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Fig. 3. Expression of the Pax-3 gene in limbs of control and homozygous Sp embryos. Vibratome sections obtained from whole-mount in situ
embryos. (A-C) Sections at the hind limb level of control embryos; (D-F) sections at the fore limb level of control embryos; (G,H) sections of
homozygous S embryos at the fore limb level. Note that the progressive migration of Pax-3-positive cells in control embryosis completely
absent in the mutant. The corresponding number of somitesiswritten in the lower right corner.

myotome. Unlike Myf-5, it is also expressed in the lateral desmin, it has been suggested previously that the splotch
dermatome, which represents cells that migrate to the limb  mutation affects normal development of skeletal musculature

field where they form muscle. in the limbs (Franz et al., 1993). In order to assess at which

) o ) stage limb muscle development might be impaired by the Pax-
Myogenic determination genes are not expressed in 3 mutation, we performed in situ hybridizations using the
limbs of splotch embryos myogenic bHLH genes Myf-5, MyoD and myogenin as probes.

Based on morphology and the expression of the muscle marker ~ As these genes encode cell-type-specific transcription factors
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Fig. 4. Comparison of Myf-5 and Pax-3 expression in trunk somites and developing limbs of aday 10.5 p.c. wild-type embryo. Adjacent
transverse sections were hybridized with Pax-3 (A,l,C,K) and Myf-5 (B,J,D,L) probes. The |eft panel shows dark-field illuminations under
lower magnification (x250). The middle and right panels present higher magnification (x450) of the limb area under bright- and dark-field
optics, respectively. The two upper rows demonstrate forelimbs, the lower ones hind limbs. Abbreviations: d and v indicate dorsal and ventral
premuscular masses in the forelimb; nt, neural tube; s, somites; arrows point at the Pax-3-positive cells at the body-limb junction.

that are essential for the establishment of the skeletal muscle
lineage, they constitute highly specific and early markers
(Arnold and Braun, 1993).

Comparison of myogenin and MyoD expression in day 11.5
p.c. embryos of wild-type and homozygous splotch mutant
mice revealed that both myogenic regulatory genes were
expressed at similar levelsin axial and body wall muscles of
control and mutant animals (Fig. 5 and data not shown).

However, no myogenin and MyoD expression was found in
limbs of mutant embryos, although control animals of the same
stage highly expressed these factors in limb musculature (Fig.
5 and data not shown).

Similar results were obtained in day 9.5 and 10.5 p.c.
embryos using Myf-5 as an additional probe (data not shown).
This analysis was extended to day 13.5 p.c. embryos, the latest
viable stage of the splotch mutant. As shown in Fig. 6, no
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Fig. 5. Absence of myogenic cellsin developing limbs of aday 11.5 p.c. splotch embryo. Hybridization with myogenin probe on sections at the
forelimb level (x65) are shown for control (A,C) and homozygous S embryos (B,D). Higher magnifications (x250) of sections at the same
level from a splotch embryo hybridized with myogenin (E,G) or MyoD (F,H) are presented.

muscle could be labelled in limbs of the splotch mutant using  newly formed somites. During somite maturation, this Pax-3-
MyoD as a hybridization probe, whereas all muscle groupsin  positive domain undergoes a remarkable redistribution
control animals were highly positive for this marker. In  between days9 and 9.5 p.c. of devel opment. At this stage, Pax-
contrast, no major difference for the expression of MyoD was 3 transcripts become confined to the caudal region and the ven-
observed in axial and body wall muscles of wild-type and  trolateral aspects of each somite. As somites further mature

mutant embryos. Occasionally,
a dight reduction of deep back
muscles was seen in mutants at
the level of the neural tube
defect (data not shown).

Taken together, these obser-
vations suggest that a mutation
in the Pax-3 gene causes a
severe defect in the formation of
the limb muscles, whereas axial
muscles are less or not affected.
The defect appears not to be due
to a delay of limb muscle
formation but rather to the
inability of dermomyotomal
muscle precursor cells to reach
the limb bud.

DISCUSSION

Somitic Pax-3 expression
includes myotomal and
dermomyotomal cells
Whole-mount in situ hybridiza-
tions on early mouse embryos
indicate that the Pax-3 gene is
expressed over the entire area of

Fig. 6. MyoD expression in developing limb and axial muscles of day 13.5 p.c. wild-type and SpH
embryos. Dark-field pictures of transverse sections at the hind limb level (x30) hybridized with MyoD
are shown. (A) Day 13.5 p.c. of control embryo; (B) age-matched SpH embryo.
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(between day 10 and 10.5 p.c.) and dermomyotomal cells begin
to invade adjacent limbs and ventral body wall, the ventrolat-
era part of somites retain high levels of Pax-3 expression. At
the trunk level, epithelial-like Pax-3-positive cells progres-
sively invade the lateral somatopleure. Based on this distribu-
tion, we believe that these Pax-3-expressing cells correspond
to actively proliferating precursor cells emanating from the
dermomyotome (Kaehn et al., 1988).

In contrast to Pax-3-expressing cells in the myotome, which
also express the muscle-specific transcription factor Myf-5,
lateral dermomyotomal cells are devoid of any myogenic
bHLH proteins. Therefore, Pax-3 constitutes a convenient
marker to label this cell population.

Pax-3transcripts are present in migratory cells, the
prospective myoblasts of the limbs

Approximately between days 9 and 9.5 p.c., Pax-3-positive
cells can be observed emerging from the dermomyotome at the
level of the forelimb bud. About half a day later, similar cells
can be seen next to the hind limb bud. These cells appear
dispersed in small clusters rather than as sheets of epithelia
cells. At later stages, the Pax-3 signals become organized in two
domainsin the limbs, one located dorsally and one ventrally in
the position of the limb premuscle masses. These Pax-3-
positive cells colocalize with Myf-5-expressing cells. As the
other myogenic factors begin to be expressed (MyoD,
myogenin) and muscle differentiation starts, the Pax-3 signal
disappears gradually from this region (days 11-12 p.c.). Taken
together, this evidence suggests to us that Pax-3-expressing
cellsinvade the limbs and correspond to migratory limb muscle
precursors. The spatiotempora distribution of Pax-3-positive
cells, their progressive proximodistal extension into the limbs,
and the subsequent organization into dorsal and ventral cell
masses that also express myogenic factors support this notion.
Thefact that Pax-3-positive cells colonizing the limbs originate
from 5-6 adjacent somitesisin agreement with previous reports
on the origin of limb myoblastsin chicken (Christ et a., 1997;
Hayashi and Ozawa, 1991; Beresford, 1983).

Since migratory somitic cells have been shown to give rise
only to skeletal muscle, while mesenchymal components of the
limb originate from the somatopleure (Chevallier et a., 1977,
Christ et d., 1977; Wachtler and Christ, 1992; Ordahl and Le
Douarin, 1992), it appears unlikely that these Pax-3-express-
ing cells contribute to other structures than myogenic limb
precursor cells. However, formal proof of this point will
require lineage analysis or functional assays. Pax-3 also labels
cellsin the ventrolateral bud of somites, which migrateinto the
lateral somatopleure and give rise to body wall muscles (Christ
et al., 1983). Again, Pax-3 expression appears to label early
migrating myogenic precursors at the trunk level.

Until now, no molecular marker for these migrating cells has
been available and they have only be followed by interspecies
transplantation (chicken-quail) or by injection of vital
lipophilic dye into the somitic cavity (Christ et al., 1977;
Ordahl and Le Douarin, 1992; Hayashi and Ozawa, 1991).
Pax-3 appears to be a suitable marker to trace these early
myogenic precursors both at the limb and trunk levels.

A functional Pax-3 protein is required for the
establishment of muscle progenitor cells in the limb

The recent demonstration of a dramatic loss of limb muscula-

ture in homozygous Sp' and Spd mice (Franz et al., 1993)
underlines the importance of Pax-3 for the development of
limb muscles. The experiments presented here demonstrate
that, in these mice, Pax-3-expressing cells can be detected in
the dermomyotome but not in the lateral region between
somites and limb buds or in the limbs itself. While other
domains of Pax-3 expression such as in the dorsal neural tube
and the somitic myotome are preserved in splotch, the limb
expression domain is specifically missing in homozygous Sp,
S and Sp?H mice. In addition, no myoblasts expressing
myogenic factors are detected in the limbs at any stage. Taken
together, these results strongly suggest that Pax-3 protein is
required either for the generation of early limb muscle precur-
sors within the somites or for the migration of these progeni-
tors from the dermomyotome into the limbs. Alternatively, it
remains formally possible that the population of myogenic
cells shuts off Pax-3 expression in the mutant thereby escaping
detection, although they still migrate from the somites. If this
would be the case, their myogenic potential should be
dependent on a functional Pax-3 protein and differentiation
would be blocked in its absence.

Homozygous splotch embryos (') appeared to have
normal facial muscles but some reduction of the tongue
muscles was observed in our analysis. However, whether this
represents a muscle deficiency or a delay in muscle develop-
ment will require further investigation. Interestingly, the
tongue muscles originate from occipital somites, from which
precursors  disssociate  before  migrating  anteriorly
(Schemainda 1979; Noden 1983; Couly et a., 1993). In this
regard, muscle development in the tongue and the limbs is
similar, asin both cases precursors leave the somites and reach
their final destination beforethey differentiate. Thus, it remains
likely that Pax-3 mutations predominantly affect migratory
precursors. Since axial, facial and body wall muscles, in
contrast to limb muscles, develop amost normally in the
splotch mutant (Franz et al., 1993; Franz, 1993), Pax-3 appears
not to be required in general for muscle differentiation.
However, as some reduction of the axial muscle mass at the
level of the neural tube defect has al so been observed in splotch
mice (Franz et a., 1993), arolefor Pax-3 in the control of early
myoblast proliferation cannot be excluded. Two other lines of
evidence may support such a role for Pax-3. Firstly, aberrant
PAX3 transcripts are found in a human aveolar rhab-
domyosarcoma associated with a fregquent chromosomal
tranglocation. This abnormal PAX3 expression may favor pro-
liferation of myogenic precursors thereby inhibiting their
differentiation (Barr, 1993). Secondly, Pax genes have been
shown to be able to transform NIH 3T3 and 208 fibroblasts in
vitro (Maulbecker and Gruss, 1993).

Because Pax-3 expression precedes the establishment of
dorsoventral polarity in somites, it could conceivably be
involved in a cascade leading to the specification of the der-
momyotome. The expression of Pax-3 in the neural tube has
already been shown to respond to ventralizing signals from the
notochord (Goulding et a., 1993b). In fact, a ventraizing
function of the notochord and floor plate can be assumed for
the paraxial mesoderm. Transplantation of these structures to
the dorsolateral part of the neural tube repatterns adjacent
somites, thereby preventing muscle formation and stimulating
sclerotomal differentiation (Pourquie et al., 1993). Further
experiments will be required to determine whether dorsal



somitic structures develop in a default pathway in the absence
of ventralizing signals or whether a dorsalizing influence is
necessary for the establishment of Pax-3 expression and the
formation of dermomyotome.

Thus, in addition to being an important factor whose inacti-
vation can lead to neural crest and neural tube defects, Pax-3
is essential for the specification, proliferation and/or migration
of myablast stem cells destined to colonize the limbs and give
rise to the different muscles of the limbs.

Interestingly, the various neural crest deficiencies observed
in splotch appear to result from a migration defect since neural
crest cells isolated in vitro migrate away from the neural tube
in a delayed fashion (Moase and Trasler, 1990). Although the
molecular basis for this aberrant cellular behavior is unknown,
we assume that, for instance, some cell adhesion molecules or
their cellular receptors normally involved in guidance of
myoblasts and neural crest cells, may be deficient in splotch
animals. At the limb level, fibronectin, hyaluronic acid and
other mucopolysaccharides are possibly involved in this
process (for a review see Wachtler and Christ, 1992). The
genera disorganization of the dermomyotome at the trunk
level in the splotch embryos may support the hypothesis that
the morphological integrity of tissues depends on the respec-
tive adhesive properties of their cellular components. It has
already been postulated that homeobox-containing proteins
may be directly involved in the transcriptional control of such
molecules (Edelman and Jones, 1992). Recently, binding to
and activation of the NCAM gene promoter by the Hox B8 and
B9 proteins has been demonstrated in tissue culture experi-
ments (Jones et al., 1992). Pax proteins may participate in such
a process as well.

Various lesions in PAX3, which represents the human
homologue of the murine Pax-3 gene, have been associated
with the human Waardenburg syndromes (Hoth et al., 1993).
These syndromes (WS type 1, type 2 and type 3), generaly
inherited in an autosomal dominant trait, constitute a pheno-
typicaly and geneticaly heterogeneous family of disorders.
However, the mgjor clinical manifestations of these syndromes
involve acombination of defects of neural crest origin: dystopia
canthorum, (lateral displacement of theinner corner of the eye),
deafness and pigmentation deficiencies (white forelock and
eyelashes, hypopigmented iris, premature greying, hypopig-
mented skin lesions). Interestingly, WS3 patients suffer from
limb deformities resulting from muscle and skeletal hypoplasia
(McKusick, 1992). The data presented here for mouse, demon-
strating that Pax-3 is essential for the proper specification, pro-
liferation and/or migration of myaoblast precursors destined to
colonize the limb, provide a possible explanation for the
phenotype observed in patients with WS3. However, one must
bear in mind that the phenotype observed in WS3 patients is
dominant, observed in individua swith one normal PAX3 allele.
It remains to be seen whether quantitative differences in the
migration of myablast precursors can also be observed in mice
heterozygous for the Sp mutation.
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