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Abstract

Embryonic skeletal development is the result of
programmed differentiation and morphogenesis of the
embryonic mesoderm. This review summarizes recent
cellular and molecular findings on the mechanisms under-
lying devel opment of thecranid, axial, appendicular skeletal
components. Specifically, the identities and activities of
patterning and morphogenetic genes are presented, aswell
as the regulation and functional consequences of cell-cell
and cell-matrix interactionsimportant for cell differentiation
and organogenesis. Finally, this review also surveys a
number of in vitro and in vivo experimental systems
currently in use for the study of skeletal development.
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Introduction

Embryonic skeletal devel opment represents the se-
quential events of patterning, cell differentiation and
maturation, and morphogenesis, which together give rise
tothefull compendium of cartilage and bone. That skeletal
structures function as the scaffolding of the vertebrate
animal underscores the importance of stringent regulation
of skeletogenesisat multiplelevels. Thisreview describes
the major pathways of ossification, the cellular origin of
cartilage and bone, the molecular mechanisms of skeletal
patterning of the embryonic skeleton, and various model
systems currently being used to study the mechanisms of
skeletal cell differentiation.

Ossification Pathways

There are two principal pathways of skeletal
development: endochondral and intramembranous (Hall,
1988). In endochondra ossification, such as that seen in
thelong bones and vertebrae, mesenchymal cellscondense,
undergo chondrogenesis and form cartilage, which
subsequently matures and undergoes hypertrophy, and is
eventually replaced by bone (Caplan and Boyan, 1994). In
this manner, the cartilage anlage also serves to spatially
define the future marrow environment where the
hematopoi etic compartment i s housed and where blood cell
differentiation proceeds. On the other hand,
intramembranous ossificationinvolvesdirect differentiation
of mesenchymal cells into osteoblasts, and is seen most
predominantly invariouscraniofacial bones(Langille, 1994).
The ossification centers of intramembranous bones, such
as the crania calvaria bone, then fuse to form plates of
woven bone. No cartilage intermediate is found in the
intramembranous bones. Thus, two different pathways
operateto giveriseto histologically similar tissue structure.
The underlying mechanisms, which govern the specific
choice of ossification pathways, are clearly important for
proper skeletal devel opment.

Interestingly, during embryonic skeletogenesis,
different cell lineages contribute to the primary
endochondral bone than to the primary intramembranous



bone. For example, the craniofacial bones (intramem-
branous) are primarily derived from the cranial neural crest
cells (Couly et al., 1993; Langille, 1994; Noden, 1988),
whereas the limb mesenchyme and the prevertebral
sclerotome (both endochondral precursors) are of lateral
plate mesoderm (Newman, 1986) and paraxial mesoderm
origin (Tam and Trainor, 1994), respectively. However,
neural crest cellswill differentiate into cartilage, provided
that they interact with the appropriate epithelium during
their migration totherostral part of the devel oping embryo
(Hall, 1991). For example, during migration, the
differentiation of cranial neura crest cellswith anchorin Cl|
receptors for collagen type Il may be influenced by their
interaction with collagen type Il (Thorogood et al., 1986).
Also, premigratory neural crest cellsfrom themesencephalic
region cultured in vitro with cranial ectoderm or retina
epithelium undergo chondrogenic differentiation, whereas
the same cells combined with maxillary epithelia produce
both cartilage and bone (Bee and Thorogood, 1980). Thus,
at least for early neural crest cells, regulation of their
differentiation fate may depend on the influence of the
epithelia. In a similar manner, the formation of
intramembranous bone by the mesenchyme of the palate
(Tyler and McCobb, 1981), maxilla (Tyler, 1978), and
mandible (Tyler and Hall, 1977), all require direct contact
with the epithelia. 1n an analogous manner, chondrogenic
differentiation of the lateral plate mesoderm derived
mesenchyme of thelimb bud isalso regulated by interaction
with thelimb epithelium (Solursh et al., 1981), most likely
mediated viathe action of fibroblast growth factor members
(Crossley and Martin, 1995; Fallon et al., 1994; Niswander
and Martin, 1992, 1993).

Interestingly, under certain conditions, the cal-
varium, a normally intramembranous bone, may exhibit a
cartilage-like phenotype. For example, in chick embryos
which arerendered severely cal cium-deficient asaresult of
long-term culture ex ovo (without the eggshell), the
calvarium expresses collagen type 1, a cartilage matrix
associated component, and cells with chondrocyte-like
phenotype are found (Jacenko and Tuan, 1986; McDonald
and Tuan, 1989; Tuan and Lynch, 1983). Another situation
iscalusformationin afractured calvarial bone, which also
involves chondrogenesis (Girgis and Pritchard, 1958; Hall
and Jacobson, 1975). Thus, the two apparently different
pathways of ossification, intramembranous and
endochondral, may actually share some common underlying
mechanisms, particularly with respect to the differentiation
potential of theinitial mesenchymal cell popul ation.

It is reasonable to speculate that, since the mesen-
chymal cellscontributing to thefinal intramembranousbone
have the potential to undergo chondrogenesis, a specific
set of regulatory signals must operate during normal
intramembranous ossification to either enhance
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osteogenesis or suppress chondrogenesis. Conversely, the
environment and cell-cell/cell-matrix interactions operating
during endochondral ossification must be of such a nature
as to promote chondrogenesis of the condensing
mesenchyme. Understanding the nature of these influences
is important for elucidating the basic mechanisms of
embryonic skeletal development, as well as designing
approachesto treating or enhancing the healing of defective
or damaged skeletal components.

Cdlular Origin and M or phogenesisof theAxial,
Appendicular, and Craniofacial Skeleton

Although the skeleton is derived wholly from the
embryonic mesoderm, different lineages contribute to the
axial, appendicular, and craniofacial components. This sec-
tion briefly summarizes the ontogeny of the vertebra, the
long bones of the limb, and the cranial calvarial bone.

Axial skeleton

The prevertebrais one of the earliest skeletal struc-
tures, and isof paraxial mesodermal origin (Bellairs, 1979;
Tam and Beddington, 1987; Tam and Trainor, 1994). The
paraxial mesodermisformed from the early mesodermwhich
streams into the paraxial regions on either side of the
regressing primitive streak of the gastrulating embryo. At
the completion of the head process stage during early
embryonic development, the paraxial mesoderm givesrise
to the unsegmented mesoderm, located at the caudal end
of the embryo and lying on either side of the developing
neural tube and notochord. The next important stage of
paraxial mesoderm development in the gastrulating embryo
issomitogenesis (Fig. 1): the mesenchymal cellslocated at
the rostral aspect of the paraxial mesoderm begin to
condense, forming structuresknown as somitomeres; these
structures subsequently emerge as pairs of well segmented
somites, one on each side, separated by distinct somitic
furrows. The nascent somitesthen undergo mesenchymal-
epithelial transformation, such that apolarized epithelial cell
layer engulfsacentral coreof cellscontained in asomitocoel
cavity. Upon further maturation towards the rostral end of
the embryo, the somites differentiate into a dorsal
dermamyotome and aventral mesenchyme-like sclerotome
(Bellairs, 1979; Ordahl, 1993). Further maturation involves
the bifurcation of the sclerotome into rostral and caudal
halves, a process known as re-segmentation, which allows
the caudal half of an anterior somiteto fuse with therostral
half of theimmediately posterior somite upon their migration
medioventrally towards the notochord to give rise to a
perichordal sheath to form the prevertebra (Keynes and
Stern, 1988). Inthismanner, the prevertebraislocated one
half segment out-of-register with the original somite. This
re-segmentation process is of great importance for the
musculature and neuronal orientation, with respect to the
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Figurel. Schematic of somite development intheearly chick embryo. Somitesareformed asaggregates of paraxial mesodermal
cells derived from the unsegmented mesoderm, segmental plate, localized at the caudal end of the gastrulating embryo. At
therostral end of the segmental plate, mesodermal cells condenseto form somitomeres, and later devel op into mesenchymal
aggregates of early somites. A mesenchymal-to-epithelial transformation convertsthe somitesinto aepithelium-circumscribed
structure and asomitocoel cavity containing central cells. Further differentiation of the somite givesriseto the dermamyotome
(DM) dorsally and the sclerotome (SC) ventrally. The sclerotomal mesenchymal cells migrate ventrally to eventually give
riseto the prevertebral component. NT: neural tube; NC: notochord.

vertebra, to allow anchoring of the newly devel oping muscle
to adjacent vertebrae. The sclerotomal mesenchymal cells
at the developing prevertebrae then condense and subse-
quently form cartilage. Upon maturation, hypertrophy, and
mineralization, the cartilageisreplaced by bonetoyield the
final vertebral structure.

Limbbud

The latera plate mesoderm contributes the mesen-
chymal cellswhich migrate and accumulate under specific
sites of the epidermal tissue; from thislimb field, the limb
bud emerges. These mesodermal cellseventually giverise
to the chondrocytes of the cartilage anlage by first
undergoing cellular condensation, i.e., the cells begin to
aggregate and come into close contact with one another
(Thorogood and Hinchliffe, 1975). This process is
accompanied by the disappearance and alteration of the
extracellular matrix, and the appearance of various cell
adhesion molecules (see Limb chondrogenesis). Sub-
sequently, the mesenchymal cells undergo overt chon-
drogenic differentiation, and begin copious production of
cartilage matrix molecules, such as collagen type II,
aggrecan, etc. The chondrocytes continue their devel-
opmental process, consisting of proliferation, maturation,
hypertrophy and mineralization; in the growth plate, bone
is formed subsequent to vascularization. It is generally
believed that the osteoprogenitor cells are recruited from
the local mesenchyme, as a result of cartilage maturation

and hypertrophy, and the establishment of the vasculature
(Caplan and Boyan, 1994).

Calvaria

In contrast to the endochondral bones, the cranial
calvarial bonedevelopsin anintramembranousmanner, i.e.,
the mesenchymal cells undergo limited condensation and
aggregation and differentiate directly into osteobl asts (Hall,
1988; Hall and Miyake, 1992). Asstated earlier, most of the
craniofacial bones which ossify via the endochondral
pathway are derived from crania neural crest cells (Couly
etal., 1993; Langille, 1994), with contribution a so from the
cranial somites (Huang et al., 1997). It should be noted
that although intramembranous boneslack acartilage modd,
cartilage can form on these bones, but only secondarily,
i.e., arising only after osteogenesis is already established
(Hall, 1991; Hall and Miyake, 1992; Vinkka-Puhakka and
Thedeff, 1993). Thebest exampleisthe condylar secondary
cartilage of the condylar processinthe mammalian mandible,
acartilagethat contributesto the vertical growth of thejaws
and neighboring regions of the head. Typically, these sec-
ondary cartilages are mechanically induced and requirethe
movement-related mechanical stimulationto maintain their
phenotype.

M olecular M echanismsof Skeletal Patterning
Axial patterning
Somitogenesis is a crucia event in vertebrate em-



bryogenesis, asthe somitic mesodermisthefirst embryonic
tissue to become “segmented,” i.e., to become organized
into repested blocks of cells. The derivativesof each somite
awaysarisefrom aparticular positionintheorigina series
of somites and always in register with the other tissues
derived from the same individual somite, thus generating
the functionally important segmented pattern of the
vertebrate trunk (Bellairs, 1979; Keynes and Stern, 1988;
Ordahl, 1993). Additionally, the repeating pattern of somites
is in close register with the other aspects of the body
pattern, such as the limbs, nervous system, and interna
organs. The paraxia mesoderm is therefore the tissue site
where proper formation of the original metameric pattern of
the vertebrate embryo is regul ated.

Whilethe morphogenetic events of somiteformation
arewell described, the mechanisms by which these events
occur &t the cellular and molecular level arelessunderstood.
Cell adhesion and extracellular matrix moleculesareclearly
implicated inthe complex pathwaysof cellular organization
and migration; several such molecules have indeed been
specifically shown to be functionally involved in these
cellular events. For example, the cellsof the segmental plate
and somitic cells exhibit Ca?* dependent and independent
cellular adhesion systems of cellular aggregation (Cheyney
and Lash, 1984; Duband et al., 1987; Hatta et al., 1987).
These systems can beinhibited respectively by the addition
of antibodies to N-cadherin or N-CAM, suggesting that
these cell adhesion molecules play a role in pre-somitic
aggregation and somite segmentation (Duband et al., 1987).
N-cadherin has also been implicated in the epithelial con-
version of the outer somitic cellsaswell asinthemigration
and subsequent differentiation of sclerotomal cells (Duband
etal., 1987; Radiceet al., 1997). Among matrix components,
fibronectin has been shown to be involved in pre-somitic
aggregation inthe paraxial mesoderm (Georgeet al., 1993),
and interruption of fibronectin function and the addition of
anti-fibronectin antibodies alter somite numbers (Lash et
al., 1984, 1987). Similarly, the inhibition of collagen
synthesis has been shown to affect somite number, size,
and shape (Bellairsand Veini, 1980). Although asignificant
body of information has suggested theinvolvement of these
specific cell adhesion and extracellular matrix moleculesin
somite development, the exact molecular mechanisms
regulating somitogenesis and somite segmentation remain
to be elucidated.

Paraxis A novel family of basic helix-loop-helix
(bHLH) proteins has recently been identified, one member
of which, Paraxis (Burgesset al., 1995), displaysaunique
localization pattern in the paraxial mesoderm and newly
formed somites. Structurally identical cDNAs to mouse
Paraxis have also been cloned in human, bHLH-EC2
(Quertermous et al., 1994), hamster, Mesol (Blanar et al.,
1995), and most recently in chicken (Barnes et al., 1997;
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Sosic et al., 1997). Whole-mount in situ hybridization
showed that the pattern of Paraxis expression in the early
gastrulating chick embryo is specifically associated with
themesoderm. Initidly, Paraxisexpressionisfound around
Hensen’snode, the organizer of the early embryo, followed
by two symmetric crescents of expression just rostral and
lateral to Hensen’s node and the primitive streak, strongly
indicating afunctional involvement in the devel opment of
the somitogenic paraxia mesoderm. Itisof particular interest
to note that this early expression profile of Paraxis shows
a striking resemblance to that of Wnt-11 (Eisenberg et al.,
1997) and Ch-Thx6L (Knezevic et al., 1997). Wnt-11, a
member of the Wnt family of secreted signaling proteins,
has been proposed to play arole in promoting embryonic
patterning by regulating cell-cell associations. Ontheother
hand, Ch-Thx6L, aT-box gene related to mouse Brachyury,
isspeculated to play somerolein regulating somitogenesis
(Chapman et al., 1996; Papaioannou, 1997). How the
activities of these genes and others, such as Notch |
(Conlon et al., 1995), may relate to that of Paraxis during
early paraxial mesoderm development remains to be
elucidated.

To consider the function of Paraxis in mesoderm
development, it isinstructional to revisit the morphogene-
tic events of somitogenesis (Tam and Trainor, 1994). The
first recruitment stagerefersto prospective mesodermal cells
fromthe primitive streak being recruited to form the paraxial
mesoderm. It has been shown by tissue transplantations
that, at this stage, the cells which are destined to form the
somites are still multipotent or undetermined with respect
totheir differentiation fate. Thisstageisfollowed by astage
of “organization,” during which the cells of the paraxial
mesoderm arearranged into 6 to 7 pre-somitic unitsreferred
to assomitomeres(Meier, 1979, 1984; Jacobson, 1988; Tam
and Trainor, 1994). The organization stage describes the
cells of the paraxial mesoderm extending from the tail end
of the segmental plate up to adistance of approximately 1-
2 somite lengths from the caudal, most nascent, clearly
delineated somite. The next stage of somitogenesis is
“segmentation,” which coverstherostral 1-2 somitelengths
of the segmental plate. Thisis the region of the paraxial
mesoderm inwhich cell compaction increases, presumably
via upregulation of cell adhesion molecules, such as
N-cadherin and N-CAM, or changesin cellular interaction
with extracellular matrix molecules, such asfibronectin and
collagen. Once segmented, paraxial mesoderm development
continues with the mesenchymal to epithelial conversion
of the outer cells of the emerging somite. The cells of the
epithelial somitearestill “plastic” with respect to differen-
tiation (Aoyama, 1993), and the potential of distinct regions
is realized through the influences of the surrounding cells
and tissues, which modulate the expression of genes
involved in the differentiation pathways of the individual
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somitic compartments (e.g., Pax-3 and Pax-7 for the
dermamytomal compartment and Pax-1 and Pax-9 for the
sclerotomal compartment) (Christ and Ordahl, 1995). This
has been demonstrated by surgical rotation of somites and
by isolation of the segmental mesoderm, which is able to
continueto form somites but lacks further dermamyotomal
and sclerotomal differentiation, processes that require
extrinsic influences form the notochord, lateral mesoderm
and other surrounding tissues (Aoyamaand Asamoto, 1988;
Brand-Saberi et al., 1993; Hall, 1977; Kenney-Mobbs and
Thorogood, 1987; Packard and Jacobson, 1976; Pourgie et
al., 1993). Thus, the epithelial somite is the site of early
dorso-ventral and medio-lateral patterning of the somite.

Results of our spatiotemporal analysis of Paraxis
expression in the somitic stage chick embryo strongly indi-
cate theimportance of Paraxisin somite development. By
Northern blot analysis, Paraxis expression begins early in
embryonic development and is clearly detectable by 36
hours of incubation when the embryo hasformed thefirst 8
to 10 pairs of somites. In addition, it has been previously
reported that both Paraxis and Mesol, a homolog of
Paraxis, are detectablein the paraxial mesoderm just prior
to the formation of the first somite (Blanar et al., 1995;
Burgesset al., 1995). Infact, in both reports, low levels of
Paraxis expression are first detectable in mouse embryos
at Day 7.5 post coitus (p.c.), approximately 12 hours prior
to theformation of thefirst somite. During chick embryonic
somite formation, the level of Paraxis expression remains
relatively constant, subsegquently diminishing by Day 4 of
incubati on and becoming undetectable by Day 5, correlating
with the cessation of somite segmentation from the parax-
ial mesoderm. Thisfinding isin agreement with the recent
mouse study of Burgess et al. (1995), in which Paraxis
expression isdiminished to undetectablelevelsby Day 13.5
p.c. Thus, thetemporal profile of Paraxisexpressioninboth
the chick and murine embryo correlates with somite
formation.

The spatial localization of Paraxisexpressioninthe
somitic stage embryo also suggests arolein the segmenta-
tion of somitesfromthe paraxial mesoderm (Fig. 2). Paraxis
expressionisclearly seenintherostral portion of the paraxial
mesoderm of the segmental plate, approximately 2 somite
lengths from the newest clearly delineated somite, similar
to that previously reported in the mouse embryo (Burgess
etal., 1995). Thislocalization places Paraxisexpressionin
the region of the segmental plate where the segmentation
stage of somitogenesis is occurring, according to the
scheme of somitogenesis described by Tam and Trainor
(1994). Furthermore, we observe that the expression of
Paraxis in the most rostral portion of the segmental plate
pre-configures the next somite to be formed. In serial
transverse sections of embryos post-in situ hybridization,
the strongest staining for Paraxis expression appears just

caudal to thelast clearly delineated somite in the region of
the next somite to form. It is noteworthy that the highest
level of Paraxisexpressioninthe somitic stage chick embryo
occurs in the portion of the segmental plate preparing to
undergo the mesenchymal to epithelia transition and subse-
guent segmentation into a new somite. This expression
pattern further implicates Paraxisas having arolein somite
formation.

Paraxis may also play arolein the subsegquent mat-
uration and differentiation of the embryonic somite. After
the segmentation of a newly formed epithelial somite,
Paraxis expression is initially homogeneous, before be-
coming medially localized asthe somite matures. In more
differentiated somites, expression appears in both the
sclerotome and dermamyotome, as previously reported
(Blanar et al., 1995; Burgess et al., 1995; Quertermous et
al., 1994), eventually becoming preferentially expressedin
the dermamyotome, before becoming restricted to the
dermatome of the most rostral somites which express
Paraxis. Thislater restricted expression in the dermatome
suggests that Paraxis may play multiple roles in somite
development and differentiation, perhaps distinct from its
early rolein epithelial somiteformation.

Additional evidence supporting the hypothesized
roleof Paraxisin the segmentation of somitesfrom the par-
axial mesoderm comes from our observation on the effect
of perturbing Paraxis expression through the use of a
Paraxis specific antisense oligonucl eotide, administered to
the paraxial mesoderm by two routes (Barneset al., 1997).
Treatment of the segmental plate with Paraxis antisense
oligonucleotide, by either topical application or direct
injection, resultsin segmentation anomaliesin asignificant
number of embryos. Neither treatment with control
oligonucleotides nor mock injections produced similar
results. Specifically, topical treatment with Paraxis specific
antisense oligonucleotide results in anomalies in 67% of
treated embryos. Most of these embryos (85%) display
complete absence of somites in various regions, whose
location suggest a temporal correlation between the
presence of the perturbing antisense oligonucleotide at the
time of somite formation and the disruption of
somitogenesis. These regions of observable somitic
anomalies also exhibit diminished Paraxis expression as
determined by whole-mount in situ hybridization, which also
reveals that these regions of segmentation deficiency
correlate with diminished Pax-1 expression, a marker of
epithelial somitesand sclerotomeformation (Barneset al.,
1996a; Ebensperger et al., 1995; Peters et al., 1995) (also
see below), further demonstrating thelack of proper somite
formation and maturation. (Note: whether down-regulation
of Pax-1 expression is a direct consequence of inhibited
Paraxis expression or an indirect consequence of somite
dysmorphogenesis, isan intriguing possibility that remains



to be elucidated.) In addition, direct injection of Paraxis
specific antisense oligonucleotide into one side of the
segmental plate produces anomalies consistent with those
observed in topically treated embryos, though markedly
more discrete. Specifically, such treatment consistently
resultsin a discrete fusion between adjacent somites. The
site of somite fusion isaways located on the injected side
of the embryo, and correlates with somites which have
formed from cellslocated in thevicinity of theinjection site
at the time of injection. Thus, both types of Paraxis
antisense treatment lead to observable somitic anomalies
that correlate spatially and/or temporally with thetreatment,
suggesting that the specific perturbation of Paraxis
expressionis, at least in part, involved in the emergence of
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Figure2. Expression of Paraxisina6-somite
stage chick embryo |l ocalized by whole-mount
in situ hybridization. Paraxis expression,
detected by an alkaline phosphatase
catalyzed color reaction, isseenintherostral
aspect of the segmental plate (sp), where
somitomeres (sr) areformed. Newly formed
somites (sm) express Paraxis, but as they
mature, gene expression level decreases. This
pattern of expression suggests that Paraxis
islikely to be involved in the segmentation
of the paraxial mesoderm and the initial
formation of the somites. nt: neural tube.

Figure 3. Expression of Pax-1inal6-somite
stage chick embryo | ocalized by whole-mount
insitu hybridization. Pax-1 expressionisnot
seen in the somitomeres (sr) nor the
segmental plate (sp), and isfirst detected in
the caudal, second to third most nascent
somites (sm). As somites mature, Pax-1
expression becomes more medioventrally
localized and eventually becomes concen-
trated in the caudal aspect of the sclerotome
(seeBarneset al., 19964). nt: neural tube.

these anomalies.

The results of our antisense experiments are con-
sistent with the phenotype of the recently reported Paraxis
null mouse (Burgesset al., 1996), inwhich epithelia somite
formation is not detectable, suggesting a disruption of
normal somite formation. However, a segmental pattern
withintheloosely arranged mesenchymal cellsof the somitic
mesoderm is seen, reminiscent of that in wild-typeembryos;
these embryos are also born with a segmented skeletal
structure including vertebrae and rib, albeit characterized
by a number of patterning defects.

That Paraxisexpressioniscrucia for normal somito-
genesis naturally begs the experimental question of what
regulates Paraxis expression. This is an area of current
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interest in anumber of laboratories. Sosic et al. (1997) have
recently reported that ectoderm- and neural tube-derived
signasareinvolvedin theregulation of Paraxisexpression.
These investigators described two phases of Paraxis
expression in the paraxial mesoderm: (1) an early phase
which is dependent on signals from the ectoderm and
independent of the neural tube; and (2) alater phasethat is
supported by redundant signals from the ectoderm and
neural tube. Interestingly, GarciaMartinez et al. (1997)
recently reported a high degree of plasticity in cells of the
late gastrula/early neural stage chick embryo. For example,
grafts from the prospective neural plate ectoderm could
readily substitute for regions of prospective mesoderm,
when transplanted to the epiblast or primitive streak,
undergoing an epithelial-mesenchymal transition and, where
appropriate, expressing Paraxis. Thus, at this stage of
development, germ-layer specific properties are not
irrevocably fixed for prospective ectodermal and
mesodermal regions, and inductive signals must still be
present and available. Characterizing and identifying such
signals are clearly future goals for a molecular
understanding of somitogenesis.

Pax-1 Another recently identified gene which has
been implicated in axial somitic and skeletal patterning is
Pax-1, amember of the Pax genefamily, which arevertebrate
homologs of the Drosophila pair-rule genes and contain a
highly conserved sequence known as the paired box
(Mansouri et al., 1996). Analysis of a mouse skeletal
patterning mutant, undulated, which has a phenotype of
kinky tail and fused or asymmetric vertebrae, mapped the
mutation to the Pax-1 gene allelewith asingle base change
in the paired box sequence (Balling et al., 1988; Dietrich
and Gruss, 1995). Recent work from thisauthor’slaboratory
has further elucidated the functional importance of Pax-1
in somite development (Barnes et al., 1996a,b; Love and
Tuan, 1993; Smith and Tuan, 1995). Asshownin Figure 3,
in the early chick embryo, Pax-1 gene expression is seen
evenly distributed in the somites as soon as epithelializa-
tion begins. Upon differentiation of the somite, Pax-1
expression appears to be associated primarily with the
mesenchymal sclerotome, even asthey migrate ventromedi-
ally towardsthe notochord. Specifically, expression appears
to be preferentially found in the caudal aspect, the con-
densing half, of the sclerotome. This spatiotemporal pro-
file of Pax-1 gene expression strongly suggestsafunctional
involvement in the maintenance of somitic segmentation,
and/or the subsequent differentiation of the sclerotomal
cells into precartilage cells of the prevertebrae. Upon
disruption of gene expression using Pax-1 antisense
oligonucleotides, anumber of somitic anomalies are seen,
including fused somites, scrambling of aggregates of the
somitic mesoderm, and shortened body axis (Barneset al.,
1996b; Smith and Tuan, 1995). It should be pointed out

that the patterns of somite dysmorphogenesis produced
by Paraxis and Pax-1 antisense treatments are related but
not identical. Specifically, Paraxis down-regulation
primarily results in poor condensation (and perhaps
epithelialization) of the paraxial mesoderm during somito-
genesis, whereas Pax-1 down-regulation is accompanied
by abreakdown of the segmented structures of the somites,
with subsequent compromised sclerotomal development.
The phenotype of the Pax-1 antisense-treated embryos are
thus consistent with that of the undulated mouse embryo,
i.e., asymmetric vertebrae, hemivertebrae, fused vertebrae,
andkinky tail (Ballingetal., 1988; Dietrich and Gruss, 1995).
Finally, it is important to note that Paraxis expression is
highest in the segmental plate, the precursor of the somites,
and isattenuated asthe somites develop and mature (Barnes
etal., 1997, Burgesset al., 1995). Ontheother hand, Pax-1
geneexpression issomite-specific, and shiftsto an exclusive
association with the sclerotome as the somite develops. It
isthus reasonableto speculate that Paraxis actsasan early
regulatory gene in paraxial mesoderm development,
apparently involved in its segmentation process, whereas
Pax-1 islikely to be a crucia gene in the maintenance of
the somite boundaries, and Pax-1 specifiesthe precartilage
pathway for the sclerotomal cells. Since both Paraxisand
Pax-1areintracellular, candidate DNA-binding transcription
regulators, the interesting question is: what are the target
genes whose expression is regulated by these patterning
genes? In order to establish patterns and set up bounda
ries, distinct cellular or matrix components must participate
in an interactive manner to functionally expressthis spatio-
temporal information. The extensive information on skel-
etal cell biology clearly pointsto cell-cell and cell-matrix
interactions as prime regulatory steps in patterning skele-
tal architecture. It is thus tempting to speculate that, in
vertebrates, these patterning genes act by regulating the
expression of gene related to these activities, i.e., cell
adhesion and extracellular matrix genes. Thisisamost excit-
ing areathat awaits further analysis.
Limb patterning

Thedevel oping limb represents another morphogen-
etic system where pattern formation is under stringent
regulation. As stated above, the precartilage mesenchyme
of thelimb bud arederived from thelateral plate mesoderm.
While these mesodermal cells eventualy give rise to the
chondrocytesof the cartilage anlage, they arealso inductive
such that the overlying ectoderm is stimulated to produce
a structure known as the apical ectodermal ridge (AER),
located at the junction of the future dorsal and ventral
ectoderm (Saunders, 1948; Todt and Fallon, 1984). Elegant
surgical and transplant manipulations by Saunders and co-
workers (Saunders, 1948; Saunders and Gasseling, 1968)
clearly showed that the AER is needed for the sustained
outgrowth of the embryonic limb, and is responsible for



specifying the proximal-distal positional information. The
target cell population for theAER signalling, which hasbeen
shown to be mediated by members of the fibroblast growth
factorsfamily (FGF-2, FGF-4 and FGF-8), arethoseresiding
underneaththe AER, within aregion known asthe progress
zone (Crossley and Martin, 1995; Fallon et al., 1994,
Niswander and Martin, 1992, 1993). These growth factors
are able to maintain limb outgrowth when the AER is
surgically removed.

Another region of thelimb bud which specifiesposi-
tional informationisthe zone of polarizing activity (ZPA), a
small block of mesodermal tissue near the posterior junction
of the young limb bud and the body wall, which is
responsiblefor anterior-posterior information (Saundersand
Gasseling, 1968; Summerbell, 1979; Tickle et al., 1975).
Experimental transplantation of the ZPA to a position on
the anterior side of another limb bud produces a mirror-
image doubling of the digits. While retinoic acid may be
involved in mediating part of the anterior-posterior signaling
(Eichele, 1989), current studies have clearly implicated a
secreted protein, sonic hedgehog (shh), as an important
signaling moleculeof theZPA (Riddleet al., 1993). Shhisa
member of the hedgehog gene family, first discovered in
Drosophila (Hammerschmidt et al., 1997). The various
hedgehog proteins consist of asignal peptide, with ahighly
conserved N-terminal region, and more divergent C-termi-
nal domain. Hedgehog precursor proteins undergo an in-
ternal autoproteolytic cleavage to generate a 19 kDa
N-terminal peptide and aC-terminal peptide of 26-28 kDa.
The N-terminal peptide associates tightly with the cell
surface, whilethe C-terminal peptideisfredy diffusible. The
N-terminal peptide appearsto be responsible for the short-
and long-range hedgehog signaling activitiesin Drosophila
and vertebrates, and itstethering to the cell surface, recently
discovered to be mediated via a covalent linkage to
membrane cholesterol moieties (Porter et al., 1996), allows
the build-up of a high concentration of the peptide on the
hedgehog producing cells. Whether shh functions to
transduce signal via specific cell surface receptors, such
as patched, remains to be established.

Finally, dorsoventral patterning of thelimb, charac-
terized by the precise positioning of the AER at the dor-
soventral boundary has recently been shown to require the
coordinated expression of anumber of novel genes (Laufer
etal., 1997; Rodriguez-Esteban et al ., 1997). Radical fringe
(r-fng), avertebrate homolog of the Drosophila fringe (fng)
gene, is expressed in arestricted manner in the limb bud:
r-fng is expressed in the dorsal ectoderm before the AER
appears, and is repressed by Engrailed-1, which is
expressed in the ventral ectoderm. Misexpression of these
genes indicates that a ridge is formed wherever thereis a
boundary between cells expressing and not expressing
r-fng. This pattern of regulation isthusvery similar to the
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establishment of the margin cells at the Drosophila wing
dorsoventral border by fng (Kimet al., 1995). Theparallel
between Drosophila and vertebrateisfurther illustrated by
the expression pattern of vertebrate homologs of
downstream genes in the fng pathway; of these, Serrate
and Notch arefound to be exclusively expressed at the AER
(Laufer et al., 1997; Rodriguez-Esteban, 1997). These
exciting new findings point to the developing limb bud asa
fertile ground for investigating the basic regulatory
mechanisms of pattern formation, as well as providing a
highly accessible system for studying skeletogenesis.

It should be noted that axial and appendicular skel-
etal patterning arelikely to share common regulatory mech-
anisms, particularly in view of the dysmorphogenetic
phenotypes associated with gain/loss of function
perturbations of the various Hox gene family members.
Based on the spatiotemporal specificity of the expression
of Hox genes, various mechanistic models have been
advanced to account for the patterning of the axial and
appendicular skeleton (see reviews by Favier and Dolle,
1997; Kuratani et al., 1997).

Differentiation of Mesenchymal Cells
Limb chondrogenesis

The chondrogenic differentiation of limb bud mesen-
chymal cellsisconveniently and faithfully reproducedina
popular in vitro culture system, known as the high density
micromass culture (Ahrens et al., 1977). This system
involves the isolation and culturing of embryonic limb
mesenchyme in a high density droplet to mimic the high
cell density found in the condensing mesenchyme of the
developing limb bud in vivo (San Antonio and Tuan, 1986).
In this system, chondrogenesis is recapitulated, and may
be qualitatively and quantitatively assessed by several
methods, including the direct counting of cartilage nodules,
theincorporation of radioactive sulfateinto the extracellular
matrix, and the expression of cartilage-specific genes (San
Antonio et al., 1992; San Antonio and Tuan, 1986; Tuan,
1991). In asimilar manner, craniofacial mesenchyme has
also been studied using the micromass culture system
(Langille, 1994).

Asstated earlier, acrucia step inlimb mesenchymal
chondrogenesis is the pre-chondrogenic event of cellular
condensation. Theincreased cell-cell interaction asaresult
of condensation is presumably involved in initiating or
propagating sometype of signal transductionto initiate the
chondrogenic differentiation pathway. A number of recent
findings have provided clues as to the mechanisms
responsiblefor cellular condensation (seereview by Hickok
etal.,1998). Two highly specific, homotypic cell adhesion
molecules, N-cadherin (Oberlender and Tuan, 1994) and
N-CAM (Wid€litz et al., 1993), have been implicated in
cellular condensation. Both molecules are expressed in
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condensing mesenchyme, then disappear from theforming
cartilage, and are later detected only in the perichondrial
layer. A similar pattern is observed in micromass cultures
of limb mesenchyme. This distribution pattern strongly
suggests that these molecules are involved in mediating
the cellular condensation step that gives rise to the initial
precartilage core, and subsequently, in the continuing
recruitment of additional chondrogenic cells into the
growing cartilage. In support of this hypothesis, it is
observed (Oberlender and Tuan, 1994) that treatment of limb
mesenchyme micromass cultureswith aneutralizing mono-
clond antibody to chicken N-cadherin (NCD-2) significantly
inhibits cellular condensation and chondrogenesisin vitro,
the effect being most prominent during the first day of
culture, corresponding to the initial formation of cell
aggregates. Most interestingly, NCD-2 injection into the
developing limb bud in vivo at the stage of cellular
condensation also results in significant inhibition of
chondrogenesis and developmental delays, gross develop-
mental deformities, and perturbation of overall pattern
formation. Thus, cellular condensation of precartilage
mesenchyme is crucially dependent on N-cadherin medi-
ated cell-cell interaction. In recent studies, using chicken
limb mesenchyme (Tyndall and Tuan, 1994, 1996; Woodward
and Tuan, 1999) aswell asamurine mesenchymal cell line,
C3H10T1/2, which undergoes chondrogenesis when
cultured as high density micromass and treated with TGF-
131 or bone morphogenetic protein (BMP)-2 (Denker et al.,
1995a,b, 1998; Haasand Tuan, 1996, 1998), enhanced N-cad-
herin expression has been shown to be one of the earliest
responses to the chondroinductive effect of these growth
factors.

In addition to cell-cell interactions, cell-matrix inter-
actions are also likely to play important functional rolesin
cellular condensation during mesenchymal chondrogene-
sis. Oneextracellular matrix component implicated in this
pathway isfibronectin (Newman et al., 1987). It has been
shown that fibronectin is expressed in the condensing
mesenchyme of the limb bud, and may function to mediate
a matrix-driven translocation of mesenchymal cells to
produce pattern-specific condensation. Immunoblocking
experiments suggest that the N-terminal domain of
fibronectin is required for the event. Recent studies
(Bennett et al., 1991; Gehriset al., 1996) have shown that
aternative splicing of fibronectin mRNA takesplaceinthe
mesenchymal cell during the condensational transition to
cartilage, and that theisoform containing exon I11A (FN-A)
is expressed only at condensation and disappears once
chondrogenesis begins, suggesting that some type of cell-
matrix interactionsinvolving FN-A may beimportant for this
event. Thisisin fact confirmed by the recent observation
that treatment of limb mesenchymeinvivoand invitrowith
spliced variant specific antibodies perturbs mesenchymal
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chondrogenesis (Gehris et al., 1997). Another major
cartilage matrix molecule which undergoes alternative
splicing during the condensation phase of chondrogenesis
iscollagen typell: type llA isfound in chondroprogenitor
cells, and type 1B is found in differentiated cartilage
(Oganesian et al., 1996). Recent studies (Zhu et al., 1997)
have strongly suggested a functional role for the collagen
type IIA amino-propeptide in chondrogenesis, perhapsin
the establishment of morphogen gradients via its binding
to chondroinductive factors.

Recent advancesin molecular geneticshave greatly
facilitated the identification of genes involved in either
cellular condensation or cell differentiation by theanalysis
of the genetic basis of various skeletal diseases, aswell as
the characterization of skeletal phenotypesof animal models
harboring exogenous copies or deleted/ mutated forms of
the candidate genes. A partial list of these genes include
Hoxd-11, Hoxd-13, Pax-1, Pax-9, Pax-3, G1i3, Bmp5, Gdf5,
and Sox9 (seereview by Mundlos and Olsen, 1997).
Calvarial mesenchymal differentiation

Embryonic calvarial cells are one of the most com-
mon cell types used in studying bone cell devel opment and
biological activities (Wong and Cohn, 1974). The calvarial
cells are usually derived from either rodents or avian
embryos, and are able to give rise to distinct bone nodules
in vitro that mineralize and express bone specific markers,
including extracel lular matrix proteins such as osteocalcin,
etc. These cells are also characterized by high levels of
alkaline phosphatase, and responsiveness to parathyroid
hormone (Wong and Cohn, 1974). On the basis of studies
using embryonic calvarial cells, it has been proposed that
thereareat least six stages of osteoblast differentiation, each
characterized by the expression of specific molecular mark-
ers(Bruder and Caplan, 1990).

Asdtated earlier, athough intramembranous bones,
such as the calvarium, are characterized by the direct dif-
ferentiation of mesenchymal cells into osteablasts, there
are conditions under which cartilage, either transient or
permanent, appears. Isthiscartilage aresult of exogenous
cells being recruited to the sites, or is it a product of
differentiation of the endogenous mesenchymal cells?
Recent studies from this investigator’s laboratory have
provided clear evidencethat the embryonic calvariacontain
cells with chondrogenic potential. It has been previously
shown that, when chick embryos are maintained in long-
term shell-less culture to produce ahighly calcium deficient
state, their calvarial bones begin to show sites of
chondrification, and cells of distinct chondrocytic
phenotype are detected (Jacenko and Tuan, 1986;
McDonald and Tuan, 1989; Tuan and Lynch, 1983). When
the embryonic calvariumisremoved from the embryo, and
explanted as atissue graft on the chorioallantoic membrane
of a calcium-deficient, shell-less embryo, it is found that



Figure4. PNA binding to precartilage mesenchymein the
developing chick embryonic limb bud. A cryosection of
Hamburger-Hamilton Stage 23/24 chick embryonic limb bud
isstained with fluorescein-labeled PNA, and visualized by
epifluorescence microscopy. PNA binding is clearly
localized to the precartilage core of the limb bud, and
appearsto configure the emergence of the cartilage anlage.
Thedistal aspect of thelimb bud islocated at the top of the
micrograph. Photowidth=1.2mm.

such cartilaginous regions appear in the grafted tissue,
suggesting that the cells responsible for this altered
phenotype are likely to be of endogenous origin (Jacenko
etal., 1995; Jacenko and Tuan, 1995). Further confirmation
of this hypothesis is obtained from analysis of various
populations of enzymatically dissociated calvarial cells
fractionated by density gradient centrifugation (Wong and
Tuan, 1995). Upon micromass culturein vitro, arelatively
moredense population of calvarial cells(Fraction F, specific
gravity = 1.055-1.060) consistently exhibit chondrocytic
characteristics, including Alcian blue staining, increased
sulfateincorporation, and expression of collagentypell and
aggrecan. Interestingly, the chondrogenic activity of Frac-
tion F cells is significantly suppressed when they are co-
cultured as side-by-side micromasses with the non-chon-
drogenic, lower density fractions. This finding clearly
indicates that the embryonic calvarium contains chondro-
progenitor cells, whose ability to differentiate into chon-
drocytes is stringently regulated by their interaction with
the more predominant osteoprogenitor cells. The presence
of this chondroprogenitor cell population is further
confirmed by our most recent affinity fractionation study
of calvaria cells (Stringa and Tuan, 1996). The ability to
bind the lectin, peanut agglutinin (PNA), has been shown
asahallmark of chondroprogenitor cellsin multiple systems
(Hall and Miyake, 1992), including the condensing core of
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the embryonic limb bud (Aulthouse and Solursh, 1987;
Milaire, 1991; Zimmermann and Thies, 1984; seeFig. 4) and
the caudal region of the somitic sclerotome (Bagnall and
Sanders, 1989; Stern et al., 1986). When dissociated
calvarial cells are fractionated by PNA affinity
chromatography, the PNA-binding cells exhibit the ability
to undergo chondrogenesis when maintained as high
density micromass cultures, with the expression of collagen
type Il and aggrecan. The PNA-binding cells represent a
minor population (about 5%) of total calvarial cells. PNA
recognizes the disaccharide [Gal(31,3)GalNac], and its
binding to precartilage cells has been suggested to be of
extracellular nature or matrix nature (Aulthouse and Solursh,
1987). Theidentity of the componentsin the precartilage
recognized by PNA is not known, athough some charac-
terization of candidate moleculesin the sclerotome hasbeen
reported (Davieset al., 1990). Interestingly, it is reported
that in keratinocytes, the PNA binding moiety isCD44, the
cell surface hyaluronan receptor (Hudson et al., 1995). A
number of studies have clearly indicated that regulation of
hyaluronan-CD44 interaction is crucial in mesenchymal
cellular condensation (Knudson, 1993). Finaly, it is
interesting to speculate whether PNA binding mimics the
action of endogenous animal lectins, arecently identified
class of proteins thought to be functionally important in
animal development (Zalik, 1991). Among theanimal lectins,
galectins, or S-type lectins, have been shown to be
expressed during the development of the notochord, and
bone and skin (Fowlish et al., 1995). Hypotheticaly, the
PNA-binding moieties of chondroprogenitor cells may be
capable of interacting with an animal lectin type molecule,
aswell asother adhesion molecules, and functioningin vivo
in the proper, normal development of the cranial vault. In
addition, this interaction may be regulated under stress
conditions, such as healing and repair or severe systemic
calcium deficiency, in the recruitment of multipotent mesen-
chymal cells, and their activation and differentiation,
eventually giving rise to new tissue.

Taken together, the observations summarized above
clearly indicate that the endochondral and intramembran-
ous ossification pathways, although involving apparently
different cell lineages and cellular sequencesin giving rise
to the bony phenotype, are neverthelessrelated in terms of
the differentiation potential of the endogenous cells.
Osteogenesis versus chondrogenesis is therefore a
differentiation phenomenon that is stringently regulated as
afunction of cell origin, cell-cell interactions, cell-matrix
interactions, and signaling by growth and differentiation
factors, aswell as systemic influences, all in the context of
morphogenetic control by patterning genes, to develop into
the three-dimensional skeletal structures and tissues.



Skeletal devel opment

Acknowledgements

The author gratefully acknowledges past and pres-
ent members of the Jefferson Orthopaedic Research Labor-
atory in contributing to various aspects of the work sum-
marized in thisreview, the NIH and Orthopaedic Research
and Education Foundation for funding support, and Lynn
Stierlefor excellent assistancein preparing the manuscript.

References

AhrensPB, Solursh M, Reiter R (1977) Stage-related
capacity for limb chondrogenesisin cell culture. Develop.
Biol. 60: 69-72.

AoyamaH (1993) Developmental plasticity of the
prospective dermatome and the prospective sclerotome
region of an avian somite. Devel. Growth Differ. 35: 507-
519.

Aoyama H, Asamoto K (1988) Determination of
somite cells: Independence of cell differentiation and
morphogenesis. Development 104: 15-28.

AulthouseAL, Solursh M (1987) The detection of a
precartilage, blastema specific marker. Develop. Biol. 120:
377-334.

Bagnall KM, Sanders EF (1989) The binding pattern
of peanut lectin associated with sclerotome migration and
theformation of thevertebral axisin the chick embryo. Anat.
Embryal. 180: 504-513.

Balling R, Deutsch U, Gruss P (1988) Undulated, a
mutation affecting the devel opment of the mouse skeleton,
has a point mutation in the paired box of the Pax-1 gene.
Cedll 55: 531-535.

BarnesGL, Hsu CW, Mariani BD, Tuan RS (1996a)
Chicken Pax-1 gene: Structure and expression during
embryonic somite development. Differentiation 61: 13-23.

BarnesGL, Mariani, BD, Tuan RS (1996b) Valproic
acid-induced somite teratogenesis in the chick embryo:
Rel ati onship with Pax-1 gene expression. Teratology 54: 93-
102.

BarnesGL, Alexander PG Hsu CW, Mariani BD, Tuan
RS (1997) Cloning and characterization of chicken Paraxis:
A regulator of paraxial mesoderm development and somite
formation. Develop. Biol. 189: 95-111.

Bee J, Thorogood P (1980) Therole of tissueinter-
actions in the skeletogenic differentiation of avian neural
crest cells. Develop. Biol. 78: 47-62.

BellairsR (1979) The mechanism of somite segmen-
tation in the chick embryo. J. Embryol. Expt. Morphol. 51:
227-243.

BellairsR, Veini M (1980) An experimental analysis
of somite segmentation in the chick embryo. J. Embryol.
Expt. Morphol. 55: 93-108.

13

Bennett VD, Pallante KM, Adams SL (1991) The
splicing pattern of fibronectin mRNA changes during
chondrogenesisresulting in an unusual form of the mRNA
incartilage. J. Biol. Chem. 266: 5918-5924.

Blanar MA, Crossey PH, PetersKG, Steingrimsson
E, Copeland NG JenkinsNA, Martin GR, Rutter W.J(1995)
Mesol, a basic helix-loop-helix protein involved in
mammalian presomitic mesoderm devel opment. Proc. Natl.
Acad. Sci. USA 92: 5870-5874.

Brand-Saberi B, Ebensperger C, Wilting J, Balling R,
Christ B (1993) The ventralizing effect of the notochord on
somitedifferentiationin chick embryos. Anat. Embryol. 188:
239-254.

Bruder S, Caplan A (1990) Osteogenic cell lineage
analysisisfacilitated by organ cultures of embryonic chick
periosteum. Develop. Biol. 141: 319-329.

Burgess R, Cserjesi P, Ligon KL, Olson EN (1995)
Paraxis: A basic helix-loop-helix protein expressed in
paraxia mesoderm and devel oping somites. Develop. Biol.
168: 296-306.

BurgessR, RawlsA, Brown D, Bradley A, Olson EN
(1996) Requirement of the Paraxisgenefor somiteformation
and musculoskel etal patterning. Nature 384: 570-573.

Caplan Al, Boyan BD (1994) Endochondral Bone
Formation: The Lineage Cascade. In: Bone, Vol. 8. Hall BK
(ed.). CRC Press, BocaRaton, FL. pp. 1-46.

Chapman DL, Agulnik I, Hancock S, Silver LM,
Papai oannou V E (1996) Thx6, amouse T-Box geneimplicated
in paraxial mesoderm formation at gastrulation. Devel op.
Biol. 180: 534-542.

Cheyney CM, Lash JW (1984) An increase in cell-
cell adhesioninthe chick segmental plateresultsinameristic
pattern. J. Embryo Expt. Morphol. 79: 1-10.

Christ B, Ordahl CP (1995) Early stages of chick
somite development. Anat. Embryol. 191: 381-396.

Conlon RA, ReaumeAG, Rossant J(1995) Notch | is
required for the coordinate segmentation of somites.
Development 121: 1533-1545.

Couly GP, Coltey P, LeDouarin N (1993) Thetriple
origin of theskull inthe higher vertebrates: A study in quail
chick chimeras. Devel opment 117: 409-429.

Crossley PH, Martin GR (1995) The mouse FGF-8
gene encodes afamily of polypeptidesand is expressed in
regions that direct outgrowth and patterning in the
developing embryo. Development 121: 439-451.

DaviesRJ, Cook GMW, Stern CD, KeynesRJ(1990)
I solation from chick somites of aglycoprotein fraction that
causes collapse of dorsal root ganglion growth cones.
Neuron4: 11-20.

Denker AE, HaasAR, Tuan RS (19958) TGF-(31 and
BMP-2 alter cell adhesion to stimulate chondrogenesisin
C34H10T1/2cells. Mol. Bial. Cell 6: 391A.

Denker AE, Nicoll SB, Tuan RS (1995b) Formation



of cartilage-like spheroids by micromass cultures of
C3H10T1/2 cellsupon treatment with transforming growth
factor-B1. Differentiation 59: 25-34.

Denker AE, Haas AR, Nicoll SB, Tuan RS (1998)
Chondrogenic differentiating of murine C3H10T1/2 mul-
tipotential mesenchymal cells: I. Stimulation by bone mor-
phogenesis protein-2 in high density micromass cultures.
Differentiation, in press.

Dietrich S, Gruss P (1995) Undulated phenotypes
suggest arole of Pax-1 for the devel opment of vertebral and
extravertebral structures. Develop. Biol. 167: 529-548.

Duband J-L, Dufour S, Hatta K, Takeichi M, Edel-
man GM (1987) Adhesion molecul esduring somitogenesis
intheavianembryo. J. Cell Biol. 104: 1361-1374.

Ebensperger C, Wilting J, Brand-Saberi B, Mizutani
Y, Christ B, Balling K, Koseki H (1995) Pax-1, aregulator of
sclerotome development isinduced by notochord and floor
plate signalsin avian embryos. Anat. Embryol. 191: 297-
310.

Eichele G (1989) Retinoic acid induces a pattern of
digits in anterior half wing buds that lack the zone of
polarizing activity. Development 107: 863-867.

Eisenberg CA, Gourdie RG, Eisenberg LM (1997)
Whnt-11 isexpressed in early avian mesoderm and required
for the differentiation of the quail mesoderm cell line QCE-
6. Development 124: 525-536.

Fallon JF, LopezA, RosMA, Savage MP, Olwin BB,
Simandl BK (1994) FGF-2: Apical ectodermal ridge growth
signal for chick limb devel opment. Science 264: 104-107.

Favier B, Dolle P (1997) Developmental functionsof
mammalian Hox genes. Mol. Human Reprod. 3: 115-131.

Fowlish D, Colnot C, Ripoche MA, Poirier F (1995)
Galectin-3isexpressed in the notochord, devel oping bones,
and skin of the postimplantations mouse embryo. Develop.
Dynam. 203: 241-251.

GarciaMartinez V, Darnell DK, Lopez-Sanchez C,
Sosic D, Olsen EN, Schoenwolf GC (1997) State of com-
mitment of prospective neural plate and prospective
mesoderm in late gastrula/early neural stages of avian
embryos. Develop. Biol. 181: 102-115.

Gehris AL, Oberlender SA, Shepley KJ, Tuan RS,
Bennett VD (1996) Fibronectin mRNA alternative splicing
istemporally and spatially regulated during chondrogenesis
invivo and invitro. Develop. Dynam. 206: 219-230.

GehrisAL, Stringa E, SpinaJ, Desmond ME, Tuan
RS, Bennett VD (1997) The region encoded by the alter-
natively spliced exon I11A in mesenchymal fibronectin
appearsessential for chondrogenesisat thelevel of cellular
condensation. Develop. Biol. 190: 191-205.

GeorgeEL, Georges-L abouesse EN, Patel-King RS,
Rayburn H, Hynes RO (1993) Defectsin mesoderm, neural
tube and vascular development in mouse embryos lacking
fibronectin. Development 119: 1079-1091.

R.S. Tuan

14

GirgisF, Pritchard J(1958) Experimentd production
of cartilage during the repair of fractures of the skull vault
inrats. J. Bone Joint Surg. 40B: 274-278.

Haas AR, Tuan RS (1996) BMP-2 stimulation of
chondrogenesis in multipotential cells: Modulation of
N-cadherin expressand function. Jeff. Orthop. J. 25: 75-80.

HaasAR, Tuan RS (1998) Chondrogenic differentia-
tion of murine C3H10T1/2 multi potential mesenchymal cells:
I1. Stimulation by BM P-2 requiresmodul ation of N-cadherin
expression and function. Differentiation, in press.

Hall BK (1977) Chondrogenesis of the somitic mes-
oderm. Adv. Anat. Embryoal. Cell Biol. 53: 1-50.

Hall B (1988) The embryonic devel opment of bone.
Sci. Amer. 76: 174-181.

Hall B (1991) Cellular interactions during cartilage
and bone development. J. Craniofac. Genet. Develop. Biol.
11: 238-250.

Hall B, Jacobson H (1975) The repair of fractured
membrane bonein the newly hatched chick. Anat. Rec. 181:
55-69.

Hall B, MiyakeT (1992) The membranous skel eton:
Theroleof cell condensationsin vertebrate skel etogenesis.
Anat. Embryol. 186: 107-124.

Hammerschmidt M, Brook A, McMahon AP (1997)
Theworld according to hedgehog. Tr. Genet. 13: 11-21.

HattaK, Takagi S, Fujisawa H, Takeichi M (1987)
Spatial and temporal pattern of N-cadherin cell adhesion
molecules correlated with morphogentic processes of
chicken embryos. Develop. Biol. 120: 215-227.

Hickok NJ, HaasAR, Tuan RS (1998) Regulation of
chondrocyte differentiation and maturation. Microsc. Res.
Tech. 43: 174-190.

Huang R, Zhi Q, Ordahl CP, Christ B (1997) Thefate
of thefirst avian somite. Anat. Embryol. 195: 435-449.

Hudson DL, Sleeman J, Watt FM (1995) CD44 isthe
major peanut lectin-binding glycoprotein of human epi-
dermal keratincocytes and plays a role in intercellular
adhesion. J. Cell Sci. 198: 1959-1970.

Jacenko O, Tuan R (1986) Cal cium deficiency induces
expression of cartilage-like phenotypein chick embryonic
cavaria. Develop. Biol. 115: 215-232.

Jacenko O, Tuan RS (1995) Chondrogenic potential
of chick embryonic calvaria. |. Low calcium permitscartilage
differentiation. Develop. Dynam. 202: 13-26.

Jacenko O, San Antonio JD, Tuan RS (1995) Chon-
drogenic potential of chick embryonic calvaria. I1. Matrix
calcium may repress cartilage differentiation. Develop.
Dynam. 202: 27-41.

Jacobson AG (1988) Somitomeres: Mesodermal seg-
ments of vertebrate embryos. Devel opment 104: 209-220.

Kenney-Mobbs T, Thorogood P (1987) Anatomy of
differentiation in avian brachial somites and the influence
of adjacent tissues. Development 100: 449-462.



Skeletal devel opment

KeynesR, Stern C (1988) Mechanisms of vertebrate
segmentation. Development 103: 413-429.

KimJ, IrvineKD, Carroll SB (1995) Cdll recognition,
signal induction, and symmetrical gene activation at the
dorsal-ventral boundary of the developing Drosophila
wing. Cell 82: 795-802.

KnezevicV, DeSanto R, Mackem S(1997) Two novel
chick T-box genesrelated to mouse Brachyury are expressed
in different, non-overlapping mesodermal domains during
gastrulation. Development 124: 411-419.

Knudson CB (1993) Hyaluronan receptor-directed
assembly chondrocyte pericellular matrix. J. Cell Biol. 120:
825-834.

Kuratani S, Matsuo |, Aizawa S (1997) Developmen-
tal patterning and evolution of the mammalian viscero-
cranium: Genetic insights into comparative morphol ogy.
Devel. Dynam. 209: 139-155.

Langille RM (1994) Differentiation of craniofacial
mesenchyme. In: Bone, Vol. 9. Hal BK (ed.). CRC Press, Boca
Raton, FL. pp. 1-64.

Lash J, Seitz A, Cheney C, Ostrovsky D (1984) On
the role of fibronectin during the compaction stage of
somitogenesisin thechick embryo. J. Expt. Zool. 232: 197-
206.

Lash J, Linask K, YamadaK (1987) Synthetic pep-
tides that mimic the adhesive recognition signal of fibro-
nectin: Differential effectson cell-cell and cell-substratum
adhesionin embryonic chick cells. Develop. Biol. 123: 411-
420.

Laufer E, Dahn R, Orozco OE, Yeo C-Y, Pisenti J,
Henriques D, Abbott UK, Fallon JF, Tabin C (1997) Ex-
pression of radical fringe in limb-bud ectoderm regulates
apical ectodermal ridgeformation. Nature 386: 366-373.

LoveJ, Tuan RS(1993) Pair-ruletype geneexpression
inthe devel oping avian embryo. Differentiation 54: 73-83.

Mansouri A, Hallonet M, Gruss P (1996) Pax genes
andtheir rolesin cell differentiation and development. Curr.
Opin. Cdl Bial. 8: 851-857.

McDonald S, Tuan R (1989) Expression of collagen
type transcripts in chick embryonic bone detected by in
situ cDNA-mRNA hybridization. Develop. Biol. 133: 221-
234,

Meier S (1979) Development of the chick embryo
mesoblast. Formation of the embryonic axis and establish-
ment of the metameric pattern. Develop. Biol. 73: 24-45.

Meier S(1984) Somiteformation anditsrelationship
to metameric patterning of the mesoderm. Cell Different. 14:
235-243.

Milaire J (1991) Lectin binding sitesin developing
mouse limb buds. Anat. Embryol. 184: 479-488.

Mundlos S, Olsen BR (1997) Heritable diseases of
the skeleton. Part 1: Molecular insights into skeletal
devel opment-transcription factors and signaling pathways.

15

FASEB J2: 125-132.

Newman S (1986) Devel oping systems: Lineage and
pattern in the devel oping vertebrate limb. Trends Genet. 4:
329-332.

Newman S, Frenz D, HasegawaE, Akiyama S (1987)
Matrix-driven transl ocation: Dependence on interaction of
amino-terminal domain of fibronectin with heparin-like
surface components of cells or particles. Proc. Natl. Acad.
Sci. USA 84: 4791-4795.

Niswander L, Martin GR (1992) FGF-4 expresson dur-
ing gastrulation, myogenesis, limb and tooth devel opment
inthe mouse. Development 114: 755-768.

Niswander L, Martin G (1993) FGF-4 and BMP-2 have
opposite effectson limb growth. Nature 361: 68-71.

Noden D (1988) Interactions and fates of avian
craniofacial mesenchyme. Development 103: 121-140.

Oberlender SA, Tuan RS (1994) Expression and func-
tional involvement of N-cadherin in embryonic limb
chondrogenesis. Development 120: 177-187.

OganesianA, Zhu Y, Sandell LJ(1996) Localization
of type IlA procollagen during chondrogenesis. Ann. NY
Acad. Sci. 785: 311-313.

Ordahl C (1993) Myogenic lineages within the de-
veloping somite. In: Molecular Basis of Morphogenesis.
Bernfidd M (ed.). Wiley-Liss, NY. pp. 165-176.

Packard DS, Jacobson AG (1976) The influence of
axial structures on chick somite formation. Develop. Biol.
53: 36-48.

Papaioannou VE (1997) T-box family reunion. Tr.
Genet. 13: 212-213.

Peters H, Doll U, Niessing J (1995) Differential
expression of the chicken Pax-1 and Pax-9 gene: In situ
hybridization and immunohistochemical analysis. Develop.
Dynam. 203: 1-16.

Porter JA, Young KE, Beachy PA (1996) Cholesterol
modification of hedgehog signaling proteins in animal
development. Science 274: 255-259.

Pourgie O, Coltey M, Teillet M-A, Ordahl CP, Le
Douarin N (1993) Control of dorsoventral patterning of
somitic derivatives by notochord and floorplate. Proc. Natl.
Acad. Sci. USA 90: 5242-5246.

QuertermousEE, Hidai H, Blanar MA, Quertermous
T (1994) Cloning and characterization of abasic helix-loop-
helix protein expressed in early mesoderm and devel oping
somites. Proc. Natl. Acad. Sci., USA 91: 7066-7070.

Radice G, Rayburn H, Matsunami H, Knudsen K,
Takeichi M, HynesR (1997) Developmentd defectsin mouse
embryoslacking N-cadherin. Develop. Biol. 181: 64-78.

Riddle RD, Johnson RL, Laufer E, Tabin C (1993)
Sonic hedgehog mediatesthe polarizing activity of the ZPA.
Cdl 75: 1401-1416.

Rodriguez-Esteban C, Schwabe IWWR, Del_aPenaJ,
Foys B, Eshelman B, Belmonte JCI. (1997) Radical fringe



positions the apical ectodermal ridge at the dorsoventral
boundary of the vertebratelimb. Nature 386: 360-366.

San Antonio J, Tuan RS (1986) Chondrogenesis of
limb bud mesenchymeinvitro. Develop. Biol. 115: 313-324.

SanAntonio J, Jacenko O, Yagami M, Tuan RS (1992)
Polyionic regulation of cartilage devel opment: Promotion
of chondrogenesis in vitro by polysine associated with
atered glycosaminoglycan biosynthesis and distribution.
Develop. Biol. 152; 323-335.

Saunders W, Gassdling M T (1968) Ectodermal-mes-
odermal interactions in the origin of limb symmetry. In:
Epithelial-Mesenchymal Interactions. Fleischmajer R,
Billingham RE (eds.). Williamsand Wilkins, Baltimore, MD.
pp. 78-97.

Saunders JWJ (1948) The proximo-distal sequence
of the origin of the parts of the chick wing and the role of
theectoderm. J. Exp. Zool. 108: 363-404.

Smith CA, Tuan RS (1995) Functional involvement
of Pax-1in somite development: Somite dysmorphogenesis
in chick embryos treated with Pax-1 paired-box antisense
oligodeoxynucleotide. Teratology 52: 333-345.

Solursh M, Singley C, Reiter R (1981) Theinfluence
of epithelia on cartilage and loose connective tissue
formation by limb mesenchyme cultures. Develop. Biol. 86:
471-481.

Sosic D, Brand-Saberi B, Schmidt C, Christ B, Olson
EN (1997) Regulation of Paraxis expression and somite
formation by ectoderm- and neural tube-derived signals.
Develop. Biol. 185: 229-243.

Stern CD, Sisodiya SM, Keynes RJ (1986) Inter-
actions between neurites and somite cells: Inhibition and
stimulation of nerve growthin the chick embryo. J. Embryol.
Exp. Morphoal. 91: 209-226

Stringa E, Tuan RS (1996) Chondrogenic cell sub-
population of chick embryonic calvarium: Isolation by
peanut agglutinin affinity chromatography and in vitro
characterization. Anat. Embryol. 194: 427-437.

Summerbell D (1979) Thezone of polarizing activity:
Evidencefor arolein abnormal chick limb morphogenesis.
J. Embryol. Exp. Morphol. 50: 217-233.

Tam PPL, Beddington RSP (1987) The formation of
mesodermal tissues in the mouse embryo during gastrula-
tion and early organogenesis. Devel opment 99: 109-126.

Tam PPL, Trainor PA (1994) Specification and seg-
mentation of the paraxial mesoderm. Anat. Embryol. 189:
275-305.

Thorogood P, Hinchliffe J(1975) An analysisof the
condensation process during chondrogenesis in the em-
bryonic chick hindlimb. J. Embryol. Exptl. Morphoal. 33: 581-
606.

Thorogood P, Bee J, von der Mark K (1986) Tran-
sient expression of collagen type Il at epithelio-mes-
enchymal interfaces during morphogenesis of the carti-

R.S. Tuan

16

laginous neurocranium. Develop. Biol. 116: 494-509.

Tickle C, Summerbell D, Wolpert L (1975) Positional
signaling and specification of digits in chick limb
morphogenesis. Nature 254: 199-202.

Todt W, Fallon JF (1984) Devel opment of the apical
ectodermal ridge in the chick wing bud. J. Embryol. Exp.
Morphoal. 80: 21-41.

Tuan R (1991) lonic regulation of chondrogenesis.
In: Cartilage: Molecular Aspects. Hall B, Newman S (eds.).
CRC Press, BocaRaton, FL. pp. 153-178.

Tuan R, Lynch MH (1983) Effect of experimentally
induced calcium deficiency on the developmental ex-
pression of collagen types in chick embryonic skeleton.
Develop. Biol. 100: 374-386.

Tyler M (1978) Epithelial influences on membrane
boneformation in the maxillaof the embryonic chick. Anat.
Rec. 192: 225-234.

Tyler M, Hall B (1977) Epithelial influenceson skel-
etogenesis in the mandible of the embryonic chick. Anat.
Rec. 188: 229-240.

Tyler M, McCobb D (1981) Tissueinteractions pro-
moting osteogenesis in chorioallantoic-grown explants of
secondary palatal shelves of the embryonic chick. Arch.
Ordl. Biol. 26: 585-590.

Tyndall WA, Tuan RS (1994) | nvolvement of N-cad-
herin mediated cell adhesionin TGF-31-BMP-2 stimulation
of limb mesenchymal chondrogenesis. Mol. Biol. Cell 5:
103A (abstract).

Tyndall WA, Tuan RS (1996) Effect of TGF-B1 and
BMP-2 on limb mesenchyme chondrogenesis in vitro:
Modulation of N-cadherin and catenin association. Trans.
Orthop. Res. Soc. 21: 179 (abstract).

Vinkka-Puhakka H, Thedleff | (1993) Initiation of
secondary cartilage in the mandible of the Syrian hamster
in the absence of musclefunction. Arch. Oral. Biol. 38: 49-
4.

Widelitz RB, Jiang TX, Murray BJ, Chuong CM
(1993) Adhesion moleculares in skeletogenesis: I1. Neural
cell adhesion moleculares mediate precartilaginous
mesenchymal condensations and enhance chondrogenesis.
J Céll Physial. 156: 399-411.

Wong G, Cohn D (1974) Separation of parathyroid
hormone and cal citonin-sensitive cellsfrom non-responsive
cells. Nature 252: 713-715.

Wong M, Tuan RS (1995) Interactive cellular modu-
lation of chondrogenic differentiation in vitro by sub-
populations of chick embryonic calvarial cells. Develop.
Biol. 167: 130-147.

Woodward W, Tuan RS (1999) N-Cadherin expres-
sion and signaling in limb mesenchymal chondrogenesis:
Stimulation by poly-L-lysine. Devel. Genet., in press.

Zalik SE (1991) On the possiblerole of endogenous



Skeletal devel opment

lectinsin early animal development. Anat. Embryol. 183:
149-156.

Zhu'Y, Oganesian A, Keene DR, Sandell LJ (1977)
Differential processing of the NH,- and COOH-propeptides
of typell procollagen during chondrogenesis. Trans. Ortho.
Res. Soc. 22: 55 (abstract).

Zimmermann B, ThiesM (1984) Alterationsof lectin
binding during chondrogenesis of mouse limb buds.
Histochemistry 81: 353-361.

Discussion with Reviewers

C.-M. Chuong: Asdiscussed in the paper, Paraxis seems
tobeacritical initial molecular event in somite segmentation.
Given that Paraxis is a transcription factor, can you
elaborate on what factors may set up Paraxis expression?
Author: Thisissueisclearly essential for any mechanistic
study on patterning, i.e., how arethe“regulators’ regulated?
At present, there is no information available on the
molecular basis underlying the regulation of Paraxis
expression. Two recent studies by Sosic et al. (1997) and
GarciaMartinez et al. (1997) have addressed theinfluence
of ectoderm and axial structures, and the plasticity of the
mesodermal cells in terms of Paraxis expression,
respectively. These findings are discussed here, and they
should serve as the basis for future work on elucidating
this fundamental aspect of somite biology.

C.-M. Chuong: Isthelevel of Paraxisexpressionthesame
indifferent size somites of different species, or isthe change
in expression set at the Pax-1 stage when borders are
formed?

Author: Thisisapotentially interesting question, asrelated
to the regulation of Paraxis expression. Currently, we do
not have any information.

M.B. Goldring: Different regulatory factorsand adhesion
proteins are described as associated with the different forms
of skeletogenesis, but it isnot clear which onesare specific
to a particular mechanisms or shared among the different
forms.

Author: Itisprobably too premature to conclude that the
different forms of skeletogenic pathwaysinvolve different
regulatory factorsand adhesion proteins. Infact, most likely
similar playersareinvolved and the*“progenitor cells’ share
common properties. In fact, it islikely that the family of
patterning genesinvolved are also similar, such asthe Hox
genes.

M.B. Goldring: WhileParaxisishighly expressed during
sclerotome formation and then decreases, arelated bHLH
protein, scleraxis, isalso expressed in the sclerotome of the
mouse embryo, aswell asin the limb bud, in mesenchymal
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precursors that give rise to cartilage (Cserjesi et al., 1995)
andin cranial mesenchyme. In contrast to Paraxis, scleraxis
expression is maintained. |Isthere asimilar potential role
for these factorsin the devel oping chick? Could the author
speculate on their potential roles in the craniofacial
intramembranous ossification pathway?

Author: Compared to Paraxis, a“mesoderm patterning”
gene, scleraxismay be best characterized asa“ pre-cartilage’
gene. A recent study by Huang et al. (1997) demonstrates
that the most cranial somite of the chick embryo contributes
to the sclerotomal and dermamyotomal lineagesin amanner
similar to that of the more caudal somites. Interestingly,
scleraxis expression is found in the osteoblastic
osteosarcoma ROS17/2.8 cells and is upregulated by
treatment with TGF-3 (Liu et al., 1996). At present, the
functional relationship between the temporally sequential
expression of Paraxisand scleraxisinthe paraxial mesoderm
isnot known.

C.B. Knudsen: With the new information on the patterned
distribution of Paraxis and Pax-1, isthere any correlation
with markers of therhombomeres of the neural tube? How
dothecranial somitomeres, first described by Meier (1979,
1984), and their correlative patterning with the crania
rhombomeres of the neural tube relate to differentiation
pattern in the craniofacial skeleton?

Author: Both Paraxisand Pax-1 are primarily associated
with the more posterior somites. Paraxis expression is
essentially downregulated once differentiation into
sclerotomal and dermamytomal regions begins. Pax-1is
also concentrated with the condensing sclerotome in the
more posterior somites. A recent study by Huang et al.
(1997) reportson the similar differentiation potential of the
first avian somite, but does not address Pax-1 expression.

0. Jacenko: Isthere any information that Pax-1/ Paraxis
expression may be associated with cell cycle changes?
Have any human mutationsin the Pax-1 and Paraxis genes
been shown to be associated with altered vertebral
patterning?

Author: No information is available on cell cycle asso-
ciation. Inaddition, no known human mutations are known.
Our earlier study on Klippel-Feil Syndrome, a heritable
cervical scoliotic disease, did not show any sequence
mutations in the paired-box domain of the human Pax-1
gene(Smith and Tuan, 1994).

0. Jacenko: Upon Paraxis antisense treatment, what is
thelong-term fate of the mesenchymal cells?

Author: We have not done any long-term studies (i.e., to
incubation Day 8 and beyond). A recent study reported on
the phenotype of the Paraxis knock-out mouse, which
showed failed somite epithelialization (Burgesset al ., 1996).



0. Jacenko: Are cell adhesion proteins, such as N-cad-
herin and N-CAM, expressed in both intramembranous and
endochondral skeletogenic pathways? Is N-cadherin
expression associated with other chondroinductive events,
such as polylysine treatment?

Author: The expression of N-cadherin and N-CAM have
both been shown in skeletogenic mesenchymal con-
densation in the laboratories of this author and Dr. C.-M.
Chuong. In our most recent unpublished study, polylysine
stimulation of limb mesenchymal chondrogenesis is
accompanied by an increase in N-cadherin expression and
aterations in [3-catenin phosphorylation.

0. Jacenko: What is the advantage of the presence of a
small percentage of chondrogenic cells in an intramem-
branous bone, such as the calvaria?

Author: We speculate that such cells may serve as “pro-
genitor cells’ to repair structural defectsin such normally,
non-cartilaginous bones, in that these cells may represent
amoreresponsive cell type.
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