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SUMMARY

The myotome is formed by a first wave of pioneer cells nuclei by embryonic day (E)4. By this stage, generation of
originating from the entire dorsomedial region of epithelial  second-wave myofibers, which also enter from the extreme
somites and a second wave that derives from all four lips lips is still under way. Formation of the latter fibers peaks
of the dermomyotome but generates myofibers from only at 30 somites and progressively decreases with age until
the rostral and caudal edges. Because the precedent E4. Thus, cells in these dermomyotome lips generate
progenitors exit the cell cycle upon myotome colonization, simultaneously distinct types of muscle progenitors in
subsequent waves must account for consecutive growth. In changing proportions as a function of age. Consistent with
this study, double labeling with CM-Dil and BrdU revealed a heterogeneity in the cellular composition of the extreme
the appearance of a third wave of progenitors that enter lips, MyoD is normally expressed in only a subset of these
the myotome as mitotically active cells from both rostral epithelial cells. Treatment with Sonic hedgehog drives most
and caudal dermomyotome edges. These cells expressof them to become MyoD positive and then to become
the fibroblast growth factor (FGF) receptor FREK and  myofibers, with a concurrent reduction in the proportion
treatment with FGF4 promotes their proliferation and  of proliferating muscle precursors.

redistribution towards the center of the myotome. Yet, they

are negative for MyoD, Myf5 and FGF4, which are,

however, expressed in myofibers. Key words: Avian embryo, Dermomyotome, FGF, FREK, Muscle

The proliferating progenitors first appear around the 30-  sateliite cells, MyoD, Myf5, Myogenesis, PAX, Pioneer myotomal
somite stage in cervical-level myotomes and their number cells, Proliferation, Sclerotome, Somite, Sonic hedgehog, Stem cells,
continuously increases, making up 85% of total muscle Quail

INTRODUCTION a view is consistent with an incremental mode of myotome
growth in the dorsoventral direction, contributed to by local

The development of epaxial and body wall (intercostal andell addition at the dorsomedial and ventrolateral extremities
abdominal) hypaxial muscles begins with the formation of gDenetclaw et al., 1997; Denetclaw and Ordahl, 2000).
transient embryonic structure, the myotome. Different views This view has been challenged by recent findings invoking
have been proposed to account for the ontogeny of the eatlyat development of the post-mitotic myotome is composed of
myotome. Using desmin immunostaining to visualizetwo successive waves that differ in the spatial and temporal
myoblasts, Kaehn et al. (Kaehn et al., 1988) proposed thatigin of their component cells, as well as in the mechanisms
myotome formation begins at the rostromedial corner of they which they colonize the myotome (Cinnamon et al., 1999;
dissociating somite and then progresses in rostrocaudal aKaéhane et al.,, 1998a; Kahane et al., 1998b; Kalcheim et al.,
mediolateral directions within individual segments. At1999). According to this alternative model, a first wave of early
variance with this view, recent experiments suggest thagiost-mitotic progenitors, which expresses the earliest
myotome fibers are generated from the entire medial boundamgyogenic genes, originates along the entire dorsomedial aspect
(DML) and the medial portion of the rostral boundary of theof the still epithelial somite. This epithelial layer then bends
dermomyotome (Denetclaw et al., 1997), and somewhat latenderneath the nascent dermomyotome and its dissociating
from the ventrolateral lip (VLL; Denetclaw and Ordahl, 2000).cells migrate rostrally, leading to a transient triangular pattern
In these studies, myoblasts were proposed to ingress from #tlat most likely corresponds to the cells described by Kaehn et
along the DML and VLL into the myotomal layer and to al. (Kaehn et al., 1988). Elongation of the pioneer myofibers
differentiate into myofibers with no further translocation. Suctthen occurs in a rostrocaudal direction until a primary
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myotomal structure is formed that spans the entire mediolateralyotome from both rostral and caudal dermomyotome edges.
and rostrocaudal extent of individual segments (Kahane et aln addition, these cells express the FGF receptor FREK and
1998a). Subsequent development of the myotome is accountezspond to FGF4 by increased proliferation and redistribution
for by progressive cell addition from all four dermomyotomethroughout the myotome. At variance with previous waves,
lips, where progenitors undergo active proliferation (Kahane é§REK-positive, mitotically competent cells entering the
al., 1998a; Kahane et al., 1998b; see also Christ et al., 1978)yotome are negative for both MyoD and Myfb5.
Myoblast addition from these lips begins, for example, in 23Quantification of the relative contribution of both myogenic
25-somite old embryos in the rostralmost five to eight segment®ll types revealed that entry of second-wave post-mitotic
and extends further caudally as development proceedfbers peaks by 30 somites and progressively decreases with
Therefore, this process succeeds and may even slightly overlage. In contrast, from 30 somites onwards, the number of
in time the establishment of the primary myotome byproliferating progenitors continuously increases with age,
the pioneer cells. Because of differences in timing andttaining 85% of total muscle nuclei by embryonic day (E)4.
topographical origin of the contributing progenitors, as well aghese distinctive spatiotemporal and molecular characteristics
in the mechanisms by which they colonize the myotome, cellgf the mitotically active cells define a third wave of myotomal
arising in the dermomyotome lips can be considered to giveolonization. Furthermore, the partial temporal overlap in
rise to a second wave of myotomal cells. production of both cellular waves suggests the possibility that
Although second-wave cells originate from all four lips ofthe extreme dermomyotome lips contain precursors that are
the dermomyotome, direct elongation of myofibers into thalifferentially specified to each fate. Consistent with such
myotome was observed to occur only from along the extrem& possibility, MyoD is normally transcribed in only a
(rostral and caudal) dermomyotome edges. Thus, cells from tlseibpopulation of epithelial cells within the extreme (rostral
DML and VLL were found first to delaminate, then migrateand caudal) lips. Furthermore, treatment with Sonic hedgehog
longitudinally into the extreme lips from which they in turn (Shh) drives most epithelial cells to express MyoD, followed
generate myofibers (Cinnamon et al., 1999; Cinnamon et aby a large production of post-mitotic myofibers and a
2001; Kahane et al., 1998b). Thus, actual colonization of theoncomitant reduction in the proportion of third-wave
myotome occurs in a direction that is parallel to the preprogenitors, suggesting that the MyoD-positive epithelial cells
existing pioneer myofibers, among which second-wave fiberare the progenitors of second-wave myofibers.
from all lips progressively intercalate. This suggests that the
myotome, comprising all its component waves, expands
through the whole mediodorsal to ventrolateral extent, aMATERIALS AND METHODS
opposed to expansion just at the extreme VLL and DML lips.
This can be compared with the proportional extension of §MPYos . , , ,
spring, by progressive intercalation of second-wave cell§ertile quail Coturnix coturnix Japonicaeggs from commercial
among myofibers of the primary scaffold (Cinnamon et al.Sources were used in this study.
1999). ) CM-Dil labeling of extreme dermomyotome lip cells and
Both.p|oneer cells and muscle progenitors c_>f the se_conmjorescence imaging
wave withdraw from the cell cycle before generating myofibergmpryo preparation

(Kahane et al.,, 1998a; Kahan'e e_t al., 1998b.; Langman arghail embryos were at the 28-32-somite stages at the time of dye
Nelson, 1968). Thus, the contribution of both first and secon beling. After removal of the vitelline membrane, a unilateral slit was

waves leads to the development of a myotome expressifgrformed in the ectoderm over the intersomitic region at cervical

MyoD and Myf5 but lacking intrinsic mitotic activity. In view |evels of the axis (somites 7-12). A small drop of pancreatin (2% wi/v)

of the transient existence of the dermomyotomal epitheliunwas then added to assist in the separation of the ectoderm from
and the continuous growth of the muscles that derive from thenderlying mesoderm. Enzymatic activity was stopped by newborn

myotomes, mitotically active cells that ensure subsequers@lf serum (10% in phosphate-buffered saline (PBS)). The ectoderm
growth must arise in the myotomes before dermomyotomgPmpletely regenerated over the somites within one hour following

disappearance. Mitotically competent muscle progenitord€ labeling procedure.

synthesize the fibroblast growth factor (FGF) receptopye |apeling

F.REK’ yvhpse expression is downregulated upon muscIsorosilicate tubes with filament (O.D., 1.0 mm, I.D., 0.5 mm) were
differentiation (Marcelle et al., 1994; Halevy et al., 1994). Agyied using a vertical puller (Sutter model P-30). CM-Dil (C-7000,
small population of FREK-positive cells is present in cervicalolecular Probes) was dissolved in absolute ethanol to a
myotomes from embryonic day (E)2.5 onwards, suggestingoncentration of 1 mg/ml. Just before starting the injections, it was
that by this time, the first proliferating muscle progenitorsfurther diluted to a final concentration of 0.1 mg/ml in 10% sucrose
appear in the myotome (Marcelle et al., 1995, Sechrist and water and micropipettes were backfilled as previously described
Marcelle, 1996). As, at these stages, FREK may not béahane etal., 1998a; Kahane et al., 1998b). Micropipettes were then
restricted solely to the mitotically competent musclemounted on a Zeiss micromanipulator. Dye injections were performed

; : ; - iontophoresis. Current was applied through a Ag/AgCl wire placed
tsr?ebs“eniaeﬁgyisr((ilai(i:rte?jpproa(:h to investigating the ontogeny ﬁnya 2M LICI solution immediately before somite injections and a 3

. . . .second pulse, with 100 nA of current was employed to deliver the dye.
In the prese_nt study, we h_a"e_ directly _exammed the Or'g'ﬂljections were performed under an upright Zeiss Axioscope
and progression of the mitotically active progenitors inmicroscope adapted for holding eggs and equipped with long working
relation to the ontogeny of the previous, second wave afistance objectives (LD-Achroplark20) and epifluorescence.
myotome colonization. We find that, similar to progenitors ofEmbryos were viewed with oblique lighting from a fiber optic light
the second wave, the mitotically active cells enter theource. Various types of injections were made: (1) to the center of the
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rostral dermomyotome lip or at specific sites along its mediolateré24 hours followed by fixation, sectioning, autoradiography and
extent; (2) to the center of the caudal dermomyotome lip or at specifldoechst nuclear staining. Myotomal nuclei (Hoechst positive) that
sites along its mediolateral extent; and (3) to discrete sites along themained unlabeled (thymidine-negative) despite a full day of
DML. The accuracy of labeling sites was monitored throughout théhymidine pulsing were considered to be post-mitotic. The number of
procedure by observation under a total magnification2®0 with such nuclei per myotome was measured at E4 and E5 for cells that
combined bright field and epifluorescence optics. After dye labelinggxited the cell cycle prior to the onset of labeling at E3 and at E4,
embryos were further grown for 16-20 hours. By this time, BrdU wasespectively.

delivered in ovo, as described below, followed by an additional ) )

incubation of 1 hour. At the end of incubation, embryos were removefiixation, immunocytochemistry and autoradiography

from the egg, washed in PBS and fixed in formaldehyde. Embryos were fixed in 4% formaldehyde or in Fornoy and embedded
] ) in paraplast. Serial [im sections were mounted on gelatinized slides.
Laser-scanning confocal microscopy Immunostaining with desmin or BrdU antibodies was performed as

Fluorescent samples were analyzed using an LSM410 scannimgscribed by Kahane et al. (Kahane et al., 1998a; Kahane et al.,
confocal microscope (Zeiss, Jena, Germany) with a He-Ne laser f4998b). Secondary antibodies were coupled either to FITC or to

the excitation wavelength of 543 nm (CM-Dil) and an Argon laser fothorseradish peroxidase. Autoradiography after thymidine labeling

excitation wavelength of 488 (BrdU immunolabeling, see below)wvas performed as previously described (Brill et al., 1995).

attached to an Axiovert 135M microscope. Analysis was performed o

on serial transverse sections. The samples were optically screened™$itu hybridization

1 um increments over a total thickness qfrii and sequential images Whole-mount in situ hybridization was performed as described by

were collected and integrated using a Pentium 150 personal comput€ahane et al. (Kahane et al. 1998a; Kahane et al. 1998b) with avian-

Adobe Photoshop was used for image processing. specific probes for FREK (Marcelle et al., 1994), MyoD and Myf5
) (kindly provided by Charles Emerson; Pownall and Emerson, 1992)
Grafts of FGF4-coated beads or of Shh-producing cells and FGF4 (a gift from Lee Niswander; Niswander et al., 1994)

Heparin-acrylic beads (Sigma) were cut into quarters and incubatddllowed by paraffin-wax embedding and serial sectioning girh0

in a solution of FGF4 (R&D Systems, 0.5 mg/ml in PBS) for 2 hourdn situ hybridization was also performed on sections and combined
at room temperature. Coated beads were then washed in PBS amith immunohistochemistry after 1 hour pulses with BrdU, as
grafted. Control QT6 cells or cells expressing Shh (a kind gift frondescribed elsewhere (Sechrist and Marcelle, 1996).

Delphine Duprez) were grown as previously described (Duprez et al.,
1998). One day prior to grafting, cells were harvested and seeded onto
non-adhesive Petri dishes, where they formed aggregates. Transve
slits were made along the intersomitic regions in embryos aged 28-
somites at the cervical level (somites 10-15). Either beads or ce,E . L .

aggregates were then grafted into the these slits adjacent to the rostti€ third wave of mitotically active cells enters the
and caudal extremities. Embryos were further incubated for 10, 24 &fyotome from both rostral and caudal lips of the
48 hours. dermomyotome

Previous studies in which short pulses of radiolabeled
thymidine were delivered to embryos of about 25 somite pairs,
have clearly shown that no DNA synthesis takes place within

diluted in PBS, specific activity 45-47 Ci/mmol; Amersham) werethe m.yo“’mes at this stage (Langman "?md Nelson’. 1968;
applied for a total of 1 hour to either CM-Dil-labeled embryos orsechrISt and Marcelle, 1996). By. th,'s t!me, the. primary
intact embryos at different stages, respectively. The extent dhyotome formed from early post-mitotic pioneers is already
proliferation at each age was measured as the number of cells wigtablished at cervical levels of the axis (Kahane et al., 1998a),
thymidine or BrdU grains + nuclei per desmin-positive myotome. Toand second-wave myoblasts, which are mitotically active in the
this end, counts were made of serial frontal sections of three differediermomyotome lips, begin differentiating into myofibers after
embryos per embryonic age and expressed as the meanzs.d. of selgecoming post-mitotic (Kahane et al., 1998b).
to 14 cervical myotomes per experimental point. Cells that had incorporated radiolabeled thymidine into their
nuclei after a 1 hour pulse appear within myotomes from the
30-35-somite stage onwards at cervical levels of the axis
post-mitotic upon myotome entry (Kahane et al., 1998b). r.nglgs 1 5 .M"’.‘fce”e. Qt al., 1.995)' Their presence must reflect
(1) The first protocol consisted of applying two pulses ofintrinsic mitotic activity, as it takes about 4 to 5 hours for
[3H]thymidine at 3 hour intervals, beginning at the age of 25 somite§lermomyotome cells to enter the myotome (Langman and
which is when the primary myotome consisting of pioneer myofiberelson, 1968). Notably, from this stage until about E3.5, the
is already established in cervical levels of the axis and the secodbeled progenitors were localized primarily to both rostral and
wave of myotomal cells begins its contribution (Kahane et al., 1998byaudal regions of the myotomes (Figs 1A, 4) whereas similar
Embryos at different ages were pulsed as described above. At the gndlses performed from E4 onwards showed that proliferating
of a 6 hour exposure to radiolabeled thymidine, they were chased witells were scattered throughout the myotomes (Fig. 1B). This

In this protocol, cells that were mitotically active during the 6 hour,

labeling period and were then withdrawn from the cell cycle at or prioradiolabeled thymidine over their nuclei suggests that
to the chase retained the label over their nuclei. In contrast, those C(:,ﬁ ltotically competent cells arise and/or arrive into the extreme

S . . .
that continued to divide actively during the chase diluted th ps of the dermomy(_)tom_es from .W.h'Ch the_y migrate into
radioactive metabolite and became unlabeled. the myotomal domain, first localizing to its edges and
(2) To measure the number of post-mitotic, second-wave myofibe@Jbsequen_ﬂy Col_onlzmg t_h? Wh0|e structure. o
added to the myotomes between E3 and E4, embryos aged 3 (35T0 examine this possibility directly, a discrete region in the
somite pairs) or 4 days received three pulseStdfttiymidine over  center of rostral or caudal lips of dermomyotomes was

SULTS

Detection of proliferating cells in vivo by labeling with
BrdU or [ 3H]thymidine
BrdU (50l of a 10 mM solution, Sigma) ofHi]thymidine (1OuCi

Detection of post-mitotic cells of the second wave
Two protocols were used to label second-wave myoblasts that beco
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iontophoretically labeled with CM-Dil, as described undermitotically competent cells also enter from the extreme rostral
Materials and Methods. Embryos were incubated for additionalnd caudal dermomyotome lips. Thus, proliferative cells from
20 hours and then pulsed with BrdU for one hour priodermomyotome edges give rise to two types of myotomal cells:
to fixation. Double-labeled cells that contained BrdU-second-wave cells that become post-mitotic and generate
immunoreactive nuclei surrounded by CM-Dil-positive fibers and cells that remain mitotically active after myotome
membranes were present within the myotomes in both types oblonization.

epithelial lip injections (Fig. 2A, arrow and data not shown). As the DML and VLL epithelia also generate myofibers of
To assess further whether the whole mediolateral extent of tiilee second wave, we examined whether they produce, in
rostral and caudal lips gives rise to mitotically competent cellsaddition, mitotic cells of the third wave. To this end, the length
two to three discrete injections were performed along eachf the DML epithelium was similarly labeled by discrete spots
edge at medial or lateral positions with respect to the centesf CM-Dil followed by a 1 hour pulse of BrdU before fixation.
Mesenchymal cells that revealed both CM-Dil and BrdUDouble-labeled CM-Dil/BrdU cells were present in only two
labeling were present in nine out of 11 analyzed myotomesut of 22 myotomes examined, whereas CM-Dil-positive
(Fig. 2B; data not shown). In all precedent cases, CM-Dilmyofibers were apparent in 20 out of the 22 myotomes (Fig.
positive myofibers were also detected in the process &fC). Thus, whereas progenitors that become myofibers are
elongating into the myotomes (Fig. 2A, arrowheads delimitingontributed by all epithelial lips, mitotically competent cells of

a myofiber; data not shown; Kahane et al., 1998b). Thegbe third wave derive predominantly from the rostral and
results show that similar to second-wave progenitors, theaudal edges of the dermomyotome (DM).

on rostral lip B

D

EC

Fig. 2. Mitotically active cells enter the myotome from the extreme rostral and caudal lips of the dermomyotome. lontophoretiwitibeling
CM-Dil (red) of (A) the center of the rostral lip, (B) the medial aspect of the caudal lip, (C) the DML of dermomyotomesgssEmeibey
incubated for additional 20 hours and then pulsed with BrdU (green) for one hour prior to fixation. (A,B) Note the presaribe with
myotomes of double-labeled cells containing BrdU-immunoreactive nuclei surrounded by CM-Dil-positive material (arrows)l&he dou
labeling represents cells that entered from the respective lips and continued proliferating within the myotome. Myofibeypspaoior the
entire rostrocaudal length of the myotome are also apparent (arrowheads in A and C). One day after CM-Dil labeling,ufipe diduoijiis a
dotted appearance in the cell membrane. BrdU-positive/CM-Dil-negative cells were also apparent as only a small numbisvedrigpdye
labeled. The presence of CM-Dil-positive cells that lack BrdU in their nuclei was evident as well; this finding was expetteouapulse
enables the detection of only a subset of the mitotic population given a cell cycle length of about 8 hours (Langman ahgi@8elson
Summerbell et al., 1986). D, dermis; EC, ectoderm; Myo, myotome; Scl, sclerotome. Scalegubar: 11
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Fig. 3. Expression of FREK mRNA in developing myotomes. (A) Whole-mount in situ hybridization of E3.5 embryo, revealing that expression
of FREK is enriched in both rostral and caudal regions of the myotome (arrowheads) as well as in discrete stripes subjcespgithelium
(between arrows). (B) Sagittal section of a similar embryo, further showing the distribution to the extreme regions of imesm(@té&rontal

section through a cervical region of a 30-somite stage embryo again revealing intense FREK signal at the edges of théamgotosaess),
whereas the rest of the myotome and the overlying dermomyotome show a fainter intensity of labeling (see also D). (D) Jeatiewerse
showing that FREK signal is particularly intense in myotomal cells localized towards the sclerotomal portion of the mymtsitiey) adopted

by ingrowing second-wave myofibers relative to pre-existing pioneers that always remain apposed to the dermal side of theCnyaniciad;

DM, dermomyotome; M, myotome; NT, neural tube; NO, notochord, R, rostral; Scl, sclerotome. Scalguwar, 50

Expression of FREK mRNA by progenitors entering called this area the ‘sub-lip’ domain, as it contains DML- and
the myotome from the extreme lips VLL-derived progenitors of the second wave that have
In situ hybridization with a FREK probe of embryos rangingdelaminated from the epithelia and undergone a longitudinal
in age from 30-35 somite pairs untii E4 revealed thatmigration on their way to the rostral and caudal lips (Cinnamon
expression of these transcripts is enriched in both rostral ared al., 2001).
caudal regions of the myotome, whereas the rest of the By E3.5, FREK receptor transcripts are still localized to the
myotome and the overlying dermomyotome showed a faintegxtreme regions of the myotome in cells that have incorporated
intensity of labeling (Figs 3A-C, 4A). In these regions, FREKBrdU after a 1 hour pulse (Fig. 4A), yet second-wave
MRNA is likely to be expressed by progenitors of the thirdnyofibers are not added any longer to the myotome (see below,
wave, which enter the myotome from the extreme lips (see Figgg. 6 and Table 1). Therefore, at this stage, FREK mRNA is
1, 2). Consistent with this possibility, Fig. 4A reveals thatlikely to mark predominantly the third wave of mitotically
FREK-positive cells localized close to the myotome edges havwmpetent cells. Notably, we have occasionally observed the
incorporated BrdU, and Marcelle et al. (Marcelle et al., 1995presence of few BrdU-positive/FREK-negative cells within the
have shown that FREK is a marker for mitotically competenmyotome, suggesting that although most proliferating cells
progenitors both within myotomes and in developing limbs. express the receptor, a few may either not express it at all or
In previous studies, we have shown that second-wave celigoduce it only transiently.
also enter the myotomes from the extreme rostral and caudalln contrast to the restricted expression of FREK to the
edges of the dermomyotome (Cinnamon et al., 1999, Kahamayotome extremities, MyoD and Myf5 mRNAs become
et al.,, 1998b). Thus, FREK mRNA could also identify preferentially localized at this developmental time to the center
progenitors of the second wave that migrate into the myotomef the myotomes, which contain BrdU-negative nuclei of
Confirming this assumption, we observed that in the transverskfferentiated myofibers (Fig. 4B,C). Thus, under these
plane, FREK signal was also intense in myotomal cell€onditions, the BrdU-positive nuclei are apparent in a MyoD
localized towards the sclerotomal portion of the myotome (Figand Myf5-free environment, suggesting that most proliferating
3D). This position is adopted by ingrowing second-waveprogenitors do not express the above factors (arrows in Fig.
myofibers relative to pre-existing pioneers, which alwaystB,C). Notably, some mRNA signal is occasionally detected
remain apposed to the superficial, dermal side of the myotontewards the rostral and caudal edges of the myotomes (see Fig.
(Kahane et al., 1998b). 4B and data not shown). In such areas, it is not possible to
In addition, FREK mRNA signal is also apparent in aassess whether the BrdU-positive cells co-express MyoD, but
discrete region subjacent to the DML epithelium (Fig. 3A, areghis possibility is highly unlikely, as MyoD is apparent within
between arrows) and also the VLL epithelium at specific levelthe myotomal fibers whose nuclei are located in the center of
of the axis (not shown). FREK signal in these regions sparibe myotome, whereas BrdU is in nuclei of local mesenchymal
the entire rostrocaudal extent of individual segments. We hawells.
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Fig. 4. FREK (but not MyoD, Myf5 or FGF4) is expressed by
proliferating cells of the third wave that enter the myotome. E3.5
quail embryos (45 somites approximately) were labeled with BrdU
for 1 hour followed by fixation and in situ hybridization. Frontal
sections were hybridized with probes to (A) FREK, (B) MyoD,

(C) Myf5 and (D) FGF4, and then subjected to immunodetection of
BrdU. Note that in all cases, BrdU-labeled nuclei are preferentially
localized towards the rostral and caudal regions of the myotomes
(small arrows in B-D; white arrowheads in A). In A, the BrdU-
positive nuclei are a subset of FREK-containing cells (white

Table 1. Addition of second-wave myofibers between E3
and E4

Post-mitotic
cells/myotome

Total cells/

myotome* (Hoechst-positive/
Embryonic (Hoechst-positive  3fi]thymidine- Myotomes
age nuclei/myotome) negative nuclei) counted
E3to E4 5230+60 651+51 12
E4 to E5 10220£275 786+19 8

E3 and E4 embryos received three pulsedHitfiymidine over 24 hours,
followed by fixation, sectioning, autoradiography and Hoechst nuclear
staining. The number of thymidine-negative nuclei/myotome (mean * s.d.)
represents the total post-mitotic cells present in the myotome from the onset
of labeling. These values were measured at E4 for cells that exited the cell
cycle at E3, and at E5 for the corresponding ones at E4.

*Values represent the mean + s.d. of the total number of cells/myotome
counted at E4 and E5. Age differences were signifid2«2.0001; ANOVA)
for both parameters measured.

The percentage of total post-mitotic myotomal cells at E4 is 15%. Note that
it was calculated as the ratio between the number of post-mitotic cells at E4
(786 cells/myotome) to the total cell number present at the same age (5230
cells/myotome).

protein is distributed throughout the entire length of
differentiated myofibers but not in mesenchymal myotomal
cells (data not shown). These results suggest that most
mitotically active progenitors express within the myotome
FREK mRNA but are negative for MyoD, Myf5 and FGF4.

FGF4 promotes the proliferation and redistribution
of third-wave progenitors within the myotome

As FREK has been shown to act as a receptor for FGF
(Marcelle et al., 1994) and FGF4 is expressed in myotomal
fibers, we examined the possibility that myofibers influence,
via FGF4, the development of the proliferating FREK-
positive progenitors. FGF4-coated beads were grafted in the
intersomitic spaces of cervical-level segments in 30-somite
stage embryos, a time that corresponds to the onset of
immigration of the third wave of proliferating precursors. At
E3.5, the distribution of FREK mRNA signal was predominant
in the rostral and caudal portions of control myotomes and of
myotomes that were exposed to control beads, as previously
described (Figs 5B-D, 3A-C). In striking contrast, the
distribution pattern of FREK mRNA became uniform along the
rostrocaudal aspect of the myotome in FGF-treated segments
(Fig. 5A,D). We next examined whether this change in FREK
distribution reflects an altered pattern and/or amount of
proliferating cells within the myotomes. To this end, embryos
were similarly treated with FGF4 and pulsed for 1 hour with
BrdU prior to fixation. The number of BrdU-positive nuclei

arrowheads) that are localized in the myotome extremities. MyoD, was counted in serial transverse sections at both treated and
Myf5 and FGF4 are enriched at this developmental time in the centefontralateral sides. As depicted in Fig. 5E, the distribution of
of myotomes (central region marked by M). These contain the nuclegqy-positive cells along the rostrocaudal extent of control
of differentiated myofibers that are BrdU negative. Rostral is toward?nyotomes shows that the majority of mitotic nuclei are still
g::?etgt’(')ra’efjgg:z’lif’ae&mderm’ M, center of myotome; Scl, Iocali_zed towards the_ e>_<tremities_ o_f th_e myotome with few
e cells in the center. This bimodal distribution pattern was totally
lost upon exposure to FGF, which instead revealed a
Also reciprocal to the expression pattern of FREK, wehomogeneous dispersion of the cells along the myotomes
detected FGF4 mRNA in the cytoplasm around the centralln=9), a feature normally observed only at later stages. This
located post-mitotic myofiber nuclei but not elsewhere in thehange in distribution of proliferating cells corresponds to the
myotome in regions that contain BrdU-positive/FREK-positiveuniform pattern of FREK mRNA expression observed in the
precursors (Fig. 4D, compare with 4A). In addition, FGF4treated embryos.
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Fig. 5. Effect of added FGF4 on the amount and topographical distribution of third-wave progenitors. (A-D) In situ hybridizati@Kfof FR
E3.5 quail embryos that received an implant of FGF4-coated beads at the 28-30-somite stage (A, treated side; B, cat)adateoaitol
beads (C). Note the preferential distribution of FREK signal to the rostral and caudal portions of the myotomes in B@mde@dg)yin A,
FREK transcripts are homogeneously dispersed in the vicinity of the implanted beads (area between arrows). (D) Frontahsdetiehad
the notochord (NO) of a FGF-treated embryo, showing the preferential distribution of cells to the extreme regions of thee(aryotdmeads)
in the control side when compared with the uniform distribution of FREK mRNA in the treated side. (E) Thirty-somite stage rexcdivsal
FGF4-soaked beads as depicted above. One hour before fixation at E3.5 they were pulsed with BrdU. The number of BrdUspwatiive ce
counted in serial transverse sections starting from the rostral end to the caudal extreme of each myotome. Note thairsithe @{Dae),

the majority of labeled cells are found close to the extreme edges of the myotome with very few in the center, wheressailedr&fkiryos
(red), their distribution is uniform along the myotome. Note also that the number of labeled cells is higher in most eegti@isgthe
treated side (see Results for quantification). C, caudal; D, dermis; Scl, sclerotome; R, rostral. Scale baprmfor, R2

Notably, an average increase of 2.1-fold in the number d83+14 cells in the S phase of the cell cycle. The number of
BrdU-positive cells per myotome was also observed in FGFsuch cells progressively increased and reached almost four
treated myotomes when compared with the contralateral onéises (185+11) the initially counted value at the age of 44
(2.25+0.5,n=4 and 1.98+0.2%=5 myotomes in two different somites (E3.5) (Fig. 6). A separate experiment in which the
embryos, respectively; see also Fig. 5E) with no apparemroportion of post-mitotic cells per myotome was directly
change in the overall size of the myotomes and staining farounted (Table 1 and see below) revealed that by E4,
desmin protein (data not shown; see Fig. 5D). Thus, exogenonstotically active progenitors within myotomes already
FGF promotes both the topographical redistribution and thattained about 85% of the total population. Thus, within two
proliferation of third-wave progenitors. Taken together, theseélays from their first appearance, the mitotically competent
data suggest that FGF/FREK may be involved in therogenitors became the predominant population of myotomal
redistribution of third-wave progenitors from the extreme lipscells.
of the DM (where they originate) towards the center of the As both second and third waves enter the myotome from the

myotome and in regulating their proliferation. extreme edges of the dermomyotomes, it was important to

compare the time-dependent behavior of both cell types. To
Progressive expansion of the proliferating this end, we examined the temporal dynamics of second-wave
population of myotomal progenitors is concomitant progenitors that were previously shown to enter the myotomes
with a time-dependent decrease in the generation of as emerging post-mitotic fibers (Kahane et al., 1998b). In this
post-mitotic myofibers of the second wave protocol, embryos at different ages were pulsed for 6 hours

We next quantified the age-dependent development afith radiolabeled thymidine starting after establishment of the
progenitors of the third wave. To this end, single, 1 hour pulsgsoneer myotome and then chased with unlabeled metabolite
with radiolabeled thymidine were delivered to embryos auntil fixation at E5, as described in Materials and Methods
different stages followed by immediate fixation. The numbe(protocol 1). Cells that continued dividing during the chase
of cells with thymidine-positive grains over nuclei was scoredliluted the radioactive metabolite and became unlabeled. In
per myotome as described under Materials and Methods. Abntrast, cells that were mitotically active during the 6 hour
35 somites, cervical-level myotomes contained an average t#beling period and then exited the cell cycle remained labeled
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Fig. 6. Age-dependent increase in the number of 200
mitotically-active progenitors of the third wave. %
Single pulses of radiolabeled thymidine, 1 hour 180

long, were delivered to embryos at different stagesz 160
followed by immediate fixation. The number of
cells with thymidine-positive grains over nuclei
was scored per myotome, as described in Material§
and Methods. Results represent the meanzs.d. of €
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in cervical regions of the axis and tt )
progressively decreased until E3.5 (46 so
pairs, approximately).

To measure directly the total number of myofibers still addegdhowed that during the early stages considered (28-35 somite
between E3 and E4, embryos aged 3 (35-somite pairs) orpairs), dermomyotome lips generate both post-mitotic fibers as
days were pulsed wit#ifijthymidine over 24 hours, followed well as mitotically active progenitors that enter into the
by fixation (Materials and Methods, protocol 2). Myotomalmyotome (Fig. 2, data not shown; Kahane et al., 1998b). This
nuclei (Hoechst positive) that remained unlabeled (thymidinéinding could indicate that rostral and caudal lips of the
negative) despite a full day of thymidine pulsing weredermomyotome contain cells that are differentially specified to
considered to be post-mitotic. The number of such nuclei paenerate the two types of myogenic precursors.
myotome was measured at E4 and E5 for cells that exited the )
cell cycle prior to the onset of labeling at E3 and at E4Expression of MyoD by a subset of dermomyotomal
respectively. Table 1 shows that the total number of posfrogenitors
mitotic cells at E3 was 651+51 and it increased to 786x1®Results of dye labeling of dermomyotome lips, together with
within a day. This represents a 20% addition of myofibers tquantitative measurements of each cell population, have clearly
the myotome during the measured time interval. Notably, ishown that there is a temporal overlap in the generation of the
the same time frame, the total number of cells in the myotomédw/o cell types from the rostral and caudal lips of the overlying
doubled and the post-mitotic fibers of both first and secondermomyotome. To begin investigating whether these lips
waves remained a minority of the myotomal population. Somight contain distinct progenitors for each cell type, we first
the process of primary myofiber differentiation in cervicalexamined the possibility that they display a molecular
myotomes begins around the 25-somite stage and is completeeterogeneity. In a previous study (Kahane et al., 1998b), we
by E4, whereas addition of proliferating progenitors starts bjnave reported that the rostral and caudal lips of the
30 somites and progresses from then on. Although in théermomyotome contain MyoD-positive cells. Here, we show
present measurements of proliferating cells it was not possibthat in 35-somite stage embryos, MyoD is expressed in only
to discriminate between the relative contribution of cell entrya subset of cells in both the rostral and the caudal
and intrinsic cell proliferation, our dye labeling experimentsdermomyotome lips (Fig. 8). Since progenitors of the third

Age (No. of somites)

Fig. 7. Age-dependent decrease in generation of
post-mitotic, second-wave myofibers. Embryos at
different ages starting after establishment of the
pioneer myotome were pulsed for 6 hours with
radiolabeled thymidine and then chased with
unlabeled metabolite until fixation at E5 as
described in Materials and Methods (protocol 1).,
Cells that continued dividing during the chase
diluted the radioactive metabolite and became
unlabeled. In contrast, cells that were mitotically T
active during the 6 hour labeling period and then'-
withdraw from the cell cycle remained labeled 2

and represent a subpopulation of the second & L]
wave. Note that the number of post-mitotic cells £

is maximal at the 30-32-somite stage in cervical <
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(Fig. 8C,D), further substantiating the notion that expression
of myogenic genes precedes the transition to the post-mitotic
state and suggesting that the latter progenitors exit the cell
cycle only by the time they colonize the myotome as

differentiating myofibers.

Shh-induced expression of MyoD in the
dermomyotome epithelium is followed by enhanced
sm  Scl _ myofiber differentiation
Qg Y vy To assess further whether the subset of MyoD-positive cells in
1 the DML lips represent the progenitors of second-wave
myofibers, we reasoned that any procedure that induces
expression of MyoD in otherwise negative cells of the DML
epithelium should result in enhanced myofiber formation. Shh
was shown to induce MyoD expression and myogenesis at
early somitic stages (see, for example, Borycki et al., 1998;
Borycki et al., 1999; Johnson et al., 1994; Marcelle et al.,
1997). We therefore grafted Shh-producing cells at a stage
corresponding to the onset of the third wave (30 somites
at cervical level). Within 10 hours, Shh-producing cells
stimulated expression of MyoD in many epithelial cells
residing in the dermomyotome when compared with fewer
progenitors expressing the gene within the rostral and caudal
% edges of the control side or of QT6-grafted embryos (Fig. 9A-
_ 'y C; data not shown). Notably, many of the epithelial MyoD-
KI\}' Sel *‘ 2 2 positive cells were also BrdU positive (Fig. 9A). One and 2
M . LY days later, a dramatic increase in the size of the myotome
E ?\f ;.f .MI composed of well developed post-mitotic myofibers that
. 3
r

expressed MyoD, Myf5 and FREK was observed in Shh-
treated segments. In addition, these myotomes also contained
) mitotically active cells of the third wave that were detected to
L2 Py a similar extent and distribution in both operated and control
’ LR N segments despite a dramatic increase in myotome size (Fig. 9;
‘v]-'“-.-:__ X data not shown) caused by a reduced proportion of third-wave
""4 ~ ! cells per myotome under experimental conditions. Taken
_.‘,"v v together, these data show that expression of MyoD in the
T T dermomyotome lips is functionally correlated with the
5 E{ i subsequent generation of post-mitotic fibers (second wave),
L. suggesting that the MyoD-positive cells in the lips are their
respective progenitors.

-
Fig. 8.MyoD is expressed in subsets of epithelial progenitors within
rostral and caudal dermomyotome lips. (A,B) Quail embryos (35-
somite stage) were hybridized with a MyoD probe. Some embryos
also received a single, 1 hour pulse with BrdU after fixation, in situ DISCUSSION
hybridization and then immunodetection of BrdU (C,D). Note in A
(frontal section) and B (sagittal section) that only some of the The early myotome is a post-mitotic structure formed by two
epithelial cells in both rostral and caudal dermomyotome lips contaisuccessive waves of muscle progenitors that give rise to
MyoD-positive cells (arrowheads), while other cells are negative for mononucleated fibers spanning the entire rostrocaudal and
the marker (arrOWS). In addition, C (frontal Section) and D (Saglttal dorsoventral extents of individual Segments (Cinnamon et al',
section) reveal the presence of Myo-D-positive/BrdU-positive 1999: Kahane et al.. 1998a: Kahane et al.. 1998b: Kaehn et al.
precursors (arrowheads, putative progenitors of the second wave) ai 885 Subsequent ’develop,ment of the my’/otomes’ on their Way’
also of Myo-D-negative/BrdU-positive epithelial cells (arrows, : - .

to become distinct muscles requires the advent of a

presumed third-wave cells). Rostral is towards the top. DM, . . . .
dermomyotome; M, myotome; Scl, sclerotome. Scale baun2h proliferative phase that accounts for an active, yet highly
A,B: 18min C,D. regulated growth. In the present study, we provide evidence for
the origin, molecular properties and factor responsiveness of
the mitotically competent population of myotomal progenitors
wave are negative for MyoD (see Fig. 4), it is unlikely that theyand compare them with the dynamics of the second wave of
originate from MyoD-positive epithelial precursors. Thus, wemyotome colonization.
propose that MyoD-positive cells in the lips are the direct We have found that mitotically active cells enter the
progenitors of the post-mitotic myofibers of the second wavenyotome from the entire mediolateral aspect of both rostral
Notably, we observed that many MyoD-positive cells residingand caudal dermomyotome edges. This is consistent with
in the epithelial lips did incorporate BrdU after a 1 hour pulseexpression of FREK mRNA and BrdU labeling all along the
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Fig. 9. Shh promotes MyoD expression in

epithelial DML lips followed by enhanced < gy ™ /11 - ' ) IV, ¢ k
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myotomal edges (Figs 3B, 5; N. K. and C. K., unpublished)events take place: continuous proliferation of the progenitor
Notably, cells of the second wave also arise in the DML angool that enters the myotomal environment, and cell migration
VLL epithelia, delaminate into a sub-lip domain and re-migratéowards the center of the myotome. We report that exogenously
to the extreme edges prior to generating myofibers (Cinnamaudded FGF4 stimulates both processes. Consistent with our
et al., 1999; Cinnamon et al., 2001; Kahane et al., 1998b). Tabservations, several studies have implicated FGF family
possibility was then examined that the DML might alsomembers and their receptors in regulating both myoblast
contribute to the mitotically competent population. Whereaproliferation and/or differentiation (see, for example,
the presence of labeled DML-derived fibers was detected iRlanagan-Steet et al., 2000; Kudla et al., 1998; Olson, 1992;
almost all myotomes, mitotically active cells (CM-Dil Olson and Hauschka, 1986; Olwin et al., 1994a; Olwin et al.,
positive/BrdU positive) were apparent in fewer than 10% of thd994b; Templeton and Hauschka, 1992).
myotomes examined. This is in strong contrast with the Furthermore, FGF receptor 1 activity has been reported to
presence of double-labeled mitotic cells in 90% of thebe necessary for myoblast migration into the forelimb bud (Itoh
myotomes upon injection of the extreme edges. Thus, wet al., 1996). Within the myotome, it is possible that the
conclude that proliferating progenitors of the third wavemigrating mitotic precursors of the third wave use the surface
predominantly derive from the rostral and caudal edges of thaf pre-existing myofibers that express FGFs as a substrate for
DM. This inference is also consistent with our observation thahovement. We have observed that myotomes exposed to FGF4
the latter cells express FREK but are devoid of MyoD or Myffalso reveal a rather loose arrangement of myofibers when
(this paper). At variance, DML- and VLL-derived cells co- compared with the tightly packed fibers of control embryos (N.
express FREK, MyoD and Myf5, while migrating along theK. and C. K., unpublished). This might be related to the fact
sub-lip domain to reach the extreme edges of each segméhat the BrdU and FREK-labeled progenitors redistributed
(Cinnamon et al., 2001), suggesting they may be alreadster along the myotome under experimental conditions when
specified to become myofibers rather than to contribute to @mpared with controls. In such an event, FGF4 might alter
population that continues proliferating within the myotomeadhesive properties of the myofiber surface, in turn affecting
anlage. the movement of the mesenchymal population. Whether FGF4
Short labeling experiments with thymidine or BrdU revealeds the endogenous factor that acts upon the mitotic FREK-
that the mitotically active cells localize first at the extreme endpositive progenitors remains to be elucidated. Local activity of
of the myotomes close to their origins and later scattedFREK could be driven by several FGFs present in
throughout their entire mass. This time-dependent shift idifferentiated myofibers at the relevant stages, such as FGF2,
relative localization is accompanied by an increase in thEGF4 or FGF8 (this paper; Joseph-Silverstein et al., 1989;
number of proliferating cells, suggesting that two simultaneoukalcheim and Neufeld, 1990; Niswander et al., 1994).
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As previously discussed (Amthor et al., 1999; Brand<from changes in ligand activity suggest a possible involvement
Saberi and Christ, 1999), it is necessary that the organism proliferation and adhesion/migration processes, direct
produces the appropriate number of muscle cells, as amganipulation of the gene encoding FREK should provide a
deficiencies during early development are unlikely to bemore conclusive answer.
compensated for during later stages (Tajbakhsh et al., 1997).Within the myotome, third-wave progenitors express FREK,
It is noteworthy that after an initial phase in which there isut are negative for MyoD, Myf5 or FGF4. This pattern
simultaneous entry of progenitors that become readily postesembles that expressed by myogenic progenitors on their way
mitotic (second wave) and others that remain mitoticallyto the limb which produce FREK before MyoD or Myf5
competent (third wave), the production of the post-mitotiqMarcelle et al., 1995). It is, however, at variance with
fibers decreases with age and is practically accomplished Ipyogenitors of the second wave, which express FREK, MyoD
E3.5. In contrast, the number of mitotically active cells withinand Myf5 (Kahane et al., 1998b; Cinnamon et al., 2001). These
the myotome constantly increases. This is reflected by differences might be related to a different status of progenitor
doubling in cell number measured between E4 and E5 witproliferation. Consistent with such a possibility, we find that
no significant change in the number of post-mitotic cellssecond-wave myoblasts that express MyoD are mitotically
These results suggest that there are distinct phases of musatgive within the epithelia or the sub-lip domain but enter the
development in which proliferation and differentiation can bemyotome as post-mitotic cells. This is in line with the finding
separated despite an early temporal overlap. A first phase tinat MyoD activity is necessary for subsequent withdrawal
which the primary myotome forms by a process of rapidrom the cell cycle (Crescenzi et al., 1990; Halevy et al., 1995;
withdrawal from the cell cycle and differentiation into Sorrentino et al., 1990; Yablonka-Reuveni et al., 1999). In
mononucleated fibers (first and second waves), a secowdntrast, cells of the third wave continue proliferating within
phase of cell proliferation with no significant musclethe myotome. Thus, this latter population might derive from
differentiation (third wave, between E3 and E5), and a thirdhe BrdU-positive/MyoD-negative cells that were revealed in
phase that begins by E6 in avian embryos in which théhe extreme epithelial lips (Fig. 8).
mitotically competent progenitors begin differentiating into It is interesting to point out in this respect that between 30
multinucleated myofibers. Correspondingly, it is interestingsomites and E3.5, the epithelial dermomyotome lips generate
to point out that in E8-E9 embryos, the multinucleatedsimultaneously cells of the two types, suggesting that a
myofibers in both epaxial and hypaxial muscles of the bodheterogeneity between second- and third-wave progenitors
wall contain a contribution that derives from the primaryalready arises within their sites of origin. Consistent with
myotome, in addition to a major component that stems frorthis notion, MyoD mRNA signal is detected in only a
third-wave progenitors (N. K. and C. K., unpublished). Thussubpopulation of dermomyotome lip cells. In addition,
the early post-mitotic myotome composed of mononucleatetteatment with Shh, a floor plate and notochord-derived factor
myofibers would serve as a scaffold for patterning subsequewith effects on specification, survival and proliferation of
muscle morphogenesis. distinct somite-derived lineages (Borycki et al., 1998; Duprez

To understand the development of the third wave of musclet al., 1998; Johnson et al., 1994; Munsterberg et al., 1995;
progenitors further, it is important that specific markers for thidarcelle et al., 1997; Marcelle et al., 1999; Teillet et al., 1998),
population be available. In the avian embryo, FREK is presemromotes MyoD expression in otherwise negative epithelial
in replicating cells in both myotomes and limb musclescells. This initial expansion of MyoD is followed by the
(Marcelle et al., 1994; Marcelle et al., 1995). Expression of theormation of enlarged myotomes composed of post-mitotic
gene encoding FREK remains on satellite cells of adultnyofibers accompanied by a reduced proportion of
muscles and is downregulated upon differentiation. In vitroproliferating precursors of the third wave. Thus, we propose
FREK appears to be regulated in a biphasic manner by differetitat epithelial cells of the rostral and caudal lips that acquire
concentrations of FGF ligands (Halevy et al., 1994). ConsistelyoD, exit the cell cycle upon myotome colonization and
with published results, we find that FREK mRNA signal isdifferentiate as second-wave myofibers. Epithelial progenitors
particularly intense in mitotically active mesenchymalwithin the lips that normally lack MyoD would adopt
progenitors. Moreover, we further extend these data to shoalternative fates: becoming the third-wave population if
that these cells represent a third wave of myotomal progenitoesitering the growing myotome (this paper) or behaving as a
that originates in the extreme dermomyotome lips and argtem cell population if remaining within the dermomyotomes
therefore initially present in the extreme edges of thgDenetclaw and Ordahl, 2000). The mechanisms that
myotomes. However, we find that within myotomes, FREK isaccount for this early fate segregation within an apparently
not an exclusive marker of the mitotic population as it is alstlomogeneous epithelial environment remain an unanswered
expressed earlier by pioneer myofibers and then by secongdestion.
wave progenitors, including cells that migrate longitudinally Among the many unsolved issues that concern the
subjacent to the DML and VLL epithelia (Cinnamon et al.,development of the mitotically active phase of the myotome, a
2001; Fig. 3A), and cells that exited the cell cycle and localizedklevant one refers to the developmental potentials of third-
in a medial position with respect to the pioneers (see Fig. 30vave progenitors. The possibility remains open that the
Kahane et al., 1998b). In fact, treatment with Shh, whichmitotically active population gives rise to both muscle and non-
triggers myofiber differentiation, also stimulates FREKmuscular lineages present in vertebral muscles. Whether the
expression initially in the dermomyotome epithelia and later imitotically competent cells of the third wave that originate in
myofibers (N. K., unpublished). Thus, we predict that FREKthe dermomyotome edges are the direct progenitors of all fetal
may potentially transduce distinct kinds of signals in theand adult satellite cells also remains to be clarified, particularly
various muscle cell types. While our initial results stemmingn light of recent studies showing that a population of muscle
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satellite cells is derived from the embryonic vasculatureahane, N., Cinnamon, Y. and Kalcheim, C.(1998b). The cellular
(reviewed by Seale and Rudnicki, 2000)_ mechanism by which the dermomyotome contributes to the second wave of
myotome developmenbevelopmeni25, 4259-4271.

; ; ; _ Kalcheim, C., Cinnamon, Y. and Kahane, N(1999). Myotome formation:
This study is dedicated to the memory of Lea Averbuch-Heller, a multistage procesgell Tissue Re296. 161-173,

physician, scientist and dear friend. WQ eXte.nd our Fhanks to "’\Qalcheim, C. and Neufeld, G.(1990). Expression of basic fibroblast growth

members of our laboratory for helpful discussions. Th|§ study Was tactor in the nervous system of early avian embrpeselopment 09, 203-

supported by a grant from the Israel Research Foundation to C. K. 215,

Kudla, A. J., Jones, N. C., Rosenthal, R. S., Arthur, K., Clase, K. L. and
Olwin, B. B. (1998). The FGF receptor-1 tyrosine kinase domain regulates
REFERENCES myogenesis but is not sufficient to stimulate proliferatibrCell Biol.142
241-250.

Amthor, H., Christ, B. and Patel, K. A. (1999). Molecular mechanism Langman, J. and Nelson, G. R(1968). A radioautographic study of the
enabling continuous embryonic muscle growth — a balance between development of the somite in the chick embcEmbryol. Exp. Morphol.
proliferation and differentiatiorDevelopmeni26 1041-1053. 19, 217-226.

Borycki, A. G, Mendham, L. and Emerson, C. P, Jr(1998). Control of = Marcelle, C., Eichmann, A., Halevy, O., Bréant, C. and Le Douarin, N. M.
somite patterning by Sonic hedgehog and its downstream signal responsg1994). Distinct developmental expression of a new avian fibroblast growth
genesDevelopmeni25 777-790. factor receptorDevelopmenii20, 683-694.

Borycki, A. G., Brunk, B., Tajbakhsh, S, Buckingham, M, Chiang, C. and Marcelle, C., Wolf, J. and Bronner-Fraser, M.(1995). Then vivoexpression
Emerson, C. P, Jr (1999) Sonic hedgehog controls epaxial muscle of the FGF receptor FREK mRNA in avian myoblasts suggests a role in

determination through Myf5 activatioBevelopmeni26, 4053-4063. muscle growth and differentiatioBev. Biol.172 100-114.
Brand-Saberi, B. and Christ, B.(1999). Genetic and epigenetic control of Marcelle, C., Stark, M. R. and Bronner-Fraser, M. (1997). Coordinate
muscle development in vertebrat€ll Tissue Re®96, 199-212. actions of BMPs, Wnts, Shh and noggin mediate patterning of the dorsal

Brill, G., Kahane, N., Carmeli, C., Von Schack, D., Barde, Y.-A. and somite.Developmenti24, 3955-3963.
Kalcheim, C. (1995). Epithelial-mesenchymal conversion of dermatomeMarcelle, C., Ahlgren, S. and Bronner Fraser, M(1999). In vivo regulation
progenitors requires neural tube-derived signals: Characterization of the role of somite differentiation and proliferation by Sonic Hedgeldev. Biol.
of Neurotrophin-3Developmenii21, 2583-2594. 214, 277-287.
Christ, B, Jacob, H. J. and Jacob, M(1978) On the formation of myotomes Munsterberg, A. E., Kitajewski, J., Bumcrot, D. A., McMahon, A. P. and
in embryos. An experimental and scanning electron microscope study. Lassar, A. B.(1995). Combinatorial signaling by Sonic hedgehog and Wnt
Experientia34, 514-516. family members induces myogenic bHLH gene expression in the somite.
Cinnamon, Y., Kahane, N. and Kalcheim, C(1999). Characterization of the Genes. DeWw, 2911-2922.
early development of specific hypaxial muscles from the ventrolateraNiswander, L., Jeffrey, S., Martin, G. R. and Tickle, C.(1994). A positive

myotome.Developmeni 26, 4305-4315. feedback loop coordinates growth and patterning in the vertebrate limb.
Cinnamon, Y., Kahane, N., Bachelet, I. and Kalcheim, Q2001) The sub- Nature371, 609-612.

lip domain-a distinct pathway for migration of myotome precursors thatOlson, E. N.(1992). Interplay between proliferation and differentiation within

demonstrate rostral-caudal migrati@evelopmeni28 341-351. the myogenic lineagé®ev. Biol.154, 261-272.

Crescenzi, M., Fleming, T. P., Lassar, A. B., Weintraub, H. and Olson, E. N. and Hauschka, §1986). Identification of the fibroblast growth
Aaronson, S. A.(1990). MyoD induces growth arrest independent of factor receptor of Swiss 3T3 cells andmouse skeletal muscle myoblasts.
differentiation in normal and transformed ceRsoc. Natl. Acad. Sci. USA Biochemistry25, 3487-3492.

87, 8442-8446. Olwin, B. B., Arthur, K., Hannon, K., Hein, P., McFall, A., Riley, B.,

Denetclaw, W. F., Jr, Christ, B. and Ordahl, C. P.(1997). Location Szebenyi, G., Zhou, Z., Zuber, M. E., Rapraeger, A. C. et a{1994a).
and growth of epaxial myotome precursor cdllsvelopmenfi24, 1601- Role of FGFs in skeletal muscle and limb developmidot. Reprod. Dev.
1610. 39, 90-100.

Denetclaw, W. F. and Ordahl, C. P(2000) The growth of the dermomyotome Olwin, B. B., Hannon, K. and Kudla, A. J.(1994b). Are fibroblast growth
and formation of early myotome lineages in thoracolumbar somites of factors regulators of myogenesis in viv@dg. Growth Factor Res, 145-
chicken embryosDevelopmenii27, 893-905. 158.

Duprez, D., Fournier Thibault, C. and Le Douarin, N. (1998). Sonic = Pownall, M. E. and Emerson, C. P., J(1992). Sequential activation of three
Hedgehog induces proliferation of committed skeletal muscle cells in the myogenic regulatory genes during somite morphogenesis in quail embryos.
chick limb. Development25, 495-505. Dev. Biol.151, 67-79.

Flanagan-Steet, H., Hannon, K., McAvoy, M. J., Hullinger, R. and Olwin,  Seale, P. and Rudnicki, M. A(2000) A new look at the origin, function, and
B. B.(2000) Loss of FGF receptor 1 signaling reduces skeletal muscle mass‘stem-cell’ status of muscle satellite celBev. Biol.218 115-124.
and disrupts myofiber organization in the developing libdv. Biol.218 Sechrist, J. and Marcelle, C(1996). Cell division and differentiation in avian
21-37. embryos: techniques for study of early neurogenesis and myogenesis.

Halevy, O., Monsonego, E., Marcelle, C., Hodik, V., Mett, A. and Pines, Methods Cell Biol51, 301-329.

M. A. (1994). New avian fibroblast growth factor receptor in myogenic andSorrentino, V., Pepperkok, R., Davis, R. L., Ansorge, W. and Philipson, L.
chondrogenic cell differentiatiofexp. Cell Res212 278-284. (1990). Cell proliferation inhibited by MyoD1 independently of myogenic

Halevy, O., Novitch, B. G. Spicer, D. B., Skaper, S. X., Rhee, J., Hannon, G.  differentiation.Nature 345 813-815.

J., Beach, D., and Lassar, A1995). Correlation of terminal cell cycle arrest Summerbell, D., Coetzee, H. and Hornbruch, A.(1986). A unique
of skeletal muscle with induction of p21 by MyoBcience267, 1018-1021. population of non-dividing cells in the somites. 8omites in Developing

Itoh, N., Mima, T. and Mikawa, T. (1996). Loss of fibroblast growth factor Embryogqed. R. Bellairs and J. W. Lash), pp. 105-117. New York: Plenum.
receptors is necessary for terminal differentiation of embryonic limb muscleTajbakhsh, S., Rocancourt, D., Cossu, G. and Buckingham, M1997).
Developmenii22 291-300. Redefining the genetic hierarchies controlling skeletal myogerfeesis3

Johnson, R. L., Laufer, E., Riddle, R. D. and Tabin, C(1994). Ectopic andMyf-5 act upstream dfyoD. Cell 89, 127-138.
expression ofSonic hedgehoglters dorsal-ventral patterning of somites. Teillet, M. A., Watanabe, Y., Jeffs, P., Duprez, D., Lapointe, F. and Le
Cell 79, 1165-1173. Douarin, N. M. (1998). Sonic hedgehog is required for survival of both

Joseph Silverstein, J., Consigli, S. A., Lyser, K. M. and Ver Pault, C. myogenic and chondrogenic somitic lineagBgvelopmentl25 2019-
(1989). Basic fibroblast growth factor in the chick embryo: 2030.
immunolocalization to striated muscle cells and their precurd@sl| Biol. Templeton, T. J. and Hauschka, S. D(1992). FGF-mediated aspects of
108 2459-2466. skeletal muscle growth and differentiation are controlled by a high affinity

Kaehn, K., Jacob, H. J., Christ, B., Hinrichsen, K. and Poelmann, R. E. receptor, FGFR1Dev.Biol.154, 169-181.

(1988). The onset of myotome formation in the chiskat. Embryol177, Yablonka-Reuveni, Z, Rudnicki, M. A., Rivera, A. J., Primig, M.,
191-201. Anderson, J. E., and Natanson, F1999). The transition from proliferation

Kahane, N., Cinnamon, Y. and Kalcheim, C(1998a). The origin and fate to differentiation is delayed in satellite cells from mice lacking MyDBv.

of pioneer myotomal cells in the avian embriytech. Dev.74, 59-73. Biol. 210, 440-455.



