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SUMMARY

Key molecules which regulate the formation of the heart which corresponds to the elongation of the cluster, and rows
have been identified; however, the mechanism of cardiac of cells, which form secondary axes. The angle between the
morphogenesis remains poorly understood at the cellular primary and secondary axes varies, indicating independent
level. We have adopted a genetic approach, which permits events of growth orientation. At later stages, as the
retrospective clonal analysis of myocardial cells in the ventricular wall thickens, wedge shaped clusters traverse
mouse embryo, based on the targeting of amlaacZ the wall and contain rows of cells at a progressive angle to
reporter to the a-cardiac actin gene. A rare intragenic each other. The cellular organisation of the myocardium
recombination event leads to a clone of-galactosidase- appears to prefigure myofibre architecture. We discuss how
positive myocardial cells. Analysis of clones at different the characteristics of myocardial cell growth, which we
developmental stages demonstrates that myocardial cells describe, underlie the formation of the heart tube and its
and their precursors follow a proliferative mode of growth,  subsequent regionalised expansion.

rather than a stem cell mode, with an initial dispersive

phase, followed by coherent cell growth. Clusters of cells

are dispersed along the venous-arterial axis of the heart Key words: Mouse heart morphogenesis, Myocardium, Clonal cell
tube. Coherent growth is oriented locally, with a main axis, growth,laacZ

INTRODUCTION Indeed regulatory genes suchNisx2.5(tinman) or members

of the Mef2 family (Drosophila mef® which are important in
The heart, which is the first organ to form in the embryocardiac cell specification and differentiation respectively, are
provides a striking example of morphogenesis (see Harvegpnserved even between vertebrates and invertebrates (see
2002). The cardiac precursor cells invaginate early through theripps and Olson, 2002). Activation of the genes that
rostral primitive streak during gastrulation. Subsequently, thegetermine cardiac cell fate depends upon signalling molecules
are displaced rostrally as two bilaterally symmetrical regionfrom surrounding tissues: in the avian embryo, it has been
of splanchnic mesoderm, which fuse below the head folds arghown that BMPs produced by the underlying endoderm act as
form a crescent. This cardiac crescent, which already contaiimsducers, while canonical Wnt signalling from the neural tube
differentiated cardiomyocytes, forms an epithelial heart tubeestricts the extent of the cardiogenic field (see Zaffran and
that undergoes looping, with formation and growth of theFrasch, 2002). Major morphological changes take place in
ventricular and atrial chambers and their subsequent septatidhe vertebrate heart at the time of looping. This process is
Addition of cardiomyocytes caudally continues as the cardiaorchestrated by the left-right signalling pathway, under the
tube grows. There is also a second source of cardiac precursamluence of TGB family members (see Capdevila et al.,
located in the anterior or secondary heart field, whict2000), which activate further regulatory genes, such as Pitx2.
contributes to the arterial pole of the heart, as demonstrated féhe divergence in the final structure of the heart between
chicken (Mjaatvedt et al., 2001; Waldo et al., 2001) and mousspecies, despite the conservation of gene networks, underlines
(Kelly et al., 2001). Although the final structure of the hearthe importance of studying cell behaviour, which is controlled
differs between vertebrates, from two chambers and a singby molecular signalling. Morphogenesis is the result of
blood flow in fish for example, to four chambers and twadifferent types of cell behaviour, including growth, defined
circulatory routes in birds and mammals (see Fishman arfiere as the process of cell proliferation, which is regulated
Olson, 1997), the initial stages of cardiogenesis are similatemporally and ordered spatially as the embryo develops. In
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mammals, such as the mouse, growth patterns are of particutlls in all regions of the mouse heart. Systematic analysis of the

interest because of the extensive cell movements which takeequency, size and distribution of myocardial clones at different

place during embryogenesis (see Mathis and Nicolas, 2003)evelopmental stages demonstrates that these cells undergo two

and because commitment to a particular cellular fate igrowth phases, which follow a proliferative rather than a stem

polyclonal (see Stent, 1985). Cell labelling studies givecell mode. At earlier stages, growth is dispersive and oriented

insight into this process and provide information about thelong the venous-arterial axis of the heart tube. Before

genealogical relationships between cells within a structure. embryonic day (E) 8.5, a second phase of coherent growth
Most cell labelling experiments of myocardial precursor celldegins to emerge and subsequently characterises myocardial cell

have been carried out on avian embryos. They have providguoliferation, both on the surface of the heart and through the

detailed fate maps for the heart (e.g. Rawles, 1943; Stalsbettuckness of the ventricular walls in an oriented way. The number

and De Haan, 1969; de la Cruz et al., 1989; Redkar et al., 200&nhd organisation of cells within clones provide new insight into

Based on grafting and Dil labelling experiments, it has beehow cellular growth patterns underlie the morphogenesis of the

proposed that the organisation of myocardial cells in the lineanammalian heart.

heart tube reflects their rostrocaudal origin in the primitive

streak (Rosenquist and De Haan, 1966; Garcia-Martinez and

Schoenwolf, 1993), and that cardiac precursor cells move frofyATERIALS AND METHODS

their location in the primitive streak to the more rostral position,

under the head folds, as a coherent sheet (Rosenquist af@ning of the targeting vector

De Haan, 1966; Stalsberg and De Haan, 1969). By contrag§jaacz1.1is a modified bacteridacZ gene designed with a nuclear
aggregates of 10-50 cells had been observed migratingcalisation signal and an intragenic duplication of 1.1 kb, chosen on
independently from one another in the cardiogenic region ahe basis of estimated recombination frequency and myocardial cell
chick splanchnic mesoderm (DeHaan, 1963a; DeHaan, 1963mumbers (data not shown)NlaacZ1.1is derived from amlacZ
More recent Dil labelling experiments have indicated that therpUC19 plasmid (Tajbakhsh et al., 1996a) witBlal-Sad intragenic

is intermingling of cells during their migration from the duplication corresponding to nucleotides 870-1987 after the ATG such
primitive streak, such that the organisation of cells with dhat a shift in codon phase introduces a TGA STOP codon at
pattern that reflects their position later in the heart only emerg&&cleotide 1993, after the beginning of the duplicated sequence (Fig.

. ). NlacZASac is aSad-EcaRl fragment ofnlacZpUC19, which
clearly at the cardiac crescent stage (Redkar et al., 2001). gls been ligated to a DNA fragment obtained by annealing SBE1 (5

later stages, some degree of intermingling of Myocytes, dScTTcGAAGCGCGCGTTCGAAGATATCCTTCGAAAGATCTG-
monitored by retroviral labelling, has been observed across thgsgaccTco AGG) to SBE2 (BAATTCCTCGAGGTCGACAGA-
ventricular wall after chamber formation (Mikawa et al., TCTTTCGAAGGATATCTTCGAACGCGCGCTTCGAAGGAGCT)
1992b). In these experiments, the organisation of cells wasigonucleotides to introduce appropriate restriction sites. It was then
examined and their orientation in spindle-like patternsut with BsBIl and Bglll and ligated to eClal-BanH! fragment of
described (Mikawa et al., 1992a). nlacZ-puUC19.

In the mammalian heart, cell labelling and cell Thea-cardiac actinflanking sequences were isolated by long range
transplantation experiments have identified the position dfCR on mouse genomic DNA from HM1 ES cells [129/OlaHsd-

cardiac precursors in the epiblast (Lawson et al., 1991) arftfived] (Selfridge et al., 1992), extending 6 Ktnad 4.3 kb 3of
- e ; xon 2. The Expar! Long Template PCR System (Roche) was used
primitive streak (Tam et al., 1997; Kinder et al., 1999), an ith the paired primers ACSS/ACS3 for the' Sequence (5

_have documented their displa(_:ement rostrally. However, '_ittl%AATTCGCGGCCGCAATGGAGGAACAGCTGAGATAAGTGA-

is known about cell behaviour and growth of cardiaccTge/s-AAGCTTGTCGACCCATGGTCTCCTCGTCGTCACAC-
precursors. Prior to gastrulation, cell labelling (Lawson et al. ATCCTGGCAC) and AC35/AC33 for the ' 3sequence (5
1991) and cell transplantation (Gardner and Cockroft, 1998\AGCTTCTCGAGGCATGCAAAGCTGTGCCAGGATGTGTGA-
experiments have shown extensive intermingling of growingCGACGAG/3-CTGCAGTTAATTAAGGTACCAGAGGGGGCTC-
cells in the mouse epiblast. As a step towards understandid§GAGGATTCCAAGAAGCAC) and cloned into pGEM-T easy
the cellular basis of cardiac morphogenesis, we have examinggrctor (Promega). The first seven codonsaetardiac actin are
the distribution at different developmental stages of clonallyePeated at the end of the &nd the beginning of the’ 3lanking
related cells in the mouse myocardium, which is the majO@equences. ThelaacZ1.1reporter sequence was introduced after the

t

. : t seven codons of-cardiac actin to create a fusion proteiiNcol-
tissue of the developing heart. We have adopted a retrospec I fragment ofnlaacZ1.1was ligated to a'®-cardiac actin (AC55-

clonal approach based on the use of raacZ reporter AC53) fragment obtained biotl and partialNcd digestion and

gene, which is inactive unless it undergoes a rare eveifyoduced into arNcd-Sal pSKT modified vector (gift from S.
of spontaneous intragenic recombination, leading to thgajbakhsh), to generate the constructdacz1.1

generation of #§-galactosidase-positive clone (Bonnerot and A positive neomycin selection cassette, flanked by two parallel
Nicolas, 1993). Because of its genetic nature, the method lisxP sites, was inserted aftelaacZ1.1in the same transcriptional
non-invasive and the labellacz is stable. Appearance of the orientation. ASal-Notl fragment of loxP-PGKNed*pA-loxP (gift
label is random and permits a systematic retrospective analysi®m S. Tajbakhsh) (see Thomas et al., 1986) was ligated ta-a 3
without any preconception as to the spatiotemporal localisatioffrdiac actin (AC35-AC33) fragment obtained Hyot-Pad

of the labelled precursor, which is not the case with prospectiigestion and introduced intoRad-Sal pSKT modified vector, to
techniques such as dye labelling or grafting. generate the construct NéoSal-Kpnl Neo3 was ligated taSal-

) Kpnl 5'nlaacZ1l.1 A negative selection cassette encoding the A
In this report, thenlaacZ reportgr gene was targete(_j to ANgypunit of diphtheria toxin was introduced at the end of the 3
allele of the endogenous-cardiac actin gene, which iS fianking sequence. PGRTA-pA (gift from F. Relaix) (see Soriano,
expressed throughout the myocardium (Sassoon et al., 1988) argh7) was inserted intokpnl site after the 3flanking sequence in

therefore permits a retrospective clonal analysis of myocardial -3 transcription orientation. This resulted in a 700 bp deletion at
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the 3 end of the AC35-AC33 fragment, permitting its use as aractint/n@acZl.lempryos, as controlled by PCR of head genomic DNA from
external 3 probe. 100 E10.5 embryos (data not shown), showing the Mendelian inheritance
The final replacement targeting vector was verified by sequencingf nlaacZ1.1 Embryos were staged taking E0.5 as the day after crossing
the junctions and tested for recombination by transient transfectiofie, embryonic day of development; P, postnatal day of development). They
into C2 cells (data not shown): occasiofafjalactosidase-positive were dissected in PBS, fixed in 4% paraformaldehyde, rinsed twice in
nuclei were observed as a result of intragenic recombination, showiiRBS, stained in X-gal solution to revefilgalactosidase activity
that the recombined fusion protein has functioBajalactosidase (Tajbakhsh et al., 1996a) at 37°C for 12-48 hours, rinsed twice in PBS and
activity (see Biben et al., 1996) and that the trunc@tgdlactosidase postfixed in 4% paraformaldehyde. For better penetration of the solutions,

molecule produced from thdaacZ1.1allele is inactive. the ventral pericardial wall was removed at E8.5 and E10.5. Hearts were
) ezl ) isolated from the embryo after Xgal staining at E10.5 and E14.5. Before
Generation of ac-actin *"aacz1-1 targeted mice addition of X-gal, the thorax was ventrally incised at E14.5. At P7, the

The targeting vector was linearised by digestion w8iédl and heart was isolated and transversally sectioned prior to X-gal staining.
electroporated into HM1 ES cells (Selfridge et al., 1992) as described Clones were observed under an Olympus binocular microscope,
previously (Tajbakhsh et al., 1996b), but with 15% foetal calf serunand photographed with a 3-CCD camera on a LEICA binocular
in the culture medium. Targeted cells were selected as neomycimicroscope coupled to LIDA software.

positive by G418 resistance and as DTA negative by their survival. 115 )

G418-resistant ES clones were screened by Southern blotting usifgatistical analysis

32P-probes (Fig. 1A), internal (300 bp ©fal-EcoRV digestedhlacZ The intragenic recombination afaacZinto nlacZis a spontaneous,
hybridising to the duplication aflaac? and external (5- a 450 bp  heritably transmitted and random event. The frequency of its
fragment at —5.4 kb from the transcription initiation sitexafardiac ~ occurrence can therefore be analysed by the fluctuation test of Luria
actin, digested witlHindlll-Xba, a gift from M. Lemonnier; 3— a and Delbrick (Luria and Delbriick, 1943). The number of independent
700 bpa-cardiac actin fragment from AC33-AC35 digested wifimnl) recombinations that have occurred during the expansion of the pool
to the targeting vector. Two ES clones with a correctly targeted of myocardial cells follows a Poisson distribution with the parameter
cardiac actin allele were identified (Fig. 1B-D) and injected intouNt (i is the rate of recombination and Nt is the total number of
blastocysts [C57BL/6]. Germline transmission was obtained for one ahyocardial cells at the time of dissectiogman be estimated to equal
the clones ¢c-actint/nlaacZL.INeojing). In order to avoid undesirable —In(po)/Nt with po the fraction of embryos with no recombined
genomic interactions at the locus (Olson et al., 1996), heterozygowmsyocardial cells. The parameter of the Poisson distribution can thus
ac-actint/niaacZl.1Neomales were crossed with homozygous PGi¢-  be estimated to be —Infp The expected number of embryos having
transgenic females (Lallemand et al., 1998) to remove the selectahladergone N independent recombination events per heart (Table 2) is
marker gene(ac-actint/NaacZllA jing), ge-actint/naacZls mice are  No(In(Ne/No))(N!), with No the observed number of embryos with
indistinguishable from ther-actint/nlaaczl.1Neomjce, and both were no recombined myocardial cells (N=0) and Ne the total number of
used in the analysis and together referred tacasctint/niaacz11, dissected embryos at the stage under consideration (Table 1).

The targeted mice were genotyped by PCR on DNA preparations Mean comparisons were performed by the classical test of the
from the tail, with a sense primer (OI384) from theardiac actin  normal distribution, calculating the parameter u=kg)/
proximal promoter ((GCTGCTCCAACTGACCCCGTCCATCAGA-  V(si?/ni+2/ny), where x is the mean, s the standard deviation and n
GAG) and an antisense primer (OI387) frotacZ (5-CGCATCGT-  the size of the sample.

AACCGTGCATCTGCCAGTTTGAG) at an annealing temperature of o

57°C, or with a sense primer (GEN) from the neomycin resistancEstimation of heart cell numbers by DNA quantitation

sequence (BATCGCCTTCTATCGCCTTCTTGACGAGTTC) and an Hearts of E8.5 and E10.5 embryos were dissected and pools of 1 to 10

antisense primer (ACEX2-2) from-cardiac actin exon 2 @\CA- hearts analysed at a given stage. The pericardium was removed. Other

GCTCTGGGGGCGTCATC) at an annealing temperature of 60°C. cell types such as endocardial cells represent a minor contribution to
] S the early embryonic heart, such that the preparation is largely derived

In situ hybridisation from myocardium. DNA was extracted and purified from RNA using

A 1.1 kb nlacZ antisense probe corresponding to nucleotides 870the DNeasYM kit (Qiagen). The quantity of DNA was measured at

1985 of thdacZ sequence was transcribed with T7 polymerase fron260 nm using a Quartz microcuve (150 with a Perkin Elmer

a 8nlaczASac pSKT modified plasmid, linearised wi@lal. The Lambda Bio 20 spectrometer. Given the amount of DNA per diploid

5'nlacZASac construct was generated by the ligatiorClzfl-Sal nucleus (~6 pg), the number of cells (nuclei) per heart was estimated

5nlaaczZl.1and Clal-Sal nlacZASac. A 130 bpa-cardiac actin- using the following equation: cell number per heart=G£10-2x

specific probe was transcribed with T3 polymerase from timerb dilutionxvolume (l)/number of hearts/6l0-5. As a control, the total

coding sequence of the mRNA (Sassoon et al., 1988). Whole mountimber of cells from a whole E10.5 embryo using this method was

in situ hybridisation was performed as previously described (Zammitstimated to be in the range ofi8 cells, which is similar to reported

et al., 2000). values using another method (Burns and Hassan, 2001).

Production and description of clones Estimation of growth rate

The nlaacZ sequence produces a truncafedalactosidase protein, For cells dividing exponentially, their growth rat@)(can be

which is deprived of enzymatic activity (see cloning of targetingcalculated such that N=®" with N the number of cells at time point

vector above). It will only give rise to(&galactosidase-positive cell T, Nothe number of cells at time pointendn the number of divisions

if it undergoes an internal recombination event, which removes theheren=t/p (t=T—t is the duration of growth, i.e. 48 hours between

duplication and eliminates the STOP codon in the sequence. ThisEl0.5 and E8.5).

a spontaneous event, which occurs during mitosis at a low frequency

(Bonnerot and Nicolas, 1993). Descendants of a cell in which this has

occurred will be detected provided that they expressutieardiac RESULTS

actin gene. Thus, clones of cells can be observed directly in the hearlE

of embryos from thactint/nlaacZl.1jine, . .
As homozygousrc-actim’- mice are not viable (Kumar et al., 1997), Intmdu,cuon Qf an nlaacZ reporter sequence into the

heterozygousre-actint/naaczL males were crossed with superovulated @-cardiac actin gene

wild-type females ([C57BL/6BJIL]F1). The litters contained 50%af Clonal analysis of myocardial cells in the embryonic heart
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Fig. 1. Targeted integration of thdaacZ1.1reporter gene into the second exon of the mausardiac actin gene. (A) Structure of the
targeting vector and ttee-cardiac actin locus before homologous recombination and after integration and crossing witlfCeeR@isgenic
mouse. Arrows at right angles show the transcriptional start sites @fdaidiac actin promoter and PGK promoters in the selection cassettes.
Numbered red boxes representardiac actin exons. Arrows in théaacZ1.1gene (blue box) indicate the position and length of the intragenic
duplication (1.1 kb), which introduces a TGA STOP codon at amino acid 665. Black triangles represent loxP target siteséoni@nase.
The PGKNed? (neomycin) cassette for positive selection (speckled box) and thelP@Keiphtheria toxin A-chain) cassette for negative
selection (open box) are indicated. Tha@acZand selection cassettes contain a polyadenylation sequence (pA) atehelir 8 site for the
meganuclease IScel was introduced immediately after the second loxP site to facilitate future manipulation of the mod#fiezblexus
derived from thenlaacZ1.1sequence and br 3 external genomic sequences are shown below as grey bokEsR¥,; H, Hind 11I; N, Ncd.
(B-D) Southern blot analysis of genomic DNA from parental ES cells (wild type) or correctly targeted clones (46, 11@rolieedetects
10.7 kb and 7.8 kb bands from the wild-type and targeted alleles, respectively, after digestitindiitFEcoRV (B); the probe derived from
thelaacZsequence detects 7.8 kb and 1.1 kb bands from the targeted allele @liad¢Zé . lintragenic duplication, respectively, after
digestion withHindlll/EcaRV (C) and the 3probe detects 8 kb and 5.5 kb bands from the wild-type and targeted alleles, respectively, after
digestion withNcd (D). (E1) Whole-mount in situ hybridisation with a probe that deteetsZ transcripts on an E10d&-actin*/naacz1.1
embryo showing expression of the targeted allele throughout the myocardium (h) and in the skeletal muscle of the myotahissi@agea
(E2) magnification of right lateral view of the heart shown in E1. (F1) Whole-mount in situ hybridisation wittaadiac actin probe on an
E10.5 wild-type embryo showing expression of the endogenous gene in the same domains. (F2) Magnification of right lafeted hiearto
shown in F1. Signal intensity is lower in the wild-type compared with the targeted embryo, probably owing to the smdlkbesizeandiac
actin specific probe. Signal intensity in the heart appears lower in the outflow tract (O) and atria (A) compared with the (énbécause
of differential thickness of the tissue. Scale bars:|5@dn the detailed heart views; 1 mm in the whole embryo images.

requires that an appropriatlacZreporter sequence be placed (Kumar et al., 1997). We conclude that the modified allele does
under the transcriptional control of a gene expressedot affect the development or functioning of the heart.
throughout the myocardium. Thecardiac actin gene fulfils The nlaacZ1.1lexpression profile was verified by whole-
this requirement (Sassoon et al., 1988). In order to avoichount in situ hybridisation with an antisense probe to detect
position effects due to the site of transgene integration anuaacZtranscripts orc-actint/nlaacZl.1lembryos at embryonic
other anomalies in expression due to the nature of transgeday (E) 10.5 (Fig. 1E1-E2), and compared with hybridisation
regulatory sequences, we chose to integratel#aeZreporter  with an antisense-cardiac actin probe on wild-type E10.5
sequence into the endogenouascardiac actin gene by embryos (Fig. 1F1-F2). As expected from the transcription
homologous recombination (see Materials and Methods amutofile of the a-cardiac actin gene (Sassoon et al., 1988),
Fig. 1A-D). Heterozygous progeny are viable, fertile andnhlaacZl.1lis expressed throughout the myocardium and in the
indistinguishable from wild type, with normal hearts, asskeletal muscle of the myotomes at this stage. Observation of
previously shown for heterozygote-cardiac actiW~ mice  X-gal-positive clones throughout the myocardium at E8.5, as
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Fig. 2. Examples of hearts with a small numbefef
galactosidase-positive cells. Ventral views of E8.5 (A),
E10.5 (B), E14.5 (C) and P7 (B}-actint/aacZl.lhearts
coloured by X-gal to reveal the distribution of cells
containing a recombinaudacZallele (first column of
panels). Each blue dot represents a single nucleus sin
reporter gene contains a nuclear localisation signal. At
higher magnification and by changing the focus, it is
possible to obtain reliable counts@fjalactosidase-
positive cells at E8.5 and E10.5. Arrowheads show tha
labelled cells form coherent clusters. Schematic
representations of hearts at these stages indicate the «
subregions (second column of panels). The numbers in the

lower right corner of the panels indicate the stage followed by the identification number of the positive embryos. Appkatéerglleft
atrium; LV, left ventricle; LVP, left venous pole; PV, primitive ventricle; RA, right atrium; RV, right ventricle; RVP, rgitus pole; OFT,
outflow tract. Scale bars: 5Q6n.

well as in the skeletal muscles at E14.5 and seven days aftefable 1. Total number of embryos or neonates observed

birth (P7), confirmed the correct expression of the reporter Number of Number of
gene at other stages. Thegactin/naacZl.1mjce that we have ac-actint/niaacz1.1 B-gal-positive
generated are thus suitable for clonal analysis of developing embryos or hearts
cardiac muscle cells. Stage neonates (%%)

) ) ) E8.5 1488 112(7.5%)
Production of embryos with clones in the E10.5 641 430 (67%)
myocardium E14.5 627 595 (95%)

P7 316 316 (100%)

For systematic analysis of cardiac precursor cells, a large
number of random clones is required. Clones were compared% is the number oB-gal-positive hearts divided by the number of
at different developmental stages, as illustrated in Fig. 2: @-actin""ZLlembryos or neonates. _
E8.5, an early stage of cardiogenesis when the heart is a |Oopea\l|new-two hearts from embryos with 9-17 somites are analysed here.
tube (Fig. 2A), at E10.5, when the heart is still a non-septated
tube, but when the different cardiac chambers can be identified
morphologically (Fig. 2B), at E14.5, when ventricular cells into clusters (Figs 2, 3). To assess whether these clusters
septation is complete and trabecular remodelling is under wagsulted from independent events of recombination, we have
(Fig. 2C) and at P7, when morphogenesis of the heart mompared the observed distribution of the number of clusters
complete (Fig. 2D). One thousand four hundred and thirty threger heart with the calculated distribution of the number of
embryos or neonates, dissected at these developmental stagiedependent events of recombination per heart.
hadp-galactosidase-positive cells in the heart and are describedAt E8.5, few observations of polyclonality are expected (more
here (Table 1). than one independent recombination event, Table 2). They

As expected, the frequency of embryos wiff- probably correspond to the few casest) in which one or two
galactosidase-positive cells increases with age (Table 19ells are isolated from the othrgalactosidase-positive cells
reflecting expansion of the pool afcardiac actin-expressing (white arrow in Fig. 3D1). Note also that in hearts with multiple
cells and their precursors, and hence the number of callusters, the average number of cells per cluster is significantly
divisions during which thenlaacZ1.1 allele can undergo higher than that in hearts with a single cluster (5.2+s.e.m. 0.5,
intragenic recombination. n=69 versus 3.2+s.e.m. 0r5;59: u=2.76P<0.01), whereas we

At E14.5 and P7, because of the thickness of the tissue vitbuld expect these numbers to be similar if multiple clusters
was not possible to obtain an accurate count of the numbegsulted from independent recombination events.
of labelled cells, but their organisation was documented. At At E10.5, the observed and expected distributions differ
E8.5 and E10.5, positive hearts were analysed for the numbsignificantly as N increases (Table 2), demonstrating that
of B-galactosidase-positive cells and their distribution inclusters of 3-galactosidase-positive cells may be clonally

clusters. related. Two independent labelling events will more probably
be located in different regions and have a disparate

Clonal relationship between  B-galactosidase- organisation. In addition, they will more probably lead to

positive cells smaller clusters as 90% of the positive hearts at E10.5 contain

As cell labelling is a random event of intragenic recombinatiortess than 17 labelled cells. Therefore, large clusters, which are
of nlaacZinto nlacz the clonality betweef-galactosidase- closely associated (two clusters of 18 and 32 cells in the
positive cells can be statistically assessed. We have calculatedtflow tract Fig. 3E) or aligned (seven clusters of more than

the expected number of embryos containing independe0 cells Fig. 3G; this alignment was found in two hearts) are

recombination events in the heart, at E8.5 and E10.5 (Table Zpnsidered to be clonally related.

based on the fluctuation test of Luria and Delbriick (Luria and Similarly, at E14.5 and P7, small clusters are more frequent.
Delbrick, 1943). A common feature of positive hearts at everyherefore, large clusters closely associated (Fig. 3F) or
stage studied is the organisation Bfalactosidase-positive reproducibly aligned are considered to be clonally related.
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A : B = C Fig. 3.Examples of hearts with multiple clustes.

rag: B 5 galactosidase-positive hearts at E8.5 with at least fliree
»u j , .p's g galactosidase-positive clusters (black arrowheads), which
g g are clonally related (see text), are shown in the arterial pole
: h > (AP) of the cardiac tube (A), in the primitive ventricle (PV)

> . (B), in the venous pole (VP) (C) or throughout the cardiac

- Spina | ES5.102 - gsseg  tube (D). The white arrowhead in D1 shows two isolated
cells that may not be clonally related to the others. D2 is a
schematic representation of the clusters (blue open circles
show location along the axis of the tube) in the heart at
E8.5 with an exceptionally large number of labelled cells
(82) presented in D1. Later, large and closely associated
clusters, which are clonally related (see text), are shown in
the outflow region at E10.5 (E), and E14.5 (F). A heart at
E10.5, with an exceptionally large number of labelled cells
(420), contains seven clusters of more than 20 cells (G1)
and is schematised in G2. Dispersion of the clusters is
parallel to the venous-arterial axis of the cardiac tube
(broken red lines). Note the increase in the relative sizes of
the clusters with age. In all panels, the orientation is cranial
(upwards) to caudal (downwards). (A) Right lateral view;
(B,D-F) Ventral views; (C) Left lateral view; (G) Dorsal
view. AVC, atrioventricular canal; IFT, inflow tract; LA,
left atrium; LV, left ventricle; RV, right ventricle. Scale
bars: 20Qum.

that in hearts with multiple clusters, clusters would
have a smaller size at E10.5 than at E8.5. In fact, this
is not the case. Hearts with a large number of cells
colonising several cardiac subregions were detected
(two hearts at E8.5 and five at E10.5). In these hearts,
the size of the clusters as well as the distance between
the clusters increases significantly between E8.5 and
E10.5 (Fig. 3D at E8.5 and Fig. 3G at E10.5).
Furthermore, the distinction between clusters at E8.5
is not always clearly evident (in eight hearts), whereas
it is evident at E10.5, indicating that even in these
E8.5 hearts, clusters are in fact distinct, although this
Myocardial cells undergo two growth phases only becomes obvious later. Other examples in the

The distribution of B-galactosidase-positive cells is not

homogenous and cells tend to be organised into clusters. Tt o . )
is a common feature of positive hearts at every stage studi Table 2. Statistical analysis of clonality at E8.5 and E10.5

and in all cardiac subregions. They are classified into tw Number of E8.5 hearts* Number of E10.5 hearts
categories: hearjcs with a single clgste.r (Fi_g. 2) or with multiple Observed Expected Observed Expected
(>1) clusters (Fig. 3). The organisation into clonally relatec with N ~ with N with N ~ with N
clusters shows that myocardial cells undergo two growtl B-gal- independent B-gal- independent
phases, one that is characterised by cell dispersion, leading positive - recombination positive  recombination
. . ‘ clusters events clusters events
the separation of the clusters, and another that is coherent, |
cells remain close to one another after division, leading to tr0 1376 211
X 1 59 108 215 234

formation of a cluster. > 15 4 120 130

o 3 5 0.1 60 48
Timing of the growth phases 4 2 2103 22 13
To understand the timing of the growth phases, the simple® i iig? ; i
model is to consider that dispersion precedes coherence. 5 01
this way, hearts with multiple clusters reflect a recombinatiol-
event in an early precursor and hearts with a single cluster 12 1 %106

a recent precursor. Alternatively, if coherence precede , .
dispersion, the existence of hearts with a single cluster cz We have tested Wheth_er multiple clusters within a‘he_art resulted from

IV be explained if the precursors of these clones have r]lndependent recomb!natlon events._The observed d|str|but|on_of Fhe pumber
only p p. g of clusters per heart is compared with the expected random distribution, based
undergone the second (dispersive) phase, because they hon the fluctuation test of Luria and Delbriick (see Materials and Methods).
different growth properties (qu|escence or a s|ng|e growtl _*I‘Eight positive hearts at E8.5, in which clusters W(_ere_not_clearly
phase). Furthermore, if dispersion is late, we would expe(dlstlngwshable,Were excluded from the observed distribution.
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Fig. 4. Organisation of coherent clusters observed on the B ) c
surface of the heart. Examples of clusters viewed at the surfag i

of the heart are shown at stages E8.5 (first line of panels), K

E10.5 (second and third lines of panels), E14.5 (fourth line of

panels) and P7 (fifth line of panels). Low level of b

intermingling between unlabelledl@acZgenotype) and
labelled flacZgenotype) cells is observed. The main axis of
the clusters is represented in three examples (I,L,N) by a
broken red line. The axes of rows of cells within a cluster are
represented in the same examples by unbroken red lines. In
and O, the unbroken red line outlines the orientation of cardi
myofibres at P7, which lie parallel to the rows of labelled cell
At P7, the staining often appears as an elongated unit (M-N),
in contrast to the dotted nuclei in other panels, probably
reflecting the leakage @Fgalactosidase to the cytoplasm,
either during the binucleation of cardiomyocytes or because o
a saturation of the staining. (A,C) The primitive ventricle; |
(B) the venous pole; (D,K,N) the atria; (E) the atrioventricularl
canal; (F,I,L,M,0) the ventricles; (G,J) the inflow tract; (H) the
outflow tract. (A,B) Hearts with a single cluster. Scale bars: G
200pum.

same cardiac region at different stages (Fig. 3A at

Fig. 3E at E10.5 and Fig. 3F at E14.5) also illustrat: ‘ ?‘
increase in the size of the clusters. Quantitatively 1 :
average number of cells per cluster significc ~_ E10.5-168 . El0
increases from E8.5 to E10.5 in hearts with mul _ '
clusters (5.2+s.e.m. 0.5)=69 versus 8.3ts.e.m. 1 J
n=587: u=2.65P<0.01), in spite of the underestimat

at E10.5, which is due to independent event:
recombination resulting in additional small clusters '
discussion of clonal relationship and Table 2). Toge s

these observations suggest that clones with mu

clusters develop coherently (increase in the size c

clusters), so that coherent growth predominates —— E14.5-1242
E8.5.

— EI4

Geometry of clones during the dispersive
growth phase

Characterisation of the dispersive growth phase

performed by analysing clones with multiple clusters

E8.5, dispersion between clusters is observed ir

different cardiac subregions, arterial pate, Fig. 3A),

primitive ventricle (=8, Fig. 3B) and venous pole=g8,

Fig. 3C), as well as between thenx12, Fig. 3D). Th

direction of dispersion can be assessed by analysir.y «.c .

spatial relationship between clusters. In 26/33 (80%) of E8.5€ometry of clones during the coherent growth

hearts with multiple clusters, these are aligned along thehase

venous-arterial axis of the cardiac tube, which initially has &haracterisation of the coherent growth phase was performed

rostrocaudal orientation (broken red lines Fig. 3A). Thisby analysing individual clusters. Coherent clusters are found

remains true at later stages, as shown for adjacent clustersitinevery cardiac subregion: in the outflow tract (Fig. 4H), the

the outflow region (Fig. 3E at E10.5 and Fig. 3F at E14.5yentricles (Fig. 4A,C,F,I,L,M,0), the venous pole or atria (Fig.

compared with Fig. 3A at E8.5). 4B,D,K,N), the atrioventricular canal, which is best seen at
The direction of dispersion can also be assessed by analysig0.5 between ventricles and atria (Fig. 4E), and the inflow

the full extension of a clone. In embryonic hearts with a largéract or sinus venosus (Fig. 4G,J).

number off3-galactosidase-positive cells (Fig. 3D at E8.5 and

Fig. 3G at E10.5), the staining extends all along the venou§2n the surface

arterial axis of the tube whereas there is only partial extensidrrom E8.5 to P7, clusters expand on the surface of the cardiac

along the perpendicular circumferential axis. This shows thdtibe. Within a clustei}-galactosidase-positive cells are, most

myocardial cell growth is anisotropic and that clonally relatedften, immediately adjacent (as examples see Fig. 4A,l) or, less

myocardial cells are distributed along the venous-arterial axifsequently, separated by a few intercalated negative cells (see

of the tube. Fig. 4B,G), showing that there is a low level of intermingling
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between clonally unrelated myocardial cells during this growtlinto the muscular region of the interventricular septum,
phase. At every stage, the overall shape of the cluster igversing the ventricular cavity, which appears as a
elongated (Fig. 4C at E8.5, Fig. 4F at E10.5, Fig. 4L at E14 8iscontinuity in the labelling (Fig. 5A2-B2). This observation
and Fig. 40 at P7), indicating that coherent growth is orienteduggests that the muscular region of the interventricular septum
From E10.5, the clusters seem to be subdivided into rows aind the trabeculations are clonally related. The overall
cells, a phenomenon which is observed in every cardiagrientation of the clusters in the transmural axis is oblique
subregion (Fig. 4H in the outflow tract, Fig. 4L in the ventricle relative to the plane of the surface (Fig. 5C1), showing that the
Fig. 4E in the atrioventricular canal, Fig. 4K in the atrium andlirection of transmural growth is not perpendicular to the plane
Fig. 4J in the inflow tract). At P7, these rows of cells appeanf the surface. Moreover, the orientation of the axes of the rows
to be parallel to the myofibres (Fig. 4M,0). The anale

between the main axis of elongation of the whole cli
and the axis of the rows of cells within the cluster is
the same in different clusters (0° in Fig. 41, 45° in
4N, 90° in Fig. 4L), suggesting that two distinct e
of oriented growth are occurring simultaneously du
growth of a cluster.

On the transmural axis

Thickening of the myocardium, particularly in -
ventricles, is observed morphologically from E10.!
birth. Hearts with large ventricular clusters @
galactosidase-positive cells were bisected transve
through the cluster (Fig. 5A2-E2 and 5C3-D3). As a
surface, B-galactosidase-positive cells are, most o
immediately adjacent within a transmural cluster (
5E2) or, less frequently, separated by a few interce
negative cells (Fig. 5B2) showing that a low leve
intermingling between clonally unrelated myocar
cells also takes place on the transmural axis. Clt
colonising the whole depth of the ventricle were obse
from E10.5 to P7 (Fig. 5A at E10.5, Fig. 5B-D at E:
and Fig. 5E at P7), traversing both compact
trabeculated myocardium (Fig. 5B-D), indicating -
both these layers of the myocardium are clonally rel
Such clusters are wedge shaped, with a wider
(towards the epicardium) side and a narrower i
(towards the endocardium) side (Fig. 5E2). Interesti
the tip of the wedge was sometimes observed to e

tLV 1LV VC 4

1
|
Eé‘- + El4.5-1081

Fig. 5.Organisation of coherent clusters observed through the
thickness of the ventricular wall from E10.5. Examples of
large clusters viewed at the surface (A1-E1,F,G) and on the
transverse plane of bisected hearts (A2-E2,C3-D3) are shown
at stages E10.5 (A), E14.5 (B-D) and P7 (E-G). C2-C3 and
D2-D3 each show the two sides of a transverse cut. In C1, th
projection on the surface of the main transmural axis of the
cluster is represented by a broken red line. In F,G, the axes of]
the rows of cells within a cluster are represented by red
continuous lines, numbered from the outside inwards (the
inner rows appear increasingly out of focus and lightly
stained). (E1) Right lateral view. (C1) Ventral view.
(A1,B1,D1) Dorsal views. In all sections, the epicardial (outer)
side is at the top of the panel and the endocardial (inner) side
at the bottom. Broken black lines indicate the outline of
epicardial and endocardial surfaces, when these were not too
folded. At E14.5, these contours correspond also to the
separation between compact and trabeculated ventricular
myocardium. G is in the right ventricle. IVS, interventricular
septum; cLV, compact left ventricle; cRV, compact right
ventricle; tLV, trabeculated left ventricle; tRV, trabeculated
right ventricle; VC, ventricular cavity. Scale bars: %00 in
A1-E1; 250um in the other panels.

ve o
El145374 YC E145374
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A STEM CELL GROWTH Fig. 6. Mode of growth of myocardial cells. (A) Distribution of the
number of-galactosidase-positive clusters per heart at E8.5, as an

AN I I indication of the mode of growth of the dispersive phase, i.e. of the
precursors of the clusters. Theoretical models of growth (adapted

60~ G £ from Nicolas et al., 1996) are presented in the inset, including

50 4 - ' lineage relationships between cells and the predicted distribution of

B RGN clone size. In a stem cell growth mode, the pool of precursor cells (in

' I black in this example), which generate large clones (five to eight

T0 -

nb of clones

__,
=
Q
=
|
m
g
5
=
i

40
cells) is bigger than in a proliferative mode, and therefore larger
Sy clones are much more frequent. All hearts from embryos of 9-17
20 - 15 : ,ﬁ‘ ;)}'J'L.;.]]i somites, in which clusters were clearly distinguishable, are taken into
10 4 T 7 account (=84). (B) Distribution of cluster size in hearts with a single
’_‘ |—] 3 0 cluster at E10.5, as an indication of the mode of growth of the
0 : A —_— : coherent phase (compare with inset in A). All hearts with a single
1 2 34 58 or more cluster at E10.5 are taken into accoumt15). (C) Distribution of
cluster size in hearts with multiple clusters at E8.5, as an indication
of the number of cell divisions from the initiation of the coherent
growth phase to E8.5. Theoretical models of growth are presented in
140 - the inset. All hearts with multiple clusters from embryos of 9-17
somites, in which clusters were clearly distinguishable, are taken into
account (69 clusters).

fad
o
nb of clones

Nb of hearts at E8.5

Nb of B-gal-positive clusters per heart

o)

120 { 116

100 4

is probable at the time of myocyte differentiation; however,

51 prior to this, stem cell growth may well intervene in the
precursor cell population and contribute to heart tube
elongation. Clonal analysis provides an important tool for
‘ 14 investigating the mode of division of myocardial cells and their
_ , , m , 1 9 28 , precursors, as it influences the distribution of clone sizes: larger
12 34 58 916 17323364 65 129- or clones, which result from an increasing number of cell

128 256 more divisions, are much more frequent in a stem cell growth mode

Nb of B-gal-positive cells per cluster than in a proliferative mode (inset Fig. 6A), owing to the self

renewal of the recombined precursor cell, which continues to

generate3-galactosidase-positive progeny.

C HOMOGENOUS PRECURSORS To examine the mode of growth of myocardial precursor
cells during the dispersive phase, precursors of the clusters

25 - m were considered. Hearts with multiple clusters at E8.5, when
20 _ few events of polyclonality are expected (Table 2), were
204 == 19 HETEROGENOUS PRECURSORS analysed for the distribution of their number of clusters (Fig.
6A). This shows a proliferative mode during the dispersive

15 - ;{S ﬂ phase. To examine the mode of growth of myocardial cells
during the coherent phase, cells which have only undergone

g this phase were considered. Therefore hearts with single
clusters at E10.5, when the size of the sample is higher, were
W o O

0.5

= o o0
o B e
i i

31

Nb of hearts with a single

cluster at E1

g
[=] (=]
L

[
—

analysed for the distribution of their number of labelled cells

(Fig. 6B). This also shows a proliferative mode during the

coherent phase, which is characterised by a declining
12 34 58 916 1732 'm_ mm_e' frequency of large cI_usters (see i_nset Fig: 6A). The distribution
does not follow a strict exponential, consistent with a probable
non-constant growth rate between myocardial cells as
cardiogenesis proceeds.
of cells within a cluster often appears to be staggered betweenGiven the proliferative mode of growth of myocardial cells
more superficial rows and deeper rows (Fig. 5F-G), indicatingnd their precursors, as well as the timing of the phases, we
that the orientation of the rows of cells within a cluster is nopredict that labelling of an earlier precursor will result in a
necessarily constant between layers of cells within thelone with a higher number of cells and a higher number of

with multiple clusters at E85

Nb of clusters from hearts

Nb of B-gal-positive cells per cluster

ventricular wall. clusters. Indeed at E8.5, hearts with a higher numbg- of
o . galactosidase-positive cells tend to have a higher number of
Mode of division during each growth phase clusters (compare Fig. 3D with 3A). Conversely, 39/56 (70%)

Two major modes of cell division can be distinguished: stenof hearts at E8.5 with a low number®falactosidase-positive
cell growth versus proliferative growth (Nicolas et al., 1996).cells (2-16 cells) have a single cluster [Fig. 2A and Fig. 4A
Cardiomyocytes, unlike skeletal myocytes, are known tdclones of one cell are not considered because they can only
continue to divide after the onset of differentiationhave one cluster)].

(Rumyantsev, 1977). Therefore, a proliferative mode of growth We have also examined the contribution of the different
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precursors of the clusters. Clusters born at the same time werase of extensive cell intermingling, when clusters of cells are
considered, i.e. those from hearts with multiple clustersdispersed along the venous-arterial axis of the cardiac tube
Because labelling in these hearts dates back to the dispersi{vehich initially has a rostrocaudal orientation), followed by
growth phase, their clusters must have been born at the timeafented coherent cell growth, which is characterised by a low
coherent growth initiation. If precursors of the clusters hadevel of intermingling.
similar growth properties (i.e. underwent the growth transition _ ) )
synchronously and had the same coherent growth rate), viR@rly rostrocaudal dispersion of myocardial cell
would expect the size of clusters from hearts with multiplé?r€cursors
clusters to be constant (inset Fig. 6C). This is not the caskhe growth properties of myocardial cell precursors during the
at E8.5 (Fig. 6C); therefore we conclude that myocardiatlispersive growth phase underlie the cellular basis of heart tube
precursor cells have heterogeneous growth properties, eithfermation. We have not detected characteristic stem cell growth
different growth rates or different timing for the growth during this early phase. The heart tube is a polyclonal structure,
transition. Consistently, hearts at E8.5 with a low numb@F of in which rearrangement of clones occurs along the venous-
galactosidase-positive cells (2-16) show coherent growthrterial axis, probably because of intercalation.
(39/56 have a single cluster, see the 16 cells in Fig. 4B) or Rostrocaudal dispersion is observed in clones derived from
dispersive growth (17/56 have multiple clusters, see the 14n earlier precursor, because rare and very large clones at E8.5
cells in Fig. 3C) and this difference is seen between hearts wittolonise the entire length of the cardiac tube. This suggests that
the same total number of labelled cells, indicating thatlispersive growth is continuous, and is initiated early, such that
precursors of clones, which have undergone the same numlmones derived from an earlier precursor are widely distributed.
of cell divisions, have heterogeneous growth properties. A high level of intermingling has been reported to occur
Quantitatively, the apparent growth rate of myocardial cellbetween mouse epiblast cells, shortly before and during
was estimated between E8.5 and E10.5, when growth gastrulation (Lawson et al., 1991; Gardner and Cockroft,
proliferative. With the approximation that the rate is constant]998), suggesting that dispersion between myocardial
it was calculated on the basis of the exponential increase precursor cells may be initiated in the epiblast, between E6 and
total myocardial cell number (see Materials and Methods). ThE7. Cardiac precursor cells ingress through the primitive streak
total number of cells in the myocardium was estimated byt E7 (Kinder et al., 1999). Later, as these cells migrate
DNA quantitation to be 19,000 cellsts.d. 4,000 at E8.5 andostrally, they may also intermingle. Although this is
180,000+s.d. 25,000 at E10.5. This gives an apparent growtontroversial, it has been observed in chick (DeHaan, 1963a;
rate for myocardial cells of about 15 hours+2 per cell cycleRedkar et al., 2001) and is compatible with studies of chick
This is only an approximation, as growth rates are lower igastrulation movements (Yang et al., 2002). Rostrocaudal
some areas of the looping heart such as the inner curvature,dispersion was indeed observed in four hearts at E8.5
shown in the chick embryos by Thompson et al. (Thompson ebntaining six to eight labelled cells, indicating that dispersive
al., 1990). The 9.5-fold increase in the total number ofjrowth is still operational three divisions earlier than E8.5, and
myocardial cells is confirmed in our clonal analysis by thesuggesting that it continues after gastrulation. Therefore, the
similar increase in the maximum size of clusters from heartglea that myocardial precursor cells grow and move as a
with multiple clusters (27 at E8.5 and 270 at E10.5) and in theoherent sheet from the primitive streak to the heart tube
frequency ofp-galactosidase-positive embryos from E8.5 to(Rosenquist and De Haan, 1966; Stalsberg and De Haan, 1969)
E10.5 (Table 1). This latter observation also confirms thas not compatible with our results.
nlaacZ intragenic recombination is a random, non-biased, A similar process of early rostrocaudal dispersion has been
event. reported in several other epithelial structures in the mouse
embryo, including endoderm (Lawson and Pedersen, 1987),
notochord (Lawson and Pedersen, 1992; Beddington, 1994),
DISCUSSION myotome (Nicolas et al., 1996; Eloy-Trinquet and Nicolas,
2002) and neuroepithelium (Lawson and Pedersen, 1992;
The retrospective clonal approach described here allowdathis and Nicolas, 2000; Mathis et al., 1999). It is therefore
analysis of the distribution of cells, descended from a precurspossible that the early rostrocaudal dispersive phase of
cell that underwent a stable genetic modification as a randomyocardial precursor cell growth is regulated by a general
event at any time or location during the development of therganising signal, such as that emanating from the node or the
embryo. As thenlaacZ reporter is targeted to thee-cardiac  primitive streak, leading to the rostrocaudal elongation of
actin gene, expressed throughout the myocardium, it is thiructures in the developing embryo.
major component of the heart which is monitored. The
frequency of recombination, which leads to a functionatz =~ Growth transition at the time of heart tube formation
gene, is crucial in determining clonality. Because it is a randormihe coherent growth phase of myocardial cells has already
event, the clonality of a pattern of cell distribution can bebeen initiated at E8.5 as 64% of the hearts at this stage contain
statistically assessed. In this study, we show that most clustersherent clones (single cluster). Our analysis at E8.5 shows
of B-galactosidase-positive cells in the heart are clonallghat there is heterogeneity in the growth properties of the
related at E8.5; this is also the case for large clusters, whigitecursors of the clusters. This may be due to differential
are adjacent or aligned, at later stages. Our analysgrowth rates. However, previous reports in chick embryos,
demonstrates that myocardial cells and their precursors in thased on tritiated thymidine incorporation, did not detect
mouse embryo follow a proliferative mode of growth, rathedifferences in the rate of proliferation of cardiac cells in the
than a stem cell mode, with two distinct behaviours: an earliezarly cardiac tube (Sissman, 1966). The heterogeneity may
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instead be due to an asynchronous transition from dispersitieymidine incorporation (10 hours) (see Rumyantsev, 1977).
to coherent growth. Indeed, during the early phases ofhis is only an approximation, as BrdU labelling showed
cardiogenesis, new cardiac precursor cells are beingimilar levels of proliferation in the primitive chambers but
continuously added to the myocardium, rostrally and caudalliower levels in the inner curvature of the tubular heart as it
to both poles of the heart (Viragh and Challice, 1973; Kelljjoops. The atrioventricular canal and distal truncus have fewer
and Buckingham, 2002). Heterogeneity in the sizes of clustedividing cells, but it is only later, as septation takes place, that
from hearts with multiple clusters at E8.5 is observed in thenajor changes occur in the chick (Thompson et al., 1990) and
different cardiac subregions (data not shown). However, theouse (see Rumyantsev, 1977) hearts. Selective cell death,
maximum size of these clusters is significantly higher in theluring remodelling of the outflow tract for example, is again a
primitive ventricle (27) than at the arterial (15) or venous (13)ater phenomenon. At early stages of cardiogenesis apoptosis
poles, suggesting that the first cells that undergo the transitias confined to small areas, along the midline of the fusing heart
to coherent growth are ventricular precursor cells. This is itube and at the poles when the tube detaches from the body
agreement with previous in vivo labelling studies in the chickvan den Hoff et al., 2000; Cheng et al., 2002). We find that
embryo, which have shown that the cardiac tube is initialliclone size and numbers increase between E8.5 and E10.5
mostly composed of ventricular precursor cells (de la Cruz eéhroughout the heart and we therefore do not detect a major
al., 1989). Thus, the progressive increase in differentiatemnpact of cell cycle withdrawal or apoptosis during this period.
myocardial cells, which occurs during the same time period, i$ogether, these observations indicate that differential rates of
likely to be linked with the growth phase transition. proliferation and selective cell death may modulate growth
One can only speculate at present about the moleculaarameters locally in rare clones but are unlikely to introduce
signals that induce this major transition in cell behavioura major bias in the overall growth characteristics that we
which is characterised by reduced intermingling and a changkescribe here at embryonic stages.
in growth orientation. In addition to extrinsic signals, major As in the case of the chick heart (Mikawa et al., 1992a), we
cardiac transcription factors such as Nkx2.5 (Lyons et algbserve wedge-shaped clusters across the ventricular wall.
1995; Tanaka et al., 1999) may be implicated in this proces$his would imply that cells have proliferated more in the
It is only after formation of the cardiac tube that null mutationgeripheral layer of the myocardium, which is supported by the
in this gene and in those encoding factors such as Hand1l distribution of BrdU negative quiescent cells (Thompson et al.,
Hand2 (Srivastava et al., 1997; Firulli et al., 1998; Riley et al.1990) (see Mikawa et al., 1992a), and would be important in
1998), or Thx5 (Bruneau et al., 2001), which are onlyshaping the ventricular chambers. In considering how the
expressed in a subset of cardiac cells, interfere with theentricles grow, it is notable that clones of labelled cells extend
formation of a specific cardiac chamber. These factors mayom compact to trabeculated myocardium and also from the
affect myocardial cell growth. Indeed, Thx5 (Hatcher et al.frabeculae to the muscular part of the interventricular septum,
2001), Hand2 (Yamagishi et al., 2001) and HOP, a recentlynplying that this is a clonal continuum.
discovered downstream effector of Nkx2.5 (Shin et al., 2002; In most clusters, as early as E10.5, coherent growth is
Chen et al., 2002) have been shown to be directly involved icharacterised by an elongated geometry and a suborganisation

cell proliferation and survival. into rows of cells, both on the surface of the heart and
traversing the ventricular wall. There is some degree of

Coherent growth of myocardial cells at the time of intermingling with occasional non-labelled cells within the

chamber formation B-galactosidase-positive clone. These observations are in

Our results show that coherent growth predominates after E8.&¢cordance with those of Mikawa et al. (Mikawa et al., 1992a)
at the time of chamber formation. Indeed, between E8.5 andho described similar growth characteristics across the adult
E10.5, the number of cells per cluster in hearts with multiplehick ventricular wall. They found that secondary rows of cells
clusters increases. This is consistent with previous observations ‘minispindles’ were orientated at 20-40° to the main axis of
of chick ventricular cell growth, based on retroviral labellingelongation, or ‘masterspindle’, of the cluster. By contrast, in
at different developmental stages (Mikawa et al., 1992athe mouse heart, where we document this phenomenon
However, coherent growth is not confined to the cardiathroughout the myocardium, the axis of the rows of cells
chambers and is therefore not a specific characteristic of tteg@pears to be random in relation to the main axis of the cluster.
proliferative (‘working’) myocardium which has been This would suggest that two independent events of orientation
proposed to balloon out from the outer curvature of there occurring simultaneously during the growth of a cluster.
primitive cardiac tube (Christoffels et al., 2000). Nor is itIndeed, no large single row of cells was observed. The local
confined to myocardial cells derived from the primary, assignals responsible for the orientation of the rows and for the
distinct from the anterior or secondary heart field, whichelongation of the clusters remain to be determined but this
provides myocardial precursors for the outflow tract region obrganisation of cell growth within a cluster is no doubt an
the heart during this period (Kelly et al., 2001). Coherentmportant, characteristic aspect of cardiac morphogenesis. In
growth is observed at E10.5 and at later stages in all regiotusters at P7, the orientation of the rows of cells appears to
of the heart. correlate with that of cardiac myofibres. This is compatible
We show that myocardial cells follow a proliferative modewith our observation of a progressive shift in their orientation
of growth with an apparent growth rate of 15 hours per celhcross the ventricular wall and consistent with the description
cycle between E8.5 and E10.5. This growth rate is nodf ‘minispindles’ in chick (Mikawa et al., 1992a). Our results
significantly different from that proposed in chick (Mikawa etin the mouse imply that a myofibre is polyclonal and that
al., 1992a; Mima et al., 1995) and is higher than that calculateatchitecture is prefigured in the embryonic heart as early as
previously in the mouse heart at E9 and E10, based on tritiat&d 0.5, by the orientation of cell division, reflected by the arrays
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