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SUMMARY
Neural crest cells are multipotential stem cells that
contribute extensively to vertebrate development and give
rise to various cell and tissue types. Determination of the
fate of mammalian neural crest has been inhibited by the
lack of appropriate markers. Here, we make use of a twocomponent genetic system for indelibly marking the
progeny of the cranial neural crest during tooth and
mandible development. In the first mouse line, Cre
recombinase is expressed under the control of the Wnt1
promoter as a transgene. Significantly, Wnt1 transgene
expression is limited to the migrating neural crest cells that
are derived from the dorsal CNS. The second mouse line,
the ROSA26 conditional reporter (R26R), serves as a
substrate for the Cre-mediated recombination. Using this
two-component genetic system, we have systematically
followed the migration and differentiation of the cranial
neural crest (CNC) cells from E9.5 to 6 weeks after birth.
Our results demonstrate, for the first time, that CNC cells

contribute to the formation of condensed dental
mesenchyme, dental papilla, odontoblasts, dentine matrix,
pulp, cementum, periodontal ligaments, chondrocytes in
Meckel’s cartilage, mandible, the articulating disc of
temporomandibular joint and branchial arch nerve
ganglia. More importantly, there is a dynamic distribution
of CNC- and non-CNC-derived cells during tooth and
mandibular morphogenesis. These results are a first step
towards a comprehensive understanding of neural crest
cell migration and differentiation during mammalian
craniofacial development. Furthermore, this transgenic
model also provides a new tool for cell lineage analysis and
genetic manipulation of neural-crest-derived components
in normal and abnormal embryogenesis.

INTRODUCTION

particular cell type (see review by LaBonne and BronnerFraser, 1999).
During craniofacial development, neural crest cells migrate
ventrolaterally as they populate the branchial arches. The
proliferative activity of these crest cells produces the discrete
swellings that demarcate each branchial arch. As these
ectodermally derived cells migrate, they contribute extensively
to the formation of mesenchymal structures in the head
and neck. Cell labeling studies have demonstrated that
neuroectoderm cells of rhombomeres 1-4 (r1-4) in the forming
posterior midbrain and anterior hindbrain transform into CNC
cells, which migrate into the first branchial arch and thereafter
reside within the maxillary and mandibular prominences
(Osumi-Yamashita et al., 1990; Serbedzija et al., 1992;

The vertebrate neural crest is a pluripotent cell population
derived from the lateral ridges of the neural plate during early
stages of embryogenesis. Neural crest cells disperse from the
dorsal surface of the neural tube and migrate extensively
through the embryo, giving rise to a wide variety of
differentiated cell types (Romer, 1972; Noden, 1983; Tan and
Morriss-Kay, 1986; Bronner-Fraser, 1993). Considerable
progress has been made in recent years towards understanding
how this important population of pluripotent cells is initially
established in the early embryo, and how genetic and
epigenetic mechanisms mediate their subsequent lineage
segregation, differentiation and final contribution to a
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Bronner-Fraser, 1993; Selleck et al., 1993; Lumsden and
Krumlauf, 1996). The migration of these rhombencephalic
crest cells may be regulated by growth factor signaling
pathways and their downstream transcription factors before
they become committed to a number of different cell types
including progenitor tooth mesenchymal cells, osteoblasts,
chondroblasts and cranial nerve ganglia of the branchial arch
(Noden, 1983, 1991; Lumsden, 1988; Graham and Lumsden,
1993; Le Douarin et al., 1993; Echelard et al., 1994; Imai et
al., 1996). Studies using chick-quail chimeras (Noden, 1983),
cell labeling with a vital dye such as DiI (Serbedzija et al.,
1989, 1992), neural-crest-cell-specific antibodies (Tucker et
al., 1984) and retroviral-mediated gene transfer (Poelmann and
Gittenberger-de Groot, 1999) have significantly advanced our
understanding of migration and differentiation pathways of
these multipotent stem cells during embryogenesis. However,
a comprehensive cell lineage analysis of the mammalian neural
crest cells as they become terminally differentiated to become
a particular cell type has been limited by the lack of a genetic
marker that would allow these cells to be followed indefinitely.
The proto-oncogene Wnt1 encodes a short-range signal and
is only expressed during development of the central nervous
system (Wilkinson et al., 1987; McMahon et al., 1992;
Echelard et al., 1994). Wnt1 expression is initiated at neural
plate stages throughout the presumptive midbrain, then
becomes rapidly restricted to a tight circle lying just anterior
of the midbrain/hindbrain isthmus by neural tube closure.
Spontaneous and targeted mutation of Wnt1 resulted in the
loss of the midbrain and led to a secondary loss of anterior
hindbrain (Thomas et al., 1991; Thomas and Capecchi, 1990;
McMahon and Bradley, 1990; McMahon et al., 1992).
Interestingly, the first crest cells arise in the midbrain/
hindbrain regions at the 4-somite stage in the mouse and
emigration is completed by 7- to 14-somite stage (Nichols,
1981; Chan and Tam, 1988; Serbedzija et al., 1992).
Significantly, cranial and spinal ganglia, and skeletogenic
neural crest cells in the branchial arches are all derived from
Wnt1-expressing precursor cells in CNS. Transgenic lines
expressing β-galactosidase under the control of Wnt1
promoter demonstrate staining in the CNS, identical to the
expression pattern of the endogenous Wnt1 gene, and show
staining in the population of neural crest initially emigrating
away from the neural tube (Echelard et al., 1994). Thus, Wnt1lacZ transgene expression provides a new tool for analysis of
neural crest development.
In order to use Wnt1-lacZ expression as a marker to follow
the migration and differentiation of neural crest cells, the
transgene has to be active throughout embryogenesis and
beyond. However, with this Wnt1-lacZ transgene, βgalactosidase-positive cells are not seen in later embryos,
accurately reflecting the cessation of Wnt1 gene expression in
the neural crest progeny and preventing its use for following
the differentiation of neural crest cells. To solve this problem,
we use the Cre/lox system. The Wnt1-Cre transgene mediated
DNA recombination after being crossed with the ROSA26
conditional reporter (R26R) transgene. R26R exhibits
constitutive β-gal expression in all cells when activated by
ubiquitously expressed Cre, and is ideal for monitoring Cremediated expression and cell lineage analysis in both
developmental and postnatal times (Soriano, 1999). By
utilizing the Wnt1 promoter, Cre expression was restricted to

the precursors of the neural crest. Consequently, the progeny
of the neural crest is marked indelibly during embryogenesis.
Using this two-component genetic system, we have
systematically followed the dynamic contribution of CNC cells
during tooth and mandibular morphogenesis. More
importantly, this transgenic approach allows the analysis of the
fate and function of mammalian neural crest to be integrated
with mouse molecular genetics in both normal and abnormal
embryonic development.
MATERIALS AND METHODS
Animals and tissue preparation
Both the Wnt1-Cre transgenic line and the R26R conditional reporter
allele have been described previously (Danielian et al., 1998; Soriano,
1999). The animals were maintained on a light-dark cycle with light
from 0600 to 1800 hours. Mating Wnt1-Cre+/− with R26R+/− mice
generated wnt1-Cre/R26R mice (double transgenic). Embryonic age
was determined according to the vaginal plug, with noon of the day
of plug observation as E0.5. External staging was used to define
embryonic development according to the number of somite pairs
(Theiler, 1989).
Genotypes of the double transgenic embryos and adult animals
were determined by PCR. Genomic DNA was isolated from yolk sac
and tail biopsies of live embryos, fetuses, newborns and adults. The
5′ and 3′ primers used for detecting Wnt1-Cre gene were primer 1 (5′ATTCTCCCACCGTCAGTACG-3′) and primer 2 (5′-CGTTTTCTGAGCATACCTGGA-3′). Three oligonucleotides were used to
genotype R26R transgenic animals as previously reported (Soriano,
1999).
Detection of β-galactosidase (lacZ) activities
Whole embryos (E9.5 and E10.5) were stained for β-galactosidase
activity according to the standard procedures. Embryos were fixed for
20 minutes at room temperature in 0.2% glutaraldehyde in phosphatebuffered saline (PBS). Fixed embryos were washed three times in
rinse solution (0.005% Nonidet P-40 and 0.01% sodium deoxycholate
in PBS). Embryos were stained overnight at room temperature using
the standard staining solution (5 mM potassium ferricyanide, 5 mM
potassium ferrocyanide, 2 mM MgCl2, 0.4% X-gal in PBS), rinsed
twice in PBS and postfixed in 3.7% formaldehyde. Both E9.5 and
E10.5 embryos were sectioned to observe lacZ expression at the
cellular level. The embryos were dehydrated through alcohol and
embedded in paraffin. Sections were cut at 10 µm thickness and
counterstained with Nuclear Fast Red.
Cryostat sectioning
E11.5 to newborn mouse tissue was frozen sectioned and stained
according to the standard procedure as follows. Tissue was dissected
in PBS, fixed by immersion in 0.2% glutaraldehyde solution for 30
minutes at room temperature, soaked in 10% sucrose in PBS for 30
minutes at 4°C, incubated in PBS plus 2 mM MgCl2, 30% sucrose
and 50% OCT at 4°C for 2 hours, frozen in OCT and chilled on dry
ice. Sections were cut at 20 µm thickness, mounted on gelatin-coated
slides, fixed in 0.2% glutaraldehyde for 10 minutes on ice, and rinsed
briefly in PBS with 2 mM MgCl2, followed by a 10 minute wash in
the same solution on ice. The tissue sections were incubated in
detergent rinse solution (0.005% NP-40 and 0.01% sodium
deoxycholate in PBS) for 10 minutes at 4°C, stained in X-gal staining
solution overnight at room temperature in the dark and counterstained
with Nuclear Fast Red and Eosin. Adult transgenic mouse heads (6
weeks old) were dissected free of the soft tissue, frozen on dry-ice for
1 hour, sectioned at 200-400 µm thickness using a diamond disk with
a slow-speed dental handpiece and stained following the whole-mount
staining procedures.
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Scanning electron microscopy
Embryonic specimens were processed and viewed according to
standard procedure (Chai et al., 1997).

RESULTS
Contribution of CNC cells during early craniofacial
development
By crossing Wnt1-Cre with R26R mice, we have generated
transgenic animals expressing β-galactosidase in migrating
neural crest cells. Once Wnt1-Cre expression commences in
premigrating neural crest cells, the β-galactosidase is indelible,
allowing us to analyze neural crest cell lineage. At E9.5 in
mouse development (21-29 somites, Theiler stage 15), the
anterior neuropore is closed (Fig. 1A), and the frontonasal
prominence, first and second branchial arches are clearly
visible. In Wnt1-Cre/R26R transgenic mice, the lacZ
expression pattern is co-localized with the expected
distribution pattern of CNC cells, including the frontonasal
prominence, first and second branchial arches and spinal dorsal
root ganglia (Fig. 1B). At a higher magnification, CNC-derived
cells are clearly visible in frontonasal prominence, the first
arch, trigeminal ganglia (with V1, ophthalmic division visible),
second arch and facial nerve ganglia (Fig. 1C).
At E10.5 (35-39 somites, Theiler stage 17), the first
branchial arch has divided into maxillary and mandibular
prominences. The second arch is well formed (Fig. 1D). In
Wnt1-Cre/R26R transgenic embryos, lacZ expression is
prominent in frontonasal prominence surrounding the olfactory
pit, both maxillary and mandibular prominences, trigeminal
nerve ganglia, second arch along with facial nerve ganglia,
glossopharyngeal nerve ganglia and primordium of the third
branchial arch, and vagus nerve ganglia behind the future
fourth branchial arch (Fig. 1E). At a higher magnification, the
progeny of CNC cells are localized in area surrounding
olfactory pit, maxillary and mandibular prominences along
with the trigeminal nerve (with V1 clearly visible), the second
branchial arch and facial nerve ganglia, and glossopharyngeal
nerve ganglia (Fig. 1F).
When Wnt1-Cre/R26R embryos are serially sectioned, Xgal-positive CNC-derived cells are present throughout the
craniofacial region (Fig. 2). At E9.5, CNC-derived cells
densely populate both the first and second branchial arches
(Fig. 2A). Non-CNC-derived mesenchymal cells, although in
small numbers, are also present within the branchial arch
intermingling with crest-derived cells. Significantly, the
epithelium that covers each branchial arch does not show any
lacZ expression (Fig. 2B). At E10.5, CNC cells from the
posterior midbrain and rostral hindbrain region (Serbedzija et
al., 1992) migrate ventrolaterally along a subectodermal
pathway and populate the first branchial arch (Fig. 2C). When
examined closely, CNC-derived cells populate the region
immediately underneath the first arch ectoderm, although
without any integration into the ectoderm (Fig. 2D). As
embryogenesis continued, CNC cells further populate the first
arch at E11.5. CNC-derived cells are closely associated with
the ectoderm (Fig. 2F). Because the tissue was sectioned first
and then stained for lacZ expression, the close association
between CNC-derived cells and oral ectoderm was clearly not
due to an incomplete penetration of the staining solution but a

possible representation of the critical epithelial-mesenchymal
interaction that regulates the subsequent formation of various
structures in the branchial arch.
Contribution of CNC cells during tooth
morphogenesis
Tooth formation requires a series of reciprocal epithelialmesenchymal interactions. The initial inductive signal of tooth
formation resides in oral epithelium and later in development
shifts into the CNC-derived ectomesenchyme (Koch, 1967;
Kollar and Baird, 1969; Kollar and Lumsden, 1979; Mina and
Kollar, 1987; Lumsden, 1988; Thesleff and Sharpe, 1997;
Tucker et al., 1998). Numerous growth and transcription
factors belonging to several different families have been
associated with epithelial-mesenchymal signaling during tooth
morphogenesis (Thesleff and Sharpe, 1997). Here we
demonstrate systematically, for the first time, that CNC-derived
ectomesenchyme contributes to the formation of condensed
dental mesenchyme at the initial budding stage of tooth
formation and then to the formation of dental papilla
mesenchyme, preodontoblast, odontoblast/dentin matrix, pulp,
cementum and periodontal ligament.
At E12.5, CNC-derived ectomesenchyme is closely
associated with the first arch ectoderm (Fig. 3A). Initiation of
tooth morphogenesis starts at E12 with the formation of
dental lamina. As shown in Fig. 3B, there is no lacZ
expression in ectodermally derived dental lamina, while
strong lacZ expression is present in CNC-derived
ectomesenchyme surrounding the dental lamina. As tooth
development continues into early bud stage at E13.5,
condensed dental mesenchyme is mainly populated with
CNC-derived cells (Fig. 3C). The enamel organ epithelium
along with oral ectoderm remains free of lacZ expression. At
E14.5 (late bud stage), a significant number of CNC-derived
ectomesenchymal cells, along with some non-CNC cells, are
present in condensed dental mesenchyme surrounding the
enamel organ epithelium (Fig. 3D). As the tooth bud
continues to proliferate, unequal growth in the different parts
of the bud leads to formation of the cap stage, characterized
by a shallow invagination on the deep surface of the bud (Fig.
3E,F) at E15.5. Outer and inner enamel epithelium, including
enamel knot, are free of lacZ expression, accurately reflecting
their ectodermal origin. The dental papilla, the mesenchyme
partially enclosed by the invaginated portion of the inner
enamel epithelium, and the dental sac, concomitant with the
development of the enamel organ and dental papilla, are
populated with CNC-derived cells as well as an increasing
amount of non-CNC cells (Fig. 3F).
Because of variation in tooth development, it is not unusual
to observe different stages of tooth organogenesis at a
particular embryonic time point, e.g. the tooth organs in Fig.
3E,F are at an earlier stage than that in Fig. 4A. Nevertheless,
CNC-derived ectomesenchyme is clearly present within dental
papilla and dental sac, while both inner and outer enamel
epithelium is free of lacZ expression (Fig. 4B). At E17.5, βgal-positive cells mark the progeny of CNC-derived cells in the
dental papilla of a molar tooth organ (Fig. 4C). Noticeably,
non-CNC-derived cells are more prominent within dental
papilla compared to the earlier stages of tooth development. At
the boundary between the inner enamel epithelium and dental
papilla, CNC-derived preodontoblasts are lined up to form
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Fig. 1. Contribution of CNC cells during early craniofacial
development. (A) Scanning electron microscope image of an E9.5
mouse embryo. The anterior neuropore is closed (arrow). The first
and second branchial arches are present. (B) Whole-mount staining
of E9.5 Wnt1-Cre/R26R embryo shows CNC-derived cells (dark
blue) in the first and second branchial arches. Trigeminal ganglia (V)
is present behind the first arch, with the ophthalmic division clearly
visible (arrow). Facial nerve ganglia can be seen behind the second
arch (VII). Strong β-gal staining is also present in dorsal root ganglia
(DRG). (C) CNC-derived cells populate both the first and second
arches with trigeminal (V) and facial nerve (*) ganglia, respectively.
(D) Scanning electron microscope image of an E10.5 mouse embryo.
The first arch has given rise to both maxillary (single arrow) and
mandibular (double arrow) prominences. The most cranial somites
are more indistinct. (E) The first, second and the rudimentary third
arch all show CNC-derived cells in this whole-mount specimen.
Trigeminal (V), facial (VII), glossopharyngeal (IX) and vagus (X)
nerve ganglia are positive for lacZ expression, indicating CNC
origin. (F) Population of CNC cells is present in frontonasal
prominence, maxillary, mandibular prominences and the second arch.
Single arrow, ophthalmic division of trigeminal nerve. Scale bars: A,
200 µm; B,C,F, 0.5 mm; D, 500 µm; E, 1 mm.

dentin matrix, while preameloblasts are free of any lacZ
expression (Fig. 4D).
To identify the fates of CNC-derived ectomesenchymal
cells, we obtained samples from 6-week-old Wnt1-Cre/R26R
transgenic mice. In a cross-section of maxillary molars,
odontoblasts, dentine matrix, pulp tissue, cementum and
periodontal ligaments show strong lacZ expression, indicating
their CNC origin. The enamel is free from any staining (Fig.
4E,F). Mandibular molars and incisors contain CNC-derived

Fig. 2. Patterning of CNC cells in the branchial arches during early
craniofacial development. (A) At E9.5, both the first and second
branchial arches are almost entirely populated by CNC-derived cells
(*). Non-CNC-derived cells (large arrow) are present in small
number within the branchial arch. The epithelium is completely free
of lacZ expression (small arrow). a, the second arch aorta. (B) CNCderived ectomesenchyme is closely associated with epithelium, with
few non-CNC-derived cells (large arrow) present. (C) At E10.5,
CNC-derived cells are in close association with the primordial oral
epithelium. (D) The oral epithelium clearly does not express lacZ
(small arrow). CNC-derived cells (*) are in close contact with the
epithelium. (E) At E12.5, a cross-section of cranial region shows
trigeminal ganglia is mainly populated with CNC-derived cells (V).
(F) A transverse-section of the E11.5 first branchial arch indicates
that CNC-derived cells (*) are more concentrated under oral
epithelium (small arrow). Large number of non-CNC-derived cells is
present within middle of the arch (large arrow). Scale bars: A,C, 0.5
mm; B, 50 µm; D,F, 100 µm; E, 250 µm.

cells in the same tissues as in the maxillary molars. As
expected, non-transgenic littermates do not express lacZ (Fig.
4G).
Rodent lower incisors continue to grow throughout their life
span. At E17.5, lower incisors are present on both sides of
Meckel’s cartilage (Fig. 6E). CNC-derived lacZ-expressing
odontoblasts are present on top of the dental papilla adjacent
to the inner enamel epithelium. Noticeably elongated enamel
epithelium (the proliferating zone) extends down towards the
molar region in the mandible. The entire dental papilla under
the enamel epithelium is populated with CNC-derived cells. In
adulthood, part of lower incisor is present under the apical
region of lower molar. The pulp and odontoblasts show strong
lacZ expression, while the enamel is free of any staining (Fig.
6G).
In summary, our two-component transgenic system allows us
to identify the contribution of CNC cells during tooth
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morphogenesis. We are able to clearly follow the progeny of
CNC-derived cells from initiation of tooth formation into
differentiated tooth-related cell types in the adult (Fig. 5). These
results confirmed that the transgene is expressed throughout the
entire lineage of neural crest derivatives. The specificity of this
transgenic system is demonstrated by the absence of any ectopic
lacZ expression in non-CNC-derived tissue.
Contribution of CNC cells during mandibular
morphogenesis
Craniofacial skeletogenesis and myogenesis occur within

Fig. 3. The contribution of CNC-derived cells during tooth
morphogenesis. (A) At E12.5, the initiation of tooth morphogenesis
is marked by dental lamina formation. Condensed dental
mesenchyme is heavily populated with CNC-derived cells
(arrowhead). T, tongue. (B) The dental lamina does not express lacZ
(double arrow). The entire dental mesenchyme is populated with
CNC-derived cells (arrowhead). (C) At E13.5, tooth formation has
advanced into early bud stage (double arrow). The condensed dental
mesenchyme is largely populated with CNC-derived cells
(arrowhead). (D) At E13.5, the elongated enamel epithelium (e) has
developed into the late bud stage. Most of the condensed dental
mesenchymal cells express lacZ, while some non-CNC-derived cells
(pink) are also present surrounding the enamel epithelium. (E) At
E15.5, a cap stage tooth organ is present with both CNC-derived (*)
and non-CNC-derived cells within the dental papilla. Both mandible
(double arrow) and maxilla (single arrow) contain β-gal-positive
cells. (F) Enamel knot (ek), inner enamel epithelium (single arrow)
and outer enamel epithelium (double arrow) do not contain β-galpositive cells. The dental papilla is populated with both CNC-derived
(*) and non-CNC-derived cells. Scale bars: A,E, 0.5 mm; B-D,F,
100 µm.

mesenchymal cell population. CNC-derived cells contribute to
skeletogenesis in the regions formed by frontonasal and
branchial arch prominences, while all voluntary craniofacial
muscles derive from paraxial mesoderm in birds (Noden,
1983). In mammals, recent studies using various cell-labeling
techniques have demonstrated that CNC cells migrate into
frontonasal and branchial arch prominences. The migration and
destination of crest cells are dependent of their axial level as
well as their developmental stage at initial emigration

Fig. 4. The contribution of CNC-derived cells during tooth
morphogenesis (continued). (A) There is variation in the stage of
tooth morphogenesis at a given embryonic time point. Here at E15.5,
tooth formation has advanced into bell stage with the folding of the
enamel epithelium (e). The dental papilla and Meckel’s cartilage (m)
show large numbers of CNC-derived cells. (B) Both inner (single
arrow) and outer (double arrow) enamel epithelium do not contain βgal-positive cells. The dental papilla is populated with mainly CNCderived cells (*), while some β-gal-negative cells are also present. b,
mandible. (C) At E17.5, a tooth organ (t) is present within the
mandible. Both inner (single arrow) and outer (double arrow) enamel
epithelium is free of β-gal-positive cells. (D) The dental papilla is
populated with both CNC- (*) and non-CNC-derived cells adjacent
to preameloblasts (single arrow). (E) In a cross section of maxilla of
a 6-week-old adult transgenic mouse, β-gal-positive cells are present
in dentine, pulp (double arrow), cementum (c) and periodontal
ligament (single arrow). (F) The adult maxillary molar is shown with
β-gal-positive cells in dentine (*), pulp, cementum and periodontal
ligament, reflecting their CNC origin. (G) An adult mouse nontransgenic littermate control does not show any labeling in mandible
(m), pulp tissue of both incisors (i) and molars. Double arrow, molar
pulp; single arrow, mandibular periosteum. Scale bars: A,C,F, 0.5
mm; B,D, 100 µm; E,G, 1 mm.
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(Serbedzija et al., 1992; Osumi-Yamashita et al., 1994; Imai et
al., 1996). There has never been a direct cell lineage analysis
in mammals, however, demonstrating the contribution of CNCderived cells to the formation of Meckel’s cartilage, mandible
and other craniofacial skeletal structures.
Meckel’s cartilage begins to form as an aggregated cell mass
in the future molar region within the mandibular arch and it
extents both anteriorly and posteriorly to form a template
for mandible formation (Chai et al., 1994, 1998). At E12.5,
an aggregated cell mass containing CNC-derived cells is
present within the mandible (Fig. 6A). These CNC-derived
ectomesenchymal cells are responsible for the formation of
Meckel’s cartilage. As embryogenesis continues, CNC-derived
cells are mixed with non-CNC-derived cells within
Meckel’s cartilage at E13.5 (Fig. 6B). Perichondrium is also
β-gal-positive, indicating its CNC origin. CNC-derived
ectomesenchyme continues to be present throughout the
chondrogenesis of Meckel’s cartilage at E14.5 and E15.5 (Fig.
6C,D). At E17.5, the anterior (rostral) region of Meckel’s
cartilage is formed with the presence of a larger number of
CNC-derived cells than the posterior portion of the cartilage
(Fig. 6E). A higher percentage of β-gal-positive cells are
always associated with the chondrogenic front of Meckel’s
cartilage as it elongates both anteriorly and posteriorly within
the mandibular arch. At birth, mandible is formed with a
significant contribution of CNC-derived ectomesenchyme (Fig.
6F). 6 weeks after birth, the mandible and its periosteum (Fig.
6G), the palatine bone and its periosteum (Fig. 6H) and the
articulating disc of temporomandibular joint (TMJ; Fig. 6I) are
β-gal positive, indicating the contribution of CNC cells.
DISCUSSION
Our two-component genetic system has demonstrated a novel
and effective method of indelibly marking the progeny of CNC
cells during tooth and mandibular morphogenesis. The fidelity
of the expression pattern that we have observed is a
consequence of the exceptional expression specificity of the
Wnt1 promoter in neural crest cells, and the specifically
activated R26R reporter gene expression (Echelard et al., 1994;
Danielian et al., 1998; Zambrowicz et al., 1997; Soriano,
1999). Using this two-component genetic system, we have
shown that CNC cells migrate into the branchial arch, interact
with both ectoderm- and paraxial mesoderm-derived cells to
form various structures during embryogenesis. CNC-derived
ectomesenchymal cells first migrate into the branchial arch,
populating the majority of arch mesenchyme (Fig. 2A), and
later become more localized under the oral ectoderm to form
various structures through critical epithelial-mesenchymal
interactions (Figs 5, 6). Significantly, our study provides a
much more detailed information on the precise location and the
dynamic distribution pattern of these CNC-derived cells
throughout embryogenesis.
Neural crest cells contribute significantly to the formation of
craniofacial structures during embryonic development. These
cells first migrate into the first branchial arch from the midbrain
and anterior hindbrain around the 4-somite stage (Nichols,
1981; Tan and Morris-Kay, 1986; Serbedzija et al., 1992; Chai
et al., 1998). Most of these studies, however, relied on dye
labeling, tissue transplantation and viral transfection of neural

crest cells. Because of the difficulties in culturing embryos,
microsurgical manipulation of embryonic tissue and
maintaining the dye throughout the long period of
embryogenesis, it was not possible to obtain a systematic
lineage analysis of neural crest cell derivatives in mammals.
Moreover, there was no guarantee that all neural crest cells
were labeled using either dye labeling or viral infection
techniques. Recently, a transgenic approach similar to ours but
using a conditional reporter gene driven by chick β-actin
promoter and mediated by P0-Cre demonstrated the
application of the two-component genetic system in marking
neural crest cell derivatives (Yamauchi et al., 1999). However,
the P0-Cre-mediated DNA recombination only revealed
incomplete expression of the reporter gene in neural-crestderived tissue with significant ectopic expression. This clearly
indicates the importance of the highly regulated promoter
components used in our Wnt1-Cre/R26R to achieve very
specific neural crest cell labeling.
The biological function of these CNC-derived cells has been
studied in a variety of animal models and two possible theories
have been put forth. First, these neural crest cells may carry
certain preacquired molecular signals as they migrate into
the branchial arch so they can induce epithelium to form
various craniofacial structures. Recent studies on zebrafish
development have shown that CNC cells have acquired
regional identity before making the initial contact with axial
mesoderm and certain mutations can reduce the number of
early neural crest cells and affect the formation of CNCderived structures (Woo and Fraser, 1998; Artinger et al.,
1999). More importantly, endogenous Wnt signaling within
premigratory neural crest cells may contribute to the diversity
of neural crest cell fates (Dorsky et al., 1998). Second, CNC
cells acquire positional identity at the time they reach their final
destination and contribute to the formation of various
craniofacial structures. Certain growth and transcription factors
have been implicated as important regulators for the critical
epithelial-mesenchymal interactions through which these
multipotent neural-crest-derived cells become progressively
restricted to form neural crest derivatives and eventually
develop into individual cell types (Bronner-Fraser, 1995;
Sharpe, 1995; Thesleff and Sharpe, 1997; Anderson, 1997;
Saldivar et al., 1997; Tucker and Sharpe, 1999). For example,
targeted mutation of the Wnt1 and Wnt3a genes results in a
marked deficiency in neural crest derivatives (Ikeya et al.,
1997). Mutation of the Sox10 gene affects mouse neural-crestderived cranial ganglia development (Herbarth et al., 1998).
Selective FGF8 inactivation in surface ectoderm affected the
outgrowth and patterning of the first branchial arch, indicating
that FGF8 is critical for the survival of CNC-derived
ectomesenchyme and can induce a developmental program
required for the first branchial arch morphogenesis (Trumpp et
al., 1999). Significantly, our two-component genetic system
offers a new opportunity to test these theories by crossing our
transgenic stocks with mice carrying particular mutations that
affect tooth and mandibular morphogenesis.
CNC cells contribute significantly to tooth morphogenesis
(Smith and Hall, 1993; Thesleff and Sharpe, 1997; Tucker and
Sharpe, 1999). The initial indication of tooth formation is a
thickening of the oral epithelium, which subsequently buds into
the underlying mesenchyme. Through the critical and
continued interactions between oral epithelium and CNC-
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Fig. 5. Schematic drawing of life cycle of tooth with contribution
from CNC cells. When tooth development is initiated with the
formation of dental lamina, its underlying mesenchyme is almost
entirely populated with CNC-derived cells (dark blue). As the tooth
develops from bud to cap stage, CNC-derived cells are concentrated
(dark blue) at the interface with the epithelium while the peripheral
portion of the dental sac is less populated (light blue) with CNCderived cells. In adulthood, CNC-derived cells contribute to the
formation of dentine, pulp and cementum.

derived dental mesenchyme, the size, shape and number of
teeth are determined during development. Combinatorial
actions of homeobox genes expressed in neural-crest-derived
facial mesenchyme have been implicated to specify tooth
shape, size and position (Sharpe, 1995; Tucker et al., 1998).
Targeted mutation of a number of growth and transcription
factor genes resulted in craniofacial malformations including
missing teeth, presumably by alteration of migration and
differentiation of CNC cells (for review see Thesleff and
Sharpe, 1997; Tucker and Sharpe, 1999). To date, the only
direct evidence that indicates contribution of CNC cells to
tooth and mandibular development during rat embryogenesis
was shown by detecting DiI-labeled crest cells from the
posterior midbrain in the dental mesenchyme (Imai et al.,
1996). But the study only reached bud stage tooth development
using a combined in vivo and in vitro approach and showed
ectopic labeling in the dental epithelium.
In this study, we have systematically followed the lineage
of CNC cells as they contribute to tooth and mandibular
morphogenesis. At E11.5 (before the initiation of tooth
formation) and E12.5 (when the dental lamina is formed), the
CNC-derived ectomesenchyme populates almost the entire
region under the oral epithelium (Figs 2F, 3B). As tooth
development continues into bud, cap and bell stages, there are
increasing numbers of non-CNC-derived cells associated with
dental mesenchyme (Figs 3-5). This observation is clearly not
due to the fading of labeling of neural crest derivatives, as
demonstrated by the strong lacZ expression in subsequently
formed tooth organs (e.g. 2nd and 3rd molars, data not shown),
but results from the possible contribution of non-CNC cells. In
parallel, the formation of Meckel’s cartilage also shows the
highest percentage of CNC-derived ectomesenchymal cells at
the initiation site of chondrogenesis and subsequently at the

Fig. 6. Contribution of CNC cells during mandibular
morphogenesis. (A) At E12.5, CNC-derived ectomesenchyme
formed an aggregated cell mass indicating the initiation of
Meckel’s cartilage (m) formation. (B) At E13.5, CNC-derived cells
are mixed with non-CNC-derived cells in Meckel’s cartilage.
Perichondrium (double arrow) is densely populated with CNCderived cells. (C) At E14.5, large number of CNC-derived cells is
seen in Meckel’s cartilage. (D) At E15.5, there is a reduction of
CNC-derived cells at the molar region of Meckel’s cartilage where
chondrogenesis first initiated at E12.5. More non-CNC-derived
cells (arrowhead) are present in the cartilage. Double arrow,
perichondrium. (E) A transverse section of anterior part of E17.5
mandible shows Meckel’s cartilage (m), lower incisor (i), tongue
(T) and whisker (W). The anterior (r, rostral) region of Meckel’s
cartilage is forming and is mainly populated with CNC-derived
cells, compared to the posterior end (p) of the cartilage which is
formed earlier. The mandible (double arrow) is forming on the
lateral side of Meckel’s cartilage. The elongated enamel
epithelium proliferating zone (e) is a unique feature in rodents,
especially for lower incisors. CNC-derived cells are present within
incisor dental papilla (*). (F) At birth, molar tooth organ (t) is
embedded within the mandible (arrow) populated with CNCderivatives. (G) In the adult transgenic mouse mandible, the pulp
tissue of both incisors (i) and molars, cementum (c), mandible (m)
and its periosteum (arrow) show β-gal-positive cells, while enamel
tissue of both incisors and molars is not labeled. (H) In a coronal
section of adult Wnt1-Cre/R26R mouse, lacZ expression is present
in palatine bone and its periosteum (p), dentine and pulp tissue of
maxillary molars (t). (I) The articulating disc (d) of
temporomandibular joint (TMJ) receives significant contribution
from CNC cells. m, mandibular condyle. Scale bars: A-D, 100 µm;
E-G, 0.5 mm; H,I, 1 mm.
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chondrogenic front as Meckel’s cartilage continues to form by
extending both anteriorly and posteriorly (Fig. 6). The dynamic
distribution of CNC-derived cells throughout the process of
tooth and Meckel’s cartilage formation is the most significant
finding of this study. This phenomenon might be attributed to
apoptosis and/or migration of neural crest cells as well as
differential proliferation of neighboring non-CNC-derived
cells. Moreover, at least in the formation of Meckel’s cartilage
in chick embryos, recent studies have identified the ventrally
emigrating neural tube (VENT) cells as a significant
contributing source in addition to the CNC cells (Sohal et al.,
1999). Because there is no Wnt1 expression in these VENT
cells, which will migrate into the first arch after the CNC cells
migration, it is tempting to speculate that the non-lacZexpressing cells observed in Meckel’s cartilage are derivatives
of VENT cells. Alternatively, it is conceivable these Wnt1expressing cells represent only a subpopulation of CNC cells.
Based on the observation that progeny of Wnt1-expressing cells
are found in all predicted CNC-derived structures and there is
virtually no ectopic lacZ expression, we conclude that Wnt1Cre-mediated lacZ expression is an ideal bio-marker to follow
at least a significant population of CNC-derived cells during
craniofacial development. Additional studies are underway to
address some of these critical issues on the fate of CNCderived cells and to evaluate the stability of the R26R reporter
gene expression.
Our two-component Cre/lox strategy has clearly
demonstrated that all tissues expected to be neural crest origin
are labeled with high efficiency, with a virtual absence of
ectopic expression, throughout all stages of tooth and skeletal
morphogenesis and into adulthood. The results have
confirmed all the previous assumptions about the migration
and contribution of CNC cells during mammalian embryonic
development, which have been largely based on extrapolation
from tissue transplantation, short-term labeling and genetic
mutations. Moreover, in an accompanying manuscript, the
fate of neural crest cells during cardiac development is
explored using this two-component Cre/lox strategy (Jiang et
al., 2000). Collectively, our studies have provided very
comprehensive information on the fate of neural crest cells
during the development of mammalian craniofacial structures
and cardiac system. Furthermore, this two-component genetic
system is not only highly efficient and specific in tracing
mouse neural crest derivatives but also can integrate the
analysis of the fate and function of mammalian neural crest
with mouse molecular genetics in both normal and abnormal
embryonic development.
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