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Fig. 1. (A-E) Expression of the controlcAchnlsLacZ
transgene (A,C) and of tiRa2AChnisLaacZransgene
(B,D,E) in E11.5 embryos. (A,E) in toto X-Gal staining,
(B) whole-mount in situ hybridization of@2 embryo

with a LaacZprobe, (C-D) transverse sections of X-Gal
stained embryos. (F-K) Examples of monosegmented
unilateral clones. (F-H) In toto; (I-K) transverse sections.
Clones VG24 (F,l) and VG28 (G,J) are restricted to the
medial part of the myotome and clone LM82 (H,K) to its
lateral part. (L-N) Examples of bisegmented unilateral
clones. Clone LM53 (L) is restricted to the medial part of
the myotome and clone SC81 (N) to its lateral part. Clone

VG27 (M) contributes to both the medial and to the lateral parts of the myotome and is contiguous across the morphological identation of the
body wall. The dashed line indicates the morphological indentation of the body wall, which marks the limit between threndgaypalial

domains of the myotome. (O) Contribution of the monosegmented and bisegmented clones to the thoracic segments of the eacbrgb. Fo
thoracic segments 12-24, we calculated the numbers of monosegmented and bisegmented, unilateral clones phgalt cetisnn this

segment. m, medial; |, lateral; nt, neural tube.

level of -2 LaacZ E11.5 embryos (Fig. 1F-N). We first complemented this study by a detailed analysis of the labelled
verified that the e2 transgenic line expresses the LaacZcells in a number of LacZ clones. Tifgegal* cells are all
transgene in the myotome and limb buds, by performing an imcluded in myotomal structures and none were observed in

situ hybridisation with a LaacZprobe (Fig. 1B). We

Table 1. Length of thoracolumbar segments of the E11.5

embryo
Domain of Length Proportion of
the myotome (um) the myotome (%)
Epaxial 469125 43.1+2.3
Hypaxial 621+39 56.9+2.3
Total 1090+38

Measurements are means of segments 12-24 aN8.R2 E11.5 embryos.

either the dermomyotome or the sclerotome (Fig. 1D,E). To
define the myotomal segments in E11.5 embryos more
completely, we made use of the control transgenic line
RaNLZ2, which recapitulates the expression pattern of the a
2 line used to produce the clones. At E11.5, an average of 40
myotomal segments are visible (Fig. 1A). At the thoracic level
(segments 12-24), the labelling exhibits a brushing aspect in the
medial part of each segment. In the lateral part of the segment,
the labelling is more linear (Fig. 1A). The limit between the two
parts of the myotome corresponds to the morphological
indentation of the body wall shown on a cryostat transversal
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section in Fig. 1C. This characteristic indicates that these tWyonosegmented (n=45) 39 (86.7)
domains most probably correspond to the epaxial and hypaxigisegmented (n=16)

Fig. 2. (A-C) Mediolateral contribution of the thoracic unilateral
monosegmented clones. Each white rectangle represents a clone,
with its reference is indicated at the left. The medial border of the
labelled segment is at the left, the lateral border at the right. Each
segment is divided into 100 parts of equal length. Each part with
labelled cells is represented by a bar of colour. The number of
labelled cells is colour-coded: blue, one cell; green, 2 cells; yellow, 3
or 4 cells; red, 5 or more cells. (A) Monosegmented clones ordered
by the middle position of their labelling, MidP=(MB+LB)/2, where
MB is the medial border and LB the lateral border of the clone. (B-
C) Classification of the monosegmented clones in relation to the
clonal separation at 40-50% of the ML axis. The epaxial (B) and
hypaxial (C) restricted clones are ordered by their lateral or medial
border, respectively. m, medial; | lateral.

E11.5 RANLZ2 embryos (Table 1), further reveal that the
morphological indentation is at the 40-45% level of the segment
(0% being the medial extremity).

Since at E11.5 thoracic myotomal segments (segments 12-
24) are morphologically homogeneous, with respect to both
cell number and mediolateral organisation (Fig. 1A) (Eloy-
Trinquet et al., 2000), the study was restricted to this level and
all thoracic clones were pooled and analysed together. Among
the 315 clones obtained from the 6232 embryos examined, 45
unilateral clones restricted to one thoracic segment
(monosegmented clones, Fig. 1F-K) and 16 unilateral clones
restricted to two consecutive segments (bisegmented clones,
Fig. 1L-N) were found and analysed in this study. Fig. 10
shows a summary of the number of monosegmented and
bisegmented clones contributing to each thoracic segment, and
show that all thoracic segments are represented in our analysis.

Mediolateral regionalisation of myotome precursors

We first analysed the 45 unilateral monosegmented clones (Fig.
2). For each clone, the mediolateral position of eggaf
myocyte was determined and represented on a relative scale
from O (medial) to 100 (lateral) (Fig. 2A). A comparison of
the 45 clones reveals two important properties. Firstiyal
myocytes are almost systematically intercalated byal
myocytes (Fig. 2A, Fig. 1F-K), which shows that cell
intermingling occurs during the formation of the myotome.
Secondly, none of the monosegmented clones spread along the
entire mediolateral (ML) axis of the myotome (Table 2), the
largest clone comprising a maximum 43% of the total segment
(Fig. 2A, clone SC349). In other words, the contribution of
monosegmented clones is regionalised, since they do not
disperse freely throughout the entire myotome.

Regionalisation of myotome precursors occurs
before their allocation to one segment

To learn whether regionalisation of the myotome precursors

Table 2. Mediolateral extension of monosegmented and
bisegmented clones

Proportion of clones of mediolateral extension (%)
25%<x<50%  50%<x<75%>75%

6 (13.3) 0 (0) 0(0)
6 (37.5) 1 (6.3) 1(6.3)

Clones Xx<25%

8 (50.0)

myotome (Tajbakhsh and Buckingham, 2000) (S. Tajbakhsi
personal communication). Measurements of each thorac Mediolateral extension of bisegmented clones was mesured on pooled

myotomal segment and of its medial and lateral parts in thre

thoracolumbar labelled segments.
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Fig. 3. Mediolateral contribution of the thoracic unilateral m Mediolateral axis |
bisegmented clones. (A) Definition of the maximal mediolateral Fig. 4. Distribution of the crossing index ¢J along the mediolateral

extension (MLE) in pooled segments of a bisegmented clone. Each s (a) Definition of the crossing indexCz The large rectangle

white rectangle represents a segment and the closed circles are  gpresents a segment with a hypothetical clone, and the filled circles
labelled cells. MB, medial border; LB, lateral border of the clone.  epresent the-gal* cells of the clone. The mediolateral axis of the
(B-D) Mediolateral position of the labelled cells in the thoracic segment is divided into parts of equal length. For each clone, the
unllatergl plsegmented clones. Each white rectangle represents a probability of crossing the limit between two parts, C(i), is equal to 1 if
clone with its two labelled segments. The code of colours is the sam@e clone has-§al* cells on both sides of the limit, and is equal to O if

as in Fig. 2. The clones are classified by their property of not 5| the Jabelled cells are on the same side of the lifiisthe sum of
crossing (B-C) or of crossing (D) the clonal separation at the middlecj) for all the clones. (B,C) Probability of crossing for the unilateral
of the segment. m, medial; |, lateral. monosegmented (B) and bisegmented (C) clones. The mediolateral

axis is divided into 20 parts of equal length. m, medial; |, lateral.

occurs before their allocation to one segment, we analysed the

total potentiality of each labelled precursor for the 16 unilaterah clonal separation of two myotomal domains

bisegmented clones (Fig. 3). To accomplish this, weSince the clones appear to overlap (Fig. 2A, Fig. 3B-D), there
determined the mediolateral position of eaepa myocyte, is no evidence of obvious clonal separations that would divide
and then measured their maximal mediolateral extension (MLEhe ML axis into several clonal domains. To investigate with
by pooling the labellings in the two consecutive segments (Figyreater accuracy the possibility of a discrete clonal separation
3A). In 14 unilateral bisegmented clones, fagal* cells are  somewhere in the myotome, we next analysed the ability of
dispersed along less than 50% of the mediolateral axis (Tabddones to cross-over at any mediolateral level, by examining
2), indicating that their contribution to several adjaceniclones at 5% intervals along the axis of the myotome. If a
segments is restricted to only a portion of the mediolateral axislonal border occurs at any of these intervals, there will be a
These regionalised contributions are found in either mediatorresponding lower frequency of clones crossing-over at this
lateral or intermediate portions of the mediolateral axis (Figlevel. For this type of analysis, we used a parameter defined as
3B-D, Fig. 1L-N). Regionalisation of the myotome is thereforethe ‘crossing index’ oEC (Mathis and Nicolas, 2000) (Fig.

a general property of the precursors of the bisegmented clonég\). The 3 index of the monosegmented family of clones has
These data demonstrate that mediolateral regionalisation @&marked minimum at a value of 40-50% along the length of
already established at the level of the precursors of thgae ML axis (Fig. 4B). This result suggests that, in addition to
bisegmented clones, in the segmental plate. a regionalised mode of myotome production, there is a strict
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clonal separation that subdivides the myotome into two clone
domains: a medial domain for the first 40-50% of the ML axis
(Fig. 2B), and a lateral domain for the last 50-60% (Fig. 2C)
It should follow, therefore, that this clonal border revealec
within the myotome is also a property of the pool of precursor
at the origin of single segments. Moreover, this clona
separation between medial and lateral domains at 40-50%
the ML axis of the myotome correlates with the morphologica
limit between epaxial and hypaxial myotomes (Fig. 1A,C anc
Table 1), suggesting that the two clonal domains correspond
the epaxial and hypaxial myotomes. = — - =

The clonal separation is not yet established before

C
allocation of myotomal precursors to a single 085 20 a 0.: ' o b :::
segment I3 O 0 o ol
In order to evaluate whether the clonal separation betwee & 30 ”E'ax’i; e ¢ BN . peseelr:: e
medial and lateral myotomes is already established before ti § * =P 0 Hypaxial cloneg
allocation of precursor cells to a single segment, we ne) 8 e
analysed the family of clones that contribute to two adjacer % 10 ¢ * “op

s

thoracic segments (Fig. 3B-D). Most of their labelled precursa N o ’...:3:‘.. L

cells probably trace back to before the budding-off of the 0 10 20 30 40 5 6 70 8 9 100
somite from the segmental plate. The crossing index of the 1 Lateral border of Medial border of
bisegmented clones exhibits no minimum at the middle of th epaxial clones hypaxial dones

ML axis (Fig. 4C). On the contrary, it is maximum at the 40-
50% level, corresponding to the clonal separation, indicatin 15
that there must be many clones that are unrestricted to eitr [ I
the epaxial or hypaxial myotome. Therefore the clona al b |
separation does not effectively separate the medial and late 10 ; '

precursors when they still possess the potentiality to contribu
to two somites. Furthermore, there is no minimum value of th

O

Number of clones

crossing index at any other mediolateral level (Fig. 4C) °1

suggesting that there is no clonal separation at any level of tl

myotome prior to allocation of the precursor cells to a segmen 0/

The same analysis was made on longer clones contributir 0 1 20 30 4 5 6 7 8 90 100
to 3-6 adjacent segments (data not shown), and the abser m Mediolateral axis [

of minimum values in their crossing index reinforce therig 5 Test of the hypothesis that two permanent stem cell systems
conclusion that clonal separation is not established in thproduce epaxial and hypaxial clones. (A,B) Hypothetical clones that
segmental plate. The bisegmented clones were furthwould be obtained with two permanent stem cell systems. The
classified with respect to the clonal separation (Fig. 3B-D)dermomyotome (green), and the myotome (blue) are represented at
Eight bisegmented clones (out of 16) are restricted to eithi¢hree stages of their mediolateral growth. Stem cells are represented
the medial (Fig. 1L, Fig. 3B) or lateral (Fig. 1N, Fig. 3C) by closed circles and the myocytes by open circles. The clones that
myotomes, and thus do not cross the clonal borde _Ol_JId resu!t from the labelling of a stem cell are represented by thi_n
Interestingly, these eight restricted bisegmented C|0ne€onzontal lines below. (A) Model of two stem cell systems located in
demonstr t’th t there i ianificant pr rtion of precur the edges of the dermomyotome. (B) Model of two stem cell systems
emonstrate that there IS a significant proportion of préCurSo[g. ;e in the center of the dermomyotome. (C) Mediolateral

that_, probably due to their_ position in their pool_, are alread)é_xtension of epaxial (closed diamonds) and hypaxial (open
assigned to either the medial or the lateral domain, before thglctangles) monosegmented clones in function of their medial

allocation to a single segment. (epaxial clones) or lateral border (hypaxial clones). (D) Clonal

) complexity of the myotome along the mediolateral axis. The
The myotome is not produced from two permanent mediolateral axis is divided into 20 parts of equal length, and the
stem cell systems number of contributing monosegmented clones is shown. Insets:

In order to understand how the separation between epaxial affP) expected graphs for the two opposing stem cell systems
hypaxial precursors occurs, we then wanted to describe sorigPothesized, respectively, in A and in B. m, medial; |, lateral.
aspects of their formation. An attractive model for the

production of myocytes from the dermomyotome is one irproduction from two stem cell systems could result in a clonal
which the epaxial and hypaxial domains of the myotome arseparation of the epaxial and hypaxial myotomes. In another
formed from two stem cell systems located in the dorsomediatkersion of this model, the stem cell systems remain in the
and lateromedial lips of the dermomyotome, respectivelgentral part of the dermomyotome (Fig. 5B). In this case, stem
(Denetclaw and Ordahl, 2000). This model would result ircell systems deposit cells in the center of the myotome, thus
myocytes being deposited in a lateral-to-medial direction fodisplacing the formerly produced myocytes in a lateral-to-
the epaxial domain and in the opposite orientation for thenedial direction for the epaxial domain, and in a medial-to-
hypaxial domain (Fig. 5A). Such a polarised mode of myocytéateral direction for the hypaxial domain.
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Fig. 6. Models for the spatial relationship between A Inverted topographic B Direct topographic
myocytes and their precursors in the pool for two adjac relationship relationship
segments. The pool of precursors before the formation
the clonal boundary is shown above two consecutive
myotomal segments. The colour gradient symbolises th
regionalisation of the precursors. In the inverted model
cells in the extreme parts of the pool of precursors (clos

pool of precursors
for two segments

circles) give rise to myocytes in the middle of the myotc ‘.” ‘ two adjacent ° .
and cells in the middle part of the pool of precursors (o} myotomal
circles) to myocytes in the extreme parts of the myoton segments
>) = ; . / o}
resulting in an inversion of the gradient. Consequently, ‘ L) III C. « o .o .

labelling of a precursor cell in the middle of the pool (of

circle) before the establishment of the clonal separation will give rise to cells on both sides of the boundary, and will result in a clone
contributing only to the two medial and lateral extremities of the myotome. In the direct model (B), precursors in the pool for two segments
give rise to myocytes, keeping the orientation of the gradient. Labelling of a cell in the middle of the pool of precursors (open circle) will result
in a clone that is contiguous across the boundary.

To test the hypothesis that two permanent stem cell systerfsirthermore, the clonal complexity of the clones with more
could produce myocytes during the entire process of myotontean 1 labelled cell (pluricellular clones) has no marked
building, we analysed different characteristics of theminimum inthe middle of the segment (Fig. 5D). These results
monosegmented clones. Two stem cell systems located at ttieis refute the model that myocytes are produced from two
edges of the dermomyotome (Fig. 5A) should produce epaxigermanent stem cell systems located at the edges of the
restricted clones that always contribute to the medial extremityjnyotome. Similarly, the alternative model with the two stem
of the epaxial domain, and hypaxial restricted clones thatell systems remaining located in the central part of the
always contribute to the lateral extremity of the hypaxialdermomyotome (Fig. 5B) can be rejected, since the prediction
domain. Therefore, an increase in the number of clones (clonaf this model about clonal complexity (Fig. 5D, inset b) is not
complexity) contributing to the two most distal parts of theverified: there is no maximum clonal complexity value. On the
myotome is expected, compared to the number of clonentrary, this value is constant between 20% and 80% of the
contributing to the middle part of the segment (Fig. 5A,C,DML axis (Fig. 5D). Furthermore, the longest clones do not
insets a). However, representation of the clones classified lextend up to the extremities of the myotome (Fig. 5C). In
their medial border for the epaxial restricted clones and theaddition, a major prediction of both models of permanent stem
lateral border for the hypaxial ones, does not reveal eell systems, located either in the edges or in the central part
systematic contribution of the longest clones to the medial af the dermomyotome, is that clones contributing to two
lateral extremities of the myotome, respectively (Fig. 5C)segments will always contribute to the whole ML length of the

Fig. 7. Models for the production of the Non-regionalised models Regionalised models
myotome from the dermomyotome. (A-|

Represented above are the two pools o D ‘ - g
precursors in the dermomyotome (d), ir R AA S A AS

the middle the myotome (m), and below F NG AN Nl S R

(horizontal thin lines), the clones resulti . OO ROOS0 d oo I. oo OD m
from labelling of a precursor in the

dermomyotome. The clonal boundary ir

the dermomyotome is represented as a

black vertical line. Arrows indicate the E— ——

genealogical relations between precurs

and the myocytes. (A) Non-regionalisec

model based on extensive cell mixing o

the precursors and of the myocytes.

(B) Non-regionalised model based on t

stem cell systems located in the edges

the dermomyotome. (C) Non-regionalis

model based on two stem cell systems

located in the central part of the

dermomyotome. (D) Regionalised mode

with a direct relationship between the

precursors and the myocytes.

(E) Regionalised model with an invertec

relationship between the precursors an e ——

the myocytes. (F) Regionalised and _— =

temporal model based on two stem cell

systems with rapid recruitement and loss of new cells. The pool is first composed of black cells that contribute to the\ragtatahzerows)
and self-renew in the dermomyotome (horizontal arrows). These black cells are progressively replaced by the gray celyy amel wiete
cells.
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myotome or of one of the medial and lateral domains, becau: Table 3. Comparison of epaxial and hypaxial restricted

they will correspond to labelling of precursors of the stem cell monosegmented clones
before their allocation to one of the two domains. However, 3 Mean number of Mean mediolateral Mean density of
of the 32 segmental contributions of the bisegmented clon¢ciones B-gal* cells extension B-gal* cells
. 0 g i
contribute to less than 50% of the ML axis (Fig. 3B-D). Epaxial (n=27) 42408 5 2+1.3% 1.24+0 14
Thus our results refute models of myotome production basénypaxial (n=18) 5.6+1.3 12.8+3.2% 0.75+0.10

on permanent stem cell systems in the dermomyotom:i
However, they do not exclude more complex situation:
involving transient stem cells which, after some rounds oin their scope, particularly in the mouse due to the
asymmetric divisions, become postmitotic and enter théaccessibility of the post-implantation embryo after E4.5. The

myotome (see Discussion). LaacZ method of clonal analysis used here to study the
formation of the myotome is based on a spontaneous genetic

A direct relationship between myocytes and their labelling event in any cell of the targeted tissue. It allowed us

precursors to reveal many points concerning the mediolateral organisation

A striking property of the bisegmented clones represented iof the myotome, including (i) an early regionalisation of the
Fig. 3D is that they always contribute to regions nearest to thmyotome precursors before their allocation to one segment, (ii)
clonal border, such that their participation seems contiguows late clonal separation between medial and lateral myotomes
across the clonal border. More generally, we have nevén the somite, (iii) that these clonal domains probably
observed a clone that crosses the clonal border, whiatorrespond to epaxial and hypaxial myotomes, (iv) that these
participates in both extremities of the myotome without als@lomains are not produced from two permanent stem cell
participating in the middle region. systems, and (v) a direct spatial relationship between the
This property of the clones that cross the clonal bordemyocytes and their precursors in the dermomyotome. These
allows us to distinguish between two possible relationshipndings have important implications for the understanding of
between myocytes and their precursors (Fig. 6). With respettie formation of the myotome.
to the production of the myotome from a regionalised pool of ) ) .
precursors, this observation suggests a direct topograpHr®@rmation of the epaxial and the hypaxial myotomes
relationship between the precursors of these clones and th&@m the dermomyotome
descendants in the myotome (Fig. 6B). Indeed, in an inverteBeveral models that accomodate the existence of separate
relationship model (Fig. 6A), clones that cross the clonaprecursor pools for the epaxial and hypaxial myotomes could
border are expected to contribute discontinuously to the twtheoretically explain the relationship between myotomal cells at
most distal regions of the myotome. The direct topographi&€11.5 and their precursors in the dermomyotome (Fig. 7). There
relationship between the precursors of the clones which crosse non-regionalised models based on extensive cell mixing (Fig.
the clonal border and their descendants indicates both regiori®&), resulting in a high proportion of clones contributing to the
and coherent modes of growth in the central region of thevhole epaxial or hypaxial domain, or based on two permanent
paraxial mesoderm and during the subsequent translocation siEm cell systems, one in which the stem cell systems are located

the myocytes. at the edges of the dermomyotome (Fig. 7B), and another in
which the stem cell systems remain in the central part of the

Comparison of the potentialities of the medial and dermomyotome (Fig. 7C), resulting in temporally inverted

lateral precursors orientations of myocyte production. There are also regionalised

To compare the mode of production and growth of the mediahodels, in which myocyte precursors give rise to descendants in
and lateral parts of the myotome, we analysed severahly a fraction of the ML axis of the myotome. In these models,
parameters of the clones restricted to these two parts of theyocyte precursors in the dermomyotome are organised in
myotome (Table 3). Firstly, the mean numbers of cells perelation to the future position of their descendants in the
clone are similar in the medial and lateral domains, indicatinghyotome, either with a direct topographic relationship (Fig. 7D)
that their precursors have identical potentialities to producer with an inverted one (Fig. 7E). Models based on transient stem
myocytes. Secondly, however, the mean ML extension of theell systems in which the precursors, after some rounds of
clones is smaller in the medial than in the lateral domains, ardivisions, become postmitotic and enter the myotome, can be
this results in a higher density of cells in the medial part of thancluded in this category (Fig. 7F).
myotome (Table 3). These data indicate that significantly more Our results clearly refute non-regionalised models based on
intermingling of myocytes occurs in the hypaxial, compared tédwo permanent opposite stem cell systems located in the
the epaxial domain. These results indicate that, despite tli®rsomedial and ventrolateral lips of the dermomyotome (Fig.
identical potentiality of medial and lateral precursors to7B, Fig. 5A,C,D). Moreover, as the participation of all the
produce myocytes, medial and hypaxial domains exhibimonosegmented and bisegmented clones along only a fraction
differences in their cellular organisation. of the mediolateral axis of the myotome excludes the non-
regionalised models (Fig. 7A-C, Fig. 2, Fig. 3B-D), we favour
models involving a regionalisation of the myotome precursors
DISCUSSION (Fig. 7D-F). Finally, the existence of plurisegmented clones,
which are contiguous across the line that separates the two
Previous analyses at the cellular level have described variodesmains, excludes an inverted relationship between cells in the
features of the mediolateral organisation of the paraxiadlermomyotome and myotome (Fig. 7E, Fig. 3C, Fig. 6A).
mesoderm and myotome. However, these analyses are limit&tierefore our results are consistent only with the direct
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regionalised models of formation of the myotome from theseparation in the somite. This clonal separation does not,
dermomyotome (Fig. 7D,F). however, occur before the allocation of precursors to a segment,
It is interesting to draw a parallel between this regionalisatiobecause the precursors of half of the bisegmented clones do not
of the myotome and recent findings in birds, which indicate thatspect this separation. The 8 remaining bisegmented clones
the central part of the dermomyotome contributes to theestricted to one or the other clonal domains could result either
formation of the medial part of the hypaxial myotome, and thérom a possible start of the establishment of the clonal separation
lateralmost dermomyotome contributes to the lateral part of thie the presomitic mesoderm, or, more probably, from the general
hypaxial myotome (Olivera-Martinez et al., 2000). Moreoverregionalisation of the precursors of the myotome established
the expression patterns of some genes,dikeor simlin the  earlier.
E10.5 mouse embryo, suggest the existence of three domains inNVe showed that the boundary between the two clonal domains
the dermomyotome and myotome (Spérle et al., 2001; Tajbakhslorrelates with morphological indentation of the body wall,
and Buckingham, 2000), in which the third, central domairwhich marks the limit between epaxial and hypaxial myotomes
could produce the subjacent myotome. Furthermbigf-5 in E11.5 mouse embryo (Hadchouel et al., 2000; Tajbakhsh and
expression has been shown to be regulated independently Backingham, 2000) (S. Tajbakhsh, personal communication).
different mediolateral subdomains of the myotome by distincThis suggests that epaxial and hypaxial myotomes are clonally
enhancers (Hadchouel et al., 2000). These data indicate tlhstinct and thus represent two cellular compartments in the
regionalised gene expression is superimposed on celluleimoracic segments. This boundary could, in fact, provide a strict
regionalisation within the somite. separation between two types of muscle formation that require
The direct relationship between myocytes and their precursodifferent, and maybe incompatible, regulatory pathways: the
in the dermomyotome distinguishes this translocation event frompaxial muscles that form in situ, and the hypaxial muscles that
the indirect one that occurs between epiblast and the mesodeame generated from migrating populations of cells. It is not
during gastrulation (Keller and Danilchik, 1988; Lawson et al.possible, at the present time, to extrapolate our data to somites
1991). We propose that this regionalisation could allow the earlgnterior to the forelimbs and posterior to the hindlimbs.
establishment of differential signals in relation to the finaHowever, if the comparison between mouse and avian embryos
position of myocytes in the myotome. The direct relationships extended further, it can be hypothesised that this clonal
between precursors in the dermomyotome and myocytes coubdundary also exists at the limb bud level (Denetclaw et al.,
then allow the latter to remain in the same mediolateral signalintP97; Ordahl and Le Douarin, 1992).
environment after their translocation. For instance, daughters of If clonal separation is established just after segmentation, at a
a precursor cell located near the neural tube will stay nearby, atithe when the dermomyotome and sclerotome have not
daughters of a precursor cell close to the lateral plate witlifferentiated, it will be of interest to determine whether other

maintain this localization. somitic structures are also involved. Analyses done in HH15-17
o _ chick embryos show a separate origin of the medial and lateral

A clonal separation in the myotome and between its precursors of the dermomyotome (Denetclaw et al., 1997;

immediate precursors Denetclaw and Ordahl, 2000). It has also been suggested that the

Circumstantial evidence in birds first suggested a separatigoroximal and distal parts of the skeleton derive from the medial
between medial and lateral precursors of the paraxial mesodeand lateral parts of the sclerotome, respectively (Christ and
(Selleck and Stern, 1991), which was later proposed for the/ilting, 1992), but this has only been demonstrated for the
precursors of the epaxial and hypaxial musculature in somites\ahole somite and not at the sclerotome level (Olivera-Martinez
the limb bud level (Ordahl and Le Douarin, 1992) and at thet al., 2000; Ordahl et al., 2000). The existence of clonal
thoracic level. In contrast, substantial cell mixing occurscompartments has also been proposed for the dorsal and ventral
between epaxial and hypaxial muscles derived from graftesurface ectoderm at the limb and flank levels, with the separation
halves of thoracic somites (Ordahl et al., 2000). More recentlygsiding along a line drawn between the bases of the wing and
other studies in the dermomyotome have shown distindeg buds (Altabef et al., 1997). We suggest that this line may
localisations of the precursors of the epaxial and hypaxiatorrespond to the morphological indentation that marks the
domains of the myotome, at both limb and trunk leveldboundary between the epaxial and hypaxial body domains.
(Denetclaw et al., 1997; Denetclaw and Ordahl, 2000; OliveraAlthough the timing of these latter restrictions is not known, it
Martinez et al., 2000; Huang, 2000). suggests that the clonal separation observed here for the
In this study, we have shown that from the time of theimyotome and its precursors may reflect a more general
formation, the medial and lateral domains of the myotome argeparation between dorsal and ventral domains, which may
clonally distinct and that their immediate precursors in thénvolve the whole somite and surface ectoderm. Furthermore, a
dermomyotome (and probably in the somites as well) arsingle mechanism may be involved to establish the clonal
organised into two strictly distinct pools. This clonal separatiorseparation in these different tissues.
is apparently established by the time of budding of the somites
from the paraxial mesoderm, because we did not observe aRsptablishment and maintenance of the clonal
monosegmented clones contributing to both medial and latergpundary
regions of the myotome. Furthermore, four of the eighSeveral elements may be involved in the establishment of this
restricted, bisegmented clones have only one cell in the posteridonal separation. For example, coherent cell growth and
segment. As weak mixing may occur between cells of adjacebehaviour in the epithelial somite and epithelial dermomyotome
somites, these four clones may have been generated after thay be a crucial component of this process. However, if such
time of segmentation. This hypothesis would then significantlgoherent growth is not oriented differently in the two domains,
reinforce this demonstration of the existence of a clonatuch a mechanism alone would not be sufficient to prevent cells
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from crossing the clonal boundary. Thus, the existence of atermomyotome and myotome (Denetclaw and Ordahl, 2000),
active frontier seems necessary between the medial and latecalld by itself explain elevated intercalation in the lateral
halves of the structures. This frontier could be based on precidemain.
cell-cell and/or cell-matrix interactions that would prevent Despite this difference, the other properties of myotome
mixing or promote cell-sorting between the different clonalprecursors (such as the number of cells produced, their
domains, as in the rhombencephalon (Mellitzer et al., 1999ggionalisation along the ML axis and the existence of
Wizenmann and Lumsden, 1997; Xu and Wilkinson, 1997)intercalation) are remarkably similar in the medial and the lateral
Although many adhesion molecules are expressed in the somittgmains. This finding suggests that the modes of myocyte
most are not expressed preferentially in one or the other of tipeoduction in the two domains are similar, which is also the case
clonal domains. A more systematic analysis of gene expressiamavian embryos (Cinnamon et al., 1999; Denetclaw and Ordahl,
or adhesive properties in the medial and lateral cells of th2000). Although this similarity at first seems surprising, because
somite, dermomyotome and ectoderm may reveal importawf the known differences between the extrinsic and intrinsic
differences and should contribute to our comprehension of thegnals in the medial and lateral domains of the dermomyotome
formation of this boundary. At a later stage, during the growtlireviewed by Hirsinger et al. (Hirsinger et al., 2000)], it could be
of the dermomyotome, the formation of a quiescent zonthat the characteristics involved in production of the medial and
between the epaxial and hypaxial precursors (observed in theeral myocytes are established independently of these signals.
chick) (Denetclaw and Ordahl, 2000) may serve to maintain andliternatively, completely different signalling pathways could
reinforce the initial separation of the two precursor pools. converge on similar modes of production of differentiated cells.
The maintenance of the clonal boundary during formation of )
the myotome may also result from passive or active mechanisnigtercalation of the myocytes
Our observation of intercalating myocytes along the whol@he existence of a clonal separation during the formation of the
mediolateral axis of the myotome, and especially near the clonalyotome and, before this, the regionalised formation of the
boundary, excludes the hypothesis that the clonal boundary in theyotome from the dermomyotome, could not be explained
myotome is maintained simply due to coherent cell behaviouwithout a certain degree of cell coherence during the formation
Thus, other characteristics of the system must be involved. Tleé the myotome and between myocytes, in addition to that
lag between the start of the epaxial and the hypaxial myotonwbserved in the precursor pool. However, in all the clones
formation (Denetclaw and Ordahl, 2000) could intervene in thanalysed, either monosegmented, bisegmented or longer, we
persistence of the clonal boundary. Another attractive possibilitgbserved unlabelled myocytes intercalated with the
is the temporal production of the epaxial and hypaxial myotomegenealogically related labelled myocytes, indicating that
in opposite orientation, from two ‘stem cell’ pools residing at thentercalation nevertheless occurs during these processes. Such
edges of the dermomyotome (Denetclaw and Ordahl, 2000). Birttercalation has also been suggested to occur in avian embryos,
to be in agreement with a regionalised model of production detween the myocytes of the primary myotome (Cinnamon et al.,
the myotome from the dermomyotome, such pools should KE999; Denetclaw et al., 1997). Because both the primary and the
dynamic (rapid recruitment and loss of new cells, Fig. 7F). Thisecondary myotomes (already formed at E11.5) can be labelled
last model, which is compatible with our results, is bothin our clones, intercalation must also involve myocytes of the
regionalised (Cinnamon et al., 1999; Denetclaw et al., 200kecondary myotome. Our observation of intercalation between
Kahane et al., 1998b), and temporal (Denetclaw and Ordahhyocytes in E12.5 mouse embryos (data not shown) is also
2000). Alternatively, the acquisition of different adhesiveconsistent with this idea. Kalcheim and coworkers have proposed
properties between the epaxial and hypaxial cells that withat the myocytes of the primary myotome in quail embryos,
translocate to the myotome, could also function by preventinghen translocating from the dermomyotome, intercalate with
cell mixing among the myocytes of the two clonal domains, oolder, already translocated, ‘pioneer’ fibers, suggesting that
by allowing a separation of the epaxial and hypaxial cells througintercalation occurs between the myocytes produced in
cell sorting. Finally, it is interesting to note that En-1, homologueuccessive waves (Cinnamon et al., 1999; Kahane et al., 1998a;
of engrailed, which is involved in maintenance of theKahane et al., 1998b).
rostrocaudal boundary in the drosophila wing (Blair, 1992), is This intercalation of clonally related myocytes could result
also expressed at the level of the boundary in the dermomyotorfrem different mechanisms. Before the segmentation occurs, the
of the mouse embryo (Davis et al., 1991; Sporle et al., 2001yyotome precursors could undergo a ‘coherent intercalation’
and in the dermomyotome, myotome and surface ectoderm tifat would respect their mediolateral regionalisation. However,
the chicken embryo at the limb and flank levels (Gardner anslich a mechanism is unlikely for the precursors located in the
Barald, 1992), which suggests that this gene may play a role somite (monosegmented clones), because intercalation does not
the maintenance of the dorsoventral boundary in these tissuesiormally occur in epithelia (Gardner and Lawrence, 1985).
Another possibility is that the mediolateral growth of the
Formation of the medial and lateral myotomes dermomyotome, together with the formation of the myotome
We observed more extensive intercalation among myocytes {Denetclaw et al., 1997; Denetclaw and Ordahl, 2000), simply
the monosegmented clones in the lateral domain, compared regsults in a mechanical intercalation of the myocytes, due to a
the medial domain of the myotome. This may be due tshift in the relative positions of the precursors located in the
differences in the degree of coherence during the growth of tldermomyotome. Finally, intercalation could occur during
precursors in the dermomyotome, the degree of intercalatidranslocation of the myocytes into the myotome (Cinnamon et
during the translocation of the myocytes, or the subsequeat., 1999). Indeed, intercalation could result from the necessary
migration of lateral cells to form the bodywall muscles.convergence and extension of myoblasts that translocate from an
Moreover, the more rapid growth of the hypaxial part of theepithelium (formed by many rostrocaudal layers of cells) to
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produce fewer layers of unit-length cells, as described durin@ardner, C. A. and Barald, K. F.(1992). Expression patterns of engrailed-like

gastrulation in the Xenopesbryo (Keller and Danilchik, 1988;  proteins in the chick embry@ev. Dyn.193, 370-388.
Keller and Tibbetts 1989). Gardner, R. L. and Lawrence, P. A(1985). Single cell marking and cell lineage

- . .. . in animal developmenkhil. Trans. R. Soc. Lond. 812, 1-187.
Whatever the mechanism(s) involved, this intercalation resultS,ychouel. J. Ta?bakhsh S., Primig, M., Chang, T. H., Daubas, P.

in the physical separation of myocytes and their precursor cells,Rocancourt, D. and Buckingham, M(2000). Modular long-range regulation
and of myocyte daughter cells. Intercalation may serve to disruptof Myf5 reveals unexpected heterogeneity between skeletal muscles in the
interactions between genealogically related cells and, therebymouse T-EmbISVdDGVG'Sp’T]‘e”127'C44'\5A5'|4467t- b Cooke. J. and Pourau
. . . . H H Irsinger, ., bDuprez, D., Jouve, C., Malapert, P., Cooke, J. an ourquie,
permit novel |nteract|0n§ with other types of Ce”S'.It IS pOSSIb| . 0.(1997). Noggin acts downstream of Wnt and Sonic Hedgehog to antagonize
that the;se new interactions are necessary and instrumental igyp4 in avian somite patterninBevelopment 24, 4605-4614.
controlling the coordinated growths of the dermomyotome andirsinger, E., Jouve, C., Dubrulle, J. and Pourquié, O.(2000). Somite
myotome and/or in further patterning of these structures. formation and patterningnt. Rev. Cytol198, 1-65.
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