanted dorsal cells within the dorsal root have elongated nuclei characteristic of differentiated Schwann cells (compare with E and F ). C, Donor
cells within the DRG include neurons (solid arrows), satellite cells, and Schwann cells (arrowheads). D, Donor cells in a sympathetic ganglion. E, Most
donor cells within peripheral nerves are Schwann cells. F, Schwann cells in a normal st 40 quail peripheral nerve. Scale bars: A, 100 mm; B, 25 mm; C,
D, 50 mm; E, F, 15 mm.
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into a st 16–20 host environment where normal crest cells are
actively migrating and developing.
Unlike late-migrating cells, transplanted dorsal cells migrated

well beyond the bounds of the DRG and differentiated into a
variety of crest-type phenotypes. A serial reconstruction of an
embryo in which st 28 dorsal cells were transplanted into a st 17
host and allowed to develop until st 37 is illustrated in Figure 2A.

At this stage, donor cells had probably achieved their adult
pattern of distribution. Although donor dorsal cells remained
largely confined to one spinal segment, as do normal crest cells,
they migrated ventrally, dorsally, and laterally into the dermis (see
Fig. 4A), dorsal root (Fig. 2B), DRG (Fig. 2C), sympathetic
ganglia (Fig. 2D), and peripheral nerves (Fig. 2E).
In st 34–40 embryos (n 5 16), we could identify some pheno-

types simply by comparing the QCyPN (quail-specific Ab) staining
of donor cells in host embryos with QCyPN staining of normal
quail embryos (compare the staining of Schwann cells in Fig. 2E
and 2F). To confirm that large QCyPN-positive cells within DRG
were peripheral neurons, we compared QCyPN staining with stain-
ing for QN (a second quail-specific antibody) in alternate sections.
As described in Materials and Methods, QN stains the somata of
many DRG and sympathetic neurons but does not stain cell
bodies (of neurons or glia) within the spinal cord. It therefore
provides a useful marker for peripheral, and thus crest-derived,
quail neurons. QN staining indicated that many dorsal spinal cord
cells within DRG and sympathetic ganglia had differentiated into
peripheral neurons (Fig. 3A,B). Of 933 quail cells within DRG
(checked in 4 embryos), 190 (20%) were QN-positive. DRG also
contained quail Schwann cells (identified by their elongated nu-
clei) and satellite cells (small nuclei adjacent to neurons).
Schwann cells were present within peripheral nerves (Fig. 2E) and
dorsal and ventral roots (Fig. 2B). Melanocytes within the skin
were also common (Fig. 4A,B). In some cases, the characteristic
quail pigmentation was macroscopically visible in the host em-
bryos above the site of transplantation (Fig. 4A). Many donor
cells were also present in muscle. Based on their elongated shape
and location within nerve branches (identified by staining for
b-tubulin), many of these were Schwann cells (Fig. 3C). There
were also donor cells that could not be classified both within
muscles and in connective tissue around the DRG and between
muscle masses.
The overall distribution of transplanted dorsal cells in different

structures of host embryos is shown in the top of Table 1. The major
conclusion is that there was widespread distribution of these cells to
various neural crest target tissues. In 6 of 16 cases, dorsal cells were
present in five or more crest tissues, and in only 2 of 16 cases were
they present in fewer than two target tissues. Individual cases with
larger numbers of cells were more likely to have cells distributed in
all crest target tissues (data not shown), as would be expected by
chance. On average, dorsal donor cells were found in four different
crest target tissues in each chimeric embryo.

Migration of ventral spinal cells depends on the stage
of the donor
Transplanted dorsal spinal cells from st 26–28 donors migrate
in synchrony with host neural crest cells and adopt phenotypes
characteristic of normal crest cells. These cells include the
subpopulation of late-migrating cells that normally contribute
to the DRG. Could ventral cells, which normally do not con-
tribute to crest derivatives, also migrate and adopt crest phe-
notypes when transplanted into the crest pathway? We tested
this possibility by transplanting ventral cord cells into st 16–20
host embryos, using the same protocol as for dorsal cells. In
contrast to the results with dorsal cells, however, ventral cells at
a similar stage in development (st 26–28) migrated much less
extensively than normal crest cells. This difference in migration
was apparent even at short times after transplantation, as
illustrated in Figure 5, A and B. Three days after transplanta-
tion into st 16–20 host embryos, dorsal cells had already

Figure 4. Quail melanocytes in chicken host and normal quail embryos.
A, Quail pigmentation is visible in feathers of host embryos above the
transplantation site. Arrows point to the clusters of melanocytes within the
feathers. B, A melanocyte derived from a transplanted donor cell within
host skin. The black granules within the cell are characteristic of quail
melanocytes. C, Quail melanocytes in a normal quail embryo for compar-
ison with those in chick hosts. Scale bars: A, 300 mm; B, C, 20 mm.
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migrated into DRG and peripheral nerve (Fig. 5A; n 5 9), but
st 26–28 ventral cells (hereafter called older ventral cells)
remained clustered near the injection site (Fig. 5B; n 5 7).
Older ventral cells remained more restricted than dorsal cells

even by st 34–40, 7–10 d after transplantation (n 5 18). Two
examples of host embryos at these later stages with older ventral
donor cells are shown in Figure 6, A and B, and the distribution of
these cells is summarized in the middle of Table 1. Although older
ventral cells could be found in any of the crest target tissues we
examined, they typically occupied fewer of these targets in any one
embryo. In 5 of 18 cases, older ventral cells were present in fewer
than two crest derivatives, and in only 2 of 18 cases were they
present in five or more target tissues. On average, old ventral cells
were found in two to three target tissues, compared with four for
dorsal cells. Moreover, the progeny of older ventral cells were less
likely to be found in DRG (only 28% of embryos with older
ventral cells vs 81% with dorsal cells).
The phenotypes of older ventral cells were most commonly

those characteristic of crest cells in the tissues they occupied. For
example, 83% of embryos with ventral cells had donor melano-
cytes in the skin overlying the injection site, compared to 50% of
the embryos with dorsal cells (Fig. 8A,C, Table 1). When quail
cells were present in DRG, some QCyPN-positive nuclei had the
elongated shape characteristic of Schwann cells. The other quail
nuclei in DRG were round and of small to medium diameter.
Based on their size and shape, these cells could be either satellite
cells or small- to medium-sized neurons. Particularly striking,
however, was the paucity of peripheral neurons after ventral
spinal transplants. None of the older ventral donor cells within
DRG was stained with QN (0 of 172 DRG cells in all 5 embryos),
although we did detect two QN-positive axons in the DRG of one
embryo. In contrast, 20% of dorsal donor cells were QN-positive.
Older ventral cells within spinal roots and peripheral nerves,
including small nerves within muscle, had the nuclear morphology
of Schwann cells. A number of donor cells located within muscle
could not be classified and, as with dorsal donor cells, some
embryos (5 of 18) had older ventral cells in connective tissue.
Thus, although ventral spinal cells retain the ability to generate

some crest-like phenotypes (Schwann cells and melanocytes) as
late as st 26–28, the cells do not migrate as well as dorsal cells on
crest pathways and none of the progeny are peripheral neurons.
At much earlier developmental stages (st 10–12), ventral cord

cells can be induced to migrate and populate crest derivatives by
signals arising from the dorsal ectoderm (Sechrist et al., 1995).
Even at st 17–20, ventral cells are still generating neuronal pre-
cursors (Langman and Haden, 1970; Hollyday and Hamburger,
1977) (see timeline in Fig. 8), so we tested the potential of ventral
cells at these stages (hereafter called younger ventral cells) to
migrate and generate crest derivatives when transplanted into a st
16–20 crest pathway. As shown in the reconstructions in Figure 6,
C and D, younger ventral spinal cells migrated like normal crest
cells and were found in the same range of crest derivatives as
dorsal spinal cells (n 5 12; data summarized in bottom of Table
1). In 7 of 12 cases, younger ventral cells were present in five or
more crest derivatives, and in only 1 of 12 cases were they present
in fewer than two target tissues. The distribution of younger
ventral cells was similar to that of dorsal cells; on average, they
occupied four crest target tissues in each chimeric embryo. Stain-
ing with QN showed that 27% of transplanted younger ventral
cells within DRG were peripheral neurons (156 of 567 DRG cells
in 3 embryos; Fig. 3D–F), similar to the result with dorsal donor
cells. Ventral cord cells, therefore, retain the ability to develop a
wide range of crest phenotypes, including peripheral neurons, at
least until st 17–20.

Dorsal and ventral cells divide after transplantation
The reduced developmental plasticity of older ventral cells might
be because they failed to divide after transplantation. The ratio of
dividing ventral to dorsal cells at the time of transplantation is
;0.5 (Corliss and Robertson, 1963; Hamburger, 1948). We con-
firmed that fewer ventral cells had recently divided shortly before
transplantation by labeling donor embryos at these stages with
BrdU 4 hr before spinal cells were isolated and then counting the
percentage of BrdU-labeled donor cells 1 d after transplantation.
Over one-half of the dorsal cells (58 6 10%; n 5 9) but only
one-third of older ventral cells (32 6 15%; n 5 3) were labeled.

Figure 5. Distribution of dorsal versus older ventral donor cells 3 d after transplantation. Transplanted st 28 dorsal cells have migrated extensively at
this time (A), whereas st 27 ventral cells remain clustered near the site of injection (B). The total number of donor cells was 558 in A and 340 in B. Scale
bar, 100 mm.
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If some postmitotic cells die after transplantation (for example,
neurons deprived of needed trophic support), the actual differ-
ence in the number of transplanted mitotically active cells would
be even greater.
Despite this difference in the dorsal versus older ventral popu-

lations of transplanted cells, a significant fraction of the surviving
cells in both populations continued to divide after transplantation.
This was demonstrated by injecting BrdU at various times after
transplantation and fixing the embryos 4 hr later. Approximately
20% of the donor cells were dividing, whether BrdU was injected
1, 2, or 3 d after transplantation (Fig. 7). The fraction of dividing
cells was nearly the same for older ventral and dorsal donor cells.
A straightforward interpretation of these seemingly contradictory
results concerning mitotic activity before and after transplantation

is that nondividing cells were more likely to die after transplan-
tation. This would tend to equalize the fraction of dividing cells in
the two populations.
Older ventral cells also gave rise to smaller total numbers of

cells than dorsal cells did. The number of donor cells in individual
embryos of both groups varied over a wide range (Table 2),
presumably reflecting variability in the number of cells success-
fully injected into the crest pathway and/or surviving the trans-
plantation procedure. Nevertheless, although approximately
equal numbers of donor cells were injected for each type of
transplantation, cell counts of all donor cells (excluding melano-
cytes) in st 34–40 embryos were about half as large when using
older ventral versus dorsal cells (median 293 vs 518 cells; n 5 15
for each group). This difference is consistent with the smaller

Figure 6. Distribution of older (A, B) versus younger (C, D) ventral donor cells 8–10 d after transplantation. In A, older ventral cells have settled in the
DRG, peripheral nerve, and connective tissue surrounding the DRG, whereas in B they are located only within the dorsal ramus nerve branch and the
intervertebral muscle. The distribution of older ventral cells is restricted compared to that of dorsal cells (compare with Fig. 2A). In C, younger ventral
cells have settled in DRG, sympathetic ganglia, peripheral nerves, and muscle, whereas in D they are located within DRG and the longissimus muscle.
The total number of donor cells was 222 in A, 576 in B, 1976 in C, and 1590 in D. Scale bar, 100 mm.
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number of older ventral cells that were dividing at the time of
transplantation, and it supports further the suggestion that a
significant fraction of postmitotic transplanted cells may die in the
host embryo. Despite these caveats, however, these results show
that by st 26–28, ventral cord cells that continue to divide after
transplantation have nevertheless lost the ability to respond to
environmental cues required for the acquisition of the full com-
plement of crest phenotypes. In particular, their progeny migrate
less extensively and are unlikely to become peripheral neurons.

DISCUSSION
During embryonic development, neural crest cells emigrate from
the most dorsal region of the neural tube and produce a wide
variety of cell types that populate the peripheral nervous system.
In chicken embryos, their emigration is complete by st 22 (Ser-

bedzija et al., 1989; Oakley et al., 1994). Our results show that NE
cells left within the spinal cord after this emigration is complete
also retain the ability to differentiate into cells with crest-like
phenotypes, including sensory and sympathetic neurons, satellite

Figure 7. Transplanted donor cells divide within host embryos. A, Double
labeling of transplanted quail cells that incorporated BrdU after trans-
plantation. The host embryo received BrdU 64 hr after transplantation
and was fixed at 72 hr. Transplanted donor cells are red (QCyPN, arrow),
and host cells that divided are green (anti-BrdU, star). Double-labeled cells
are yellow (arrowheads). Arrow indicates a transplanted donor cell with a
morphology characteristic for Schwann cells. Scale bar, 10 mm. B, Division
of donor cells after transplantation. BrdU was injected into host embryos
16, 40, or 64 hr after transplantation, and the embryos were fixed 8 hr later.
Both dorsal and ventral cells continue to divide 1 and 2–3 d after
transplantation.

Table 1. Locations of transplanted cells within crest target tissues

Casesa

Transplanted dorsal cells

DRG Sym DorN PerN DR VR Mus Skin

1 x
1 x
1 x x
1 x x
2 x x x
1 x x x
1 x x x
1 x x x x
1 x x x x
1 x x x x x
1 x x x x x
1 x x x x x x
1 x x x x x x x
1 x x x x x x x
1 x x x x x x x x

Transplanted older ventral cells

DRG Sym DorN PerN DR VR Mus Skin

1b

3 x
2 x
2 x x
1 x x
1 x x
2 x x x
1 x x x
1 x x x
1 x x x x
1 x x x x
1 x x x x x x
1 x x x x x x x

Transplanted younger ventral cells

DRG Sym DorN PerN DR VR Mus Skin

1c

1 x
1 x x
1 x x x
1 x x x x
1 x x x x x
1 x x x x x
1 x x x x x
1 x x x x x
1 x x x x x x
2 x x x x x x

DRG, Dorsal root ganglia; Sym, sympathetic ganglia; DorN, dorsal ramus of spinal
nerve; PerN, main spinal nerve; DR, dorsal root; VR, ventral root; Mus, muscle.
aNumber of embryos.
bAll cells were within spinal cord.
cAll cells were within connective tissue.
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Figure 8. Summary of the distribution of transplanted spinal cells. The timeline summarizes the timing of developmental events in dorsal and ventral
spinal cord and indicates the stages at which dorsal and ventral spinal cells were taken from donor embryos. The three schematic drawings summarize
the distribution of the three classes of donor cells. Numbers in these drawings indicate the percentage of embryos with donor cells in various locations.
Dorsal cells from st 26–28 and younger ventral cells from st 17–20 have a similar distribution, but st 26–28 ventral cells behave differently. The older
ventral cells are less likely to be located in DRGs and sympathetic ganglia and are more commonly found as melanocytes in skin.
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cells, Schwann cells, and melanocytes. Even 2 d after normal crest
cell emigration has ceased, spinal cells back-transplanted into a
crest migratory pathway migrate and develop as normal crest cells.
The transplanted cells follow the temporal and spatial pattern of
the host crest cells and differentiate into various cell types appro-
priate for the host neural crest environment.
Earlier experiments had shown that NE cells leaving the spinal

cord at st 26–28 gave rise to a limited number of phenotypes,
specifically neurons and non-neuronal cells in DRG (Sharma et al.,
1995). The present results show that this limitation in phenotypic
diversity does not reflect an intrinsic restriction of developmental
potential because when these cells are transplanted into a younger
crest migratory pathway they differentiate with a wider variety of
crest phenotypes. Instead, the limited phenotypes of the late-
migrating cells are probably a consequence of the temporally chang-
ing environment of the crest pathway. Our experiments show that the
end of the normal period of crest cell emigration away from the
neural tube is not caused by a depletion of appropriate progenitor
cells within the tube because cells there remain competent to pro-
duce crest-like progeny for several more developmental stages. A
likely alternative explanation is that further emigration is halted by
the development of a barrier around the tube that is not permissive
for migration (Newgreen and Erickson, 1986). Late-migrating NE
cells avoid this barrier by leaving the cord via the dorsal roots rather
than moving directly away from the spinal cord (Sharma et al., 1995).
Migration through ventral roots at these later stages has also been
reported (Lunn et al., 1987).
One function of this emigration barrier might be to prevent

stem cells from entering the periphery at a time when the crest
pathway no longer supports appropriate differentiation. In the
present experiments, when spinal cord cells were transplanted
into host embryos at st 21–24, near the end of normal crest
emigration, the cells migrated less extensively and did not popu-
late sympathetic ganglia, as for normal crest cells at these stages
(data not shown). The restricted pathway of the late-migrating (st
26–28) spinal NE cells within dorsal roots leads them to the DRG,
which supports the genesis of sensory neurons and satellite cells
until st 35 (Carr and Simpson, 1978).

The ability of ventral spinal cells to produce crest phenotypes
has been demonstrated previously but only at earlier stages of
development. When the lateral neural plate, which will form the
dorsal neural tube, is removed from the hindbrain region at st 10,
remaining cells in the medial plate migrate from the tube and
express characteristic crest cell markers (Scherson et al., 1993;
Sechrist et al., 1995). Contact of neural plate cells with overlying
ectoderm is sufficient to induce neural crest characteristics (Dick-
inson et al., 1995); members of the TGFb family present within
the dorsal ectoderm, particularly BMP4 and BMP7, are capable of
causing this induction (Liem et al., 1995). In the present experi-
ments, it is likely, therefore, that proximity of the transplanted
spinal cells to the dorsal ectoderm induced the crest phenotypes.
These experiments extend earlier results by showing that spinal
cells retain the ability to develop crest phenotypes even at rela-
tively late embryonic stages (st 26–28 vs st 10–12). They reinforce
the idea (Selleck et al., 1993) that neural crest progenitors do not
represent a specialized subpopulation of cells within the neural
tube and that some cells within the tube retain the ability to give
rise to crest-type progeny well after normal crest cell emigration.
Not all dividing cells within the cord retain the ability to

generate a wide variety of crest phenotypes until late stages,
however. Back-transplantation of dissociated cells from the ven-
tral half of st 26–28 cords resulted in a restricted pattern of
migration even though the migratory pathway promoted extensive
migration of dorsal spinal cord cells. Transplanted dorsal cells
migrated extensively from the injection site to normal crest target
areas, whereas older ventral cells were usually located nearer the
site of injection. Moreover, older ventral cells were less likely to
populate DRG (compare Fig. 8A with 8C) and gave rise to
virtually no peripheral neurons even when they were located
there. Ventral cord cells from earlier developmental stages (st
17–20) did migrate extensively, however, and gave rise to a variety
of crest phenotypes, including peripheral neurons. In all respects
we measured, the st 17–20 ventral spinal cells were indistinguish-
able from st 26–28 dorsal spinal cells after transplantation into the
crest pathway (Fig. 8B). The inability of older ventral spinal cord
cells to generate peripheral neurons parallels their changing role
in the spinal cord. After st 23, genesis of motoneurons is complete,
and virtually all ventral cord neurons have been generated by st 26
(Hollyday and Hamburger, 1977). The present results show that
the end of neurogenesis in the ventral spinal cord is not simply
because the environment of the ventral cord no longer supports
neurogenesis; instead, there is an intrinsic change in the ability of
ventral cord cells to generate neurons.
Many donor cells found in host embryos at st 34–40 resulted

from cell division after transplantation. Injection of BrdU into
host embryos after transplantation labeled ;20% of the donor
cells independent of their source (older ventral vs dorsal cord).
Moreover, many of these cells continued to divide repeatedly
because the labeling index was the same whether BrdU was
injected 1, 2, or 3 d after the transplantation. The smaller number
of dividing cells in older ventral versus dorsal cord was probably
responsible for the smaller total numbers of donor cells in host
embryos. Many motoneurons are normally dying at these stages
(st 26–28), so it is likely that many postmitotic ventral cells, which
include motoneurons, are also dying after transplantation. The
continued division of a substantial number of older ventral cells
after transplantation coupled with the probable loss of many
postmitotic cells argues strongly that dividing cells made a sub-
stantial contribution to the final population of donor cells in host
embryos. Thus, the inability of older ventral donor cells to pro-

Table 2. Total numbers of donor cells in host embryos

Embryo
number Dorsal

Older
ventral

Younger
ventral

1 10 26 30
2 62 32 60
3 90 56 202
4 148 156 272
5 224 222 500
6 480 256 1590
7 504 290 1976
8 518 296 2892
9 568 576 3838
10 1208 684 16000
11 1308 1220 16100
12 2294 1294
13 2692 1718
14 3712 1874
15 6932

Includes all cases in which donor cells were injected into st 16–20 host embryos, the
embryos developed to st 34–40, and some donor cells were found in at least one crest
target tissue. Counts exclude melanocytes (see Materials and Methods).
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duce neurons and to migrate extensively is not because they are
postmitotic.
Transplanted progenitor cells from other parts of the CNS also

give rise to progeny in accord with their host environment
(McConnell, 1988; Eisen, 1991; Brüstle et al., 1995). In the neo-
cortex, the ability of a cell to migrate to the appropriate host layer
depends on its position within the cell cycle at the time of
transplantation (McConnell and Kaznowski, 1991). Because many
of the late ventral cells that we transplanted continued to divide,
one might have expected them to develop crest phenotypes ap-
propriate for their host tissue; yet they did not. Interestingly,
cortical progenitors also lose this ability at late stages of develop-
ment. The progeny of stem cells from the subplate region of
postnatal day 1 ferrets transplanted into younger hosts migrate
according to the age of the donor, not the host (McConnell, 1995).
Apparently, there is a progressive temporal restriction in the
ability of certain CNS progenitor populations to generate pheno-
types appropriate for a novel spatiotemporal environment.
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