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Teeth have been missing from birds (Aves) for at least 60 million
years. However, in the chick oral cavity a rudiment forms that
resembles the lamina stage of the mammalian molar tooth germ.
We have addressed the molecular basis for this secondary loss of
tooth formation in Aves by analyzing in chick embryos the status
of molecular pathways known to regulate mouse tooth develop-
ment. Similar to the mouse dental lamina, expression of Fgf8, Pitx2,
Barx1, and Pax9 defines a potential chick odontogenic region.
However, the expression of three molecules involved in tooth
initiation, Bmp4, Msx1, and Msx2, are absent from the presumptive
chick dental lamina. In chick mandibles, exogenous bone morpho-
genetic protein (BMP) induces Msx expression and together with
fibroblast growth factor promotes the development of Sonic
hedgehog expressing epithelial structures. Distinct epithelial ap-
pendages also were induced when chick mandibular epithelium
was recombined with a tissue source of BMPs and fibroblast
growth factors, chick skin mesenchyme. These results show that,
although latent, the early signaling pathways involved in odon-
togenesis remain inducible in Aves and suggest that loss of
odontogenic Bmp4 expression may be responsible for the early
arrest of tooth development in living birds.

he developing murine molar tooth germ provides a powerful

developmental system for identifying the genetic pathways
involved in organogenesis (1, 2). Classical embryologic studies
have shown that the developing tooth forms via a series of
reciprocal inductive tissue interactions in which signals are
exchanged between the dental epithelium and mesenchyme,
resulting in a progressive specification of organ fate. In the
developing molar dentition of the mouse, tooth inductive po-
tential resides in the dental epithelium until embryonic day
(E)12.5 (3). Thereafter, tooth inductive potential shifts to neural
crest-derived dental mesenchyme, which acquires the ability to
direct tooth formation in nonodontogenic tissues (3, 4).

These classical studies have been complemented by more
recent experiments demonstrating that specific molecules func-
tion at particular steps in odontogenesis. Fibroblast growth
factor (FGF)8 is expressed in the dental epithelium and has been
proposed to act in conjunction with bone morphogenetic protein
(BMP)4 antagonism to define the tooth-forming region and to
act by inducing Pax9 expression, which in turn is required for
tooth formation (5-7). In addition, BMP4 can substitute for
other inductive functions of the dental epithelium, inducing
morphologic changes in the dental mesenchyme and the expres-
sion of the homeobox genes Msx/ and Msx2 (8, 9), whereas
inhibition of BMP4 signaling in the mandible produces alter-
ations in spatial domains of gene expression and tooth fate (10).
FGF8 and BMP4 each can differentially regulate the expression
of Msx1 and Msx2 as well as that of the distal-less homeobox genes
DIx1 and DIx2 in dental mesenchyme, and both DIx and Msx
genes function in dental mesenchymal induction (5, 11, 12).

Prior work has focused on the role of the homeobox genes
Msx] and Msx2 in tooth formation. Mutations in MsxI are
responsible for anodontia in both humans (13, 14) and mouse
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(15, 16). In mouse MsxI mutants, tooth development arrests at
the bud stage, when both tooth inductive potential and Bmp4
expression normally shift from dental epithelium to mesen-
chyme (8). In MsxI mutants, dental epithelial Bmp4 expression
is preserved but the subsequent mesenchymal phase of Bmp4
expression does not occur (9). This result suggests that Msx/ is
required for the expression of inductive signaling molecules that
then act back on the original inducing tissue to sustain the
reciprocal inductive tissue interactions that characterize tooth
morphogenesis. The validity of this model is supported by the
finding that exogenous BMP4 partially rescues Msx/ mutant
tooth development (ref. 9; M. Bei, K. Kratochwil, and R.M.,
unpublished work).

In mouse mutants genetically compounded for loss of function
of both MsxI and Msx2, tooth development can arrest at the
dental lamina stage (11). Interestingly, the epithelial thickenings
observed in MsxI-Msx2 double mutants morphologically resem-
ble transient epithelial thickenings, which have been classically
described in the chick oral cavity at day 5 in ovo and in the oral
cavity of birds (17-19). Although modern birds and certain other
lineages (e.g., turtles) lack dentition, all toothless vertebrates
derived from ancestors that were once toothed (20). Ancient
birds, such as the Jurassic bird Archaeopteryx and the late
Cretaceous bird Hesperoronis, possessed teeth, and hence the
phylogenetic derivation of modern birds indicates that the
absence of dentition was a secondary event, occurring approx-
imately 60 million or more years ago (20). Previous studies in
which chick oral epithelium and mouse dental mesenchyme were
recombined ostensibly resulted in enamelized teeth, suggesting
that in chickens, some of the genes required for odontogenesis
may have remained intact (21). However, the possibility of
mouse dental epithelial contamination in these experiments
makes this interpretation uncertain.

One hypothesis is that the loss of dentition in certain taxa
reflects the evolutionary occurrence of mutations that inactivate
the genetic pathways leading to tooth formation. The morpho-
logic similarity between the arrested dental epithelium in Msx1-
Msx2 double mutants and the rudimentary epithelial thickenings
previously identified histologically in the oral cavity of birds
prompted us to reconsider whether Aves might have retained
some initial molecular steps in the odontogenic pathway, and
whether the absence of dentition in modern birds might reflect
a specific interruption of this pathway. In this report, we provide
evidence consistent with this hypothesis.

Abbreviations: BMP, bone morphogenetic protein; FGF, fibroblast growth factor; E(n),
embryonic day; AP, alkaline phosphatase; CAM, chorio-allantoic membrane; Shh, Sonic
hedgehog; RCAS, replication competent avian sarcoma.
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Materials and Methods

Generation of Msx1-Msx2 Double Mutant Mice. Msx/-Msx2 double
mutant embryos were obtained from MsxI/-Msx2 double het-
erozygous crosses (11). Genotyping was performed by PCR
using genomic DNA from extra-embryonic membranes (9).

In Situ Hybridization. Whole-mount and tissue section in situ
hybridization was carried out as described (9). Double labeling
in situ hybridization was performed with digoxigenin and fluo-
rescein-labeled probes, and expression was detected by using
nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate
(NBT/BCIP) and Fast Red substrates (Boehringer Mannheim).
Staging of chick embryos was performed according to ref. 22.

Retroviral Infection. Replication competent avian sarcoma
(RCAS)-Bmp4 retrovirus was prepared as described (23). About
10 nl of RCAS-Bmp4 was injected into the right side of the
mandible of stage 23 chick embryos, with the uninjected left side
of the mandible used as control. Other RCAS viruses also were
used as negative controls. Embryos were reincubated for 5 days
before histological examination.

Tissue Recombination and Organ Culture. Stage 27 chick mandibles
and stage 34 chick back skin were dissected, and the epithelium
and mesenchyme were separated by enzyme treatment as de-
scribed (9). Epithelial-mesenchymal recombination was carried
out on Nuclepore filters (0.4 wm pore size) in Trowell-type organ
culture, and recombinants were cultured in DMEM with 10%
FBS. Bead implantation experiments were performed as de-
scribed (9). BMP4- or FGF-soaked beads (100 ng/ml) were
placed on top of chick presumptive dental mesenchyme and
cultured in Trowell-type organ culture in medium with 10% FBS
for 24 h before fixation and whole-mount in situ hybridization.
Chick mandibles also were cultured on Nuclepore filters in
Trowell-type organ culture in medium (DMEM + 10% FBS)
with or without addition of growth factors. Medium was changed
every other day.

Histology and Histochemical Staining. Standard histology proce-
dures were performed. Tissues were fixed in 4% paraformalde-
hyde, embedded in wax at 60°C for several hours [sufficient to
inactivate feather germ mesenchymal alkaline phosphatase (AP)
activity], sectioned, and stained with hematoxylin and eosin. AP
activity was detected by applying the AP substrate NBT/BCIP
to tissue sections.

Results

Markers for Dental Lamina Formation Are Expressed in the Chick
Mandible. Rudimentary dental lamina-like epithelial structures
are known to form transiently in the stage 27 chick jaw (17) and
bear superficial resemblance to the early lamina stage of molar
tooth development in mouse embryos (Fig. 1 a and b). This
morphologic similarity suggests that the genetic program regu-
lating tooth initiation is partly expressed in the avian embryonic
jaw. To test this hypothesis, we tested for the presence of a
potential chick dental lamina by examining the expression of
several genes whose mammalian homologs either function in or
are expressed during early tooth development. In mouse, Fgf8
and Pitx2 are early markers for dental epithelium, whereas Pax9,
Barxl, Msx1, and Msx2 are early markers for dental mesenchyme
(5, 6, 12, 24-27) (Fig. 1 c-I). Chick homologs of all six genes are
expressed in the stage 27 chick mandible. Similar to mouse,
transcripts of Fgf8 and Pitx2 localize to the region of the chick
mandibular epithelium where lamina-like epithelial thickenings
exist (Fig. 1 ¢ and e), whereas Pax9 and Barx! expression localizes
to the underlying mesenchyme (Fig. 1g; and data not shown).
In both stage 27 chick and E11.5 mouse embryos, Msx/ and
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Fig. 1. Phenotypicand molecular comparison between putative chick dental
lamina and mouse dental lamina. (a) Transverse section through stage 27 chick
mandible showing a representative epithelial thickening (arrow), proposed to
represent a vestigial dental lamina (16). Not all embryos examined exhibited
such structures. (b) Transverse section of E14.5 Msx71-Msx2 double mutant
molar tooth germ arrested at the lamina stage; the stage shown is develop-
mentally equivalent to E11.5 in wild-type embryos. [Reproduced with permis-
sion from ref. 11. (Copyright 1998, Company of Biologists LTD).] (c-/) Molec-
ular comparison between oral regions of stage 27 chick and E11.5 mouse
mandibles. (c) Fgf8 expression in stage 27 chick mandibular epithelium. (d)
Fgf8 expression in E11.5 mouse molar dental lamina. (e) Pitx2 expression in
stage 27 chick mandibular epithelium. (f) Pitx2 expression in E11.5 mouse
molar and incisor dental laminae. (g) Pax9 expression in stage 27 chick man-
dibular mesenchyme. (h) Pax9 expression in E11.5 mouse molar and incisor
mesenchyme. (i—/) Differential Msx expression in chick and mouse mandibular
mesenchyme. In chick, Msx1 (i) and Msx2 (k) expression is restricted to mesial
mandibular mesenchyme and does not extend as far distally (bracketed). In
mouse, Msx1 (j) and Msx2 (I) mesenchymal expression extends distally to the
molar tooth-forming region (bracketed).

Msx2 are expressed in mesial mandibular mesenchyme. How-
ever, in chick (in contrast to mouse) Msx/ and, to a lesser extent,
Msx2 expression is absent from distal mandibular mesenchyme
(Fig. 1i-1, brackets). Significantly, some mouse embryos doubly
homozygous for loss of function in the Msx/ and Msx2 homeobox
genes exhibit an arrest of tooth development at the early lamina
stage (11) that resembles the lamina-like epithelial structure
present in the distal chick mandibular arch (Fig. 1 a and b). This
phenotypic similarity suggests that tooth development in the
distal mandible of birds could arrest at a lamina stage because
of an evolutionarily acquired loss of odontogenic Msx expression.

BMP4 Can Induce Msx Expression in the Distal Chick Mandible. To
define the factors responsible for the absence of Msx1 and Msx2
expression in chick distal mandibular mesenchyme, we examined
chick mandibular epithelium for Bmp4 expression because
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Bead Expts. — Bmp4

Fig. 2. Expression of Bmp4 is absent from distal chick mandibular epithe-
lium. (a) In the stage 27 chick mandible, Bmp4 is expressed in mesial oral
epithelium and does not extend distally to the region of epithelial thickening
(bracketed). (b) In contrast, in E11.5 mouse mandible, Bmp4 expression
extends distally to the molar tooth-forming region (bracketed). (¢ and d)
BMP4-soaked beads can induce Msx1 and Msx2 expression in stage 27 chick
mandibular mesenchyme. BSA-soaked beads do not induce Msx7 or Msx2
expression (not shown). (e) BMP4 bead (Right) represses endogenous Pax9
expression in day 5 chick mandibular explants, whereas BSA bead (Left) does
not. (f) FGF8 bead (Right) activates Pax9 expression in de-epithelialized day
4.5 chick mandibular explants, whereas BSA bead (Left) does not.

BMP4 can induce MsxI and Msx2 expression in mouse dental
mesenchyme (8, 9). Bmp4 transcripts were detected in E11.5
mouse molar epithelium, but in the chick mandibular epithelium,
as for Msx1 and Msx2, expression did not extend as far distally
along the mesial-distal axis (Fig. 2 a and b, brackets). This
observation was further confirmed by double-label, whole-
mount in situ hybridization experiments that showed that Bmp4
expression did not extend distally to the Fgf8 expression domain
(data not shown). To test whether the absence of Bmp4 expres-
sion from the chick oral epithelium in the putative odontogenic
region could account for the absence of Msx! and Msx2 expres-
sion in underlying mesenchyme, BMP4-soaked beads were tested
for their ability to induce Msx expression in chick mandibular
mesenchyme. BMP4-soaked beads strongly induced expression
of MsxI and Msx2 in chick mandibular mesenchyme (n = 12
each) (Fig. 2 ¢ and d), supporting the idea that, although
quiescent in chick, the odontogenic signaling pathway involving
Bmp and Msx genes nonetheless is conserved between mouse
and chick and capable of being activated.

In addition, also similar to mouse (6), BMP4 beads repressed
endogenous Pax9 expression in chick mandibular explants (n =
22/24), whereas FGF8 beads activated Pax9 expression in chick
mandibular explants that were first de-epithelialized to eliminate
endogenous Pax9 expression (n = 19/24) (Fig. 2 ¢ and f). FGF8
also can activate Msx] expression in mouse dental mesenchyme
(5, 11); however, interruption of Bmp4 signaling is sufficient to
produce a loss of MsxI expression (10, 28). Thus, our results
suggest that in chick a defect in Bmp4 signaling could explain
the quiescence of the signaling pathways that control tooth
initiation.

BMP and FGF Promote the Development of Sonic hedgehog (Shh)-

Expressing Epithelial Structures in the Chick Mandible. Experiments
in mouse have shown that Msx1 is required for the shift of Bmp4
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Fig.3. Induction of chick oral epithelial appendages by BMP and/or FGF. (a)
Section through a control, untreated chick mandible after 6 days of culture
showing region of thickened epithelium. (b and c) Bud-like structures induced
in chick mandibles after 6 days of culture with 100 ng/ml of exogenous BMP4
(b) or FGF4 (c). (d) More advanced epithelial structure induced to form in chick
mandibles after 6 days of culture with BMP4 and FGF4 (100 ng/ml each). Note
convoluted epithelium (arrow). The clear space is a cyst. (e) Localization of Shh
transcripts in the enamel knot of an E14.5 mouse molar tooth germ. (f) Shh
expression induced in the central portion of the epithelial structure by addi-
tion of BMP4 and FGF4 to chick mandibles in explant culture. The dotted line
in e and findicates the location of the basal lamina separating epithelium and
mesenchyme. (Inset) Shh is not expressed in control explants; the epithelium
resides between the white lines.

expression from dental epithelium to mesenchyme and that
exogenous BMP4, mimicking the function of mesenchymal
BMP4, can bypass the requirement for Msx! function and act
back on the dental epithelium to permit developmental progres-
sion of the tooth germ (ref. 9; M. Bei, K. Kratochwil, and R.M.,
unpublished work). We therefore asked whether, in analogous
fashion, exogenous BMP4 also could act upon chick oral epi-
thelium to promote the development of epithelial appendage
structures in the chick oral cavity that resembled tooth germs.
When stage 27 chick mandibles were cultured for 6 days in vitro,
the chick oral epithelium either failed to invaginate or invagi-
nated only slightly into the underlying mesenchyme (Fig. 3a,
Table 1). In contrast, when chick mandibles were cultured in the
presence of BMP4, the oral epithelium invaginated into the
underlying mesenchyme to generate epithelial bud structures
(Fig. 3b, Table 1). The ability of BMP4 to induce mandibular
epithelial invaginations also was reproduced in 2 of 10 embryos
by Bmp4 overexpression in chick mandibular mesenchyme by
using a RCAS-Bmp4 retroviral vector; no invaginations were
observed on the uninfected sides of the mandible or in control
RCAS vector infections (Table 1).

Several FGFs also are expressed in the mouse tooth germ and
are implicated as signaling molecules regulating tooth initiation
and morphogenesis (5, 6, 11, 29). To test whether FGFs acting
together with BMPs could promote further epithelial develop-
ment, stage 27 chick mandibles were cultured in media supple-
mented with FGF4 (as a surrogate for mesenchymal FGFs) or
with both BMP4 and FGF4. Although less effective than BMP4,
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Table 1. Induction of oral epithelial structures in chick mandibles

Bud Advanced Shh AP
stage stage positive positive
Induction by soluble factors in organ culture
Control 0/14 0/14 0/12 nd
BMP4 (100 ng/ml) 8/18 0/18 nd nd
RCAS-Bmp4 (in ovo) 2/10* 0/10 nd nd
FGF4 (100 ng/ml) 2/12 0/12 nd nd
BMP4 + FGF4 (100 ng/ml each) 13/20 5/20 3/5% nd
Induction by skin mesenchyme in organ culture
Mandibular epithelium (distal, oral) + skin mesenchyme 3/9 6/9 15/18*% nd
Mandibular epithelium (oral non-Fgf8 exp.) + skin mesenchyme 10/14 0/14 1/6 (weak) nd
Skin epithelium + mandibular mesenchyme 0/8 0/8 nd nd
Induction by skin mesenchyme in organ culture + CAM
Mandibular epithelium (distal, oral) + skin mesenchyme (exp. ) 23/42 12/42 nd nd
Mandibular epithelium (distal, oral) + skin mesenchyme (exp. II) 4/11 3/11 nd 6/7
Skin epithelium + skin mesenchyme 0/24* 0/24* nd 5/20 (weak)

Bud stage is defined by invagination of the oral epithelium only (e.g. Fig. 3b). Advanced stage is defined by the presence of epithelial
invagination and convolution (e.g. Figs. 3d and 4c and e). nd, not determined. See Materials and Methods for details.
*RCAS-Bmp4: retroviral virus expressing BMP4; these experiments were performed in vivo. Buds were observed only on the infected side.
fIndependent experiments from those in which morphology was scored.
*In many of these experiments feather germs formed; these were not assigned a developmental stage.

FGF4 also stimulated invagination of the chick oral epithelium
(Fig. 3c, Table 1). However, when added together, FGF4 and
BMP4 acted synergistically to enhance the development of chick
mandibular epithelium beyond the bud stage to form structures
in which the epithelium was convoluted, thus resembling the cap
stage of mouse tooth development (Fig. 3d, Table 1). Moreover,
expression of Shh, a molecular marker for the dental epithelial
enamel knot at the cap stage of mouse tooth germ development
(30, 31), also is activated in these explants, predominantly in the
central part of the epithelium (Fig. 3 e and f, Table 1). Shh
transcripts were not detected in the epithelium of chick mandi-
bles cultured without BMP4 and FGF4 (Fig. 3f, Inset).

Induction of Distinct Epithelial Appendages in Heterotypic, Hetero-
chronic Recombinations Between Chick Oral Epithelium and Skin
Mesenchyme. Because exogenous growth factors may not fully
mimic the effects of endogenous growth factors, we next tested
whether an embryonic mesenchymal tissue expressing BMP4
and FGF could more effectively induce the formation of chick
oral epithelial structures. Previously, we found that experimental
recombinations between stage 34 chick dorsal skin mesenchyme,
an abundant source of BMP4 and FGF4, and stage 34 chick
dorsal skin epithelium generated feather buds in explant culture
(32). Therefore, to test the odontogenic potential of chick oral
epithelium, we isolated individual pieces of stage 27 chick
mandibular epithelium that included in each piece both the oral
surface of the chick mandible and the aboral surface that
normally forms feathered skin, and these were recombined with
stage 34 chick dorsal skin mesenchyme (Fig. 4 a and b). As
predicted, after in vitro culture for 5 days, the part of the
mandibular epithelium isolated from the aboral surface formed
typical feather buds. However, the portion of the mandibular
epithelium isolated from the oral surface formed plaque-like
epithelial appendages distinct from feather buds (Fig. 4 a and b).
These plaque-like epithelial appendages then were analyzed
further by histology.

In 3 of 9 recombinants, the oral epithelium invaginated into
the underlying skin mesenchyme to form bud structures, whereas
in the other six recombinants both invagination and convolution
of the epithelium occurred, resulting in a more developmentally
advanced structure resembling the cap stage of odontogenesis
(Fig. 4c, Table 1). In a separate set of experiments, these
epithelial structures were again found to be strongly Shh-
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positive; in contrast, control reciprocal recombinations between
mandibular mesenchyme and skin epithelium yielded no epithe-
lial in-growth, and in some cases cartilage formed (Fig. 4d).
Additional control recombinations between non-Fgf8-expressing
regions of oral mandibular epithelium and skin mesenchyme
showed minor degrees of epithelial in-growth, but Shh expres-
sion was detected in only 1 of 6 cases (Table 1).

To further test the developmental potential of these chick
mandibular epithelial appendages, recombinants were cultured
for 2 days in organ culture, then transferred to chick chorio-
allantoic membrane (CAM) cultures and cultured for 6 addi-
tional days. Although epithelial bud structures were again ob-
served in about half the cases (23 of 42), morphologically
advanced structures were observed in 12 of 42 cases, and in many
the mesenchyme was condensed within the surrounding epithe-
lium (Fig. 4e, Table 1). These epithelial appendage structures
were not typical tooth or feather germs, but exhibited some
morphologic features consistent with both fates.

Because specific markers for chick tooth development do not
exist, these structures were analyzed histochemically for AP
activity, a marker in mouse tooth germs for dental papillary
mesenchyme and odontoblasts (33). In control combinations of
chick skin epithelium and skin mesenchyme, mesenchymal AP
activity was detected weakly in only 1 case of 20 in the feather
germs that formed (Table 1), probably because feather germ AP
activity is heat labile and therefore inactivated during embedding
(32, 34). Weak epithelial AP staining also was observed in five
cases, including that in which the weak mesenchymal activity was
observed (Table 1). In contrast, in a set of 11 CAM-cultured
recombinants of chick oral mandibular epithelium and chick skin
mesenchyme, epithelial structures developed in seven and AP
activity was strongly induced in the condensed mesenchyme
surrounding the epithelium in six of these (Fig. 4e, Table 1),
consistent with the conclusion that these epithelial appendage
structures exhibited some characteristics of early stages of tooth
morphogenesis.

Discussion

It is well known that, unlike their toothed ancestors of the
Jurassic and Cretaceous periods, modern birds lack dentition.
Gardiner (17) was the first to call attention to the residual tooth
germ in the embryonic chick oral cavity, a finding subsequently
confirmed in other Aves (18, 19). Here we present evidence
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Fig. 4. Chick oral epithelial appendage structures induced in vitro by
heterotypic, heterochronic recombination. (a) Scheme for recombinations in
which a single piece of stage 27 chick mandibular epithelium, including both
oral (red) and aboral (green) surfaces, was recombined with stage 34 chick
dorsal skin mesenchyme (blue) and cultured for 5 days. (b) Whole mount
showing that different epithelial appendages form from oral and aboral chick
mandibular epithelia. Feather germs form from aboral epithelium (Right),
whereas novel epithelial appendages form from oral epithelium (Left). (c)
Histology of oral epithelial structures in the preceding experiment. A small
cyst is present. (Inset) Whole-mount in situ demonstrating Bmp4 expression in
stage 34 chick dorsal feather follicle mesenchyme. (d) Control recombination
between stage 34 chick skin epithelium and stage 27 mandibular mensen-
chyme, which does not produce epithelial structures and in some cases
(shown) results in cartilage formation (indicated by c). (e) Epithelial append-
age structure formed after recombination of stage 27 chick mandibular
epithelium with stage 35 chick skin mesenchyme after 2 days in organ culture
and 6 days on CAM. Note condensation of mesenchymal cells within the
epithelium. (f) AP activity detected (black, arrow) in condensed mesenchyme
of a CAM-cultured chick mandibular epithelium-chick skin mesenchyme re-
combinant. (/Inset) Absence of AP activity in naive chick mandibular tissue. e,
epithelium; m, mesenchyme.

consistent with the existence of an avian tooth primordia. Our
results suggest that chick tooth initiation in the distal mandible
is arrested at a lamina-like stage because of a defect in epithelial-
mesenchymal interactions (35), and that this defect could be
caused by the absence of Bmp4 expression and hence that of
MsxI and Msx2 in the distal mandible. This idea is supported by
the findings that: () BMP4-soaked beads induce Msx/ and Msx2
expression in chick mandibular mesenchyme, and (if) exogenous
BMP4 induces an epithelial bud that invaginates into the un-
derlying mesenchyme. Although other odontogenic factors are
also likely to be missing in Aves, the fact that epithelial append-
ages can be induced in chick oral epithelium is consistent with
the idea that the chick oral epithelium retains odontogenic
potential.

In addition to the phylogenetic absence of dentition in certain
groups such as Aves and Testudines (turtles), developmental
regressions of tooth primordia occur in certain species that also
could be potentially explained by an evolutionarily acquired
inactivation of the genetic pathways controlling tooth formation
(20). For example, the diastema region of the mouse oral cavity
exhibits transient epithelial thickenings that resemble dental
laminae but subsequently undergo apoptosis (36, 37). These
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structures, which reside at locations considered homologous to
tooth-forming regions in other eutherians, have been suggested
to represent abortive attempts at tooth initiation (38). However,
in contrast to the thickened epithelium in the chick mandible,
these structures express Bmp4 and Msx1 (39). Thus, the genetic
mechanisms for the absence of dentition in birds and the
restricted loss in the diastema region in muroid rodents are
presumably different.

Previously, it was shown that combinations of chick mandib-
ular epithelium with mouse tooth mesenchyme formed dental
structures containing enamel-secreting ameloblasts (21). Similar
results appear to have been obtained by some (40-43) but not
other investigators (44-47), and the positive results can be
challenged in all cases by the possibility of tissue contamination
(43, 47). In this study, only chicken-derived tissues were used,
excluding this particular possibility. The expression of Shh in
growth factor-induced chick oral epithelial buds and of AP
activity in the interacting mesenchyme suggests that signaling
pathways have been retained in Aves at a level sufficient to
recapitulate some of the same early molecular steps that also are
observed in formation of the mammalian tooth germ. We
conclude that while latent, early odontogenic signaling pathways
have been retained by Aves, and that an evolutionary loss of
Bmp4 expression in avian dental epithelium could account for
the resemblance to the arrest in tooth development observed in
mouse MsxI-Msx2 double mutants.

The present work suggests that in Aves early steps in the
odontogenic pathway potentially exist in latent form. It does not,
however, demonstrate the formation in Aves of structures that
can be called teeth. In addition, although the competence of
avian tissues to support the terminal differentiation of dental
tissues is unknown, it seems likely that unless expressed in other
contexts, many of the genes that characterize the hard mineral-
ized dentition of toothed vertebrates would have sustained
inactivating mutations and therefore represent pseudogenes in
birds. For example, amelogenin-like sequences have not been
identified in the chicken genome by degenerate PCR, despite the
fact that such sequences can be detected in actinopterygian
(ray-finned) fishes (48) and amphibia (49). Interestingly, a dentin
matrix protein 1 gene, DMP1, has been identified in chicken, but
its conservation is limited to three short segments, the rest being
highly diverged (50). Thus, even if present in the chicken
genome, amelogenin or DMP1 sequences may be unable to
participate in enamel or dentin formation.

Whereas previous results imply that only neural crest-derived
mesenchyme retains the capacity to participate in tooth forma-
tion (4), the data presented here would suggest that skin
mesenchyme also might possess this ability. However, it should
be noted that unlike the experiments involving recombinations
of mouse neural crest and mouse mandibular epithelia (6), we
did not detect mineralized tooth formation and, for the reasons
mentioned above, it seems unlikely that this could occur in chick.
It is possible that skin mesenchyme retains only a rudimentary
capacity to induce early steps in odontogenesis and hence, the
two sets of results are not necessarily inconsistent. Nonetheless,
it has been shown that chick and mouse mandibular mesen-
chymes exhibit similar molecular responses when recombined
with mouse odontogenic epithelium (51). In our oral epithelium-
skin mesenchyme recombinants, despite the induction of mes-
enchymal heat-stable AP expression, the fate of the skin mes-
enchyme is unclear compared with that of the oral epithelium,
in which Shh expression is clearly induced. Additional studies
will be required to accurately categorize the epithelial append-
age structures that form in the skin mesenchyme-oral epithelium
tissue recombinations.

Epithelial appendages form in successive stages, which can
been categorized as: (i) induction, when the decision to form an
appendage is made, (i) morphogenesis, when the different
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epithelial organ phenotypes are established, and (iii) differen-
tiation, when organ-specific gene products are expressed (52).
During morphogenesis, a number of signaling molecules and
components of the induction cascade, including BMP, FGF, and
Msx, are expressed in common in different developing append-
ages, and the fates of nascent epithelial appendages are capable
of interconversion (53). In this work we show that, given an
appropriate stimulus, avian oral epithelium can reactivate a
latent molecular pathway to form morphologically distinct epi-
thelial appendages that share some features in common with
mammalian tooth germs.

What distinguishes these structures from the early stages of
epithelial appendage formation that are common to the early
development of many organs that form via epithelial-mesenchymal
interactions? The molecular markers we have used, Shh and
AP, although consistent with a tooth fate, both are expressed in
other developmental contexts, including developing feather germs
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(32, 34). Although the structures that formed in the heterotypic
recombinants do not resemble feather germs nor do they express
the same heat-stable AP isoform, these markers are general to
other epithelial-mesenchymal interactions. Perhaps the best evi-
dence that these structures are compatible with an odontogenic fate
comes from their ability to form from the oral surface of the chick
mandible. Thus, in the chick mandible, initial stages of epithelial
appendage formation can be activated that are consistent with an
odontogenic fate, and interruption of this pathway provides a
plausible basis for the absence of dentition in birds.
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