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Emergence of determined myotome precursor cells in the somite
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n,
Myotome and sclerotome precursor cells are derived,
respectively, from cells in the dorsomedial and ventro-
medial regions of the somite. To assay changes in the spec-
ification of myotomal precursor cells during somite matu-
ration, we implanted dorsomedial quadrant fragments,
from staged quail somites, next to the notochords of host
chick embryos, and superimposed two additional noto-
chords on these implants. In this notochord signalling en-
vironment, dorsomedial quadrant cells that are develop-
mentally plastic are expected to differentiate as cartilage,
while cells determined to a myogenic fate are expected to
differentiate as skeletal muscle. Large numbers of differ-
entiated chondrocytes developed from dorsomedial
quadrant grafts of all stages of paraxial mesoderm devel-
opment tested, indicating that persistent chondrogenic
potential in cells fated to form muscle and dermis can be
elicited by notochord signals. Differentiated myocytes,
however, appeared in two somite-stage-dependent phases.
In the first phase, dorsomedial quadrants from segmental
plate and early stage somites (II and IV) form small, dis-
organized clusters of individual myocytes. The frequency

of first-phase myocluster formation increases as myogenic
factor expression begins in the dorsomedial quadrant, indi-
cating that myogenic determination assayed by this method
is closely linked to the expression of myogenic factors in the
dorsomedial quadrant. In the second phase, dorsomedial
quadrants from somite stages XI-XIII consistently form
morphologically organized muscle tissue containing large
numbers of parallel-oriented, multinucleated myotubes.
Mitotic labelling demonstrated that muscle precursors
were determined to the muscle phenotype prior to with-
drawal from the cell cycle. Thus, myogenic determination
in cells of the dorsomedial quadrant is acquired at earlier
stages of somite maturation than the ability to proliferate
and form muscle tissue. These results are consistent with
the hypothesis that successive lineages of myotom
precursor cells with different mitotic and morphogenetic
properties arise in the dorsomedial quadrant during somite
maturation. 

Key words: quail-chick chimera, somite, myogenesis, determinatio
myoD, myf-5, myotome, notochord signals
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INTRODUCTION

Specification of cell types in vertebrate embryos is a co
ditional process requiring inductive interactions between s
nalling and responding tissues (Gurdon, 1987). Instruct
mechanisms, in which information-rich signalling molecul
act on unspecified embryonic cells to impart cell fate, ha
been suggested for the specification of cartilage precursor c
in the somites of mouse embryos (Fan and Tessier-Lavig
1994). Permissive or de-repressive mechanisms, in wh
selective influences from signalling tissues allow the expans
of pre-specified founder cells (Holtzer, 1978), have be
proposed for the appearance of neural precursor cells in
Xenopusembryo (Hemmati-Brivanlou and Melton, 1997), an
may be responsible for the appearance of skeletal mu
precursor cells in the chick embryo (Choi et al., 1989; Geor
Weinstein et al., 1996). 

Cell-intrinsic components of the specification process ha
been sought in the skeletal muscle lineage. The myoD fam
(MDF) of muscle-specific transcriptional regulatory genes, d
covered through the manipulation of cell lines, governs co
tractile protein gene expression (Davis et al., 1987; Braun
al., 1989; Wright et al., 1989; Miner and Wold, 1990). He
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erodimers formed between members of the ubiquitous
expressed E-protein family and MDF gene products bind 
regulatory elements of contractile protein gene promoters
activate transcription (Lassar et al., 1991). 

In the vertebrate embryo, myogenic precursor cells of t
body (exclusive of certain craniofacial muscles) are deriv
from somites (Christ et al., 1974), which are compact ep
thelial spheres that also contain precursor cells for cartila
dermis and endothelium (Remak, 1855; Rabl, 1888; Chri
1969; Swalla and Solursh, 1984; von Kirschhofer et al., 199
MDF members are first expressed in the dorsomedial regio
of the stage II somite (Pownall and Emerson, 1992; Orda
1993), and at stage 24 (Hamburger and Hamilton) in the dor
and ventral regions of the limb mesenchyme (de la Brousse 
Emerson, 1990), just prior to the appearance of differentia
myocytes. This pattern of MDF expression, and the appar
absence of differentiated muscle in transgenic mice w
targetted disruption of MDF genes (Hasty et al., 199
Nabeshima et al., 1993; Rudnicki et al., 1993), implicates t
MDF members in the differentiation of skeletal muscle in vivo

It is not clear whether MDF members have addition
functions during myogenic specification that precede their ro
in contractile protein gene expression. When expression of
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MDF member is forced by transfection in primary cultures 
non-muscle cells, or in cell lines, a heritable ability to diffe
entiate as skeletal muscle is conferred on the daughters of
original transfectants (Davis et al., 1987; Weintraub et a
1989; Choi et al., 1990). The maintenance of fidelity to t
myogenic differentiation program over several generations
such transfected cells indicates that the transfected M
member provided or elicited a ‘cellular memory’ (also calle
determination) for the myogenic cell type. Autoregulatory (an
cross-regulatory) loops have been proposed as the molec
mechanism for myoblast determination (Thayer et al., 198
although experiments that disrupt such loops indicate t
myogenic determination probably requires addition
molecular events (Tapscott et al., 1989). 

Although cell determination is a concept that dates from t
earliest days of experimental embryology, unequivocal ass
for determined cells have been elusive. Grafting experime
designed to identify ‘determined’ cells (Slack, 1983) must ta
into account both the type of signalling influence to whic
precursor cells are exposed, and temporal changes in 
response of precursor cells to the signal. For example, prev
experiments in which presumptive muscle precursor cells w
grafted to the limb bud indicate that ‘determined’ musc
precursor cells already exist within the segmental plate, 
region of paraxial mesoderm that gives rise to somit
(Wachtler et al., 1982; Krenn et al., 1988). However, wh
segmental plate cells may develop into muscle in such a p
missive environment, notochord implantation experimen
(described below) demonstrate that they can also be induce
form cartilage. In other words, muscle precursor cells in t
segmental plate have acquired ‘competence’ to form muscle
a permissive environment but they may not yet have acqui
‘memory’ that renders them refractory to induction to other c
types. 

Axial structures (neural tube and notochord) of the ve
tebrate embryo can cause cells from all regions of the som
to undergo cartilage differentiation both in vivo and in vitr
(Holtzer and Detwiler, 1953; Waterson et al., 1954; Grobste
and Holtzer, 1955; Lash et al., 1957; Gallera, 1966; Lash, 19
Jacob et al., 1974; Hall, 1977; Cheney and Lash, 19
Aoyama and Asamoto, 1988; Aoyama, 1993; Pourquie et 
1993), although this ability appears to be lost as the som
mature. A supernumerary notochord grafted between 
neural tube and the segmental plate of the chick embryo co
pletely suppresses the formation of myotomal musc
enhances the formation of axial cartilage in the dorsal ax
domain, and induces the expression of Pax1 mRNA (a mar
for sclerotome) in close proximity to the ectopic notocho
(Brand-Saberi et al., 1993; Pourquie et al., 1993). The cells
the segmental plate appear to be more susceptible to this ‘
tralizing’ influence of the notochord, because mature somi
produce myotomal muscle when juxtaposed with ectop
notochord (Pourquie et al., 1993). 

We have developed a novel, alternative assay for myoge
determination that exploits the cartilage-inducing properties
the notochord to assess the acquisition of myogenic c
memory in cells of the dorsomedial somite. In this assay, d
somedial quail paraxial mesoderm fragments are transplan
into chick host embryos and then surrounded by host a
supernumerary notochord signals. We reasoned that myog
precursor cells that are determined should be unresponsiv
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these signals and should continue to make muscle while un
termined cells should respond to the notochord challenge
forming cartilage. We restricted the challenge to myotom
precursor cells by analyzing fragments containing only the d
somedial quadrant (DMQ) of the paraxial mesoderm. 
addition, by taking DMQs from the paraxial mesoderm 
different stages of maturation, we hoped to correlate the acq
sition of determination with cellular changes in somite deve
opment and with the expression of key myogenic dete
mination markers, such as the MDF members. O
results demonstrate that myogenic determination is acqui
progressively by cells of the dorsomedial paraxial mesode
during development. Moreover, there are qualitative and qu
titative changes in the muscle that differentiates from DM
grafts that may reveal important clues to the cellular a
molecular processes of muscle formation in the embryo. 

MATERIALS AND METHODS

Embryo surgery
Fertile quail eggs were obtained from Strickland Quail Farm (Pool
GA). Fertile chick eggs were obtained from Western Scientifi
Products (Sacramento, CA). Egg incubation and general emb
surgical procedures were performed as described (Williams a
Ordahl, 1996; Ordahl and Christ, 1997). Notochords from stage 15
chick embryos, taken from the level of somites I-VII, were prepar
as previously described (Pourquie et al., 1993) and kept in hold
solution (2% fetal calf serum in Tyrode’s solution) until transplant
tion. All donor tissue fragments were implanted in the right-hand si
of the host embryo at the level of the developing limbs (somites 1
20). 

Preparation of somite dorsomedial quadrants from quail
embryos
Two day quail embryos (stage 12-13HH) were pinned ventral side
in dissection dishes and a longitudinal midline incision was made
the endoderm adjacent to somites stages I-XV (Fig. 1A). Adher
tissues, such as aorta or endoderm were teased away usin
microscalpel to expose the notochord and ventral surface of 
somites. A longitudinal incision was then made through the somi
to separate their medial and lateral halves. Sclerotome tissue of
ventromedial quadrant of the somite was then removed by aspira
with a micropipette after a brief treatment with collagenase (0.5
Sigma). The remaining dorsomedial quadrant of the somite (Fig. 1
was then teased away from the underlying ectoderm using the flat 
of a microscalpel and transferred to holding solution using a P-
Pipetman until ready for implantation into the host. 

In order to evaluate the quality of the surgery, some donor embr
were fixed after the excavation of the ventromedial quadrant, wh
the dorsomedial quadrant (DMQ) was still in place in the don
embryo. The embryo was then sectioned and stained with the MF
antibody (Developmental Studies Hybridoma Bank, University 
Iowa), which recognizes striated muscle myosin, to assay the qua
of sclerotome removal and the presence of already differentia
muscle cells in the dorsomedial quadrant of the somite. 

Cell numbers in the dorsomedial quadrant
A series of donor DMQs from somites II (n=9) and XI (n=8) were
prepared as above, and used to estimate the number of quail 
initially grafted to the host embryo. Cells were incubated in a 20 µl
droplet of 25 µg/ml Hoechst stain 33342 (Molecular Probes, Eugen
OR) in Tyrode’s solution at 37°C for 5 minutes, on a microscope slid
An additional 20 µl of 0.5% collagenase and 20 µl pancreatin (1×)
were added and the DMQ reincubated for an additional 5 minutes
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n of the notochord challenge. (A) The donor quail embryo pinned in a
l side facing the operator. The segmental plate and the somites used in this
 high power magnification of the quail donor somite IV, viewed from a
een cut longitudinally. The donor embryo neural tube is visible on the left
e mesoderm is seen to the right, rostral is at the top. The ventromedial
 been removed by aspiration, and the dorsomedial quadrant is in situ. The

somite IV is also seen. (C) A dorsal view of the chick host embryo in ovo
jected underneath the blastoderm. The surgical field is marked. (D) The
 by application of pancreatin (Ordahl and Christ, 1977) and use of a
l and brachial somites were exposed after reflection of the ectoderm. Host
 as is the reflected ectoderm. Rostral is to the top. (E) The medial half of
 removed to allow room for the graft, and the quail donor DMQ isolated as
e surgical field. (F) The quail DMQ placed into the position formerly

alf of chick host somite stage I. (G) The two donor chick notochords are
raft, extending several somites cranial and caudal to the graft region. 
coverslip was used to squash the DMQ so that the nuclei were sep
and distinct, and an image of the separated nuclei was obtained u
a Zeiss Axiophot microscope under epi-illumination. The image w
printed and the number of nuclei counted manually. 

Preparation of host embryos
Chick embryos containing between 15 and 20 somites (stage
13HH) were used as hosts in this study (Fig. 1C) and were prep
for surgery in ovo as described by Ordahl and Christ (1997). T
paraxial mesoderm at the levels of the segmental plate thro
somites stage I-V was exposed via an incision in the ectod
between the neural tube and the paraxial mesoderm (Fig. 1D). 

Implantation of donor DMQs and overlying notochords 
The quail donor DMQ was transferred to the chick donor 
micropipette (Fig. 1E) and placed deeply into the medial position
somite I using a microscalpel (Fig. 1F). Once the donor DMQ w
securely in place, two chick notochords were placed directly over
graft and remaining host lateral half
somite (Fig. 1G), and the ectoderm flap
replaced. Preliminary experiments were
identical except that only one donor
notochord was implanted. 

Care was taken in several aspects of
this procedure. First, donor notochords
were implanted over the donor somite
fragment so that they spanned a 6
somite-equivalent distance cranially and
caudally relative to the implanted donor
DMQ. This was done to ensure that
signals from the notochord surround, as
completely as possible, the donor DMQ
being tested. Second, donor DMQs were
transplanted into host embryos within 40
minutes of removal from donor quail
embryos. Third, donor notochords were
implanted within 90 minutes of being
removed from donor chick embryos.
Fourth, two donor notochords were
implanted to restrain the grafted quail
cells to the ventral epaxial domain, to
prevent them from coming under the
muscle promoting influence of tissues of
the dorsal neural tube and skin ectoderm,
while at the same time extending the
range of effective notochord signalling. 

Analysis of cell division by
undifferentiated muscle
precursor cells
In a separate series of experiments,
donor DMQs from stage IV or stage XII
somites were incubated for 90 minutes
at 37°C in 100 µM BrdU (Sigma cat no.
B-5002) in Tyrode’s solution. After two
rinses, the labelled DMQ was implanted
as above and the chimeric embryo was
incubated for an additional 48 hours.
The number of differentiated muscle
cells that incorporated BrdU prior to
differentiation was estimated by
immunohistochemical stain on adjacent
sections with the MF20 antibody
(DSHB, Iowa City, IA) and an anti-
BrdU antibody (IU-4, Caltag Laborato-
ries) that is specific for BrdU incorpo-
rated into DNA. 

Fig. 1. Surgical preparatio
black Sylgard dish, ventra
study are indicated. (B) A
ventral aspect, that has b
side, and the intermediat
quadrant of somite IV has
ventrolateral quadrant of 
after India ink has been in
surgical field was opened
microscalpel; the cervica
somite stage I is marked,
chick host somite stage I
in B being brought in to th
occupied by the medial h
shown in place over the g
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Histology
Harvested embryos were fixed with Carnoy’s fixative and embedd
in paraffin; sections were cut at 7 µm. Adjacent sections were either
stained with the Feulgen reaction (Le Douarin, 1973) or stained w
antibodies to identify either (1) quail cell nuclei (QCPN anti-qua
antibody; Developmental Studies Hybridoma Bank); (2) myosin-co
taining, differentiated skeletal muscle (MF-20 antibody; Develop
mental Studies Hybridoma Bank); (3) motoneurons (BEN antibod
Pourquie et al., 1990); or (4) neural crest cells (HNK-1 antibod
Tucker et al., 1984). In some experiments, adjacent sections w
hybridized to 35S-labelled cRNA probes for Pax1, Pax3, myoD and
myf5; all as described by Williams and Ordahl, 1994. The contrib
tion of graft-derived quail cells to mesenchyme, muscle and cartila
was determined by visual inspection using a Zeiss Axiophot micr
scope. Numbers of quail nucleoli present in muscle tissue we
estimated by counting nucleoli in Feulgen-stained sections that w
present in MF20 staining tissues on the adjacent section. Number
cartilage tissue were estimated in Feulgen-stained sections by sim
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 notochord challenge environment. (A) A Feulgen-stained cross section
 constructed with the dorsomedial quadrant of somite stage IV showing
ssues 5 hours post surgery (110×). Note that the lateral half of host somite
 at the time of grafting, and that the quail donor fragment is placed next
, in effect surrounding it with three notochords. The host notochord and
ds are marked with asterisks. The grafted quail cells have segregated into
 (outlined) situated next to the aortic vessel and an epithelial fragment
l neural tube of the host, marked by the dotted outline. (B) The

s from a stage IV somite DMQ 24 hours post-surgery (90×). The loose
panded dorsally and there is an amorphous, but contiguous group of cells
to the host notochord. Note that the host dermomyotome and myotome on
the embryo are absent in contrast to the unoperated side. (C) A cross
day chimera constructed with the dorsomedial quadrant of a stage X
he QCPN anti-quail antibody (27×). Quail cells are evident in both the
in, and the dorsal epaxial domain. Note the large population of quail cells
al cartilage model. Specimens with cells that escaped into the dorsal
 analyzed separately. D is an adjacent cross section to that shown in C,
0 anti-myosin antibody (27×). Differentiated skeletal muscle is seen in
entral epaxial domains, in the same regions that are populated by the
. 
counting nucleoli present within the cartilage model. Images w
collected using the DEI 470 Optronics CCD video camera syst
(Goleta, CA) and processed using Adobe Photoshop 3.0 softwar

RESULTS

Anatomy of the notochord challenge environment
Preliminary experiments were designed to test the ability
cells within the dorsomedial quadrant (DMQ) of the somite
switch fates, from presumptive muscle and/or dermis, 
cartilage. Single supernumerary notochords were implan
ectopically in 24 chick embryos as previously describ
(Pourquie et al., 1993) except that the medial half of the h
stage I somite was replaced with a DMQ of quail somites fr
stages I to X (Ordahl, 1993). The quail nucleolar marker w
then used to identify graft-derived cells
in cartilage, muscle, paravertebral mes-
enchyme, mesenchyme surrounding the
neural tube, the connective tissue
sheath surrounding the spinal nerve,
and the endothelial lining of several
blood vessels. 21 out of 24 chimeric
embryos showed an abundance of graft-
derived cells in the differentiated
cartilage models that surrounded both
the host and chick donor notochords.
Grafts from older somites also consis-
tently produced large numbers of dif-
ferentiated skeletal muscle cells (>1000
nuclei), while DMQ grafts from stage
IV and younger somites varied widely
in the number of differentiated skeletal
muscle cells produced. In 25% of the
cases, graft-derived cells were located
in the dorsal epaxial domain of the
chimeras, distant from both the host and
supernumerary notochords. The
presence or absence of dorsal donor
muscle in all of these chimeras was
unrelated to the somite stage from
which the dorsomedial quadrant was
isolated. We reasoned that dorsally
displaced somite cells might have
received muscle-promoting signals
arising from the dorsal neural tube
and/or skin ectoderm, (Christ et al.,
1992; Buffinger and Stockdale, 1994,
1995; Fan and Tessier-Lavigne, 1994;
Munsterberg et al., 1995; Munsterberg
and Lassar, 1995; Stern et al., 1995;
Stern and Hauschka, 1995) thereby
confounding the cartilage-inducing
influence of the implanted notochords.
For these reasons, we did not analyze
muscle development in these chimeras
further. 

A more rigorous challenge to the fate
of donor DMQ cells was performed in
an additional 46 chimeras. Double

Fig. 2. Anatomy of the
of a chimeric embryo
the arrangement of ti
stage I is still present
to the host notochord
chick donor notochor
a loose mesenchyme
adjacent to the ventra
responding quail cell
mesenchyme has ex
in a cluster adjacent 
the operated side of 
section through an 8-
somite, stained with t
ventral epaxial doma
present in the vertebr
epaxial domain were
stained with the MF2
both the dorsal and v
quail cells shown in C
ere
em
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as

supernumerary notochords were deployed to maxim
notochord signalling and as an obstacle to prevent 
migration of graft-derived cells into the dorsal epaxial doma
where they might receive muscle-promoting influences fro
the dorsal neural tube or dorsal ectoderm. Donor test fragme
were implanted deep within the medial somite compartme
close to the host notochord and two chick notochords w
overlaid. 

In 39 of these chimeras (85%), the donor-derived ce
remained ventral to the implanted notochords, the position
which notochord signalling is expected to be maximal (see F
2). The appearance of donor muscle in this ventral epax
domain was correlated with the stage of somite developm
from which the donor dorsomedial fragment was derived. T
data from these experiments is summarized in Table 1 a
accompanying histological analysis described in detail belo
Implantation of fragments of dorsal neural tube or intermedia
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Table 1. Contributions to ventral muscle and cartilage from the dorsomedial quadrant of brachial somites at different
stages of maturation

Ventral muscle Cartilage
colony size* colony size*

Dorsal escape†
Donor somite n none small medium large none small medium large n

Segmental plate 10 6 2 0 0 0 1 0 7 2
Somite II 15 7 7 0 0 0 0 0 14 1
Somite IV 11 1 5 3 0 1 0 0 8 2
Somites X-XIII 10 0 1 1 6 0 0 1 7 2

Numbers are the number of embryos showing the particular feature
*Small colonies are fewer than 20 cells, medium sized colonies are 100-150 cells, and large colonies are greater than 200 cells (typically thousands).  

†Dorsal Escape breakdown:
Graft Muscle colonies Cartilage colonies
Seg. Plate 1-none, 1-small 2-large
Somite II 1-none 1-large
Somite IV 1-none, 1-small 2-large
Somite XI-XIII 2-large 1-small, 1-large
mesoderm tissue into the same position as notochords ind
neither increased amounts of muscle nor the formation of a
tional ectopic cartilage from subjacent quail DMQ implan
(data not shown). Whereas overlaid notochords tended
restrict cells from the subjacent DMQ to ventral regions of t
epaxial domain, no such restriction was seen with neural t
or intermediate mesoderm implants and graft-derived cells c
tributed widely to muscle and cartilage throughout the epax
domain of the host embryo (data not shown). 

Muscle differentiation in the dorsal and ventral
epaxial domains differs in a stage-dependent
fashion
The position of graft-derived cells in relation to host structur
and donor notochords at 5 hours, 24 hours and 6 days p
surgery in double notochord challenge chimeras is shown
Fig. 2. Panel A shows the arrangement of tissues in 
notochord challenge 5 hours after implantation of the dor
medial quadrant of a stage IV somite and overlaying of t
donor notochords. Quail cells are present in mesenchyme
in an ‘epithelioid’ structure closely apposed to the vent
neural tube. By 24 hours (Fig. 2B), the mesenchyme 
greatly expanded and some quail cells are clustered in a 
tiguous group near the notochord. No recognizable host d
momyotome epithelium is evident on the operated side by
hours post-surgery. Antibody staining with BEN, a marker f
floorplate and motor neuron cell bodies (Pourquie et al., 199
indicated an expansion in the number of motor neuron c
bodies in the host neural tube on the operated side, but fl
plate formation (assessed morphologically) was not con
tently observed (data not shown). 

Six days after surgery, adjacent sections from 46 chime
were analyzed for the presence of quail cells in differentia
skeletal muscle and in the vertebral cartilage model. Fig. 2C
show an immunohistological analysis of adjacent cross sect
through the grafted region of a chimera. Ectopic cartilage 
differentiated on the operated side of these chimeras, in the f
of distorted vertebral bodies and lamina as seen previou
(Pourquie et al., 1993). Extensive incorporation of quail ce
into these cartilage structures (arrow) surrounding the ne
tube was seen in all but one of the 46 chimeras evaluated (T
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1). Host-derived and donor-derived cartilage cells in chimer
structures were segregated into well-defined domains. 

In seven cases (15%) analyzed separately in this stu
somite cells escaped confinement in the ventral epaxial dom
bounded by three notochords and were displaced dorsally
close proximity to the dorsal neural tube (Table 1). Fig. 2C,
demonstrates the response seen in this minority of cas
Muscle tissue (panel D) in such specimens was composed
thousands of quail cells (panel C) incorporated into larg
elongated myofibrils that appear to run transverse to the bo
axis. The myonuclei are roughly equal in number to the qua
cells found in the cartilage model of the neural arch. Suc
dorsally located donor muscle tissue appeared in some ca
to lie partially inside the vertebral lamina surrounding th
neural tube. Dorsomedial quadrant cells from each of th
different maturational stages tested were capable of th
behavior in the dorsal epaxial domain. Donor muscle cells we
never found laterally in the host hypaxial domain. 

Chondrogenic potential within the somite
dorsomedial quadrant
Feulgen-stained cross sections of 6-day old chimeras we
examined for the presence of quail cells in differentiate
cartilage models. Quail-derived cartilage cells were detected
all but one of the double supernumerary notochord chimeras (
out of 39 specimens; Table 1; Fig. 2C), and from all stages 
donor DMQs tested. In all but 2 of these cases, cartilage ce
were present in large numbers (Table 1). To evaluate the po
bility that sclerotome precursor cells may have been carri
along with the DMQ grafts, we examined cross sections 
investigate the cellular complexity of DMQs prepared in th
same way as for graft implantation. Fig. 3 shows adjacent cro
sections through donor somites immediately after excavation
the underlying sclerotome cells in the ventromedial quadrant
the somite. Fig. 3C is a cross section through a stage XI som
with most of the underlying medial sclerotome cells remove
A few mesenchymal cells of unknown origin remain betwee
the dorsomedial lip of the dermomyotome and the neural tub
Fig. 3D is a cross section adjacent to that shown in Fig. 3
stained with the MF20 antibody, showing that already differen
tiated skeletal muscle cells (arrowhead) are contained within t
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Fig. 3. Surgical isolation of somite DMQs. (A) A Feulgen-stained
cross section through a stage II quail somite immediately after
removal of the ventromedial quadrant. After the ventromedial
quadrant has been removed, the intact dorsal somite epithelium
remains. The arrow is placed at the position where the medial
epithelium is separated from the lateral epithelium. (B) A Feulgen-
stained cross section through a stage IV somite after removal of the
ventromedial quadrant. Both the somitocoel and sclerotome cells are
cleanly removed from the dorsomedial somite epithelium. The arrow
indicates the point of incision to separate the medial from lateral
half. (C) A Feulgen-stained cross section through a stage XI donor
somite after sclerotome excavation. The arrow indicates the point of
the incision to separate medial from lateral halves. (D) An adjacent
section to that shown in C, stained with MF20, demonstrating the
presence of already differentiated skeletal muscle cells in the
fragment at the time of grafting (arrowhead). 

Fig. 4. Brachial segmental plate DMQs form cartilage and
infrequently form myoclusters. (A) A Feulgen-stained cross section
(27×) of an 8-day chimeric embryo which received a graft of the
DMQ from the rostral third of the segmental plate, overlaid by two
additional chick notochords. The host neural tube (nt) is distorted,
and slightly displaced toward the unoperated side of the embryo.
Host and donor notochords are surrounded by cartilage. (B) An
adjacent section to that in A, stained with the MF20 anti-myosin
antibody (27×). The donor and host notochords are marked with
asterisks, and the location of the host dorsal and ventral muscle
masses are marked with arrows. (C) Feulgen-stained quail cells
(arrows) in the mesenchyme surrounding the host vertebral cartilage
model (560×). (D) The same region of the adjacent MF20-stained
section, showing that none of these mesenchymal cells are myosin-
positive. E and F show two equivalent areas of the adjacent sections
within the cartilage model magnified at 560×. The quail cells in E
(arrows) are embedded in a dense cartilage matrix, and do not stain
with the MF20 antibody (F). 
DMQ that will be transferred to the host embryo. Thus, wh
the mesenchyme cells present in DMQs of mature som
(stages XI-XIII) may represent sclerotome cells, at least in p
it is unlikely that sclerotome was included with the DMQs o
early somites (stages II & IV). These results are in agreem
with previous findings (Aoyama and Asamoto, 1988; Pourqu
et al., 1993), and are consistent with the notion that cells w
chondrogenic potential persist within the somite dorsomed
quadrant, and that the cartilage fate is elicited by exposure
the powerful inductive influence of the notochord. 

Small myoclusters from the dorsomedial quadrant of
the segmental plate
MF20-stained cross sections of 8-day old chimeras w
compared with adjacent, Feulgen-stained sections, to evalu
skeletal muscle differentiation in grafts from the DMQ of th
segmental plate. Fig. 4 shows two adjacent cross sections 
chimeric embryo made by grafting the DMQ of the segmen
plate in place of the medial half of somite I and challengi
with two supernumerary notochords. A general morphologic
distortion on the operated side is seen, with a large ecto
cartilage bulge in the vertebral cartilage model (Fig. 4A). T
majority of segmental plate DMQ chimeras (75%) gave rise
abundant mesenchyme (Fig. 4C,D) and cartilage (E,F), but
muscle (see Table 1). These results support earlier findi
(Pourquie et al., 1993) which postulated a conversion of d
somedial paraxial mesoderm to cartilage when notochord w
grafted adjacent to the segmental plate. 
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Two segmental plate DMQ chimeras (25%) formed sma
disorganized clusters of differentiated myocytes. We refer 
these small clusters of differentiated myocytes as ‘myoclu
ters’, rather than ‘colonies’, to avoid misunderstandings abo
the (unknown) number of founder cells present in the don
segmental plate fragment. A histological analysis of sma
myoclusters is presented below. 

Myoclusters are characteristic of dorsomedial
fragments from stage II and stage IV somites
The frequency and size of myoclusters formed in the notocho
challenge environment increased in a somite-stage-depend
fashion. Small myoclusters were detected in seven (50%)
the chimeras resulting from transplantation of stage II som
DMQs (Table 1). In the remaining seven chimeras, no musc
was formed. Fig. 5 shows the analysis of a chimera containi
a single small myocluster. Morphologically identifiable dono
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muscle tissue was not grossly evident, but the very small, d
organized cluster of differentiated muscle cells surrounded
donor mesenchyme cells could be detected by anti-myo
staining (panel B). Colocalization of the quail nucleolar mark
(panel C) and myosin staining (panel D) demonstrate th
many, and possibly all, of the myonuclei in this cluster a
quail-derived. Three features of these myoclusters distingu
them from bona fide muscle tissue. First, small myocluste
contain fewer than 20 individual differentiated quail myocyte
each with a single nucleus. Second, myoclusters are diso
nized. Individual myocytes are neither bipolar nor aligned wi
neighboring myocytes. Cross striations are not evident. Qu
myocytes are interspersed with, and morphologically indist
guishable from surrounding mesenchyme cells (see a
below). Third, myoclusters are always found in proximity t
peripheral nervous tissue. This is evident in Fig. 5A,B whe
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Fig. 5. DMQs from the stage II brachial somite form cartilage and
nerve associated myoclusters. (A) A Feulgen-stained cross sectio
an 8-day chimeric embryo with a graft of the dorsomedial quadran
from a stage II somite (27×). The graft was overlaid with two
additional chick notochords. The same overall distorted morpholog
and formation of ectopic cartilage can be seen. The MF20 stained
adjacent section in B (27×) demonstrates a small (fewer than 20
cells) cluster of differentiated quail skeletal muscle cells (large
arrow) found in close association with the spinal nerve (marked in
which has exited the vertebral cartilage model. Host and donor
notochords are marked with asterisks, and the host muscle masse
the dorsal and ventral epaxial domains are labelled with arrows.
(C) A small colony of quail cells (arrows) immediately adjacent to
the spinal nerve which has penetrated the vertebral model (350×).
(D) Myosin expression in this small colony of quail cells (arrows;
350×). (E,F) Equivalent regions of the vertebral model magnified to
show that the quail cells present in the cartilage model (arrows in 
are not expressing myosin (F), based on immunocytochemistry wi
MF-20 anti-myosin (560×). 
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the donor myocluster is located near a nascent verteb
foramen through which the spinal nerve passes. All 15 ca
of small myoclusters were found in comparable proximity 
peripheral nerve tissue. 

Approximately half of the chimeras resulting from trans
plantation of stage IV somite DMQs gave rise to small myoclu
ters with the same characteristics as those described abov
stage II somite dorsomedial fragments (Table 1). Three st
IV somite DMQ chimeras, however, gave rise to larg
‘medium-sized’ myoclusters estimated to contain between 1
and 150 donor myonuclei. Otherwise, these myoclusters had
same characteristic disorganization and proximity to spin
nerves as noted above for small myoclusters. 

Muscle tissue from the DMQ of somites stages XI-
XIII
All DMQ grafts of stage XI-XIII somites formed muscle (Table
1), and the majority (75%) formed large, anatomically disti
guishable muscle tissue in a position ventral to the implan
notochords (Fig. 6B). Such muscle tissue consisted predo
nantly of quail nuclei arranged in bipolar, multinucleat
myotubes (Fig. 6C,D). In peripheral regions, chick cells al
were seen to contribute to donor-derived muscle tissue in so
cases. Cross striations (not shown) and centrally located nu
are clearly evident. These muscle masses showed w
organized fiber bundles (Fig. 6D) containing thousands 
nuclei, organized separately from other surrounding tissues
the example shown, as in most other cases, the direction
donor fiber alignment was perpendicular to the host body a
There was no correlation between the formation of the
ectopic muscle tissue masses and the proximity of a sp
nerve. Adjacent sections from stage XI DMQ chimeras stain
with the QCPN and HNK antibodies 24 hours post-surge
indicated that neural crest cells were not included in the gra
(data not shown). 

Characterization of mesenchyme cells surrounding
myoclusters
As indicated above, donor myoclusters reside within me
enchyme tissue that contains a mixture of both host and do
cells. We wanted to know if donor mesenchyme cells might 
arrested at some earlier stage of muscle specificati
Therefore, in situ hybridization was used to determine if su
rounding, donor-derived mesenchyme cells express ea
muscle specification markers. Fig. 7 shows adjacent cr
sections of an 8-day old chimeric embryo containing a graft
a quail stage IV somite DMQ. Fig. 7B shows an enlargeme
of the area marked in panel A where mesenchyme is popula
with donor cells. This region is negative for myosin prote
(Fig. 7C), and for the messenger RNAs for myoD (Fig. 7D),
myf5(Fig. 7E), and Pax-3(Fig. 7F). We conclude that the sur
rounding mesenchyme does not represent muscle precu
cells arrested at an early stage of myogenic specificat
definable by these markers. 

Early response to the notochord challenge
It is unknown whether the unusual microenvironment of t
notochord challenge is conducive to the survival of musc
precursor cells. To determine if muscle precursor cells in 
dorsomedial somite quadrant can differentiate in clo
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Fig. 6. DMQs from older brachial somites (stages XI-XIII) form
cartilage and differentiated skeletal muscle tissue. (A) A Feulgen-
stained cross section of an 8-day chimeric embryo which received a
graft of the dorsomedial quadrant from a stage XI somite, which was
overlaid with two additional chick notochords (27×). The same
distorted morphology and ectopic cartilage surrounding the donor
notochords is evident. Host and donor notochords are marked with
asterisks. (B) The adjacent section stained with the MF20 antibody
identifying a large block of differentiated quail skeletal muscle cells
(large arrow) ventral to the vertebral cartilage model that is not
associated with spinal nerve (27×). Host muscle domains in the
ventral and dorsal epaxial compartments are labelled. (C) A
magnification of the large block of differentiated quail skeletal
muscle stained with the Feulgen technique (560×). The quail nucleoli
are clearly visible (arrows), fused into elongated myotubes, which
stain positive with the MF20 antibody (arrows) in D (560×).
(E,F) Equivalent areas of the cartilage model in the cross sections
showing again that the quail cartilage cells (arrows) do not expres
myosin, as judged by lack of staining with MF20 (560×). 

Fig. 7. Undifferentiated graft-derived cells do not express mRNAs
characteristic of muscle precursor cells. (A) A Feulgen-stained cross
section of an 8-day chimeric embryo which received a graft of the
DMQ from a stage IV brachial somite, overlaid with two additional
chick notochords (56×). The host notochord is marked with an
asterisk. (B) Magnification of boxed region in A showing the quail
cell nucleoli that lie outside the cartilage model in mesenchyme
(arrows) (350×). (C) An adjacent section stained with the MF20
antibody demonstrating no antibody localization in the boxed region
(56×). (D) An adjacent section hybridized to a myoDprobe and
exposed for 2 weeks, again showing no localization of this marker
for undifferentiated skeletal muscle cells (56×). (E) A 3-week
exposure, gives the same result with a probe for the myf5mRNA
(56×), and F also a 3-week exposure, shows that this region is also
Pax3negative (56×). 
proximity to notochord, we analyzed chimeras for the prese
of nascent muscle tissue 24 hours after grafting stage XI DM
into the notochord challenge. Fig. 8A shows that cells deriv
from the grafted quail somite DMQ remain ventral to th
implanted notochords. Those cells derived from the graft t
are clustered in a group express sarcomeric myosin pro
(Fig. 8B); myf5 and myoD mRNAs (Fig. 8C and D, respec-
tively) but not Pax-3or Pax-1mRNAs (Fig. 8E and F, respec
tively). Graft-derived cells that are in the mesenchymal st
do express Pax-1(Fig. 8F, white arrow), but do not express an
of the other muscle lineage markers (Fig. 8B-E). Analysis
chimeras produced with stage IV somite fragments showe
similar rapid appearance of differentiated muscle, but w
many more graft-derived cells present in loose mesenchy
(data not shown). These results demonstrate that robust mu
nce
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differentiation can occur in close proximity to donor and/o
host notochords. 

Mitotic skeletal muscle precursors in the
dorsomedial quadrant of the somite
A mitotic labelling experiment was used to determine wheth
the differentiated muscle cells in grafts from older somite
were derived from mitotically active precursors or from pos
mitotic cells. DMQs from stage XII somites were incubate
with the thymidine analog BrdU for 90 minutes prior to
implantation, and collected 48 hours after placement into th
notochord challenge (Fig. 9). Post-mitotic myocyte precurs
cells in the graft would not be expected to incorporate th
label, while mitotically active myotome precursor cells would
be expected to take up the label and eventually form differe
tiated muscle with BrdU labelled nuclei. 

MF20-stained skeletal muscle tissue (Fig. 9A,B) contain
quail cells (Fig. 9C) that are labelled with BrdU (Fig. 9D). The
appearance and number of cells present in BrdU-treated gra
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from the stage XI somite was indistinguishable from untrea
grafts collected at this age. Therefore, while some already 
ferentiated skeletal muscle cells are initially present in 
stage XI donor DMQ (as shown in Fig. 3D), undifferentiate
muscle precursor cells that have not yet withdrawn from 
cell cycle progress through at least one S-phase prior to dif
entiation after 48 hours in the notochord challenge envir
ment. 

To estimate the number of quail donor somite cells that w
initially placed in the challenge, dorsomedial quadrants 
somites II (n=9) and XII (n=8) were labelled with Hoechst
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Fig. 8. Rapid differentiation of muscle precursor cells can occur in
close proximity to grafted notochords. (A) A Feulgen-stained cros
section of a chimeric embryo harvested 24 hours after surgery (56×).
The host received a graft of the DMQ from a stage XI brachial
somite overlaid with two notochords. The quail cells are surrounde
by the dashed line. Host and donor notochords are marked with
asterisks. A large mass of contiguous quail cells is present
immediately ventral to the two donor notochords; a few loose qua
mesenchymal cells are seen ventral to and surrounding this mass
(B) An adjacent section stained with the MF20 antibody (56×). Note
that the contiguous mass is differentiated muscle cells, and that th
myotome on the unoperated side of the chimera is also MF20-
positive. (C) An adjacent section hybridized to the quail myf5probe,
indicating hybridization in the differentiated muscle cell regions se
in B (56×). (D) An adjacent section hybridized to a myoDprobe,
again showing strong expression in the regions of muscle
differentiation (56×). (E) An adjacent section hybridized to a Pax3
probe, showing that the implantation of donor chick notochords ha
effectively abolished Pax3expression in cells of the operated
paraxial mesoderm, and has extinguished some expression in the
dorsal neural tube on this side of the embryo as well (56×). (F) An
adjacent section hybridized to a Pax1probe, showing expression in
the mesenchymal cells on both sides of the chimera, with some
enhancement of expression (arrow) seen immediately adjacent to
muscle domains on the operated side of the embryo (56×). 
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stain and nuclei counted on images taken with a fluoresce
microscope (data not shown). Dorsomedial quadrants fro
somite II contained approximately 280 nuclei (±40 s.e.m
whereas dorsomedial quadrants from somite XII contained 7
nuclei (± 100 s.e.m.). 

DISCUSSION

An in vivo assay to score cell fate decisions
between cartilage and skeletal muscle
We have developed a cell determination assay that challen
prospective skeletal muscle precursor cells with a power
chondrogenic inducer, the notochord. Previous work has est
lished the notochord as an important source of the signal(s) 
induce ventral somite cells to form sclerotome, the precurs
of vertebral cartilage (Holtzer and Detwiler, 1953; Waterson
al., 1954; Grobstein and Holtzer, 1955; Lash et al., 1957; La
1967; Brand-Saberi et al., 1993; Pourquie et al., 1993; Fan 
Tessier-Lavigne, 1994). This assay is a refinement of ear
determination assays (Slack, 1983), in that it tests tempo
changes in the response of muscle precursor cells to sig
that are known to influence them at an earlier stage of devel-
opment in the embryo. Undetermined somite cells in this assa
should respond to notochord signals by differentiating in
chondrocytes, while determined myogenic precursor cells t
have acquired phenotype memory should no longer respon
the cartilage-inducing signals of the notochord and continue
differentiate as muscle. By challenging prospective musc
precursor cells from somites at precise developmental stag
the temporal acquisition of muscle lineage memory can 
assessed. 

This in vivo assay has several advantageous features. F
it employs transplantation of lineage-marked prospecti
skeletal muscle precursor cells from quail embryos (L
Douarin, 1973). Second, microsurgical procedures (William
and Ordahl, 1996; Ordahl and Christ, 1997) are employed
restrict analysis to myogenic precursor cells from a we
defined region of the somite (the DMQ), permitting the deve
opmental potential of the myotome lineage to be tested in
pendently of myogenic precursor cells located in the late
half of the somite, which behave very differently (Ordahl an
LeDouarin, 1992; Rong et al., 1992; Gamel et al., 1995). Thi
by scoring the differentiation of both muscle and cartilage, t
coexistence of both chondrogenic and myogenic potential
the same cell population can be described. Fourth, the in v
environment allows 3-dimensional relationships betwee
tissues to influence development, as for example in the cas
myoclusters forming in close proximity to nerve (see als
below). Fifth, the incorporation of BrdU into graft-derived
nuclei prior to differentiation as skeletal muscle in th
notochord challenge clearly demonstrates that determination
muscle precursor cells in vivo precedes withdrawal from t
cell cycle. Finally, tissue morphogenesis is fully elaborated 
vivo. 

Spinal nerve may supply muscle-specific trophic factors, 
a spatially favorable environment for myocluster differen
tiation. The presence of donor-derived mesenchymal cells t
do not express muscle markers in close proximity to ner
would appear to rule out a muscle-inducing property of t
spinal nerve. Nerve tissue is known to promote the differe
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ned muscle precursor cells are mitotically active. (A) shows a cross
ay chimeric embryo 24 hours after grafting a stage XI dorsomedial
as labelled with BrdU for 90 minutes prior to grafting into the

llenge. This section (56×) is stained with the MF20 antibody, revealing
f skeletal muscle tissue; the boxed area is magnified in B-D. (B) The

ing differentiated skeletal muscle tissue, as identified by the MF20
. (C) An adjacent section showing the location of quail cells in the
by identification with the QCPN anti-quail antibody (350×). D is another
n showing that many of the nuclei in the grafted tissue that differentiated
labelled with BrdU, as detected by the IU-4 anti-BrdU antibody (350×). 
tiation of muscle from somites (Vivarelli and Cossu, 198
Kenny-Mobbs and Thorogood, 1987; Rong et al., 199
Buffinger and Stockdale, 1994; Stern and Hauschka, 199
and a lineage of nerve-dependent myoblasts is known to a
in the developing limb (Bonner, 1978). While we favor th
hypothesis that most of the muscle-fated precursor cells
early somites and segmental plate are converted to the cart
fate by notochord signals, an alternative possibility is that th
die due to their isolation from muscle-specific trophic facto
Thus, determined myogenic precursor cells could be pres
even in the segmental plate, but only acquire the ability
thrive independent of nerve-associated trophic factors dur
maturation within the somites. The infrequent appearance
myoclusters from segmental plate grafts suggests that rep
sive mechanisms are evident in the notochord challenge a
that are not apparent in dispersion cultures (George-Weins
et al., 1994). Myogenic repressors such as twist (Hebrok et al.,
1994; Fuchtbauer, 1995; Spicer et al., 1996) and notch
(Reaume et al., 1992; Kopan et al., 1994) that are expresse
the rostral tip of the segmental plate could be inactivated
the presence of adjacent neural tissue. 

Cellular organization and cell fate specification in
the somite
Dorsal half-somite transplant experiments indicate that cells
the dorsal half of the somite are fated to form skeletal mus
but not cartilage (Christ et al., 1978, 1992; Aoyama, 199.
Medial half-somite transplant experiments indicate that t
medial portion of the dorsal half will give rise
to the muscle and dermis of the epaxial
domain (Ordahl and LeDouarin, 1992).
Despite these fate assignments under normal
conditions in vivo, we have demonstrated that
chondrogenic potential remains in the dorso-
medial quadrants of mature somites from
which well-organized muscle tissue will
develop. Such chondrogenic potential in the
mature dorsal somite is not evident in somite-
rotation experiments, which indicate that cells
of the dermomyotome are resistant to chon-
drogenic influences by somite stage III
(Aoyama and Asamoto, 1988). In addition,
dorsally grafted notochord induces ectopic
cartilage only from segmental plate but not
from formed somites (Pourquie et al., 1993).
Such observations, together with the findings
reported here raise the possibility that the
organization of intact somites may help
maintain the fate of unspecified dermal and/or
skeletal muscle precursor cells within the dor-
somedial quadrant and that surgical disruption
of the somite epithelium may reduce the resis-
tance of somite dermomyotome cells to
cartilage inducing signals from the notochord. 

There may be two steps in the response of
the somite to excess notochord signals; (i)
cells of the somite epithelium are first induced
to scatter as mesenchyme and, subseqently
(ii), become susceptible to cartilage inducing
signals from the notochord. Unclustered, mes-
enchymal quail cells in both early and late

Fig. 9.Determi
section of a 3 d
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somite grafts extinguish the expression of Pax3mRNA under
notochord influence within 24 hours and begin to express 
sclerotomal marker Pax1(Fig. 8), as seen previously (Goulding
et al., 1994). However, mitotically active, graft-derived qua
cells that remain clustered differentiate rapidly as skele
muscle within the same time frame, even when immediate
adjacent to supernumerary notochords (Fig. 8). Pax3
expression is repressed below background levels in these c
consistent with the previously observed repression of Pax3
expression concommitant with the onset of myoDexpression
in the dermomyotome medial lip (Williams and Ordahl, 1994
The recent identification of the dermomyotome medial lip as
source of myotome precursor cells (Denetclaw et al., 199
lends further support to the hypothesis that the Pax3-posi
dermomyotome epithelium is progressively consumed as c
activate myoD and enter the myotome. The number of gra
derived mesenchymal cells from early somite grafts appear
be far greater than the number of mesenchymal cells fr
grafts of late somites (data not shown), suggesting that 
epithelium of the mature somite is more resistant to the m
enchyme-inducing influence of the notochord. 

Tissue morphogenesis and mitotic expansion are
linked to somite maturation 
Both the incidence of differentiated muscle cells appearing
double notochord challenge chimeras, and the number of
myocytes that differentiated in each chimera, increased w
increasing developmental stage of the donor somite (Fig. 
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II IV XI XIII

dm
mt

sc

50% 90% 100%

myocluster myocluster muscle tissue

< 20 < 20 (5/9)
100-150 (3/9) 200-1000

STAGE II
SOMITE

STAGE IV
SOMITE

STAGES XI-XIII
SOMITES

100% 90% 100%

myoD myf5 myogenin myotome formation

cursor cell properties. Myogenic precursor cells from the segmental
late rarely forms differentiated myoclusters of fewer than 20 cells, and is
cartilage. The paired-box transcription factor, Pax3, is expressed
detectable by in situ hybridization. Myf5expression can only be detected
 not expressed in this tissue. Myogenic precursor cells from the stage
omite form myoclusters only 50% of the time, and are completely
aining cases. In situ detectable myoDexpression begins in the
age II somite; at this time, Pax3expression is extinguished in these cells.
e stage IV somite. DMQs of the stage IV somite often form small

orm large numbers of differentiated, disorganized muscle cells. Cartilage
fts. MyoDexpression is still detectable, and the onset of in situ detectable
 precursor cells from older somites (XI-XIII). DMQs from older
ced mitotic potential that results in the consistent formation of large
 organized into recognizable muscle tissue. In situ detectable expression

en, as well as the presence of fully differentiated myotome fibers
 The expression of Pax3is restricted primarily to the lateral border of the
and Table 1). In addition, a somite-stage-related increase in
ability to organize differentiated muscle cells into tissue 
acquired during somite maturation. Myocluster cells we
interspersed with non-muscle mesenchyme cells and w
similar in appearance to mononucleate and multipolar diff
entiated muscle cells seen in culture (Rong et al., 19
Buffinger and Stockdale, 1994; Gamel et al., 1995; Stern a
Hauschka, 1995). In terms of cell numbers, myoclusters r
resented a small fraction of the cellular component of
normally sized myotome in the dorsal epaxial domain whi
has been estimated to contain approximately 500 myonucle
the mouse (Nicolas et al., 1996). DMQs from stage XI-XI
somites, in contrast, formed highly organized muscle tiss
comparable in size and myonuclei numbers to the h
myotome. Such muscle tissue appeared to organize inde
dently of surrounding host structures and donor myofibers w
typically oriented perpendicular to the host axis. These diff
ences are reminiscent of changes in Xenopusmuscle precursor
cells, which require interaction with neighboring cells in ord
to differentiate during early development (Gurdon, 1988), a
lose this requirement as they mature in the paraxial mesod
(Kato and Gurdon, 1993). 

It is unlikely that the increased number of skeletal mus
cells seen in older somite
grafts is a result of the implan-
tation of already differentiated
skeletal muscle cells, which
are known to be mitotically
inactive (Langman and
Nelson, 1968; Sechrist and
Marcelle, 1996). Incorpora-
tion of BrdU into the nuclei of
muscle tissue formed from
older somite grafts confirmed
the presence of mitotically
active determined muscle pre-
cursors at the time of grafting.
Although there was an
approximately two-fold dif-
ference in the number of cells
in stage II versus stage XII
DMQ fragments prior to
transplantation, the more than
5-fold difference in the
number of muscle cells
derived from these grafts
suggests that either (i) a
fixed number of determined
myogenic precursors acquires
increased mitogenic and mor-
phogenetic capacity, or (ii)
increasing numbers of deter-
mined myogenic precursor
cells are induced from pre-
viously unspecified cells, or
(iii) both. The timing of
appearance of highly prolifer-
ative determined myotomal
precursors corresponds to the
initiation of expression of the
muscle specific FGF receptor,

segmental
plate

SOMITE
STAGES

MUSCLE
FREQUENCY 25%

TYPE OF
MUSCLE myocluster

# MUSCLE
NUCLEI < 20

SEGMENTAL
PLATESOURCE

CROSS
SECTIONS

CARTILAGE
FREQUENCY 100%

GENE EXPRESSION Pax3

nc

nt

Fig. 10. Summary of muscle pre
plate. Dorsomedial segmental p
converted almost exclusively to 
throughout this tissue, at levels 
by PCR amplification, and myoDis
II somite. DMQs of the stage II s
converted to cartilage in the rem
dorsomedial epithelium of the st
Myogenic precursor cells from th
myoclusters and occcasionally f
is always elicited from these gra
myf5expression is seen. Myogenic
somites have acquired an enhan
numbers of skeletal muscle cells
of myoD, myf5and myogeninis se
expressing myosin heavy chain.
somite. 
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FREK (Marcelle et al., 1995) that may render determin
myotome precursor cells responsive to ligands for FREK th
are expressed in the somite (i.e. FGFs 4, 6 and 8) (Niswan
and Martin, 1992; deLapeyriere et al., 1993; Crossley a
Martin, 1995; Crossley et al., 1996; Grass et al., 1996). 

The different mitotic and morphogenetic properties seen
this assay could reflect the presence of distinct lineages
muscle cell precursors within the somite. Whether these t
populations arise from equivalent, multipotent precursor ce
responding to changes in the type or duration of signals fr
the axial structures, or from pre-specified, unequivale
precursor cells in the dorsomedial quadrant of the somite
unknown. Precedent for the idea of separate and disti
muscle precursor populations that arise early in somite dev
opment has been established by molecular biological meth
(Patapoutian et al., 1995; Braun and Arnold, 1996; Cossu
al., 1996) and experimental embryological methods (Orda
and LeDouarin, 1992). Finally, the possibility that a populatio
of non-muscle cells arises later within the somite DMQ 
direct muscle development should not be overlooked. Conn
tive tissue cells, for example, are believed to control skele
muscle morphogenesis in the limb (Chevallier and Kien
1982). 
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Correlation of transcription factor expression and
the appearance of determined skeletal muscle
precursor cells
The paired-box transcription factor Pax3, a marker of the
skeletal muscle lineage expressed prior to myoD and myf5
(Bober et al., 1994b; Goulding et al., 1994; Williams an
Ordahl, 1994), is expressed in the DMQ of the segmental p
during somitogenesis (see Fig. 10). Consistent conversion
DMQ cells of the segmental plate and somite dermomyoto
to the cartilage fate in the notochord challenge indicates 
Pax3 expression in paraxial mesoderm cells does not ir
versibly commit them to the muscle fate (Fig. 10). 

RT-PCR experiments have demonstrated low-level (cove
expression of at least one MDF member in the segmental p
(Kopan et al., 1994; Maroto et al., 1997). Overt expression
myoD transcripts is first detectable by in situ hybridization 
somite stage II (Pownall and Emerson, 1992), in correlat
with an increase in the incidence of determined cells detec
by this assay (Fig. 10). Myf5 expression begins in the dorso
medial stage IV somite (Pownall and Emerson, 1992), coin
dent with an enhanced mitotic potential demonstrated in 
notochord challenge. If myoclusters are the same cells 
earlier expressed MDF members in the paraxial mesode
(Pownall and Emerson, 1992; Kopan et al., 1994; Maroto
al., 1997), additional neural influence(s) may be required 
their persistence as muscle when challenged with the powe
cartilage inducing influence of the notochord. 

The effect of notochord signalling on muscle cell
specification
Notochord signals, in combination with signals from the neu
tube, result in muscle differentiation or the expression of myoD
in chick segmental plate cells cultured in vitro (Buffinger an
Stockdale, 1994, 1995; Munsterberg et al., 1995; Munsterb
and Lassar, 1995; Stern et al., 1995; Stern and Hausc
1995). A two signal model for muscle specification has be
proposed, in which notochord signals induce the first steps
specification in the paraxial mesoderm in preparation for 
reception of maintenance and growth signals from the neu
tube (Munsterberg and Lassar, 1995). Notochord alo
produces a weak muscle differentiation response from e
epithelial somites, but is insufficient to cause muscle differe
tiation in the segmental plate in vitro (Buffinger and Stockda
1994; Stern and Hauschka, 1995). Epithelial organization m
thus be necessary to carry cells in the first stages of speci
tion forward into differentiation in vitro. 

The two-signal model has also been supported by exp
ments in vivo, showing that ablation of the neural tube preve
differentiation of muscle, but weak myoD expression is
initiated if the notochord is left intact (Bober et al., 1994a
Likewise, supernumerary notochord grafts which act 
suppress later differentiation of muscle precursor cells resu
weak up-regulation of myoDexpression nearby (Bober et al
1994a), however this effect is seen even in the absenc
neural tube (Pownall et al., 1996). These latter results have
to the hypothesis that notochord signals alone are sufficien
cause MDF member expression in the segmental plate in v
(Pownall et al., 1996; Borycki et al., 1997). 

A trio of BMP antagonists, chordin, nogginand follistatin,
are expressed in the notochord and/or organizer of Xenopus
embryos and have been implicated in directing the cell f
d
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decision between epidermis and neural tissue in Xenopus
(Hemmati-Brivanlou and Melton, 1997). Localized mis
expression of BMP4 in avian embryos influences t
expression of genes involved in patterning and cell fate spe
fication in the somite (Pourquie et al., 1996). Expression of f
listatin in the avian notochord and somite (Patel et al., 19
Amthor et al., 1996) suggests that BMP antagonists may a
influence the differentiation of avian somite cells. 

Identification of sonic hedgehogas a candidate morphogen
secreted by the notochord has led to the hypothesis that 
involved in directing cell fate decisions in the paraxi
mesoderm. Explant cultures of paraxial mesoderm respon
sonic hedgehogby expression of the sclerotomal marker Pax1
(Fan et al., 1995; Munsterberg et al., 1995). sonic hedgehogin
combination with Wnt family members has been shown to up
regulate the expression of myoD and myosin heavy chain
mRNA in explants of paraxial mesoderm (Munsterberg et a
1995). In the zebrafish, correct timing and position of myoD
expression requires an intact notochord (Weinberg et al., 19
which presumably acts to provide signalling by sonic
hedgehog. Interference with negative regulation of sonic
hedgehogsignalling enhances the onset of myoDexpression in
the zebrafish (Hammerschmidt et al., 1996), and unregula
ectopic expression of sonic hedgehogin chick embryos
expands myoDexpression domains in the paraxial mesoder
(Johnson et al., 1994).

A putative receptor for sonic hedgehog, patched, h
recently been identified (Stone et al., 1996). patched
expression, which is upregulated in response to sonic hedgehog
signalling (Goodrich et al., 1996), is localized to the scler
tome of developing somites, but is not seen in the myotome
dermomyotome. Expression of two zinc finger transcriptio
factors, Gli and Gli3, is differentially responsive to active sonic
hedgehogsignalling, providing a sensitive bioassay for region
of the paraxial mesoderm that receive the sonic hedgehog
signal (Marigo et al., 1996). Gli expression is up-regulated in
response to sonic hedgehog, and is localized to the sclerotome
Gli3 expression, which is down-regulated in response to sonic
hedgehogsignalling, is seen exclusively in the myotome, an
is excluded from the sclerotome of developing somites (Mar
et al., 1996). These expression patterns suggest that a
sonic hedgehogsignalling affects the formation of the sclero
tome, but not the myotome, in vivo. 

Targeted disruption of the sonic hedgehoggene in the mouse
embryo affects the axial and limb skeleton, but does not prev
the formation of differentiated skeletal muscle (Chiang et a
1996). In sonic hedgehognull mice, the expression domain o
Pax3 is expanded ventrally into the region of the somite th
normally forms sclerotome (Chiang et al., 1996). MyoD and
myf5 expression, which are believed to mark two separ
muscle lineages in the mouse embryo (Braun et al., 19
Braun and Arnold, 1996), are differentially affected by th
absence of sonic hedgehog. The appearance of myf5expression
in the medial somite is severely reduced, but myoDexpression
in the lateral half of the somite appears to be unaffec
(Chiang et al., 1996). These results argue that while 
formation of a myf5-dependent medial somite lineage may b
directly or indirectly dependent on the presence of sonic
hedgehog, the myoD-dependent lineage, which fully rescue
skeletal muscle in adult mice lacking the myf5 lineage
(Rudnicki et al., 1992), is independent of sonic hedgehogsig-
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nalling from the notochord. Thus, the overall consequence
sonic hedgehogsignalling for skeletal muscle appear to b
minimal. 

Nevertheless, these considerations necessitate caution 
interpreting the results of an assay which uses notochord
impose a cartilage fate on skeletal muscle precursor cells.
notochord has long been postulated to be a source of tro
factors that affect the development of surrounding tissues
particular axial cartilage (Gordon and Lash, 1974; Teillet a
Le Douarin, 1983). sonic hedgehogstimulates mitogenesis in
somite explant cultures (Fan et al., 1995), and may functio
a mitogen for precursor cells of the developing retina (Jen
and Wallace, 1997), providing further support for this ide
Whether the notochord acts to instruct multipotent parax
mesoderm cells to adopt cartilage and skeletal muscle fate
simply provides a mitogenic support for expansion of pre
ously specified cells, it is clear that muscle precursor cells
the dorsomedial quadrant of the somite differentiate as ske
muscle in a somite-stage-dependent fashion when challen
with notochord signals. The identification of these somi
stage-dependent differences in muscle precursor cell pote
provides an embryological starting point for the characteri
tion of the molecular causes of formation of skeletal mus
tissues in vertebrate embryos. 
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