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Abstract
This thesis describes work carried out to initiate a study of cardiogenesis in the amphibian,
Xenopus laevis. I have isolated and characterised a cDNA fragment encoding a portion of the
myosin heavy chain a-isoform (XMHCa) from Xenopus laevis embryos and characterised another
Xenopus cDNA encoding a myosin light chain isoform, XMLC2. Both the XM HCa andXAfLC2
transcripts are expressed exclusively in adult heart tissue. Whole mount RNA in situ hybridisation
indicates that expression of the XM HCa and XMLC2 genes are restricted to the developing heart
primordium. They therefore provide tissue-specific markers for cardiac muscle differentiation
during early embryogenesis. Using these transcripts as molecular markers, I can detect the onset
of cardiac muscle differentiation in an anterior-ventral region of tailbud embryos, many hours
before the appearance of a beating heart.
XM H C a and XMLC2 gene expression can be induced in isolated animal pole explants of
blastulae by treatment with the growth factor, activin A. Induction is dose-dependent, requiring
high doses of the growth factor compared with that required for myotomal (skeletal) muscle
differentiation. In contrast, no XM HCa transcripts are detected in explants incubated with basic
FGF, despite the induction of myotomal muscle differentiation. In addition, fusion potentiates
induction of cardiac muscle differentiation and exposure to activin for just several hours was
sufficient to induce markers after days of incubation. Activin-induced explants show a similar
temporal pattern of XM HCa gene expression to that found in normal embryogenesis.
Furthermore, cells expressing this gene appear clustered in one or two foci within fused explant
aggregates, which often show regular, spontaneous contractions after several days in culture.
These results show that terminal differentiation of cardiac muscle can occur in growth factorinduced explants and may be distinguished from skeletal muscle differentiation by the dose and
nature of the inducing factor. Explant aggregates containing foci of beating cells have been
analysed further by histological and immunological techniques. These studies have shown that
the amount of induced cardiac muscle is small compared with the amount of induced skeletal
muscle within explants. In addition, induction of endoderm within the explant may be required
for the formation of heart muscle.
Lineage label analysis has been used to follow the fate of cells of the two heart anlage and to
show that each anlage is not pre-specified to a particular fate prior to fusion of the two primordia.
Lineage labels have also been used to examine the relative heart-forming potencies of cells from
different regions of the heart field and have shown that cells within the field appear equipotent for
heart formation.

Ill

Using an explant culture system and terminal differentiation markers for heart muscle, the
restriction of the heart morphogenetic field during tailbud stages, has been studied. In contrast to
the results from studies that used a beating-heart assay for heart formation, the restriction of the
heart morphogenetic field is not complete by late tailbud, stage 28. Thus, the ability of cells
within the heart field to express terminal differentiation markers can be clearly distinguished from
their potency to form a beating heart tube, in culture. In addition, analysis by whole mount RNA
in situ hybridisation has indicated that restriction of the heart field is apparent in lateral regions
after removal of the anterior ventral cells fated to form heart. This suggests that repressive
influences on heart formation in vivo originate from outside the heart field.
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Embryological origin of vertebrate cardiac mesoderm
Fate mapping studies in mouse, chick and frog embryos have uncovered striking similarities
between the embryological origin of the heart in vertebrates. Both the heart and skeletal
musculature are mesodermal derivatives but have separate embryological origins from the earliest
point they are identifiable. In the mouse embryo at the early streak stage, the cells fated to form
heart are situated adjacent and lateral to the cells destined to form notochord and endoderm
(Lawson and Pedersen, 1992). The skeletal muscle is derived from a more lateral region (fig. li).
In the chick embryo, regions of cells fated to form particular structures appear more dispersed, but
at the early primitive streak stage two regions of cells that later form heart have been identified
(fig. lii). These abut the region of cells of the prospective notochord while the cells of the
prospective somite lie more laterally (Rosenquist, 1966; Rosenquist, 1970; Hatada and Stem,
1994).
The most detailed account of the origins of cardiac muscle has been provided by studies of
amphibian embryos. Fate maps of the 32-cell stage Xenopus embryo indicate that the blastomeres
of the dorsal marginal zone (Cl and C2) most commonly give rise to the heart (Dale and Slack,
1987 and figure liii). At gastrula stages in both Xenopus (Keller, 1975) and the urodele
(Holtfreter, 1938) the two heart primordia are situated either side of the dorsal blastopore lip, deep
and lateral to the cells of the prospective notochord but in a more anterior dorsal position than the
prospective somitic mesoderm, situated laterally (fig. liii). A similar relationship in
embryological origin for both the cardiac and skeletal musculature has recently been confirmed in
another amphibian, Rana pipiens (Saint-Jeannet and Dawid, 1994).
Taken together, these fate mapping studies indicate that in most vertebrates cardiac mesoderm
is «anterior dorsal derivative, despite the final ventral position of the heart whilst the skeletal
musculature is derived from more lateral mesoderm. A notable exception to this is the zebrafish

{Brachydanio rerio). Recent fate mapping of the mid blastula zebrafish embryo has identified a
zone of heart progenitors centred at the future ventral axis (Stainier et ai, 1993; Lee et al.y
1994b).

Vertebrate cardiogenesis
In mouse and chick embryos, formation of a beating heart is a relatively rapid process. In
mouse embryos, the prospective myocardium is first identifiable around 7.5 days p.c^presomite
stage, when cells of the anterior splanchnic mesoderm assume a cuboidal morphology (DeRuiter

et a i, 1992). These cells constitute the cardiogenic plate which fuses to form a horse-shoe shaped
region spanning the ventral midline between the headfold and foregut diverticulum. In embryos
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Figure \,Origin o f the cardiac mesoderm in vertebrate embryos
Fate maps of similar stage mouse, chick and Xenopus embryos. The area of cells fated to
form heart in each case lie adjacent and lateral to, the cells of the prospective notochord. (I)
Fate map of the early streak stage mouse showing the approximate regions from which
structures identifiable at the early somite stage are derived. Ant: anterior. Post.: posterior.
Not + end.: notochord and endoderm (From Lawson, 1992). (II) Ventral view of the stage 5
chick embryo. The left and right heart-forming areas (Ihfa and rhfa) lie on either side of the
prospective notochord (n) and Hensen's node (hn) (from Osmond, 1991). (Ill) Fate map of
the stage 6 Xenopus embryo indicating the approximate areas from which various cell types
will form (from Slack, 1991). Animal pole (AP), vegetal pole (VP), ventral (V), dorsal (D).
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Figure 2. The relative position o f the cardiac mesoderm during development
Panel A: Diagrams showing a ventral view of normal heart development in the chick. At
stage 6 (I) the precardiac mesoderm migrates craniomedially toward the developing
headfold (hf). By stage 7 (II), the precardiac cells meet in the midline over the headfold to
form the cardiogenic crescent (cc). The overlying endoderm invaginates to form the anterior
intestinal portal (aip). At this point the neural folds (nf), first pair of somites (s) and
segmental plates (sp) are visible. At stage 8 (III), the cardiac mesoderm begins to
differentiate into bilateral heart tubes (ht). At stage 9 (IV), the tubes fuse cranially in the
midline and the sinus vinosus (sv) forms. The neural folds have fused along much of their
length, so that a neural tube (nt) is visible.
Panel B: Diagrams showing the heart forming regions (dark shading) and somitic muscle
forming (light shading) regions at various stages of Xenopus development, from gastrula
stage (10) until tadpole stage (33). The heart primordia is initially in an anterior-dorsal
position whilst the skeletal muscle progenitors lie more laterally (I). At early neurula stage
(II), the cardiac mesoderm lies in the head region, whilst the somitic mesoderm is begining
to differentiate in two strips along the dorsal midline. During neurulation the cardiac
mesoderm undergoes a ventralward migration to its final anterior-ventral position (III). By
stage 33 (IV), a hean tube is visible in the anterior ventral position behind the cement gland
and the somitic muscle has differentiated into segmented blocks along the length of the
tadpole.
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with about 3-5 somites (around 8 days p.c.), the two cardiogenic rudiments have formed open
tubes which are fused at the rostral tip. A rostral to caudal fusion takes place giving rise to a single
midline structure at about 8 days p.c. and soon after the heart assumes its characteristic looping,
"S" shape morphology. By 8.5 days p.c. (6 somites), the heart begins to beat regularly.
In the chick embryo, precardiac mesoderm in the epiblast migrates through the primitive streak
and into the lateral plate mesoderm during gastrulation (Rosenquist and Dehaan, 1966;
Rosenquist, 1970). By stage 5 (Hamburger and Hamilton, 1951), there are two distinct bilateral
heart forming areas located either side of Hensen’s node (Rawles, 1943) (fig. 2Ai). As the
primitive streak begins to regress, the precardiac mesoderm migrates craniomedially toward the
developing headfold and by stage 7 fuses at the midline to form a cardiogenic crescent (cc),
analogous to the horse-shoe shaped region described in mouse. At stage 8 as the neural folds
begin to close, the precardiac mesoderm begins to differentiate into bilateral heart tubes. In what
appears to be a similar event to that in mouse, from stage 9 the two open tubes fuse in a rostral to
caudal progression to form a single heart tube that then loops and commences beating (2Aii-iv).
In mammals and birds, the heart is the first organ system to differentiate and function and, at
this stage of development, it is also the most prominent organ in the embryo. Differentiation
markers such as MHCa in mouse (Lyons et al., 1990a) and VMHCl in chick (Litvin et al., 1992)
are detected prior to fusion of the developing heart tube and before the onset of molecular
differentiation of skeletal muscle. Heart muscle differentiation therefore predates skeletal muscle
differentiation in these embryos.
In contrast, heart formation only occurs after skeletal muscle formation in amphibians and fish.
During gastrulation stages in Xenopus, the two heart anlage migrate at the leading edge of the
chordamesoderm to an anterior dorsal position (Gerhart and Keller, 1986) (fig. ^i-ii). At the onset
of neurulation (stage 13 (Nieuwkoop and Faber, 1956)), the prospective heart rudiments begin to
move laterally. In the early neurulae (stage 14), prospective heart mesoderm sits at the anterior
lateral edge of the mesodermal mantle between the edge of the neural plate and the ventral
midline(2Bii). The regions of heart mesoderm migrate ventrally and at stage 16, begin to fuse at
the ventral midline. Fusion is complete by early tailbud stage 20 (2Biii). Overt differentiation is
only morphologically distinct by stage 27, when a rudimentary heart tube forms and a heart beat is
not initiated until the tadpole is free swimming, at stage 34 (Nieuwkoop and Faber, 1956).
Transcripts of cardiac actin are detected in the developing somitic mesoderm from the gastrula
stage (Cascio and Gurdon, 1986; Mohun et al., 1994) indicating the onset of terminal
differentiation of skeletal muscle. Therefore, there is approximately a day between the onset of
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expression of markers in the skeletal musculature and the first morphological signs of
differentiation of the heart in Xenopus. Similarly in zebrafish, an anti-tropomyosin monoclonal
antibody (mAb CHI) is the earliest marker for the cardiac primordia and stains the heart from the
18 somite stage onwards (Stainier et a l, 1993). All the somitic muscles are already CHI positive
at this stage.
Cardiac development In amphibians
Much of our understanding of vertebrate cardiogenesis has come from studies of amphibian
embryos. Experiments with wild-type and cardiac mutant axolotls (Smith and Armstrong, 1990)
and with Xenopus (Sater and Jacobson, 1989; Sater and Jacobson, 1990a; Nascone and Mercola,
1995) have identified a number of distinct events in cardiogenesis that suggest formation of a
morphologically distinct, functional beating heart in the amphibian is a multistep process.
In Xenopus, removal of the dorsal lip from the early gastrula stage prevents heart formation, as
well as differentiation of other dorso-anterior mesodermal derivatives (Sater and Jacobson,
1990b). Furthermore, in classical "organiser graft" experiments, transplantation of the dorsal lip
into the ventral marginal zone of host embryos results in the formation of a secondary axis; in
over half the cases this contains a heart derived from the host mesoderm (Sater and Jacobson,
1990b). Together, these results suggest that the establishment of heart mesoderm is initiated by a
dorsalising signal from the dorsal lip of the blastopore. Nascone and Mercola (Nascone and
Mercola, 1995) have recently examined the contributions of influences from the mesoderm and
underlying endoderm in such grafting experiments. They found that heart formation in the
secondary axis only occurred if the grafted tissue contained deep endodermal cells. The dorsoanterior endoderm alone, however was incapable of inducing heart muscle formation from host
tissue. These results suggest that in addition to a dorsalising signal from the organiser mesoderm a
signal from the endoderm is also required for the induction of cardiac muscle.
Further evidence for a role of underlying endoderm in the formation of heart muscle has come
from studies of urodele amphibia which develop more slowly than anurans such as Xenopus.
Removal of the entire endoderm from neurula stage urodele embryos prevents heart formation
(Jacobson and Sater, 1988). Experiments using explant recombinations of endoderm and
mesoderm have located the heart-inducing capability to the anterior ventral endoderm (Jacobson
and Duncan, 1968; Fullilove, 1970). In addition, this tissue has a "formative effect" on heart
formation since the quality of the hearts that form correlates with how long the heart mesoderm is
in contact with the endoderm (Jacobson, 1961).
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Additional evidence for a role of endoderm in later stages of cardiogenesis comes from studies
of a mutant form of the axolotl, Ambystoma mexicanwn (Humphrey, 1972). Embryos
homozygous for the cardiac lethal (cl) mutation form a heart but fail to initiate a heartbeat and
eventually die. The cl mutation disrupts normal myofibrillogenesis but the defect can be rescued
by replacing mutant endoderm with wild-type endoderm at the tailbud stage (Lemanski et a/.,
1979). This suggests that the cl mutation interferes with the ability of endoderm to regulate
relatively late steps in heart morphogenesis.
Analysis of the amphibian heart field
It has long been known that in amphibians the region of cells within the embryo capable of
forming heart is initially larger than the area of cells fated to form the heart in the normal embryo.
As early as 1924, Copenhaver removed the presumptive heart mesoderm from Ambystoma
punctatum embryos at tailbud stages 25-29 and showed that mesoderm surrounding the wound
would undergo heart formation, often resulting in the production of two hearts in the embryo from
lateral mesoderm on either side of the ventral midline. Replacement of the anterior ventral and
anterior lateral mesoderm with more dorsal and posterior flank mesoderm prevented heart
formation. Ekman (Ekman, 1925) found that anterior lateral mesoderm was capable of heart
formation when transplanted into the anterior ventral region of post neurula embryos, whereas
more posterior mesoderm was not The region of tissue possessing heart forming potency has been
termed the heart morphogenetic field.
In Xenopus, Sater and Jacobson (Sater and Jacobson, 1990a) described a crude map of the
heart morphogenetic field constructed by culturing ventral and lateral explants from anterior,
midanterior, mid posterior and posterior regions of the stage 20 embryo and scoring for beating
heart formation. Each explant included all three germ layers, mesoderm, ectoderm and endoderm.
They found that hearts formed from anterior ventral tissue, which includes the cells fated to form
heart, in 100% of cases. Anterior lateral explants formed hearts in 69% of cases. Hearts did not
form in any of the other explants. These results demonstrated that at the end of neurulation (stage

20), the heart morphogenetic field includes both anterior lateral and anterior ventral mesoderm
and that anterior ventral mesoderm has a slightly stronger potency for heart formation than lateral
mesoderm.
In the same study, Sater and Jacobson also described experiments comparing the heart forming
potency of anterior ventral and anterior lateral explants removed at successive stages from early
tailbud stage 20, through to late tailbud stage 28. Anterior ventral explants from all stages formed
hearts with essentially 100% frequency. The heart forming frequency in lateral explants was

initially high, starting at 69% at stage 20 and increasing to 83% at stage 22. After this stage,
however, the frequency of heart formation in lateral explants begins to decrease steadily so that by
stage 28, no lateral explants formed beating hearts. These results indicate that the lateral
mesoderm within the heart morphogenetic field begins to lose its potency to form heart from stage
22 onwards and has lost it completely by stage 28. The spatial extent of the heart morphogenetic
field therefore changes over time. This loss of heart forming potency in the lateral regions is
described as the restriction of the heart morphogenetic field.
Restriction of the heart morphogenetic field is not due to migration of cells with heart-forming
ability to a more ventral position since grafting experiments demonstrate that anterior lateral
mesodermal cells maintain their relative position in the embryo between stages 20 and 28 (Sater
and Jacobson, 1990a). Neural tissue has been shown to have an inhibitory influence on heart
formation (Jacobson and Duncan, 1968) but this is unlikely to account for the restriction of the
heart field in Xenopus. Removal of the neural crest and neural tube at stage 20 and subsequent
culture of ventral and lateral explants from operated embryos gave the same results as those
obtained with unoperated embryos (Sater and Jacobson, 1990a).
There is some evidence from explant studies that endodermal tissue underlying ventro-lateral
mesoderm plays a role in establishing the extent of the heart field. Explants of lateral mesoderm,
removed at stage 20, form hearts with a significantly higher frequency in the presence of
underlying endoderm. By stage 23, the heart forming frequency of lateral mesoderm is unaffected
by the presence or absence of the endoderm. These results indicate that a supportive influence of
the underlying endoderm can be distinguished between stages 20 and 22 but is lost by stage 23.
Heterochronic explant combinations made with anterior lateral endoderm from embryos at stage
20 to 23 and anterior lateral mesoderm from stage 27 to 28 embryos, rarely formed beating hearts
suggesting that the lateral mesoderm loses its competence to respond to signals from underlying
endoderm during tailbud stages.

Summary
An embryological approach in Xenopus, using the formation of a rhythmically beating tissue as
a marker for cardiac muscle, has identified a number of steps in cardiogenesis; dorsalisation of the
mesoderm, an inductive influence of the underlying endoderm, later formative influences from the
endoderm and restriction of the heart morphogenetic field. A first step to understanding the
molecular basis of these steps would be to isolate a molecular marker for cardiac muscle. Good
candidates are genes expressed during the terminal differentiation of this tissue type, such as those
encoding the structural proteins of the muscle cell.

Contractile apparatus of striated muscle
In Xenopus, mononucleate skeletal muscle cells in the myotomes are formed shortly after
neurulation and are fully functional before innervation. These cells do not initially fuse but remain
mononucleate after innervation until shortly before metamorphosis (Hamilton, 1969; Muntz,
1975) when they become multinucleate by fusion with satellite cells (Muntz, 1975). In contrast,
cardiac muscle cells remain mononucleate throughout development.
At the subcellular level both cardiac and skeletal muscle cells contain numerous myofibrils, the
functional units of contraction. Each myofibril consists of bundles of thin filaments arranged
around thick filaments in a hexagonal pattern. This organisation forms a repeating unit or
sarcomere which gives both cardiac and skeletal myofibrils a characteristic striated appearance.
The structural proteins of muscle
The thick filaments of myofibrils are about 15 nm in diameter and about 1.6 |im long. They lie
parallel to one another in the middle of the sarcomere, thus forming the dark A bands of the
myofibril. Every thick filament consists of hundreds of myosin molecules organised in a staggered
array such that the heads of successive myosin molecules project out of the thick filament in a
repeating pattern. The heads occur in pairs, which protude from the thick filaments facing away
from the centre of the filament. These protuding heads are able to make contact with adjacent thin
filaments and form the cross-bridges that are integral to the mechanism of muscle contraction.
Myosin has a complex structure, consisting of two identical heavy chains and four light chains
(two regulatory light chains and two alkali light chains). These six polypeptides are organised into
two globular heads and a long, narrow rod-like tail. The tail consists of the two heavy chains
twisted around each other. At the amino terminus, each of these chains is coiled into a globular
head, with which a pair of each type of light chains is associated. The ATPase activity responsible
for the ATP hydrolysis that drives the contraction process is situated in part of the globular head
domain.
The thin filament is largely composed of actin, tropomyosin and troponin. Actin filaments (F
actin) are polymers of a single polypeptide (G-actin) and each filament consists of two polymers
about 4 nm in diameter twisted into a helix with 13.5 molecules per turn. Smaller amounts of
tropomyosin and troponin are associated with the F-actin strands. Tropomyosin is a long
threadlike protein composed of two subunits which form an a-helical coiled coil, that lies in the
groove either side of the actin helix. Each molecule stretches for about 38.5 nm along the filament
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and associates with seven actin monomers. Troponin is a complex of three polypeptide chains,
troponin T (TnT), troponin C (TnC) and troponin I (Tnl). TnT binds to tropomyosin and is
thought to be responsible for positioning the complex on the tropomyosin molecule. TnC binds up
to four molecules of calcium and Tnl binds to actin. One troponin complex is associated with each
tropomyosin molecule along the thin filament. Troponin and tropomyosin constitute a calciumsensitive switch for contraction in both heart and skeletal muscle. They function to regulate the
availability of myosin binding sites on the actin filament.
When the sarcoplasmic level of calcium is low tropomyosin blocks myosin binding sites on the
actin molecule and cross-bridge formation is prevented. At higher calcium concentrations the
tropomyosin molecules shift their position on the F-actin strand allowing myosin heads to make
contact with binding sites on the actin filaments thereby facilitating contraction. Calcium
sensitivity is conferred by the TnC polypeptide of the troponin complex. Upon binding of
calcium, TnC undergoes a conformational change that is transmitted to the tropomyosin molecule.
Contractile protein isoforms
Almost all of the proteins that comprise the striated muscle myofibril are members of protein
isoform families. Isoform diversity can be generated by either one or both of two mechanisms.
Gene families may encode individual isoforms as is the case with the myosin heavy chain {MHC)
multi gene family (Nguyen et a/., 1982; Buckingham, 1985; Robbins et o/., 1986). Alternatively,
multiple protein isoforms are generated from a single gene as the result of alternative splicing. An
example of this is the troponin T gene which potentially gives rise to as many as 64 different
transcripts encoding distinct isoforms (Breitbart et al.y 1985).
Isoform diversity is thought to underlie the unique physiological characteristics of individual
muscle-fibre types although functional differences between isoforms have only been demonstrated
in a few cases. Indeed some protein isoforms are functionally interchangeable indicating that there
maybe functional redundancy among some genes expressed in the myofibre (Bandman, 1992).
Striated muscle isoforms
a - Actin isoforms
In mammals, six isoforms of actin are expressed, each from a single gene; p- and y-actins are
expressed in non-muscle cells, aSM- and ySM-actins are expressed in smooth muscle and cardiac
a-actin and skeletal a-actin are expressed in cardiac muscle and skeletal muscle (Weydert, 1988).
Bovine and rabbit, cardiac and skeletal a-actin sequences are highly conserved, differing in only 4
out of 375 residues (Elzinga et at., 1973; Vanderkerckhove and Weber, 1979). In Xenopus three
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muscle-specific actin genes, encoding distinct protein isoforms have been identified, cardiac (a l),
skeletal (a2) and femoral (a3) (Mohun etaL, 1988).
Cardiac actin is the main isoform found in the adult heart but during embryonic stages in
mouse, rat and Xenopus it is also the predominant form found in the developing somites and is
only down-regulated later in development (Minty et a i, 1982; Mayer et al., 1984; Schwartz et al.,
1986; Sassoon et al., 1988). Conversely in rat cardiac muscle, a-skeletal and a-cardiac actin
mRNAs are coexpressed, but after birth a-skeletal actin disappears (Mayer et a i, 1984).
Troponin isoforms
In mammals and chick, the TnC isoforms are encoded by two genes, one is expressed in both
cardiac and slow skeletal muscle while the other is expressed in fast skeletal muscle (Parmacek
and Leiden, 1989; Toyota et al., 1989). Based upon common sequence features, it has been
proposed that TnC and other calcium-binding proteins such as the calmodulins and the regulatory
and alkali light chains have evolved from a common ancestor (Collins, 1991). TnC sequences are
highly conserved between distant species, for example there is only a single amino acid difference
between human and rabbit fast skeletal isoforms (Bandman, 1992). The fast TnC isoform can bind
four calcium ions per molecule, while the slow/cardiac isoform can only bind three. This
difference appears to have arisen as a result of a natural mutation in one binding site (Putkey et
a l, 1989).
In mammals and birds,TnX isoforms are encoded by three genes, cardiac, slow skeletal and fast
skeletal (Nikovits et a l, 1986; Koppe et a l, 1989; Murphy et a l, 1991). In rat, the cardiac Tnl
isoform is developmentally regulated, being expressed at low levels in the foetal myocardium and
then markedly increased during the perinatal period (Sabry and Dhoot, 1989; Saggin et a l, 1989).
In the foetal rat and human heart, the slow skeletal isoform represents the predominant transcript.
Recently, the Xenopus Tnl isoform has been cloned and has been shown to be expressed
exclusively in the myocardium at embryonic stages (Drysdale et a l, 1994). Cardiac Tnl has an
additional amino terminal domain compared with skeletal Tnis (Leszyk et a l, 1988) and it is
within this region that phosphorylation of a serine residue results in altered calcium sensitivity
(Solaro e ta l, 1976; Mope e ta l, 1980).
TnT isoforms are similarly encoded by three genes, cardiac, slow skeletal and fast skeletal
(Copper and Ordahl, 1985; Breitbart and Nadal-Ginard, 1986; Gahlman et a l, 1987; Smillie e ta l,
1988). Whilst each of the Tnl and TnC genes code for single proteins, the TnT gene produces
multiple transcripts through alternative splicing.
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The cardiac TnT gene generates isoforms that are developmentally regulated and expressed in a
tissue-specific manner (Copper and Ordahl, 1985; Anderson, 1988). Bovine heart TnT isoforms,
containing amino terminal variations, confer different calcium sensitivities to the ATPase activity
of the cardiac myosin heads in vitro (Tobacman and Lee, 1987). These results and other data with
fast TnT isoforms, show a correlation between TnT isoform composition and tension generated in
muscle fibres in response to changes in the calcium ion concentration (Schachat et a i, 1987;
Reiser era/., 1992).
T ropomyosin isoforms
Muscle cells express two isoforms, a-tropomyosin and P-tropomyosin which may form homoor heterodimers. The a-p heterodimer appears to be the favoured form when both isoforms are
expressed within the same cell, however the ratio of a /a , a /p, p/p forms is predominantly
determined by the accumulation of the different transcripts that arise from the two genes. In rat
and chick, a- and P-tropomyosin genes have been characterised and each undergoes alternative
splicing to generate skeletal muscle, smooth muscle and non-muscle isoforms (Ruiz-Opazo and
Nadal-Ginard, 1987; Wieczorek df a/., 1988; Libri gf a/., 1989; Nadal-Ginard and Mahdavi, 1989;
Libri etal.y 1990; Lemonnier gf a/., 1991).
Myosin heavy chain isoforms
The myosin heavy chains (MHC) comprise a multigene family and all MHC isoforms
identified so far are encoded by unique genes which are differentially regulated in muscle cells
(Buckingham, 1985; Buckingham et a/., 1986; Mahdavi et a/., 1987). In mammals, the myosin
heavy chain family consists of at least 7-10 genes (Weydert et a/., 1985), whilst in chick and
Xenopus, studies of genomic southerns have suggested that many MHC genes exist in both
species (W ydroe ta l, 1983; Robbins e ta l, 1986).
In rat and chick, different MHC genes are expressed in embryonic {MHCemb), neonatal
{MHCneo) and adult muscle fibres (Whalen et a l, 1981; Bader et a l, 1982; Winkelman et a l,
1983) and MHC genes also differ in fast (MHCfllA and MHCfllB) and slow fibre types (MHCs)
(Masaki, 1974; Gauthier and Lowey, 1977; Gauthier and Lowey, 1979). Two forms of cardiac
MHC, a and p have been characterised in vertebrates and they are distinguished by their
enzymatic properties (Hoh, 1979; Mahdavi et a l, 1984). The a-MHC has a calcium- ATPase
activity three times that of P - MHC (Pope et a l, 1980) and the expression of the two isoforms
varies according to species, development, hormonal state, haemodynamic character and
localisation (Schwartz et a l, 1992).
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Other MHC genes appear to be functionally equivalent and it has been suggested that gene
duplication evolved as a means of maintaining adequate MHC levels in a dynamic tissue such as
muscle. Indeed, a characteristic of sarcomeric MHC genes is that they appear to be clustered. The
two cardiac MHC genes are 4 Kb apart in both mouse and human (Mahdavi et û/., 1984). Fast
skeletal MHC genes in mouse and human are also found on a single chromosome within a few
hundred Kb (Weydert et a/., 1985; Saez et al., 1987). Similar observations have also been made
on the chicken embryonic and neonatal fast MHC genes (Gulick et a l, 1987).
Myosin light chain isoforms
In mammals, the alkali light chains are encoded by three genes. Two isoforms, M LClf and
MLC3f, result from the use of different transcription initiation sites and alternative splicing at the
5' end of the transcript (Nabashima et at., 1984; Robert et al., 1984; Strehler et al., 1985). A
second gene encodes an alkali light chain isoform that is expressed in cardiac ventricle and slow
skeletal muscle (MLClv or M LCls) (Barton et al., 1985), while the third gene encodes an
isoform that is expressed in cardiac atria and embryonic skeletal muscle, MLCIA or MLClemb
(Barton and Buckingham, 1985; Barton et al., 1985).
Similarly, the regulatory light chains are encoded by three unique genes. One is expressed in
cardiac ventricle and slow skeletal muscle (MLC2s or MLC2v), one expressed in cardiac atria
(MLC2a) and a third expressed in fast skeletal muscle(MLC2f) (Arnold and Siddiqui, 1979;
Whalen et al., 1982; Kumar etal., 1986).
Since any light chain isoform appears able to combine with any MHC isoform, a large range of
different myosin complexes can be generated (Billeter et a i, 1981; Staron and Pette, 1987). There
is no direct evidence that either type of light chain modulates the ATPase activity of myosin
(Wagner and Giniger, 1981) making it difficult to envisage the functional significance of different
isoforms, however, the light chains are extensively conserved throughout evolution suggesting
they do confer distinct functional properties on the thick filament.
Summary
The isoform diversity of structural muscle protein genes can provide markers for specific
striated muscle fibres and particular muscle types. The expression pattern of individual isoforms
commonly varies with developmental stage. Adult cardiac and skeletal muscles express
overlapping sets of isoforms but can often be distinguished by the presence of a particular
isoform. Embryonic striated muscle shows far fewer differences in isoform expression.
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Coexpression of adult muscle-type specific isoforms is common although some embryonic
muscle-type specific isoforms exist. It is therefore more difficult to identify suitable markers to
distinguish cardiac and skeletal muscle in the early embryo.
A specific muscle type is comprised of muscle cells that express a range of isoforms, some
specific to that muscle type and others common amongst different muscle types. This raises an
intriguing problem for the regulation of sarcomeric gene expression in embryos. In particular, how vt.
the same genes

regulated in distinct cells that give rise to different striated muscles?

Transcriptional control in muscle
Regulation of skeletal muscle differentiation by members of the bHLH
subfamily of genes
In skeletal muscle, the MyoD family of proteins play a decisive role in initiating
differentiation. Each of the four proteins (MyoD, Myf5, myogenin, MRF4) are capable of
converting cultured non-muscle cells into the skeletal muscle phenotype. All share approximately
80% homology within a 70-amino acid segment that encompasses a region rich in basic residues
and a motif postulated to adopt a helix-loop-helix (HLH) conformation (Murre et al., 1989). The
HLH motif serves as a dimérisation domain of the HLH proteins which brings together their basic
(b) regions to form a bipartite DNA-binding domain that recognises the dyad symmetrical DNA
sequence CANNTG (N is any nucleotide), known as an E-box (Anthony-Cahill et ai, 1992).
bHLH proteins can homodimerise, but their affinity for DNA is dramatically enhanced by
heterodimerisation with several widely expressed bHLH proteins, collectively referred to as E
proteins, E12 and E47. E-boxes are present in the control regions of most, but not all, skeletal
muscle-specific genes and in some genes coexpressed in both skeletal and cardiac muscle types.
Although E-boxes are important for transcriptional activation of many muscle-specific genes, they
are not by themselves sufficient for high level transcription. Binding sites for other cell typerestricted and ubiquitous factors within muscle control regions co-operate with the E-box to
confer transcriptional activity in skeletal muscle.
Expression and activity of the myogenic factors is regulated by a number of environmental
influences. When myoblasts are exposed to high concentrations of growth factors, the myogenic
HLH proteins are inactivated such that they cannot activate muscle specific genes and the cells
remain proliferative. Overexpression of the myogenic factors can induce cell cycle withdrawal
and initiate myogenesis even when cells are exposed to high concentrations of mitogens (Lassar et

al., 1989; Crescenzi et al., 1990; Sorrentino etal., 1990). The signal transduction pathways
through which growth factors inhibit muscle specific gene activation are beginning to be
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understood. Both activated protein kinase C and the c AMP signal transduction pathway can
silence the transcriptional activities of HLH proteins (Li etal., 1992; Li and Olson, 1992). In
addition it has been shown that, c-Jun and c-Fos can block muscle gene expression in response to
mitogenic signals (Bengal et al., 1992; Li et al., 1992). The electrical activity within the muscle
cell also appears to have a link with transcriptional activity. The activity of MyoD may be
modulated by calcium/calmodulin inhibition via direct binding with its bHLH partners
(Comeliussen et al., 1991). HLH proteins that lack DNA-binding domains form non-functional
heterodimers with bHLH proteins that cannot bind DNA. One such inhibitory protein. Id
(inhibitor of (differentiation), is expressed at high levels in proliferating skeletal myoblasts and is
down regulated during differentiation (Benezra et al., 1990). The decline in Id expression during
myogenesis may cause release of E12/E47 allowing heterodimerisation with MyoD leading to
activation of muscle-specific genes.
None of the myogenic factors isolated so far, are expressed in cardiac muscle and despite
intensive study, no equivalent bHLH factors have been detected in the heart.
Evidence for cardiac-specific bHLH proteins
Consistent with the idea that MyoD-like bHLH proteins may regulate cardiac transcription is
the presence of E-boxes in the control regions of genes expressed in cardiac muscle. One of the
best characterised of these genes is a-cardiac actin, which appears to be regulated in skeletal
muscle by MyoD in combination with serum response factor (SRF) and SPl, which are
ubiquitously expressed (Olsen, 1993). Indirect evidence that a-cardiac actin transcription is
regulated by bHLH proteins in heart muscle was provided by the observation that overexpression
of Id can block activity of the a-cardiac actin promoter in cardiac myocytes (Sartorelli et al.,
1992). The same study identified sequence-specific DNA-binding proteins in nuclear extracts
from cardiac myocytes that recognise this E-box. Antibodies against E proteins recognise this
binding activity, indicating that it does contain bHLH proteins. Further supportive evidence has
come from a study that showed that an antibody raised against helix 2 of the skeletal muscle
bHLH proteins recognises a protein in stage 11 chick heart with E-box binding activity (Litvin et
a l, 1993).
E-box-independent pathways for the control of skeletal and cardiac muscle transcription
What transcription factors are responsible for regulating sarcomeric differentiation in cardiac
muscle cells? An alternative approach to the search for cardiac specific bHLH factors has been the
identification of factors responsible for transcriptional activation of cardiac specific genes.
Promoter analysis of the rat cardiac/slow twitch muscle myosin light chain-2 (MLC-2) gene has
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identified distinct promoter elements responsible for E-box independent cardiac specific
expression and separate elements required for expression in skeletal muscle (Lee et al., 1994a). In
a similar manner, transient assays have provided clear evidence of distinct enhancers for the
control of the cardiac/slow twitch muscle troponin C gene in cardiac and skeletal muscle
(Parmacek er fl/., 1992).
Recent studies have characterised the cis regulatory elements and their corresponding factors,
which are components of the E-box-independent pathway for cardiac muscle-specific expression
of the MLC-2 gene. A conserved 28 bp element (HF-1) confers cardiac specific expression and
two distinct factors have been identified that bind to this regulatory element (Zhu et al., 1991;
Navankasattusas et a i, 1992). HE-la is a ubiquitous factor that binds the core region of the
element. A muscle factor, HE-lb, binds to anAT-rich element in the 3' end of the 28 bp element,
which conforms to a consensus binding site for the muscle enhancer factor-2 (MEF-2) family of
proteins (Zhu et al., 1991). By a number of separate criteria, (gel shift, mutagenesis and
expression studies) H P-lb and MEF-2 binding activities appear to be indistinguishable
(Navankasattusas et al., 1992). Point mutations within the single E-box site of the MLC-2
promoter have no effect on cardiac specific expression however point mutations within the MEF-2
sites significantly reduce promoter activity (Navankasattusas et al., 1992; Lee et al., 1994a).
Several laboratories have recently characterised the muscle factors that bind to the AT-rich
MEF-2 sites within the promoters of muscle-specific genes. These factors appear to be widely
expressed throughout the embryo (Chambers et a i, 1994; Edmondson et al., 1994). MEF-2
proteins belong to the MADS box gene superfamily that include serum response factor (SRF) and
transcription factors found in plants and yeast (Pollock and Treisman, 1991). In mouse, several
distinct MEF2 isoforms, produced by alternat we splicing of transcripts from four distinct but
related genes (denoted a-d), have been clone(^ In Xenopus, two MEF-2-like genes have been
identified, SL-1 and SL2. Both genes are expressed in the somitic mesoderm, however SL-1 is
distinguished from SL-2 in being expressed in the presumptive heart region of the early tailbud
embryo (Chambers et a i, 1994).

Summary
Cell lines have provided an ideal model system with which to study the process of skeletal
muscle differentiation and a means by which key regulators of this process could be identified.
Unfortunately, there is a lack of model systems or cell lines for heart muscle. Mesoderm
formation and patterning have been well studied in Xenopus and since cardiac muscle is a
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mesodermal derivative, the possibility of using this system to set up a model system for cardiac
muscle formation was investigated.
Mesoderm formation in the amphibian
The process of mesoderm formation in Xenopus was clearly identified with experiments by
Nieuwkoop (1969). Cells from the blastula animal pole, when cultured alone, form atypical
epidermis. If the same area of cells is cultured in combination with blastula vegetal pole cells the
ectodermal cells are induced to form a range of mesodermal derivatives, such as muscle and
notochord. These observations led to the suggestion that mesoderm induction occurs when signals
from the vegetal hemisphere (pole) induce overlying equatorial ectodermal cells to form
mesoderm. The type of mesodermal derivatives induced in conjugates depends on the origin of the
vegetal pole cells (Dale et al., 1985). Ventral and lateral vegetal pole cells induce ventral
mesoderm from animal pole cells while only dorsal vegetal cells induce dorsal cell types (Dale
and Slack, 1987). Transplantation of the dorsal blastopore lip to the ventral side of a host embryo
at the gastrula stage, leads to the formation of a secondary body axis (Speman and Mangold,
1927). The transplanted tissue acts as an organiser centre, recruiting neighbouring host cells into
various tissues of the secondary axis. The organiser region therefore provides patterning
information to the more lateral mesoderm.
A combination of embryological observations led to the proposal of a "three signal" model for
mesoderm formation in Xenopus (fig. 3)(Smith and Slack, 1983; Dale and Slack, 1987). During
oogenesis, differences arise between the animal and vegetal poles of the egg. After fertilisation
cytoplasmic movements result in a sub-division of the vegetal pole into dorso-vegetal (DV) and
ventro-vegetal (VV) inducing centres. During blastula stages, the DV region emits a signal(s) that
induces the organiser region in the dorsal marginal zone (DMZ), while the VV region emits a
ventral mesoderm-inducing signal(s). During gastrulation stages, the organiser produces the third,
graded signal which patterns the lateral mesoderm into regions forming somite (M l), lateral plate
mesoderm (M2) and blood islands (M3). Recently, a fourth signal has been proposed to exist in
the ventral marginal zone that actively ventralises the mesoderm (Sive, 1993).
A significant advance in the understanding of mesoderm formation in the amphibian came with
the discovery of soluble growth factor molecules that were capable of mimicking the inductive
effects of vegetal pole cells on ectodermal animal caps (Sive, 1993). Activin A, a transforming
growth factor P (TGFp)-like protein, was shown to be a potent inducer of a full range of
mesodermal derivatives from the most anterior dorsal (notochord) to more lateral (muscle) and
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Figure 3. The "three signal" model fo r mesoderm formation in amphibian embryos.
Signals from the vegetal cells (V) within the blastula embryo induce animal pole cells to
form mesoderm. The most dorsal vegetal cells (dV) cells induce dorsal, organiser
mesoderm, (O), whilst a second signal from ventral vegetal (vV) cells induces the remaining
mesoderm (M). A third signal, originating from the organiser, establishes the dorsal-ventral
pattern of the mesoderm (M l-M3).
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ventral (blood). In contrast, basic fibroblast growth factor (bFGF) is only capable of inducing
mesoderm of a lateral and ventral type and does not induce notochord.
Further studies with animal caps and dissociated animal pole cells have indicated that the types
of mesodermal derivatives induced in such animal cap assays is dose-dependent. A high dose of
growth factor induces mesoderm of a dorso-anterior nature while progressively lower doses
induce mesoderm of more lateral and ventral origin (Green et a/., 1990).
By exploiting assays for mesoderm formation developed in Xenopus a number of candidate
dorsalising signals have been isolated such as noggin (Smith and Harland, 1992) and chordin
(Sasai et al., 1994) which are expressed in the DMZ. Additionally genes have been identified (e.g.
Xwnt-8 and BMP-4) that are expressed in the ventral and lateral marginal zone and may play a
role in patterning lateral and ventral mesoderm. These signals may also constitute the proposed
fourth signal to the "three signal" model and constitute an active ventralising centre within the
marginal zone (Sive, 1993).
The animal cap assay provides a means by which mesoderm formation can be induced in vivo.
Furthermore, the range of mesodermal derivatives induced can be controlled by varying the dose
and type of mesoderm inducing factor used. The induction of cardiac muscle has not been
previously described with any dose or type of factor but this could be attributable to the lack of
any specific marker for that muscle type. In addition heart muscle differentiation appears to occur
relatively late in Xenopus, and in previous studies induced caps may have been harvested at a
point before heart muscle formation is detectable.
Aims of the project
The initial goal of the project was to isolate a molecular marker for cardiac muscle in the
Xenopus embryo that will specifically identify heart muscle tissue from other muscle cells and
tissue types. cDNAs of muscle structural protein genes provided likely candidates since a number
of muscle-type specific isoforms have been previously described. A heart muscle marker would
be used to establish whether cardiac mesoderm could be induced from animal pole cells using
soluble growth factors. In the absence of suitable cell lines induction of heart muscle formation
from animal cap tissue may provide an ideal model system to study heart muscle differentiation
and ultimately isolate genes involved in heart muscle formation and differentiation.
A molecular marker of heart muscle would also be useful in the study of later, formative events
in cardiogenesis such as the restriction of the heart morphogenetic field. Previous studies of these
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events have used the presence of beating tissue as a score for heart muscle formation. The use of a
molecular marker in such a study would be more sensitive and may reveal new information with
regard to heart formation in the amphibian.
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Chapter 2;
Materials and Methods
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Chemicals, reagents and media
Oligonucleotides were purchased from the NIMR oligonucleotide synthesis facility.
Unlabelled nucleotides were obtained from Pharmacia, digoxygenin-labelled nucleotides from
Boehringer Mannheim and radiolabelled nucleotides from Amersham. All other chemicals were
supplied by Fisons, Sigma or BDH. Restriction and modifying enzymes were obtained from New
England Biolabs, Boehringer Mannheim and International Biotechnologies Inc., apart from T7,
T3 and SP6 RNA polymerases which were purchased from Promega and T7 DNA polymerase
and the Klenow subunit of DNA polymerase I, which were supplied by Pharmacia. TBE
electrophoresis buffer was prepared according to Sambrook et al. (Sambrook, 1989).
Embryo and explant culture
Xenopus laevis embryos were obtained by artificial fertilisation (Smith and Slack, 1983),
dejellied in 2% L-cysteine-HCL (pH 7.8-8.1) and cultured in 3/4 normal amphibian medium
(NAM) (Slack, 1984) until the late blastula stage (stage 8). Embryos were then transfered to 1/10
X NAM for further development. At various developmental stages, embryos were either frozen or
used directly for RNA extraction.
Animal pole explants were dissected from blastulae (stages 8-9) using tungsten needles and
comprised 20-25% of the animal hemisphere. Explants were cultured in 3/4 NAM containing
0.1% BSA (Sigma) and 25 pg/ml Gentamycin (Sigma)), in agarose-coated dishes. Human
recombinant activin A and Xenopus basic FGF were kindly provided by Jim Smith (NIMR).
Explants were induced in groups of 10-20 by including activin A or bFGF in the culture medium.
Dose ranges of 1-80 units/ml for activin A and 10-120 units/ml for bFGF were tested, employing
the unit definition described previously (Green et a i, 1992).
Expiants dissected at tailbud stages were incubated on agarose-coated dishes in 3/4
NAM/Gent (3/4 NAM containing 25pg/ml gentamycin). Explant conjugates were made by
carefully stripping away the inner endodermal layer of the explant and placing the two inner
surfaces together. The resulting conjugate was held together and allowed to heal under the weight
of a slither of agarose. After approximately Ihr conjugates were carefully transferred to a fresh
agarose coated dish and were maintained in 3/4 NAM/Gent for the rest of the incubation period.
Preparation of RNA
Total RNA from adult Xenopus tissues was isolated by a modification of the AGFC method.
Each tissue was powdered in liquid nitrogen and dissolved in guanidinium isothiocyanate buffer
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(lOmls/gm). Nucleic acid was then prepared as described previously (Chomczynski and Sacchi,
1987). This was resuspended in 1.5 ml of TE, extracted twice with buffered phenol and
precipitated with an equal volume of 5M LiCl overnight. After centrifugation (lOK, 15 min., Æ ),
the RNA was washed twice with 70% ethanol, dissolved in water and reprecipitated. Poly A(+)
RNA was selected from adult heart RNA using the PolyA Tract system (Promega) following the
manufacturers instructions.
RNA from embryos and embryo fragments was prepared using NETS buffer mini RNA prep,
method (Mohun et al., 1984).

RT-PCR
Vertebrate MHC sequences from the EMBL database were analysed with the Staden Analyseq
computer package. Alignment of the sequences using the UWGCG Pileup computer programme
suggested the following two M//C-specific primers for use in a 3' RACE procedure:
MHC-1: CTGTCCAAGTTCCGCAAGGTGCAG
MHC-2: CAACAAGCTTCGGGCCAAGAGCCG
These were used with oligo dT-adapter (GACTCGAGTCGACATCGAT(n)) and adapter
(GACTCGAGTCGACATCG) primers previously described (Frohman et ai, 1988) to amplify a
3' fragment of the Xenopus MHCa cDNA.
Heart cDNA was synthesised using poly A(+) RNA selected from 50p,g of total heart RNA
using MMLV reverse transcriptase (Gibco BRL) as described by the manufacturers. Synthesis
was primed using the oligo dT-adapter primer (2 |iM) in a reaction volume of 20 |il and the
product used directly for PCR amplification. Reactions were carried out in 50|il (Saiki et al.,
1989) using primers at a concentration of 2|iM.
In the first round of amplification, 1-5% of the cDNA reaction was used with the MHC-1 and
oligo dT-adapter primers. In the first cycle, samples were denatured at 95°C (5 min), annealed at
55°C (60 sec) and extended at 72°C (10 min). In the subsequent 29 cycles, the duration of each
step was reduced: dénaturation (40 sec), annealing (60 sec), extension (150 sec). For a second
round of amplification, 1% of the reaction was used with the nested MHC-2 and adapter primers
under similar conditions, except that the annealing temperature was increased to 58°C.
The final PCR product was phenol extracted and precipitated with 2.5 volumes ethanol.
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Cloning of XM H C œ
Fragment isolation
The PCR amplified DNA fragments and vector phagemid Bluescript pKS(+) were initially
digested with Xhol and Hind III restriction enzymes under the conditions recommended by the
supplier. The resulting fragments were separated by preparative TBE agarose gel electrophoresis.
DNA was isolated from the gel by electrophoresis into a sandwich of Whatman 3MM paper and
dialysis membrane. DNA recovered from the paper by brief microfuge spin was precipitated with
2.5 volumes ethanol.
Ligation and transformation
DNA fragments were ligated into vectors with T4 DNA ligase (New England Biolabs) using
the manufacturers buffer and instructions. Reactions were incubated at room temperature for 1
hour. DNA constructs were introduced into bacterial cells as described by Hanahan (Hanahan,
1985). Bacterial colonies containing recombinant plasmids were selected using ampicillin
antibiotic selection.
Isolation of plasmid DNA
Plasmid clones were propagated in TG-1 cells grown in 2 X TY broth containing ampicillin.
DNA from clones was isolated by the CTAB boiling method (Del Sal et al., 1988) and screened
for inserts of approximately the correct size by restriction analysis. Clones judged positive were
then sequenced using T7 DNA polymerase and collapsed supercoiled DNA as template. The
Xenopus M HCa plasmid obtained in this manner was designated pXMHCa
DNA sequencing
The complete sequence of pXMHCa was determined using the dideoxy method as described
by Zhang et al., (Zhang etal., 1988) except the dénaturation step was carried out at 68“C for 15
minutes to hydrolyse any residual RNA. Nucleotide sequence was determined with unmodified
T7 DNA polymerase and a-[32-P]-dATP (800 Ci/mol)
RNAase protection assay
In order to obtain a fragment of the M H Ca cDNA suitable for use as an RNAase protection
assay probe template, embryonic (st42) heart cDNA was amplified using the PCR primer MHC-1
and a third MHC-specific primer (MHC-3: GGCATTCATGTGGTGCTTCTGTGG) derived from
Xenopus M HCa DNA sequence. The PCR product was subcloned into the Eco RV site of the
phagemid, Bluescript KS(+) which had been tailed with dideoxy T IP (Holton and Graham, 1991).
The resulting plasmid, pXMHCl/3 contains a 149 nucleotide fragment of ih^Xenopus MHCa
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cDNA (nucleotides 1-149; Fig. 4À) attached to primer M HCl. An RNA probe was synthesised
using Hind Ill-linearised pXM HCa 1/3 as template and T7 RNA polymerase (Melton etal., 1985).
The cardiac actin probe (Mohun et at., 1988) was generated from the Sp21 fragment in plasmid
SP 6 using SP 6 RNA polymerase (Promega). The XMyoD plasmid used was an SP73 vector
containing the 3' BaniïL-EcoKl fragment (nucleotides 873-1469) of the XmyoD2-24 cDNA
(Hopwood et al., 1989). The template was digested with PvuII and the probe synthesised using
SP 6 RNA polymerase (Promega). A second XMyoD probe, pSP73-5bG/XMyoD (R. Wilson, in
press) was used for the assays shown in Fig. 6 B. XMLC2 transcripts were detected with a probe
prepared from pXMLC2 (Chambers etal., 1994) spanning nucleotides 1-309 of the XMLC2
cDNA sequence. This was synthesised using £c<9/?/-liniarised template DNA and T7 RNA
polymerase. An E F la probe, comprising nucleotides 100-194 of the cDNA (Sargent and Bennett,
1990) was used to provide an internal control for XM HCa and XMLC2 assays. This was prepared
using HinFl linearised template and SP 6 RNA polymerase. Due to the high prevalence of E F Ia
transcripts in the embryo, this probe was synthesised at 1/5 of the usual specific activity.
The protocol for probe synthesis was carried out as follows. ^^P UTP (50|xCi:400 Ci/mmol)
5|Xl, 250 mM DTT 0.5 \i\, RNAguard (Pharmacia) 0.5 |xl, 10 mM rNTPs (A, C and G) 1 |xl,
linearised template DNA (0.5 mg/ml) 2 |il, were combined in a tube and prewarmed to 3TC. For
EFI a only 1 |il of ^^P UTP was used and was supplemented with 4 }il of 20 mM rUTP. To this
mixture 1 [l\ lOx transcription buffer (400 mM Tris HCl pH 7.5, 60 mM MgCl^, 20 mM
spermidine) prewarmed to 37 °C and 5 units of the appropriate RNA polymerase was added. The
solution was mixed, spun and incubated at 37 "C for 1 hr. Then 1 unit RQl-DNAase 1 (Promega)
was added, mixed and incubated for 10 minutes at 37 °C. Finally 30 pi formamide dyes (100ml
deionised formamide, 2 ml 0.5 M EDTA, 0.1% bromophenol blue/xylene cyanol) were added and
the entire mixture loaded onto 6% acrylamide urea gel and run at 42W for 1.5 hrs. The band
corresponding to labelled probe was excised from the gel and eluted with 0.4 ml elution buffer
(0.5 M NH|^Ac, 1 mM EDTA, 0.1% SDS). The eluate was ethanol precipitated on dry ice, the
pellet washed with 70% ethanol and resuspended in 50 \il TE.
Hybridisations were set up as follows. lOx hybridisation buffer (5 M NaCl, 0.5 PIPES pH 6.4,
0.1 M EDTA) 2 |il, re-crystalised formamide 16 pi, RNA probe 1 p.1, RNA sample 2 pi were
mixed, spun, incubated at 80 "C, 5 mins and then transferred immediately to a water bath at 45 *C.
Samples were allowed to hybridise for 6-18 hrs.
Digestion mix was prepared (1 M Tris HCL pH 7.5 0.2 ml, 1 M EDTA 1 ml, 5 M NaCl 1.2
ml, distilled water 17.6 ml) containing 2 pg/ml RNAase T1 (CalBiochem). 0.35 ml digestion mix
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was added to each hybridisation, then mixed spun and incubated at 37 °C for 30 minutes. Each
reaction was extracted with 0.4 ml phenol, 5 iig tRNA (Sigma) was added to the aqueous phase
and the RNA precipitated with 2.5 volumes of ethanol. The pellet was washed in 70% ethanol,
resuspended in 2 p.1 TE, left on ice for a few minutes to dissolve and then 2 pi formamide dyes
were added. The reactions were boiled for 90 seconds and loaded onto a standard 6% acrylamide
sequencing gel using a radiolabelled Ninfl digest of pBR322 to provide approximate size
markers.

Whole mount RNA in situ hybridisation
Whole^m^uni^NA in
were performed using digoxygenin-labelled RNA
probe^ThJse were derivâi from a subcione of pXMHCa in which the poly A tail had been
removed by digestion with Hinc II and Xho I, followed by Klenow fill-in and religation. The
resulting plasmid, pXMHCaA, contains a 115 nucleotide fragment of the XMHCa cDNA
(nucleotides 55-169; Fig. lA) including 4 mismatches introduced by the PCR primer MHC-2.
Antisense probe was synthesised using T3 RNA polymerase from pXMHCaA linearised with
Hind III. For controls, sense orientation probe was synthesised using T7 RNA polymerase and
Kpnl-digested template which had been treated with T4 DNA polymerase. For assays of XMLC2
expression the antisense probe used was identical to that used for RNAase protection assays (see
above). A sense control probe was synthesised from Hindlll-linearised pXMLC2 template by use
of T3 RNA polymerase. The digoxygenin probes were prepared in a standard RNA synthesis
reaction as described by Harland (Harland, 1991)
Both pigmented and albino embryos were used in hybridisations. After removal of the
vitelline membrane, embryos were fixed in MEMFA (MOPS 0.1 M pH 7.4, EGTA 2 mM,
M gS04 1 mM, formaldehyde 4%) for at least 4 hrs room temperature or overnight at 4 °C.
Explants were fixed in a similar way. Fixed embryos and explants were stored in 100% Methanol
or 80% Ethanol at either 4 °C or -20 °C. Embryos and explants were rehydrated by 5 minute
washes in 100%, 75%, 50% and 25% methanol and finally 100% PTw (PBS , 0.1% Tween20(BDH)), four washes of 5 minutes each. The specimens were treated with proteinase K (BDH)
at 10 fig/ml in PTw. Embryos were treated for 20 minutes and embryo fragments for 10 minutes.
Samples were then rinsed twice for 5 minutes in 0.1 M triethanolamine pH7-8. 12.5 pi acetic
anhydride was then added to the embryos in triethanolamine and the tubes rocked on a nutator.
After 5 minutes, a further 12.5 pi acetic anhydride was added and the tubes rocked for a further 5
minutes rocking. Samples were then washed twice for 5 minutes in PTw. Samples were then
refixed for 20 minutes in 4% paraformaldehyde and were washed five times in PTw (each wash
five minutes).
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All but 1 ml of PTw was then removed and replaced with 250 |il hybridisation buffer (50%
formamide, 5x SSC, 1 mg/ml Torula RNA (Sigma), 100 pg/ml heparin (Sigma), Ix Denhardt's,
0.1% Tween-20,0.1% CHAPS (Sigma), 5 mM EDTA). Once embryos had settled, the solution
was replaced with 0.5 ml hybridisation buffer and incubated at 60 “C for 10 minutes. The
hybridisation buffer was then replaced and the specimens prehybridised for at least 6 hrs. at 60 ‘C.
The prehybridisation solution was then replaced with the probe solution (hybridisation solution
with 1 pg/ml probe) and hybridised overnight at 60 "C. The following day the probe was removed
and kept for reuse. The probe was replaced with hybridisation buffer for 10 minutes at 60 *C.
Then 50% hyb:50% 2x SSC 0.3% CHAPS, 60 “C, for 10 minutes, 25% hyb:75% 2x SSC 0.3%
CHAPS,. 10 minutes (hot block turned down to 37 "C) and finally twice for 20 minutes in 2x SSC
0.3% CHAPS (37 *C). Next the samples were treated with RNAase A (Sigma-20 pg/ml) and
RNAase T1 (CalBiochem-10 units/ml) in 2x SSC 0.3% CHAPS, 37 “C for 30 minutes. Then
samples were washed twice for 10 minutes each in 2x SSC 0.3% CHAPS, theotwice, 30 minutes in
0.2% SSC 0.3% CHAPS at 60 "C, twice for 10 minutes each in PTw 0.3% CHAPS 60 °C and
finally once for 10 minutes in PTw at room temperature. PTw was then replaced with PBT (PBS,
2 mg/ml BSA, 0.1% TritonX-100) and the tubes rocked at room temperature, 15 minutes.The PBT
was then removed and replaced with 500 pi PBT with 20% heat-treated lamb serum (Sigma),
tubes rocked 1 hr. room temp. After this preblocking stage, the solution was replaced with fresh
PBT/20% lamb serum containing a 1/2000 dilution of sheep anti-digoxygenin antibody coupled to
alkaline phosphatase (Boehringer). Tubes were rocked overnight at 4 *C. Excess antibody was
removed the following day by washing every hour, all day and one wash overnight at 4 *C, with
PBT.
For the chromogenic reaction the samples were first washed twice, for 5 minutes each wash,
with alkaline phosphatase buffer (100 mM Tris pH 9.5, 50 mM MgC12,0.1% Tween-20, 2 mM
levamisol) then moved into either the same solution containing 4.5 pi NBT (Boehringer-75mg/ml
in 70% dimethylformamide) and 3.5 pi BCIP (Boehringer-50/mg.ml in 100%
dimethylformamide) per ml of buffer or BM purple AP-substrate precipitating (Boehringer)
following the manufacturers instructions. The colour reaction was allowed to develop in the dark,
at room temperature. When staining was satisfactory the specimens were washed in alkaline
phosphatase buffer and fixed in MEMFA (overnight) to stop the colour reaction and fix the stain.
Embryos and embryo fragments were analysed and photographed in PBS and/or cleared in
1,2,3,4-tetrahydronapthalene after dehydration through methanol (5 minutes) and isopropanol (10
minutes).
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Lineage-Iabel microinjection
Microinjection needles were made from borosilicate capillaries (Clark Electromedical
Instruments) and were pulled on a Campden Instruments needle puller (model 763). The needles
were used on arvlnject + matic microinjector (Microinstmments, Oxford) and calibrated under
liquid paraffin using a graticule slide (BDH).
For cell labelling analysis, fluorescein lysine dextran amine (FLDX-10,000 MW) and Texas
Red lysine dextran amine (TRLDX-10,000 MWO (both from Molecular Probes Inc., Eugene)were
used at a concentration of 5 mg/ml in water. Approximately 4 nl of lineage tracer was injected
into blastomeres of the one- or two-cell stage embryo, which were maintained in injection
medium (3/4 NAM containing 4% Ficol-4(X) (Pharmacia) during early cleavage stages. At stage
7-8 embryos were transferred to 1/10 NAM.
Embryo embedding and sectioning
Prior to embedding, all specimens were fixed in MEMFA (See whole mount in situ protocol
above), overnight at 4 *C and were then thoroughly dehydrated through an ethanol series of 50%,
70%, 85%, 95%, 100% ethanol solutions, 30 minutes each wash. Embryos were then washed
twice in Histoclear (National Diagnostics), for 30 minutes each and then in a 1:1 mix of
Histoclear:wax (Fibrowax-BDH) for 30 minutes, at 60 *C. To ensure removal of all the Histoclear,
the wax was replaced three times (30 minutes each wash) at 60 'C. Embryos and embryo
fragments that had previously been taken through the whole mount in situ procedure and cleared
in 1,2,3,4,-tetrahydronapthalene (Sigma) were put straight into a 1:1 mix with wax and then the
procedure continued as normal. Specimens to be sectioned were orientated in moulds using a
warmed needle and stored at 4 "C.
Superfrost (BDH) slides were subbed by 10 second washes in 2% TESPA (Sigma) in acetone,
100% acetone and distilled water, respectively. The slides were then oven dried at 60 °C for 4 hrs
or overnight. Embedded embryos were mounted on wooden chucks and 6 micron sections cut on a
Reichert-Jung-2035 microtome. Section ribbons were floated in a 45’C water bath and transferred
to subbed slides.
Histology and immunohistochemistry
The 3-way staining technique (feulgen, light green, orange G) was carried out by the histology
department as described in Green et al., 1990 (Green et a l, 1990).
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In order to identify both cardiac and skeletal muscle types, immunohistochemical analysis was
carried out on sections of embryos and explants that had previously been analysed for the
presence of XM HCa transcripts using the wholemount RNA in situ hybridisation procedure.
Sections were first dewaxed by washing twice for 10 minutes in Histoclear and then rapidly
rehydrated through an ethanol series (100% , 95%, 80%, 70%, 50%, 35%, all washes 1 minute).
Finally slides were washed in PBTw (PBS and 0.1% Tween-20 ). Before primary antibody
incubation the slides were preblocked in 10% normal rabbit serum (Sigma) in PBT (PBS and 1%
BSA) for Ihr in a humid box and then rinsed in PBTw. Sections were then incubated with a 1/200
dilution (in 10% foetal calf serum (Sigma) in PBTw) of the anti-skeletal muscle monoclonal
antibody 12/101 (Kintner and Brockes, 1984) for 1 hr or overnight at 4 °C. After three washes of
10 minutes each in PBTw, the secondary antibody, a 1/32 dilution of FITC rabbit anti-mouse
(Bio-Yeda) in PBTw, was applied and incubated for Ihr. Excess secondary was removed by three
washes of 10 minutes each in PBTw. Finally, to stain nuclei and quench yolk autofluorescence
r^ectively, the sections were incubated in DAPI/Solochrome (eriochrome)black (2|il, 1mg/ml
DAPI (Sigma), 40|il 1% Solochrome (eriochrome) black (BDH) in 10 mis PBS), then washed
twice for 15 minutes in PBS and mounted in Citifluor (UKC-Chem. Lab. Canterbury).
Microscopy and photography
Embryos and embryo fragments that had been processed by whole mount in situ hybridisation
were observed us 103 a Wild M 8 (Leica) dissecting microscope, illuminated by an Intralux 4(XX)
light source (Volpi-Switzerland). Specimens were photographed using a Wild MPS 52 camera
attached to a Wild 7 A microsope. Optimal exposure times were determined using a Wild MPS 48
exposure meter and Kodak EPY 64T film.
Embryos and embryo fragments that contained lineage tracer were visualised using an
Axiophot (Zeiss) microscope and a BioRad MRC-6(X) confocal microscope using both Comos
and Som programs. Specimens were fixed in MEMFA and dehydrated in methanol for 5 minutes
and then isopropanol for 10 minutes and then mounted on depression slides (BDH) in benzyl
alcohol: benzyl benzoate (2:1). The samples were photographed on the Axiophot using the
integral camera and exposure meter (Zeiss) and Kodak EPH P16(X) colour reversal film pushprocessed at P2. All confocal photographs were taken of the computer screen using a Nikon FM
35mm camera with a Kiron 200mm lens on a tripod and Kodak EPP 100 colour reversal film.
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Chapter 3
Isolation of Molecular Markers for Diflerentiating Heart
Muscle
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Introduction
Detailed fate maps of the gastrula stage in Xenopus have assigned the heart progenitors to two
regions of the dorsal marginal zone, deep and lateral to the blastopore lip (Keller, 1976). During
gastrulation movements, the prospective head and heart mesoderm migrate as a loose mass of
crawling cells (Gerhart and Keller, 1986), ahead of the chordamesoderm. During neurulation, the
heart rudiments migrate ventrally and fuse at the ventral midline immediately posterior to the
cement gland (see fig 2B). From experiments in which explants of the heart anlage were removed
and cultured in isolation, it is thought that the cells become specified to the cardiogenic fate
during gastrulation (Sater and Jacobson, 1989). An area of heart forming potency has been
mapped to the anterior ventral region of early tailbud (stage 20) embryos (Sater and Jacobson,
1990a). This area is initially larger than the area of cells fated to go on to form the heart.
Therefore, during tailbud stages there is a gradual loss of heart forming potency in the peripheral
cells of the field and so by late tailbud stage 27 a single heart tube forms from the cells in the
ventral-most region of the field. A heartbeat is first observed at stage 34.
All studies of amphibian heart development have relied upon the observation of a heart tube
and characteristic rhythmic beating tissue as a score for cardiac muscle formation. The use of
molecular markers, instead of morphological or functional criteria, has two potential advantages.
It allows the examination of the mechanism by which inductive signals trigger the expression of
heart-specific genes. Additionally, molecular markers that are expressed shortly after the initial
inductive interaction and before morphological or functional differentiation events (such as heart
tube formation and heartbeat initiation) provide an early assay for the cellular events that occur
during the response to induction. Such events could be missed using assays for morphological or
functional differentiation events. I therefore attempted to isolate a heart-specific molecular marker
for differentiating cardiac muscle which could then be used to investigate the cellular and
molecular events that lead to heart formation in Xenopus.
Cloning of Xenopus M H C a cDNA
A survey of muscle-specific proteins characterised in vertebrate skeletal and cardiac muscle
confirmed that many muscle-specific, structural gene products, such as the sarcomeric actins and
myosins, are coexpressed in both skeletal and cardiac muscle tissue of embryos (Bandman, 1992).
Often expression only becomes restricted to a particular muscle type later in development. One
candidate heart-specific marker, however, was a myosin heavy chain a-isoform. The myosin
heavy chains constitue a major component of the thick filament within the sarcomere. In chick
embryos, transcripts of a heart-specific myosin heavy chain gene (VMHCl) have been detected by
PCR in cardiogenic mesoderm, prior to overt heart formation (Bisaha and Bader, 1991) and in
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Figure ^Sequence o f a Xenopus M H C a cDNA fragm ent
Panel A: Nucleotide sequence of a Xenopus MHC cDNA fragment isolated from adult heart
cDNA. The sequence is derived from two overlapping clones obtained by RT-PCR and has
been submitted to the EMBL database. The encoded polypeptide fragment is shown along
with the termination codon (*) and putative polyadenylation signal (underlined).
Panel B: Alignment of the Xenopus MHC polypeptide sequence with the carboxy terminal
region of other vertebrate MHC sequences. The XM HCa sequence most closely resembles
the human (Yamauchi-Takihara et aL, 1989), mouse (EMBL accession number M74751),
rat (McNally et al., 1989), rabbit (Sinha et a l, 1984) and hamster (Liew and Jandreski,
1986) M HCa proteins in the final seven residues. The human (Y amauchi-T akihara et al.,
1989), mouse (EMBL accession number M74752), rat (Kraft etal., 1989) and
hamster(Jandreski et al., 1988) MHC6 isoforms are also shown, along with the 6-like newt
MHCc/s (Casimir et al., 1988) and the cardiac-specific chick VMHCl sequences (Bisaha
and Bader, 1991).
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early mouse embryos the M HCa gene is expressed exclusively in the cardiac tube (Lyons et al.^
1990a) during embryonic stages.
Primers were designed from a comparison of vertebrate MHC sequences in the EMBL
database and were used to amplify a 222 nucleotide fragment from adult heart cDNA,
exploiting^he 3' RACE procedure (Frohman et a l, 1988). Sequencing revealed that this fragment
comprises the final 37 carboxy-terminal residues of an MHC polypeptide and the entire 3'
untranslated region of the transcript including the poly A signal site (Fig. 4A). A similar cDNA
fragment was also isolated using the same RT-PCR strategy from embryonic heart RNA (see
Materials and Methods-pXMHCa 1/3) and sequencing confirmed that this was identical to the
PCR fragment derived from adult heart RNA. The predicted amino acid sequence shows 81%
identity to the corresponding carboxy terminal region of other vertebrate M HCa proteins and
slightly less similarity (77%) to MHC6 isoforms. Alignment of the sequences reveals that the aand 6-isoforms are most divergent in the final seven residues (Fig. 4B). Over this region, the
Xenopus sequence, like that of the chick VMHCl, most closely resembles the M HCa rather than
MHCfi sequences. The only other amphibian MHC sequence available is that derived from a newt
cDNA clone, MHCc/s (Casimir et al., 1988), which shows only restricted similarity to the frog
sequence and is most similar to the 6-isoforms on the basis of it carboxy-terminal residues (Fig.
4B).
Taq DNA polymerase is considered to have poor proof reading abilities relative to other DNA
polymerases and insertions or single base changes are often created in large PCR products.
Although this clone is a PCR-derived fragment rather than a cDNA library isolate, its independent
isolation from two different RNA sources, the conservation of appropriate sequence features
(termination codon, poly A addition signal) and the high degree of similarity of its putative
translation product to mammalian MHCs all indicate that the DNA sequence is authentic and
encodes the carboxy terminal fragment of an MHCa-like protein.
Expression of Xenopus M H C a during development
In order to determine the spatial expression pattern of the XM HCa gene, the distribution of
XM H Ca transcripts in adult tissues was examined using an RNAase protection assay. Transcripts
corresponding to full length protection of the Xenopus clone are highly abundant in adult heart
RNA but are undetectable in RNA from stomach, oviduct and liver (Fig. 5A, lane?2, 3,

and 5

respectively). A low level is evident in lung RNA (lane 4) and also in skeletal muscle after
prolonged exposure of the autoradiogram (lane 6). When the same tissue RNAs were tested for
the presence of cardiac actin transcripts, the highest levels were detected as expected in adult heart
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Figure 5. Expression o f XMHCa in adult frog tissues.
The distribution of XMHCa mRNA in adult frog tissues was analysed by RNAase
protection assay (panel A) and compared with that of the cardiac actin gene transcript (panel
B). M: size markers (Hinfl-digested pBR322); P: undigested probe; lanes 1: tRNA control;
lanes 2-7: stomach, oviduct, lung, liver, skeletal muscle, heart RNA, respectively; lanes 8-9:
tailbud (stage 24) and tadpole (stage 37/8) embryo RNA respectively. 10 pg of total RNA
was used in each assay, except in the case of the heart sample which comprised only 1 pg to
avoid overexposure of the autoradiogram. Full length, protected fragments for each probe
are indicated. As an internal control, a probe for the highly abundant EFI a transcript was
included in the XMHCa assay.
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(Fig. 5B, lane 7). In addition, low levels were detected in stomach and skeletal muscle samples
(lanes 2 and 6, respectively), consistent with minor expression of this gene in adult striated and
smooth muscle types (Mohun et al., 1994). A low level was also detected in lung RNA (lane 4).
Expression of XM HCa in the adult Xewopiis lung is consistent with expression of this gene in
the vasculature of the late embryonic and adult lung in other species. Striated muscle has been
described in pulmonary and caval veins of many vertebrates species, including shrew, mouse, rat,
hamster, guinea pig, dog, deer, human and bird (Kramer, 1965; Nathan and Gloobe, 1970; Klika,
1976; Endo etal., 1992a; Endo etal., 1992b). Ultrastructural analyses of this tissue, termed
pulmonary myocardium (pm), has indicated a sarcomere and single cell morphology
indistinguishable from cardiomyocytes (Karrer, 1959a; Ludatscher, 1968). The pm responds to
electrical and pharmacological stimuli in a similar fashion to atrial muscle and is supplied by both
adrenergic and cholinergic nerves. The pm of dogs constitutes a functional syncytium with the
atria (Spach et a l, 1972; de Almedia et al., 1975). The murine pm has been characterised at the
molecular level. The myosin heavy chain a {MHCa ) and myosin light chain 1A {MLCIA) genes
are expressed in the intrapulmonary veins of 15.5 day post-coitum (p.c.) murine embryos (Lyons
et al., 1990a). In addition, the M H Ca gene is expressed in the caval veins and small pulmonary
venules of the adult and the M HCa promoter is able to direct expression of a chloramphenicol
acetyl transferase transgene in the pm (Subramaniam

e r a /.,

1991).

From Fig. 5A, it is evident that transcripts foi XM HCa are highly enriched in adult heart and
can be detected in stage 42 tadpoles (lane 9). At this embryonic stage a beating heart has clearly
formed (Nieuwkoop and Faber, 1956). Total RNA was therefore examined from a range of
developmental stages from neurula onwards to assess when the XM HCa gene was activated
during embryogenesis. Since the developing heart of the tadpole comprises only a small
percentage of tissue when compared with the axial muscle of the myotomes, dissected ventral and
dorsal pieces from the anterior end of the embryo were analysed and their expression of cardiac
actin, XMyoD and XM HCa genes compared (Fig. 6). Ventral pieces encompassed tissue
immediately behind the cement gland, which includes the heart primordium (Sater and Jacobson,
1990a). Such explants, when cultured until sibling embryos reach stage 42, invariably
differentiate to include beating hearts (See chapter 6). Equivalent sized dorsal pieces largely
comprised myotomal muscle tissue (see Fig. 6D).
In Xenopus, as in other vertebrates, the cardiac actin gene is expressed in both skeletal and
cardiac muscle at embryonic stages of development (Mohun etal., 1984). Cardiac actin transcripts
were therefore highly abundant in dorsal pieces at all the stages analysed (Fig. 6A) since much of
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Figure 6 Expression o f XMHCa Xenopus embryos.
The prevalence of cardiac actin (panel A), XMyoD (panel B) and XMHCa transcripts (panel

C) in early embryos was analysed by RNAase protection assay. Myotome-enriched dorsal
fragments were dissected from tailbud or early tadpole embryos and compared with ventral
pieces that included the heart anlage (panel D). P: undigested probe; t: lO pg tRNA control;
lanes 2,4, 6, 8 and 10: dorsal fragments (stages 26, 28. 30 32 and 34, respectively); lanes 3,
5 ,7 ,9 and 11: ventral fragment from the same embryos. Total RNA from four fragments
was analysed in each lane. These comprised approximately similar amounts, as determined
using the E F la probe (data not shown). Full length, protected fragments for each probe are
indicated. The cardiac actin probe gives several partial protection products resulting from
cross hybridisation with cytoskeletal actin transcripts. A prominent, dorsal-specific band
(open triangle) is obtained with the XMHCa probe.
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the tissue in these fragments comprises differentiating axial muscle. Similarly, XMyoD transcripts,
which are expressed in skeletal but not cardiac muscle, were detected only in dorsal fragments,
and were most abundant in the earlier staged embryos (Fig. 6B). This is consistent with the
progressive decline in XMyoD gene expression reported for the myotomes of tailbud and tadpole
embryos (Hopwood et al, 1989). In contrast, XM HCa transcripts were undetected in dorsal pieces
at any stage of development tested (Fig. 6C). Expression was detected however in ventral pieces
from late tailbud embryos (stage 28) and accumulated in this region during subsequent
development (Fig. 6C, lanes 5 ,7 ,9 and 11). Cardiac actin transcripts were also detected in ventral
pieces of late tailbud embryos (Fig. 6A, lanes 7 ,9 and 11), and prolonged exposure of the
autoradiograms indicated that they too could be detected as early as stage 28. The XM HCa and
cardiac actin therefore show similar temporal patterns of expression within the region of the heart
primordium suggesting the possibility of co-regulation of these two genes during terminal
differentiation of embryonic cardiac tissue.
From whole mount RNA in situ hybridisation studies (Hemmati-Brivanlou et a/., 1990) it is
unlikely that the presence of cardiac actin transcripts in the ventral pieces indicates contamination
with myotomal tissue. Cardiac actin expression is detected in the somites which are located along
the dorsal axis of the tailbud stage embryo. No expression is detected in the head or in the ventral
half of the embryo at these times. XMyoD is the earliest known marker for skeletal muscle.
Transcripts are detectable before the expression of structural-gene markers, such as cardiac actin,
in somitic mesoderm but are never detected in the heart. In embryo pieces from neurula and early
tailbud, XMyoD expression therefore provides a reasonably sensitive marker for the presence of
myotomal muscle and no transcripts are detected in the ventral pieces (Fig. 6B, compare lanes 2,
4, 6, 8 and 10 with lanes 3 ,5 ,7 ,9 , and 11, respectively). At later tailbud stages, levels of XMyoD
expression decline (Hopwood et a l, 1989) and it therefore becomes a less sensitive marker for
contamination of ventral fragments with skeletal muscle. A partial protection product obtained
with the XM H C a probe, however, appears to provide a very sensitive marker for myotomal tissue
(see Fig. 6C). The sequence conservation between different MHC isoforms is very high and only
begins to diverge at the 3' end of the coding sequence and in the 3' UTR (data not shown). It is
possible that this partial protection is obtained by cross-hybridisation with a skeletal musclespecific MHC transcript since a number of closely related isoforms are known to exist (Bandman,
1992). Whatever its origins, this protection product is not detected in any ventral fragment, despite
its high levels in assays of dorsal, myotomal tissue (Fig. 6C, lanes 2 ,4 , 6, 8 and 10). Taken
together, these results exclude the possibility that ventral pieces are contaminated with myotome
and indicate that the Xenopus XM HCa cDNA encodes an isoform which is restricted to
differentiating cardiac muscle in the early embryo.
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Figure 7. Distribution o f XMHCa mRNA in Xenopus embryos.
Wholemount in situ hybridisation was used to examine the spatial distribution o îXMHCa
transcripts in tailbud and tadpole embryos. Specific staining (purple) is readily distinguished
from the natural pigmentation (brown/black) of the embryos.
Panel A: Developmental series comprising (from top to bottom) embryo stages 29, 35 and
38. Staining for XMHCa can be seen in the ventral region immediately anterior to the gut.
This corresponds to the developing heart anlage.
Panel B: Anterior region of a stage 35 tadpole. XMHCa expression is restricted to the
developing heart tube.
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Figure 8. Sequence o f a Xenopus MLC2 cDNA
Panel A: Nucleotide sequence of SiXenopus MLC2 cDNA. The nucleotide sequence was
H l£

Pm.yfi,

>» I »

.

derived from two, overlapping cDNA isolates (see Chambers et al., 1994). Panel B:
Comparison of XMLC2 and other vertebrate MLC2 proteins. The XMLC2 polypeptide
sequence is aligned with the human atrial (Hailstones, 1992), human ventricular (EMBL
accessionS22101), chick (Winter, 1985) and rat (Henderson, 1989) MLC2 sequences. These
are arranged in order of similarity to the frog sequence as determined by use of the
UWGCG pileup program. Only residues that differ from frog sequence have been shown
and gaps (dashes) have been introduced to permit optimal alignment.
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To verify this, the distribution of the XM HCa transcripts throughout the entire embryo were
examined using whole mount RNA in situ hybridisation. No staining was obtained with a senseorientation XM HCa probe at any stage of development (data not shown). With an antisense probe,
however, XM HCa mRNA was first detected in the stage 28/9 tadpole (Fig. 7A). A signal was
initially localised beneath the ventral ectoderm, immediately behind the cement gland of the
tadpole and increased in intensity during subsequent development. This region corresponds to the
location of the developing heart primordium and also stains for the presence of cardiac actin
transcripts (Hemmati-Brivanlou et o/., 1990). No XM HCa expression was detected in any of the
head or body musculature and by stage 35, signal was clearly restricted to the developing heart
tube (Fig. 7B). These results confirm that the XMHCa transcript provides a specific molecular
marker for differentiation of embryonic cardiac muscle tissue in Xenopus.
Cloning of Xenopus MLC2 cDNA
A second marker for cardiac muscle differentiation was provided by a cDNA encoding a
myosin light chain isoform. The MLCs exist as a number of skeletal- or cardiac- specific isoforms
as well as in other forms that are expressed in both muscle types. A number of cardiac-specific
MLC isoforms have been previously characterised in human (Hailstones et a i, 1992), rat
(Henderson et al., 1989) and chicken (Winter et a i, 1985).
An adult heart cDNA library was screened (see Chambers et al., 1994) with a probe from the
human MLC2a cDNA (Hailstones et a/., 1992) and the composite, full length cDNA sequence
obtained from the screen is shown in Figure 8. The putative amino acid sequence shows 60-70%
identity with other vertebrate MLC2 proteins and is most closely related to the human atrialspecific MLC2 isoform (Fig. 8). Using a probe spanning the first 309 nucleotides of the cDNA
sequence (see Materials and Methods) as a protection assay probe the temporal and spatial pattern
of XMLC2 expression during development was investigated.
Expression of Xenopus MLC2 during development;
Protection assay analysis of total RNA from whole embryos at neurula, tailbud and tadpole
stages first detected transcripts for XMLC2 at stage 26 and levels steadily increased up to stage 35
(fig. 9, panel A). XMLC2 transcripts were highly abundant in total RNA from adult heart but were
undetectable in total RNA from adult skeletal muscle (leg) (fig. 9, panel B). Transcripts were also
highly expressed in embryonic heart (stage 42) RNA.
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Figure 9. XMLC2 expression during development
Panel A: Total RNA from embryos and tissues was analysed forXMLCl transcripts by
RNAase protection assay. An end labelled Hinfl digest of pBR322 was used for
approximate size markers. Lane 1: tRNA control; lanes 2-10: two embryos (10 ^ig) from
neurula to tadpole stages of development (stages 18-35, as indicated). Transcripts for
XMLC2 were first detected from stage 26 and levels steadily increased up to stage 35. Panel
B: Two tadpole (stage 42) heart tubes (EH), 0.5 |ig of adult heart (H) and 10 ^ig of adult
skeletal muscle (Sk) RNA. Transcripts for XMLC2 were detected in both embryonic and
adult heart muscle but not in adult skeletal muscle. As an internal loading control, a probe
for EFl a mRNA was included in each assay.
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Figure 10. XMLC2 expression in the prospective heart region o f tailbud embryos
Total RNA from anterior-dorsal (D) and anterior-ventral (V) fragments of embryos was
analysed by RNAase protection assay for the presence of cardiac actin (panel A) and
XMLC2 (panel B) transcripts. The equivalent of five fragments were used in each assay.
Explants were dissected from late neurula (stage 18) to late tailbud (stage 28) embryos.
XMLC2 was only expressed in ventral fragments from stage 25 onwards. Concomitantly,
cardiac actin transcripts were detected in ventral fragments. Together, these markers
indicated the onset of terminal differentiation in the heart. Cardiac actin was expressed in all
dorsal samples indicating the presence of differentiating somitic muscle in these fragments.
No transcripts of XMLC2 were detected in dorsal fragments at any stage indicating that
XMLC2 was not expressed in the embryonic skeletal musculature.
The myotomal-specific partial protection product was used as a control for myotomal
contamination (panel C).
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A more detailed analysis of the expression of XMLC2 during early embryonic development was
carried out with dorsal and ventral explants of late neurula and tailbud stage embryos (fig. 10).
Cardiac actin was highly abundant in all dorsal fragments, from stage 18 (neurula) to stage 28 (late
tailbud) corresponding to the presence of differentiated skeletal muscle tissue (fig. 10, panel A,
lanes 1 ,3 ,5 ,7 ,9 ,1 1 ). Transcripts were first detected in ventral explants from stage 25 onwards,
the levels rising through to stage 28 (fig. 10, panel A, lanes 8,10,12). Coincident with the
appearance of cardiac actin transcripts, XMLC2 mRNA was first detected in ventral explants from
stage 25 onwards with the levels increasing up to stage 28 (fig. 10, panel B, lanes 8,10,12). No
XMLC2 transcripts were detected in dorsal fragments at any stage (fig 10, panel B, lanes 1,3,5,7,
9,11). The myotomal-specific XMHCa partial-protection product was used as a control for
myotomal contamination. No signal was detected in any ventral explant (fig. 10, panel C, lanes 2,
4,6 ,8 ,1 0 ,1 2 ), whereas the level in dorsal pieces increased dramatically during tailbud stages
(fig. 10, panel C, lanes 5,7,9,11).
These results suggest that the XMLC2 cDNA provides a second marker for terminal
differentiation of cardiac muscle. This was confirmed by whole mount RNA in situ hybridisation
with embryos at successive stages of development. Staining was first observed from stage 28
onwards, localised to the heart forming region (fig. 11). The intensity of stain within this region
increased with developmental stage of the embryo. From stage 34 onwards, XMLC2 expression
was detected throughout the developing heart tube. No staining was observed in skeletal muscles
at any stage tested (up to stage 42) nor was any detected using sense orientation probes (data not
shown).
Discussion
Together, these result show that expression of both the XMHCa and XMLC2 genes is restricted
to cardiac muscle tissue during embryonic development and they therefore provide useful
molecular markers for investigating the events of cardiac muscle differentiation. A third heartspecific isoform, cardiac troponin I (Tnic), has also recently been described in Xenopus (Drysdale
et al.y 1994). TnIc transcripts are first detectable, by northern blot analysis, at stage 27 and have
been shown to be restricted to the developing heart by whole mount RNA in situ hybridisations
on embryonic stages up to stage 41.
Without molecular markers, heart muscle differentiation has been described by morphological
criteria alone, in Xenopus (Nieuwkoop and Faber, 1956). Differentiation of the heart is first
obvious when the cells of the cardiac anlagen condense to form a tube around stage 27. A
pericardial cavity then begins to appear. Between stages 33-36 the tube begins to twist into its
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Figure 11. Distribution ofXMLC2 mRNA in Xenopus embryos
Whole mount in situ hybridisation was used to analyse the distribution of XMLC2
transcripts in tailbud and tadpole stage albino embryos. Panel A: Developmental series
comprising (from top to bottom) embryo stages 28, 32 and 34. Staining (purple) was first
observed from stage 28 in the presumptive heart region and was subsequently confined to
the heart tube. Panel B: Anterior region of a stage 34 tadpole. XMLC2 expression is clearly
restricted to the heart tube.
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characteristic "S" shape morphology. The heartbeat is initiated at stage 34 and by stage 35/6, the
atrial and ventricular chambers are distinct. Using molecular probes to monitor expression of
genes encoding cardiac-specific components of the contractile apparatus, heart muscle
differentiation can be detected at least two stages earlier (stage 25) prior to the appearance of any
morphologically distinct heart tube. All three heart-specific markers characterised to date
(XM//Ca, XMLC2, Tnic) and striated muscle-specific cardiac actin are switched on at
approximately the same time in the heart-forming region of the embryo suggesting that the onset
of their expression may be coordinated.
The majority of the muscle-type specific isoforms that have been described are coexpressed in
both cardiac and skeletal muscle during embryonic stages and only become restricted to either
cardiac or skeletal muscle later in development It is rare therefore to find isoforms restricted to a
particular muscle type so early in development All the heart muscle-specific isoforms described
so far (XMHCa, XMLC2, Tnic) are components of the contractile apparatus and play a role in the
calcium-controlled power-stroke of contraction. It is possible that these isoforms are important in
distinguishing the unique physiology and contraction dynamics that characterise cardiac muscle
from other muscle types and are therefore specific to the heart from the onset of differentiation.
Both XMHCa and XMLC2 transcripts were detectable throughout the heart tube by whole
mount RNAm situ hybridisations at all the stages tested (up to stage 42). In mouse, the MHCa
isoform is initially expressed throughout the heart tube (Lyons et al., 1990a) from 8 days post
coitum (p.c.). At 10.5 days p.c., expression is down regulated in the ventricle but remains constant
in the atria. This downregulation continues until 15.5 days p.c. at which point levels increase
again and remain high up to adult. In chick also, fluctuations in MHCa protein isoform levels in
the chambers of the heart have been described (De Jong et aL, 1989). An analogous variation of
XMHCa levels within the heart chambers was not observed in Xenopus during the embryonic
stages analysed (up to 42). A study of bovine MLC protein isoform expression during
development suggests that the MLC2 isoform is initially expressed throughout the heart and only
becomes restricted to the atria in the adult. Similarly XMLC2 transcripts were detected throughout
the heart at embryonic stages up to stage 42 and no restriction to the atria was observed at any
stage (fig. 11 and data not shown)
Both skeletal and cardiac muscles appear to be specified during gastrula stages. For skeletal
muscle this has been shown by molecular studies. XMyoD, a marker of specified somitic
mesoderm, is expressed as an early response to mesoderm induction (Hopwood et al, 1989;
Harvey, 1990) initially throughout the mesoderm of the gastrula (stage 8-9), and then specifically
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in the myotomal component of the mesoderm from early neurula stages. XMyoD protein is
localised in somitic mesoderm from stage 11 onwards, however the precise fate of some of the
more ventral and ventro-lateral expressing cells is unclear due to incomplete fate maps of this
stage. If XMyoD protein is expressed in cells other than those which go on to form muscle it must
be transient since the protein is exclusively localised to the somites from neurula stages onward
(Hopwood et al.y 1992).
The timing of cardiac muscle specification has been studied extensively by Sater and Jacobson
(Sater and Jacobson, 1989). Cells removed from the region of the Xenopus embryo fated to form
heart at stage 10, when cultured in isolation, do not form beating heart tissue. If cells from the
same region are removed at stage 10.5 beating heart structures are observed within the explants
after prolonged culture. These result suggests heart muscle is specified between stage 10 and 10.5
in Xenopus.
Skeletal muscle differentiation begins during gastrulation, transcripts for cardiac actin have
been identified within the developing somite from around stage 10-11 (Cascio and Gurdon, 1986;
Mohun et al., 1988). Skeletal muscle becomes morphologically distinct during initial somite
formation at stage 17 (Nieuwkoop and Faber, 1956; Hamilton, 1969) much earlier than the stage
at which a morphologically distinct heart has formed (stage 27). By mid-tailbud stages (24 -26)
the embryo is capable of involuntary movement whilst heartbeat is not initiated until stage 34, by
which time the embryo is swimming freely. Using molecular markers for cardiac muscle
differentiation, it is clear that heart muscle differentiation is delayed with respect to skeletal
muscle differentiation, despite embryological evidence that both muscle types are specified
around the same time during gastrulation.
In other vertebrate systems the heart becomes a functioning organ very early in development
and cardiac muscle begins to differentiate before skeletal muscle. In both chick (Litvin et al.,
1992) and quail (Antin et al., 1994) cardiac mesoderm is specified during gastrulation (stage 4-5).
In chick, transcripts of a MHC isoform (VMHCl) have been detected by RT-PCR at stage 7, soon
after the cardiogenic mesoderm has become commited and prior to somite formation. In rat,
immunohistological analysis with antisera against muscle specific desmin and myosin indicates
that heart muscle begins to differentiate from the presomitic stage (gestational day 9) (Scott
Baldwin et al., 1991) three days before somitic muscle differentiation. In mouse, MHCp, MLCIA
and M LCIV isoforms are coexpressed in both cardiac and skeletal muscle however transcripts are
detected in the heart long before they are detected in skeletal muscle (Lyons et al., 1990a). An
exception is zebrafish, in which skejfal muscle differentiation seems to occur prior to that of the
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heart muscle (Stainier and Fishman, 1992; Stainier et a/., 1993). An anti-tropomyosin monoclonal
antibody (CHI) identifies the heart at the 18-somite stage. At this stage all the somitic muscles are
CHI-positive and the embryo is free swimming.
Why does formation of a beating heart tube occur so long after the initial specification of the
cardiac mesoderm? It is possible, but seems unlikely, that the process of differentiation in cardiac
muscle cells does start around the same time as that of skeletal muscle cells but that it starts at
such a low level it is undetectable by protection assay or whole mount RNA in situ hybridisation.
Another potential explanation is that there are many more steps in the intervening time between
specification of heart muscle and the onset of terminal differentiation. Formation of skeletal
muscle in Xenopus proceeds rapidly. Directly following mesoderm induction, XMyoD expression
is switched on and the protein is thought to play an integral role in the transcription of structural
muscle proteins that occurs soon after its initial expression. The hierachy of events that lead to the
expression of cardiac muscle structural proteins is unknown. It maybe that there are many more
intervening steps between specification and the onset of differentiation but since no heart MyoDlike activity has been identified we have no indication of the molecular events occuring during
this time. One important clue, however, has come from studies of the MEF-like activity in
Xenopus, SL-L The product of this gene has been shown to be able to specifically direct the
expression of the heart marker, XMLC2, in animal caps and can be detected in the heart-forming
region from stage 22 onwards (Chambers etal., 1994). This suggests that the genes that are
directly upstream of terminal differentiation markers (such as XMLC2) are only switched on just
before they direct heart-specific expression and are not switched on in response to signals that
specify the cardiac mesoderm and then become subsequently repressed during neurulation. SL-1
is not the sole regulator of cardiac specific expression since, although it can direct the expression
of XMLC2 in animal caps, it does not drive the expression of XM HCa or cardiac actin in the same
system. Isolation of other potential SL-1-like factors or MyoD-like E-box binding proteins will
provide important insights into the temporal pattern of control of gene expression in the heart.
It is clear from fate-mapping studies that after the gross morphological movements of
gastrulation, the heart rudiments migrate as a loose mass of crawling cells from their anterior
dorsal position to their final anterior ventral position, from where they will undergo
differentiation. This migration event and fusion of progenitors occurs during stages 13 to 20. It is
conceivable that the progression into terminal differentiation is blocked during migration and
fusion, although a mechanism for this is unclear. It is not known how the migration of heart
progenitors is controlled but it seems likely that these events are accompanied by unique gene
expression within the specified progenitors. Isolation of some of these genes would provide very
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useful markers of the precardiac mesoderm during this time and may provide important clues to
the mechanism(s) controlling the onset of cardiac muscle differentiation after its initial
specification.
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Chapter 4
Induction of Heart Muscle in Isolated Animal Pole Explants
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Introduction
In vertebrate embryos, cardiac and skeletal muscle are both mesodermal derivatives. A
combination of embryological experiments and fate mapping studies have shown that cardiac
mesoderm, like somitic mesoderm, becomes specified during gastrulation as a result of a
dorsalising signal from the organiser region of the embryo (Sater and Jacobson, 1990b). Removal
of the dorsal lip from early gastrulae prevents heart formation (along with the formation of other
antero-dorsal mesodermal derivatives), while removal of the precardiac mesoderm at this stage
results in the repatteming of more lateral mesoderm to form heart tissue (Sater and Jacobson,
1990b). This indicates that an essential first step in cardiogenesis is the induction and patterning
of dorsal mesoderm by signals from the organiser region.
A convenient model system for investigating the molecular and cellular basis of mesoderm
formation and patterning in the embryo is the animal "cap" assay which has been used extensively
in studies of Xenopus embryogenesis (Sive, 1993). Cells from the animal pole (or animal "cap") of
blastula-stage embryos normally form ectoderm and neural tissues (Keller, 1975). The
developmental fate of these cells can be changed by removing explants and culturing them in the
presence of a variety of growth factors, which induce the differentiation of mesodermal
derivatives, including muscle (Smith, 1989; Sive, 1993).
The onset of muscle-specific gene expression following growth factor treatment of animal caps
approximates to the time course of myotomal muscle differentiation in the normal embryo (Green
et aLy 1990; Green and Smith, 1990) but the actual character of the induced muscle has not been
investigated. Previously, no markers were available to identify individual cardiac and skeletal
muscle types. The heart-specific markers, XM HCa and XMLC2, can distinguish cardiac muscle
from skeletal muscle at the molecular level and so were used to investigate whether heart muscle
could be induced to differentiate in animal pole explants by exposure to various growth factors.
Induction of XM H C a expression in cultured animal pole explants by
activin A is dose dependent;
A member of the TGFB superfamily, activin A is a potent mesoderm inducing factor. Previous
studies have shown that the range of mesodermal cell types induced from animal pole blastomeres
by activin A treatment is affected in a dose dependent manner, suggesting that gradients of
inducing signal (s) may underlie orderly patterning of the mesoderm during normal development
(Green and Smith, 1991; Green etal.y 1992). Antero-dorsal mesoderm, such as notochord, is
induced only at the highest doses of activin A whilst more lateral or ventral derivatives, such as
skeletal muscle and blood respectively, are induced at progressively lower doses. To assess
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Figure 12. XMHCa expression in explants is induced by activin A but not by bFGF.
Blastula animal pole explants were induced with bFGF or activin A and cultured until
control embryos reached stage 42. Total RNA was assayed for cardiac actin (panel A) and
XMHCa mRNA (panel B) by RNAase protection. P: undigested probe; lane 1: 10|xg tRNA;
lane 2: uninduced explants (control for bFGF); lanes 3-7: explants induced with 10, 20,40,
80 and 120 units/ml of Xenopus recombinant bFGF; lane 8: uninduced explants (control for
activin); lanes 9-11: explants induced with 8, 32 and 80 units/ml of human recombinant
activin A. The equivalent of four explants were analysed in each assay. The level of cardiac
actin mRNA detected should be normalised by reference to the signal obtained for the crosshybridising cytoskeletal actin transcripts (panel A). In the XMHCa assays (panel B), the
FF7a probe was included to monitor the relative amounts of explant RNA. 0 ^ arro^; vrwH<<
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whether cardiac-type muscle could be induced to differentiate from animal pole blastomeres a
range of concentrations of activin A were tested and RNA from cultured explants probed for the
expression of cardiac muscle markers using a RNAase protection assay.
Animal pole explants dissected from blastula (stage 8) embryos were cultured in the presence
of 1-80 units/ml of recombinant human activin A and cultured until sibling embryos reached stage
42. During culture, the majority of the explants fused. The resulting aggregates were assayed for
the presence of cardiac actin and XMHCa mRNA. An example of such an experiment is shown in
Fig. 12. Cardiac actin gene expression was strongly induced at all activin doses (fig. 12, lanes 911). In contrast, XMHCa transcripts are only detected in explants treated with 80 units/ml (Fig.
12B, lane 11). Further studies using a second batch of recombinant activin A gave similar results,
with some variation in the relative levels of XMHCa expression at the highest doses (data not
shown). Both batches showed a similar dose-dependent activation of XMHCa gene expression.
Similarly, XMLC2 transcripts were detected in explants treated with high doses of activin but not
with lower doses. These results suggest that cardiac muscle markers are only induced by relatively
high concentrations of the growth factor, activin A, compared with those required for the
induction of myotomal-like muscle differentiation.
bFGF does not induce expression of XMHCa in animal pole explants
Members of the FGF family, like those of the TGFB superfamily, also possess the ability to
induce mesodermal derivatives from animal pole explants (Kimelman and Kirschner, 1987; Slack
et al., 1987) The inducing activity of bFGF is distinguished from activin A by the absence of
notochord tissue in cultured explants and a relative reduction in the proportions of other dorsal
mesodermal cell types induced within the explant. Consistent with this, Xenopus bFGF failed to
induce m y XMHCa expression in explants treated with a range of concentrations, from 10 to 120
units/ml, despite the induction of the cardiac actin gene at all doses (compare Figs. 12A and 12B,
lanes 3-7). Taken together, the results demonstrate that the induction of cardiac and myotomal
muscle markers in animal pole explants can be distinguished by both the dosage and the nature of
the mesoderm-inducing factor.
From Fig. 12, it is evident that there is a non-linear relationship between the level of cardiac
actin mRNA detected and the dose of bFGF used to induce the explants. After normalisation with
respect to the EFl a signal, direct quantitation with a phospholmager confirms that higher doses
of bFGF reduce the level of the cardiac actin mRNA (data not shown) although the precise shape
of the curve varies considerably between experiments. A bell shaped dose-response relationship
has been described for disaggregated animal pole cells (Green e ta l, 1992), the levels of cardiac
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Figure 13 Induction o f XMHCa expression in animal pole explants.
Activin-induced animal pole explants were assayed for the presence of cardiac actin (panel
A), XMyoD (panel B) and XMHCa transcripts (panel C) using an RNAase protection assay.
P: undigested probe; lane 1: lOpg tRNA; lanes 2-8: total RNA from induced explants
cultured until sibling embryos reached stages 18,22, 26, 30, 34, 38 and 42, respectively;
lane 9: 3p.g of total tadpole RNA (stage 42). Full length, protected fragments for each probe
are indicated, as is the myotome-specific band (open triangle) obtained with the XMHCa
probe. The equivalent of four explants were analysed in each assay and contained similar
amounts of total RNA, as judged by the level of
a transcripts (panel C).
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actin reaching a peak at intermediate levels of bFGF and falling as levels of the growth factor
increase. The results for isolated explants treated with bFGF can be variable since muscle tissue
has been described histologically within induced caps but in other similar experiments no cardiac
actin was detected by RNAase protection assay (compare Table 2 with Fig. 3 in Green et aU
1990).
Induction of XMHCa by activin A has a normal temporal expression pattern
To characterise more fully the induction of both cardiac and skeletal muscle by activin A, the
temporal expression pattern of markers of both muscle types was analysed. Animal caps were
dissected from blastula (stage 8) embryos and cultured in the presence of activin A (80 units/ml).
The equivalent of 10-20 explants were harvested at various times up to four days after dissection
(until sibling controls reached stage 42), and were then analysed for the presence of cardiac actin,
XMyoD and XM//Ca transcripts.
Cardiac actin mRNA was highly abundant in all the induced samples, indicating that extensive
muscle differentiation had occurred in response to activin A treatment (Fig. ISA lanes 2-8). The
presence of XMyoD mRNA in all the samples demonstrated that at least some of the induced
muscle was of myotomal type (Fig. 13B). Much less XMyoD expression was detected in explants
harvested later than the equivalent of stage 22 (Fig. 13B lanes 4-8), consistent with the decline in
XMyoD expression during normal development (Hopwood et al., 1989 and see Chapter 3, fig. 6).
However, all but the youngest explants showed the myotome-specific protected band (see Chapter
3, fig 6) when assayed for XMHCa transcripts (Fig. 13C, lanes 3-8), consistent with the early
onset of myotomal-type muscle differentiation.
Transcripts of XMHCa were evident after culture to the equivalent of stage 30 and longer
exposures detect a low level of expression coincident with activation of the gene in the heart
primordium of control tadpoles (data not shown). The temporal expression pattern of XMHCa
within the induced explants has a profile essentially the same as that seen in the normal embryo
(compare fig. 13 with fig 6). This suggests that the induction o ïXMHCa observed is not simply a
direct response of the cells to activin but results from the differentiation of induced cardiac muscle
tissue. Consistent with this, characteristic rhythmic contractions were often observed within fused
aggregates suggesting not only the induction of cardiac muscle markers but the presence of
structural proteins correctly organised into a functional contractile apparatus. Contractions were
first observed around sibling control stage 37, a few stages later than the onset of heartbeat in the
intact embryo (stage 34). This could be the result of less cellular organisation within the induced
cardiac muscle in the explant.
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Figure 14. XMHCa expression is induced in discrete foci within cultured explants.
Wholemount in situ hybridisation was used to examine the distribution of XMHCa
transcripts in activin-induced animal pole explants. Discrete purple foci of signal (arrows)
can be seen in fused aggregates of explants (panel A) which were dissected from pigmented
embryos. No signal was detected in explants that failed to fuse, nor in explants that were
cultured in isolation (panel B).
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Cardiac muscle cells are clustered in cultured explants
Histological studies have demonstrated that whilst induced animal pole explants comprise
several distinct cell types, they often show some degree of cellular organisation (Sokol and
Melton, 1991). Induced muscle cells are frequently clustered in single or several blocks and
notochord-like structures have also been described. The ability of induced explants to acquire
cellular pattern is an intriguing phenomenon which has important implications for any model of
mesoderm induction in the embryo. It may, for example, arise from the varying doses of inducing
factor received by cells in different locations within the explant. It may also reflect a prepattem
within the explant (Sokol and Melton, 1991; Bolce et u/., 1992) or co-operative interactions
between adjacent cells (Gurdon, 1988). Finally, it is possible that signalling events which are
proposed to be necessary for patterning of the mesoderm during normal development (Slack and
Forman, 1980) also occur within the induced explant.
In order to study the organisation of XM//Ca-expressing cells in fused explants, whole mount
RNA in situ hybridisation was carried out on induced explants cultured until controls reached
stage 42. Within aggregates, staining for the XMHCa transcript was invariably restricted to one or
two foci, indicating that the cardiac muscle cells were clustered together (see fig. 14A). In no case
was the staining distributed throughout the explant, although the possibility that individual
XMHCa -positive cells would be undetected by this assay cannot be excluded. Although the
XM/ZCa-expressing cells always appeared clustered, tubular structures with heart-like
morphology were not observed. Similar results were also obtained using the XMLC2 in situ
hybridisation probe.
Induction of heart muscle requires a minimum of tissue
Interestingly, in caps exposed to a high dose of activin, whole mount in situ hybridisation
staining for XMHCa was only detected in explants which had fused into aggregates during the
course of the culture period. Isolated explants showed no detectable signal, suggesting that fusion
was in some way necessary for XA///Ca expression (compare fig. 14A with 14B). This
phenomenon was studied further using the more sensitive RNAase protection assay.
Blastula stage animal pole explants were incubated with activin until control embryos reached
stage 42. One half of the explants were incubated together and allowed to fuse and the other half
were carefully cultured apart from one another to prevent fusion. By protection assay analysis, no
detectable difference in the levels of cardiac actin expression were detected in explants allowed to
fuse in comparison with those remaining single (fig. 15, panel C). When the same samples were
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Figure 15. Induction o f XMHCa in animal pole expiants requires a minimum o f tissue.
Animal pole expiants, incubated overnight in activin (80 U/ml) and then subsequently in
medium alone until control embryos reached stage 42, were assayed for the presence of
XMHCa (panel A), E F ia (panel B) and cardiac actin (panel C) transcripts using an
RNAase protection assay. Total RNA from the equivalent of four induced explants were
analysed in each assay. Lane 1: total RNA from uninduced explants; lane 2: total RNA from
induced explants that remained single, lane 3: total RNA from induced explants that had
fused during the culture period. Lane 4: Stage 42 embryo total RNA (1.5 |ig). In the
XMHCa assays, an EFl a pvobt was included to monitor the relative amounts of explant
RNA. In the cardiac actin assays, partial protection of the probe by cytoskeletal actin
transcripts (panel D) provided an internal loading control.
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probed ior XMHCa, transcripts were clearly detectable in explants that had been allowed to fuse
(fig. 15, panel A), but were expressed at a very low level in explants that had not fused. In other
experiments, no expression was detected in samples in which fusion was prevented whilst
XMHCa was readily detectable in fused samples. This indicates a requirement for fusion of
explants for the induction of XMHCa expression, or at least an increased ability of fused explants
to differentiate into heart muscle. Cardiac actin is coexpressed in differentiating heart and skeletal
muscle. The levels of cardiac actin in both samples remains approximately the same (compare
lanes 2 and 3, fig. 15) suggesting that the amount of cardiac muscle induced in these explants is
small compared with that of myotomal muscle. Alternatively, the total amount of muscle induced
may remain approximately constant within the explant, but the type of muscle tissue induced can
vary.
These results suggest there is a minimal tissue requirement within the explant for cardiac
muscle differentiation to occur. A similar requirement is not observed for skeletal muscle to
differentiate as observed by the expression of the cardiac actin transcripts. A "community effect"
has been described for the differentiation of skeletal muscle in Xenopus (Gurdon, 1988) in which
a minimal number of cells with skeletal-muscle forming potency must have cell-cell contact with
one another in order for differentiation to proceed. A similar, although clearly distinct, effect may
explain why explant fusion facilitates cardiac muscle differentiation.
It has not been possible to estimate accurately the minimum size of explant or explant
aggregate that is required for cardiac muscle formation to proceed in activin-induced explants.
This is due to the inherent variability in the size of explants cut and the effects of random cell
death in the aggregates which will reduce the size of the aggregate during the culture period. From
the whole mount RNA in situ hybridisation data however, it appears that fusion of two aggregates
is sufficient (see fig. 15A).
High doses of activin abolish the potency prepattern across the cells of the animal
hemisphere
As mentioned previously, it has been suggested that the ability of induced explants to acquire
cellular pattern may be a reflection of a prepattem within the explant (Sokol and Melton, 1991;
Bolce et al., 1992). These experiments showed that, when exposed to the same dose of activin, the
ectodermal cells from the dorsal side of the animal hemisphere were capable of differentiating
into mesodermal derivatives of a more antero-dorsal character than that of cells from the ventral
side. This led to the suggestion of a potency gradient across the dorsal-ventral axis of the animal
hemisphere and that the type of mesoderm induced in animal cap explants is dependant upon the
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Figure 16. Induction o f XMHCa and Gsc in both dorsal and ventral caps treated with a
high dose o f activin.
A: Explants from either the dorsal half, ventral half, or the whole animal pole, that had been
induced with activin (80 U/ml) and then subsequently cultured in medium alone until
control embryos reached stage 42, were assayed for the presence of XMHCa and E F la
transcripts. P: undigested probe; lane 1: 10 |Xg tRNA; lanes 2 and 3: dorsal animal caps, plus
and minus activin, respectively; lanes 4 and 5: ventral animal caps, plus and minus activin,
respectively; lanes 6 and 7: whole animal caps, plus and minus activin, respectively. Total
RNA from the equivalent of four explants was analysed in each assay. Lane 8; 1.5 pg total
RNA from an embryo (stage42).
B: Dorsal and ventral animal pole explants, treated with either 80 U/ml or 40 U/ml activin
overnight and subsequently cultured in medium alone until embryo controls reached stage
42, were tested for Gsc and EF7 a transcripts. P: undigested probe; lane 1: 10 pg t RNA;
lane 2: dorsal caps treated with 80 U/ml activin; lane 3: ventral caps treated with 80 U/ml
activin; lane 4: dorsal caps treated withn 40 U/ml activin; lane 5: ventral caps treated with
40 U/ml activin. Total RNA from the equivalent of four explants was analysed in each
assay. Lane 6: 1.5 pg total RNA from an embryo, stage 42.
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region of the animal pole the explant originated from. Since heart muscle is an antero-dorsal
derivative, the ability of dorsal and ventral animal pole cells to express XMHCa in response to
activin A treatment was investigated.
The first cleavage plane of the fertilised Xenopiw egg divides the embryo into its left and right
half; the second cleavage plane separates prospective dorsal and ventral halves. A gradation of
pigment across the animal pole from the ventral side (darker) to the dorsal side (lighter) at the 8cell stage makes it possible to identify the future dorsal-ventral axis of the embryo. The reliability
of this method was tested by applying Nile blue vital dye to either ventral or dorsal sides, defined
on the basis of pigment intensity. Embryos were then cultured whilst following the fate of the
labelled cells until the axes were clearly discernible at tailbud stages. In all but a very few cases,
labelled cells were found on the side of the embryo expected. This method was used to label the
axis of stage 4 embryos, the entire animal pole was then removed at stage 8 and divided into
dorsal and ventral halves. Sorted dorsal and ventral halves were then incubated separately in the
presence of 80U/ml activin. A proportion of the explants were removed at stage 10 and the
remainder cultured until control embryos reached stage 42. The caps were allowed to fuse in all
cases.
Using RNAase protection assays, caps cultured to stage 42 were analysed for XMHCa
expression (fig 15). XMHCa transcripts were detected in both dorsal, ventral and whole caps (fig.
16A, lanes 2 ,4 and 6 respectively). In all but one of the examples tested, the levels of XMHCa
induced in dorsal versus ventral caps were equal (data not shown). Additionally, the morphology
of the induced caps was indistinguishable and "heart beats" could be observed in both dorsal and
ventral explants. As a control for the induction of dorsal markers, the expression of Goosecoid
{Gsc) within both types of explant at stage 10 was compared (fig. 16B). The Gsc gene is
expressed in a dorsal quadrant of the marginal zone (the so called "organiser") at stage 10,
(Blumberg et aL, 1991). At the gastrula stage, expression is restricted to the cells of the involuting
mesoderm, prospective notochord and other dorso-anterior derivatives. It therefore provides a
very early marker of antero-dorsal mesoderm. Expression of Gsc was detected in both dorsal and
ventral caps exposed to 80U/ml activin (fig. 16B, lanes 2 and 3) and even at a dose of 40u/ml
activin (fig. 16B, lanes 4 and 5) indicating the induction of the most antero-dorsal type mesoderm
in both dorsal and ventral caps exposed to high doses of activin. Taken together, these results
indicate that heart muscle can be induced in both dorsal and ventral animal pole cells with high
doses of activin and suggests that such doses may abolish any potency prepattem within the
animal cap.
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Induction of heart muscle results as an early response to activin induction
In all the cap induction experiments described above, explants were cultured with activin
overnight or until control embryos were approximately stage 20 (early tailbud). Medium
containing no activin, was replaced daily after this stage. It is possible that formation of heart
muscle in these explants results from prolonged exposure to growth factor rather than as a
consequence of the mesoderm inducing properties of the activin. Alternatively, a combination of
both responses may be required. To test such an idea, caps were exposed to activin and at stage
10-10.5 (4 hours after initial activin exposure) half were washed thoroughly at least three times
with fresh medium containing no growth factor and then transferred to a fresh dish. These
explants were incubated (in medium alone) alongside the other samples, which were exposed to
activin for a further 10 hours (14 hours total). At stage 42, both sets of explants were analysed for
heart formation and expression of XMHCa transcripts by RNAase protection assay.
Foci of beating tissue and expression of XMHCa (Fig 17, lanes 3 and 4) were detected in
explants exposed to activin up to stage 10 with the same frequency and intensity as those detected
in caps exposed until stage 20. This suggests that cardiac muscle differentiation is a consequence
of the early mesoderm inducing effects of activin rather than a later response of induced tissue to
the growth factor.
Activin induction of XM HCa is not inhibited at later stages by bFGF
In experiments with the slower developing axolotl, Ambystoma mexicanum, growth factors
have been shown to enhance cardiac muscle formation in explants of pre-cardiac mesodermal
explants from neurula, stage 14 (Muslin and Williams, 1991). Normally, explants removed at this
stage will not form heart but both transforming growth factor p (TGFp) and platelet-derived
growth factor p have a positive effect on heart-forming frequency when included in the culture
medium. bFGF alone has no effect on heart-forming frequency but in combination with TGFP it
inhibits cardiac induction in explants of early neurula mesoderm. Furthermore, the inhibitory
effects of bFGF can also be detected using mesodermal explants from midneurula stage embryos,
in which the induction of cardiac mesoderm is essentially complete. In the presence of TGFp,
heart formation occurs in explants from this stage with a frequency of 37%. When 50 ng/ml bFGF
is added to the culture medium the heart-forming frequency is decreased to 13% (Muslin and
Williams, 1991).
Does bFGF play a role in the regulation of heart formation in the Xenopus embryo? This
question was approached by testing whether bFGF could inhibit heart formation in activin
induced animal pole explants. Caps were incubated with activin (80 U/ml) and when sibling
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Figure 17. Induction o f XMHCa results from an early response to activin.
Animal pole explants were exposed to activin for 4 or 14 hours. After washing the explants,
incubation was continued until sibling embryo controls had reached stage 42, total RNA
from the equivalent of four explants was analysed by protection assay for XMHCa and
£F7 a transcripts. M: approximate size markers (pBR322 Hinfl digest); P: undigested probe;
lane 1: 10 p,g tRNA; lane 2: uninduced caps, control; lane 3: explants exposed to 80 U/ml
activin for 14 hours; lane 4: explants exposed to activin (80 U/ml) for 4 hours; lane 5:1/3 of
an embryo equivalent (stage 42).
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Figure 18. Activin induction o f XMHCa is not inhibitedy at later stages, by exposure to
bFGF.
Animal pole explants treated with activin for 4 hours, were cultured in the presence or
absence of bFGF (50 ng/ml) for 24 hours. After further incubation in medium alone
explants were harvested when sibling embryo controls reached stage 42 and were then
analysed for the presence of XMHCa and EFla transcripts by RNAase protection assay. M:
approximate size markers (pBR322 Hinfl digest); P: undigested probe; lane 1: 10 pg tRNA;
lane 2: uninduced caps, control; lane 3: animal caps exposed to 80 U/ml activin up to stage
10.5; lane 4: animal caps exposed to activin (80 U/ml) until stage 10.5 and then
subsequently exposed to bFGF (50 ng/ml).

*It is also possible, however that the caps may have healed and rounded up sufficiently
by stage 10 such that the inner layer of cells would no longer be exposed to the bFGF in
solution and for this reason no inhibition of heart formation by bFGF was observed.
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controls reached stage 10, the explants were removed to a new dish containing medium alone. The
solution was replaced at least three times to remove all traces of activin protein and then half the
explants were transferred to a fresh dish with medium containing 50 ng/ml Xenopus bFGF for 24
hours. Both sets of explants were cultured until sibling embryo controls reached stage 40 and were
then subsequently analysed for XMHCa expression by protection assay (fig. 18).
From figure 18, it is evident that explants exposed to both growth factors contained similar
levels of XMHCa transcripts as those exposed to activin alone (compare lanes 3 and 4). This
result suggeststhat bFGF is not capable of inhibiting activin-induced heart formation in animal
pole explants. ^
Discussion
A commonly held explanation for the mechanism of mesoderm induction is the three signal
model (Smith and Slack, 1983) that postulates that a gradient of signal(s) is responsible for
specifying different mesodermal derivatives and ultimately the patterning of the embryonic bodyplan. At gastrula stages, the two heart anlage sit deep and lateral to the "organiser” region and
therefore, in the gradient model, would be exposed to the highest levels of this inducing signal. In
agreement with this model only the highest doses of activin will induce XMHCa expression in
animal caps. Supportive evidence that this XMHCa induction represents genuine heart muscle
formation comes from the observation that the induced XMHCa expression pattern follows a
similar time course to that found in normal embryogenesis. In addition, XAf//Ca-expressing cells
are clustered within the explant, forming discrete foci of cells and characteristic rhythmic
contractions are often observed in the explant. Induction of cardiac muscle is almost only
observed in explants that have fused into aggregates, suggesting that there is a minimal tissue
requirement perhaps analogous to the community effect observed in skeletal muscle development.
At the concentration of activin required to form heart muscle from animal pole explants, the
potency pre-pattern across the dorsal-ventral axis of the animal pole appears to be abolished and
heart muscle can be formed from both dorsal and ventral animal pole blastomeres. The pre-pattern
across the dorsal-ventral axis of the animal pole has been attributed to a difference in competence
of the dorsal and ventral cells (Sokol and Melton, 1991). More recently an inhibitory effect of
animal pole ectoderm on muscle formation has been described (Kato and Gurdon, 1994). At early
gastrula stages this inhibitory effect is present in both dorsal and ventral halves of the animal pole
but is gradually lost in the dorsal half as gastrulation proceeds and the ectoderm is induced to
become neural tissue. This inhibitory effect may explain the potency prepattem. Injection of
XWntS RNA into the ventral marginal zone at the 32-cell stage altered the response of ventral
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ectoderm to activin, resulting in the formation of dorso-anterior structures (Sokol et al.y 1991).
Sokol and Melton (Sokol etal.y 1992), suggest that injected

synergises with activin and

has the effect of inducing the ectoderm to a neural fate, thereby removing the origin of the
inhibitory influence. The high doses of activin required to induce cardiac muscle differentiation
may also lead to the induction of much of the ectoderm to a neural fate and thereby removes the
inhibitory influence. Such a process may underlie the observed loss of prepattem across the
animal pole with high doses of activin.
Activin A is a member of the transforming growth factor p (TGPP) family of proteins. In
mouse TGpp2 protein is localised to the myocardium (Dickson et al., 1993) from 8.5 days post
coitum (p.c.). At this stage the heart tube has formed and differentiation is well underway. TGPp2
is thought to play a role in heart morphogenesis and in particular, formation of cardiac cushion
tissue. In chick, studies using a blocking antibody effective against several TGpp proteins
prevents formation of valves and septa, although these are mesenchymal derivatives (Runyan et
al., 1992). Pinally, a related family member, BMP-2, has been shown to be localised to the heart
suggesting it plays some functional role in its formation (Lyons et al., 1990b). The heart-muscle
inducing response of activin on animal pole cells, however, occurs at or before stage 10 since
removing the activin after this time has no detrimental effect on the induction of XM HCa
expression. The initial mesoderm inducing response alone is capable of setting up the conditions
necessary for the formation of cardiac muscle. It cannot be ruled out however, that activin
induction leads to expression of TGPp family members within the explant during subsequent
development which are essential for heart muscle formation.
In the chick, concentrated deposits of basic fibroblast growth factor (bPGP) have been
identified in the myocardium from stage 7 onwards (Parlow et al., 1991). Application of anti sense
oligodeoxynucleotides (ODN) complimentary to bFGF, to anterior lateral plate mesoderm at stage
6, causes an inhibition of proliferation and contractility of the cardiac progenitors (Sugi and
Lough, 1994). These results point to a role of bFGF in the proliferation and possibly
differentiation, of embryonic cardiac myocytes. Results in Xenopus however, suggest no such role
for bFGF in heart formation since expression of XM HCa was not induced in isolated animal pole
explants with any dose of bFGF tested. Indeed in the axolotl, bFGF has been suggested to inhibit
heart formation during late neurula and early tailbud stages (Muslin and Williams, 1991).
Xenopus bFGF was not capable of inhibiting activin-induced heart formation in isolated animalpole cells suggesting bFGF does not play a similar inhibitory role in Xenopus cardiogenesis.
This interpretation must be tempered by the fact that the inner layer of cells, initially
induced to form mesoderm by activin, may not have been exposed to the bFGF in
solution since the caps may have healed completely by stage 10.
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Conclusion
These results describe an in vitro system in which cardiac muscle differentiation can be
induced in isolated animal pole explants of the Xenopus embryo. Subsequent analysis of the
activin-induction response suggests that it appears to faithfully replicate the events that lead to the
formation of functional heart muscle. It therefore provides a model system for the study of the
molecular and cellular events that lead to the formation of the heart in Xenopus,
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Chapter 5
Histological Analysis of Induced Animal Pole Explants
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Introduction
Previous studies have described a high degree of cellular organisation within induced caps,
suggesting that activin induction is capable of mimicking many of the events that pattern the
mesoderm in the embryo (Green and Smith, 1990; Sokol and Melton, 1991). In addition
endoderm (Jones et a l, 1993) and neural tissue (Green and Smith, 1990), have been described in
induced caps. Whole mount in situ hybridisations, using both XM HCa and XMLC2 probes, have
indicated that the induced cardiac muscle cells are found in discrete foci within fused explants.
These clusters of cells are capable of initiating a heartbeat but it is not clear whether the cells are
capable of organising into heart-like structures. A detailed histological analysis of the induced
cardiac muscle tissue might indicate the extent to which activin induction can mimic all the events
that lead to the formation of a morphologically distinct beating heart. Histological analysis of the
surrounding tissues within the cap may also provide information about the cellular interactions
that are required for induction and patterning of cardiac muscle.
Histological analysis of induced animal pole explants
A 3-way staining technique (feulgen, light green and orange G) has been used previously to
study the character and organisation of the tissue types induced by growth factor treatment of
animal caps (Green and Smith, 1990). Sections of sibling embryo controls (stage 42) were
compared with sections of low (8U/ml) and high dose (80U/ml) activin-induced caps and cultured
control animal caps. While none of the stains are specific markers for a particular cell type, certain
structures and cell morphology become clearly identifiable.
Figure 19 shows a longitudinal section of a stage 40 embryo. Regular blocks of somitic
muscle, along the dorsal, anterior-posterior axis appear green due to light green staining in the
large area of cytoplasm within muscle cells. The notochord is distinguished by its large vacuolated
cells. Cells of the heart tube appear green and since they are mononucleate, each contain a purple
spot resulting from the feulgen nuclear stain. Oval blood cells lie inside the chambers of the heart.
Forebrain and neural tissue are densely nucleated and so appear purple and punctate. Yolk-rich
cells of the gut endoderm stain with orange G and appear yellow.
A section of a control, untreated cap, cultured to stage 40, is shown in figure 20A. Cells of the
animal pole are fated to form epidermis or neural tissue and in the absence of growth factors,
animal caps removed at blastula stage, differentiate to form atypical epidermis (Keller, 1975).
Cells within the explant were homogenous and showed no obvious organised structure.
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Figure 19. Histological analysis o f a longitudinal section o f a stage 40 embryo.
A 3-way staining technique (feulgen, light green and orange G) was used to identify a range
of cell types within the embryo. The figure has been annotated to indicate the position of
various types of tissue, somitic muscle (SM), notochord (Not), heart muscle (H), blood (B),
neural tissue (Neu) and gut endoderm (E).
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Figure 20. Histological analysis o f sections o f untreated, low-dose activin treated and
high-dose activin treated animal pole explants.
The 3-way staining technique was used to identify the range of cell types induced by low
dose (B) and high dose (C) activin and these were compared with the cells present in
uninduced caps (A). All the explants had been cultured until sibling controls had reached
stage 40. Somitic muscle (SM), notochord (Not), neural tissue (Neu) and endodermal-like
cells (E?).
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In caps treated with 8 U/ml of activin (fig. 20B), blocks of notochord (vacuolated cells) and
muscle (light green coloured mass) were clearly identifiable and were surrounded by a loose mass
of mesenchymal cells. A broad range of cell types from the most dorso-anterior (notochord) to
ventro-posterior (mesenchyme) were observed at this dose of activin. In contrast, 80 U/ml of
activin induced large blocks of notochord and muscle but little or no mesenchyme (fig. 20C). All
such explants exhibited rhythmic contractions. Unfortunately, this technique does not discriminate
between muscle-cell types. No obvious heart-like tubes or chambers were observed amongst the
disorganised mass of muscle tissue and since cell fusion of skeletal muscle does not occur until
later metamorphic stages, the two muscle types could not be distinguished on the basis of cell
morphology at this stage. Densely nucleated areas were also commonly found in the high dose
activin caps and not in low dose activin-induced caps. These most probably corresponded to
clusters of neural tissue that are induced at high doses of activin (Green and Smith, 1990) and
underscores the antero-dorsal nature of the induced tissue within these explant aggregates.
Another clear difference between low and high dose activin-treated caps was the incidence of
yolk-rich cells in high dose explant aggregates (fig. 20C). These cells appeared similar to the cells
of the gut endoderm (compare fig. 19 with fig. 20C).
Distinguishing induced cardiac muscle from induced skeletal muscle within caps
To look at the cellular morphology and the relative position of the induced cardiac and skeletal
muscle, explants were initially processed by whole mount in situ hybridisation with a probe for
XMHCa and then sections were subsequently stained with the anti-skeletal muscle monoclonal
antibody, 12/101 (Kintner and Brockes, 1984). Sibling embryo controls were taken through the
procedures in parallel.
Figure 21 shows a transverse section of a control embryo through both the heart and skeletal
muscle. Under bright field illumination (fig. 21, panel A) the heart was visible in a ventral
position. The heart tube (blue/purple stain) lies within the pericardial cavity, uv illumination of the
same section with a flourescein filter (fig. 21, panel B) identifies the skeletal musculature of the
somites in the dorsal region of the embryo (green). Both the cardiac muscle of the heart and the
skeletal muscle of the somite could be seen in the same section by shining low level white light
through the section under epiflouresence with a flourescein filter (fig. 21, panel C). Both detection
techniques were highly specific for their respective muscle type. The XA///Ca probe never stained
the somitic musculature and conversely, no staining with the 12/101 mAb was ever detected in the
heart.
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Figure 21. Detection o f both cardiac and skeletal muscle cell types within the embryo.
A combination of whole mount RNA in situ hybridisation {XMHCa probe) and
immunohistochemical (12/101, anti-skeletal muscle mAb) analyses was used to identify
cardiac muscle (purple stain, A) and skeletal muscle (green flouresence, B), respectively,
within the same transverse section of a stage 40 embryo (A-C).

73

mt*»

»

Figure 22. Detection o f both cardiac and skeletal muscle-cell types within activin induced
animal pole explants.
A combination of whole mount in situ hybridisation and immunohistochemical analyses
identified cardiac muscle (purple, A) and skeletal muscle (green flouresence, B) within the
same section of an induced animal pole explant (A-C) (stage 40 equivalent).
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In sections of fused, induced explants the XM//Ca-expressing cells were always observed in
discrete clumps, but no obvious ordered structure was apparent (fig. 22, panel A). Tube-like
structures did not appear to form. Under uv illumination (fig. 22, panel B), the induced skeletal
muscle could be seen in the same section. Similarly, this muscle tissue was also clustered but
segmented muscle blocks, described by Green et al. (1990), were not observed. Under both bright
field and uv illumination (fig. 22, panel C) both muscle cell types could be directly compared
within the same section. From observations of many such sections, it was clear that the skeletal
muscle-type makes up the bulk of the induced muscle whilst the cardiac component makes up
only a small portion. It was noticeable that induced cardiac muscle was always found adjacent to
skeletal muscle in the sections analysed, although neither marker was ever coexpressed within the
same cell (fig. 22, panel C).

Discussion
Induction of neural tissue
The presence of neural tissue in activin-induced caps is well documented and is more prevalent
after treatment with high doses of activin (Green and Smith, 1990). Neural tissue also appeared to
form in the high dose activin treated caps in this study. The formation of neural tissue is believed
to result from cell interactions within the induced cap that occur after initial mesoderm induction.
For example, neural inducing activity of newly mesodermalised ectoderm has been described
(Suzuki et al., 1986) in animal caps from Cynops pyrrhogaster gastrulae induced with the swim
bladder of the fish, Carassius. One possible mechanism to explain the formation of neural tissue
is through the induction of the noggin gene by activin. Xenopus noggin was isolated by virtue of
its ability to dorsalise ventral mesoderm and has been shown to be capable of inducing neural
tissue (Smith and Harland, 1992; Smith et al., 1993).
Induction of endoderm?
The most striking difference between the high and low dose activin caps is that a large
proportion of the cells in high dose treated explants are yolk-rich and similar in appearance to
those found in the gut endoderm of sibling control embryos (compare fig. 19 and fig. 20C). In all
the examples tested, there was a direct correlation between the onset of a heartbeat in the cultured
explant and the presence of yolk-rich cells.
A number of studies have described the induction of endodermal tissue in the animal cap assay.
Nieuwkoop (Nieuwkoop, 1969), described the formation of endoderm, along with mesoderm,
from animal pole cells placed in combination with vegetal cells. A "vegetalising” or endoderm-

75

inducing factor therefore exists in the vegetal poles of normal embryos. This effect can be
mimicked by growth factor treatment. Jones et al. (Jones et al., 1993) describe the induction of
cells that stain with a monoclonal antibody, 4G6, that reacts specifically with cells of the gut (an
endodermal derivative) in whole embryos. Staining was typically seen in caps that had formed
intermediate or ventral types of mesoderm, i.e. after treatment with low doses of activin and
bFGF. Notochord and 4G6-staining cells were not observed within the same sample. In contrast,
the 'endoderm-like' cells observed in explants that contained rhythmically beating cells were
found alongside notochord and only at high doses of activin. Asashima and colleagues (Asashima
et al., 1991) have described a mesoderm- and endoderm-inducing vegetalising factor derived from
chicken embryos. This factor is capable of inducing a broad spectrum of mesodermal derivatives
from the urodele, Triturus taeniatus ectoderm. Using high doses of their factor, they observe both
notochord and yolk-rich, cylindrical and cuboidal cells that have the same appearance as
endodermal cells.
Few molecular markers for endoderm have been described. One candidate is the homeobox
gene m ixl which is expressed within 20 minutes of blastula animal pole cells being induced with
activin. In the blastula embryo mixl is predominantly expressed in future endoderm and to some
extent future mesoderm (Rosa, 1989). A more specific marker for endoderm is XLHBoxS (Wright
et al., 1988). Expression of this gene is entirely restricted to the anterior endoderm during
embryonic stages and later becomes restricted to the pancreas. In a recent study it has been shown
that activin acts as a vegetalising factor in the animal cap assay, positively regulating the
expression of XLHBoxS (Gamer and Wright, 1995) and that expression is induced only at the
highest doses of activin. A similar series of bFGF failed to induce XLHBoxS at any dose tested.
Taken together, previous studies suggest that at high doses of activin, cells of the blastula
animal pole can be induced to form dorso-anterior mesodermal derivatives, such as notochord, as
well as anterior endoderm. Histological analysis of caps induced to form heart muscle suggest
they too contain both antero-dorsal mesoderm and endoderm.
An early inductive role of the endoderm
The role of underlying endoderm in the specification of cardiac mesoderm has been studied in
both amphibians and amniotes. In chick, removal of the underlying endoderm from the paired
regions of prospective heart mesoderm at regressing primitive streak stage 4-5 prevents heart
formation, as assayed by observation of beating tissue (Orts-Llorca, 1963; DeHaan, 1964; OrtsLlorca and Gil, 1965). The most convincing evidence for a role of endoderm in the specification
of cardiac muscle has come from studies of amphibian embryos, in particular those of slower
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developing urodeles. Removal of the entire endoderm from neurula stages in several urodele
species prevents heart formation (Balinsky, 1939; Nieuwkoop, 1947; Chuang and Tseng, 1957;
Jacobson, 1960; Jacobson, 1961; Jacobson and Duncan, 1968). A more detailed study was carried
out in Taricha torosa. No hearts formed in embryos from which the endoderm had been removed
at open neural plate, stage 14-16, but 75% of the cases formed hearts if the endoderm is not
removed until tailbud stages 25-26.
In the anuran, Xenopus, specification of heart mesoderm occurs during gastrulation. Expiants
of heart rudiments removed at early neurula stage 14 will form beating tissue in 100% of cases
even if underlying endoderm is removed before culture (Jacobson and Sater, 1988; Sater and
Jacobson, 1989). Explants of the prospective heart mesoderm removed from late gastrula, stage
12.5 onwards will differentiate to form beating tissue. The presence of endoderm within the
explant increases the frequency of heart formation at stage 12.5 and 13 but this supportive
interaction is lost by stage 14. Further explant studies by Sater and Jacobson (Sater and Jacobson,
1990b) established a requirement of a signal(s) from the dorsal lip mesoderm to dorsalise the
precardiac mesoderm. This effect was complete by stage 10.5. A role of endoderm in heart
specification in Xenopus at stages before 12.5 has been hard to prove because the two tissue types
are not experimentally separable before this time. This problem, however, has recently been re
addressed by Nascone and Mercola (Nascone and Mercola, 1995). When the entire endoderm was
removed from whole embryos at stage 10, 25% formed beating heart tissue. If endoderm was
removed from the embryo at stage 10.5, 83% of the embryos contained hearts. These results
suggest that endoderm is crucial for heart induction in vivo before stage 10.5 but is not required
after that stage. More convincing still, they showed that organiser grafts were capable of inducing
heart from non-heart-forming ventral mesoderm, only if the organiser tissue contained ventrovegetal cells. Organiser cells lacking an endodermal component were not able to induce beating
tissue, nor were the ventro-vegetal cells alone. The results demonstrate a role in Xenopus for
inductive signals derived from the deep dorso-anterior endoderm and dorsalising signals from the
mesodermal cells of the organiser in heart formation.
A formative role of the endoderm
In quail, an explant culture system has established at least a supportive role for underlying
endoderm in heart formation (Antin et a l, 1994). The pre-cardiac mesoderm appears to be
specified and therefore capable of differentiation in isolation, by late gastrula, stage 4. This
coincides with the earliest time it is possible to separate the endoderm from the mesoderm and so
embryological experiments at earlier stages, prior to specification, are not feasible. Explants of
precardiac mesoderm with the underlying endoderm removed, developed hearts more slowly and
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with poorer morphology than precardiac mesoderm with endoderm intact. Using both a beating
heart assay and an anti-meromyosin antibody heart marker, a role for the endoderm in enhancing
the rate of heart differentiation and morphogenesis has been established (Antin et a/., 1994).
Fullilove (Fullilove, 1970), used explant recombinations in the newt, Taricha torosa , to map
the spatial extent of heart-inducing ability within the endoderm at neurula stage 14-15. The
endoderm immediately underlying the prospective heart mesoderm was shown to increase the
frequency and rate of heart formation. The endoderm just anterior to the heart rudiments had the
greatest ability to increase the frequency of heart formation but the hearts were slow to form. The
endoderm at the future mid-ventral site was also shown to increase the frequency and rate of heart
formation but to a lesser extent. Endoderm immediately ventral or posterior to the heart anlage
also increased the frequency of heart formation but had no effect on the rate. In addition, it was
observed that the longer the cardiac mesoderm was in contact with endoderm, the more improved
the morphology of the heart that formed.
Further evidence for a "formative" role of endoderm has come from experiments with the
cardiac lethal (cl) mutation in the axolotl, Ambystoma mexicanum. Homozygous cl/cl embryos
are indistinguishable from wild-type but fail to initiate a heartbeat. Hearts form normally, and
expression of muscle-specific genes have been detected, but it appears there is a defect in the
correct assembly of the contractile apparatus (Lemanski, 1973). The defect resides in the
endoderm of the cl!cl mutant. Mutant cl cardiac mesoderm can be rescued by co-culture with
wildtype endoderm, whereas wildtype mesoderm fails to initiate heartbeat when cocultured with
mutant endoderm. Smith and Armstrong (Smith and Armstrong, 1990), have shown that induction
of beating heart tissue is a two step process in the axolotl. The first signal comes from the
pharyngeal endoderm during neurulation and leads to differentiation of cardiomyocytes. The
second signal begins at mid to late neurulation and continues until the onset of heartbeat, leading
to myofibrillogenesis and the initiation of rhythmic contractions. The cl mutation therefore
appears to affect the later, formative influences on heart formation.
Conclusion
Histological analysis of activin induced caps that exhibited a heartbeat has shown that heart
muscle is induced along with other dorso-anterior mesodermal derivatives, including skeletal
muscle. The induced cardiac muscle is found in discrete clusters within the cap and is distinct
from the blocks of induced skeletal muscle. In addition, neural tissue also appeared to be present
within induced explants. Finally, and perhaps of functional significance, endoderm appeared to be
induced within the explants. The induction of endoderm within the explants maybe critical for the
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formation of cardiac mesoderm. The proposed, induced endoderm may play a role in the initial
specification of cardiac mesoderm within the explant aggregate and/or a later formative role in
myofibrillogenesis of the induced heart muscle tissue.
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Chapter 6
Studies of the Heart Morphogenetic Field
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Introduction
At the late gastrula stage, the two heart primordia are situated on either side of the leading edge
of the mesodermal mantle (Keller, 1976). During early neurula stages they migrate ventrally and
fuse to form a single heart primordium in an anterior-ventral position (Nieuwkoop and Faber,
1956). In a number of amphibia, a single heart primordium is capable of forming a normal (albeit
smaller) heart when cultured in isolation (Jacobson and Sater, 1988). Furthermore, the single heart
primordium that remains in the operated embryo will form a heart in the normal anterior ventral
position. Under these circumstances, each heart anlage exhibits regulative properties. In normal
development, it is unclear whether the cells from either primordia are pre-programmed to form a
particular region of the heart prior to fusion. Additionally, the degree of cell mixing within the
single primordium after fusion is also unknown.
Fusion of the two heart primordia generates a single field of heart forming potency in the
Xenopus embryo at stage 20 (Jacobson and Sater, 1988). In embryos of the urodele, Ambystoma
punctatum, removal of the anterior ventral tissue results in the formation of two hearts, either side
of the ventral midline from cells occupying a more ventrolateral position. Sater and Jacobson
(Sater and Jacobson, 1990a) have shown that in Xenopus y both the anterior ventral cells, fated to
form heart and the cells in a more lateral position, are capable of forming hearts when cultured in
isolation. Therefore, fusion of the heart primordia establishes a region of heart-forming potency
that is initially larger than the area of cells fated to form the heart. The larger area of heartforming potency is defined as the heart morphogenetic field. The formation of hearts from cells
other than those fated to form heart underlies the regulative behaviour of the cells of the heart
field.
In XenopuSy Sater and Jacobson (Sater and Jacobson, 1990a) have studied the change in the
spatial extent of the heart morphogenetic field by comparing the heart-forming abilities of anterior
ventral and anterior lateral explants during tailbud stages. At progressively older tailbud stages,
lateral explants formed hearts with decreasing frequency indicating a progressive restriction of the
heart morphogenetic field. In the absence of good molecular markers for heart formation, these
results were obtained by assaying the ability of the explants to generate heartbeats rather than their
ability to differentiate into cardiac muscle tissue. The isolation of XM HCa and XMLC2 cDNAs
provide probes with which to study the ability of different regions of the heart field to undergo
terminal differentiation.
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Fatem apping the cardiac progenitors
The first cleavage plane in Xenopus divides the embryo into it's left and right side. It is
therefore possible to label the left and right side of the embryo by injecting lineage tracer into one
of each of the two blastomeres at the two-cell stage. One blastomere of a two cell stage embryo
was injected with fluorescein lysine dextran amine (FLDX) while the other was injected with
Texas Red lysine dextran amine (TRLDX). Embryos were then cultured to stage 40 and observed
$n

a uv and confocal microscope. The hearts were also isolated by dissection and analysed

microscopically.
Analysis of the entire embryo indicated whether the lineage label was restricted to the left or
right side of the embryo. This was most clearly observed if the tail region was removed and laid
flat on a slide with the dorsal side uppermost. One label could then clearly be detected solely in
one half of the neural tube and one set of somites whilst the other label was restricted to the other
half. This technique was used in all the examples to check that no label had leaked over to the
other blastomere during the initial cleavage event after injection.
Figure 23A shows a confocal image of a stage 40 heart removed from an embryo that had been
double-labelled. In this example the two labels are generally restricted to particular chambers of
the heart. When other similar examples were compared with one another no correlation was found
between the side of the embryo the anlage came from and the chamber it went on to form (either
atrium or ventricle). Another example observed in this experiment is shown in figure 23B. In this
case the label is not restricted to one particular chamber but rather is expressed along the entire
length (anterior-posterior axis) of the tube but is restricted to one side. In every embryo the
lineage label was found in a discrete zone of the tube rather than mixed throughout the heart.
These results indicate that when the heart anlage fuse (between stages 16 and 20) cell mixing is
minimal and the anlage contribute to entire regions of the heart. This region can be a distinct
chamber of the heart or can span between the chambers of the heart. There were no morphological
boundaries that defined the fate of the anlage. This suggests that the polarity of the heart tube is
established after fusion of the heart rudiments.
Properties of the heart morphogenetic field:Heart-forming potential of expiants
Jacobson and Sater (Sater and Jacobson, 1990a) have analysed the heart forming potential of
anterior ventral and anterior lateral explants from Xenopus by comparing their ability to form a
beating heart in culture. To compare and reassess the ability of the ventral and lateral regions of
the heart field to differentiate into heart muscle and form beating tissue the experiments carried
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Figure 23. Fate mapping o f the heart anlage in Xenopus.
The fate of the cells from each heart anlage was traced using FLDX and TRLDX lineage
labels, injected at the two cell stage, into either blastomere. Hearts were then removed from
embryos when they had reached stage 42 and were analysed with a confocal microscope. A
shows a characteristic example in which cells from each anlage predominantly went oi^o
form distinct (atrial or ventricular) chambers of the heart. B is a merged image of the images
in A. C shows a characteristic example in which cells from each anlage were distributed
along the anterior-posterior axis of the heart. D is a merged image of C. In both examples
there is little cell mixing between the cells of each anlage after they fuse at the ventral
midline.
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Figure 24. Expiant dissections o f the stage 23 embryo.
The anterior ventral region was removed from stage 23 embryos. In order to make
conjugates of these pieces the underlying endodermal cells were removed, in all other
explant studies the endodermal cells were left in place.M- is anterior lateral, AVis anterior
ventral.
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Figure 25. Heart forming potential o f explants o f the heart field.
Whole mount in situ hybridisations were carried out on anterior ventral and anterior lateral
explants and on sibling embryo controls with the XMLC2 probe to compare the ability of
anterior ventral and anterior lateral cells to differentiate to form heart muscle. Anterior
ventral explants alone are shown in (A) and with a sibling embryo control (B). XMLC2
expressing cells were detected in all A.V. explants and in most cases these foci consisted of
a discrete, looping heart tube. All A.L. explants (C and D) were XMLC2 positive, although
some only extremely weakly (arrow). In addition, the foci of cells were often more disperse
and did not form heart tubes. The inclusion of an embryo provides a means of judging the
relative sizes of the explants and XMLC2-positive foci with respect to a normal stage 40,
embryonic heart.
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Heart Forming Potential o f Explants o f the Heart Field
Table 1.
No. of examples

Beat positive (No.)

Beat positive (%)

A.V.

13

13

100

A.L.

34

34

100

A.V./2

26

21

81

A.L.(v)

28

17

63

A.L.(d)

27

11

41

Table 1. The results from experiments in which anterior ventral and anterior lateral
explants from stage 23 embryos, incubated in isolation until sibling control embryos had
reached stage 40, were scored for the presence of beating tissue. Similar anterior ventral
and lateral explants were further subdivided (see fig. 24) and also scored for the presence
of beating tissue.

Table 2.
No. of examples

XMLC2 positive (No.)

XMLC2 positive (%)

A.V.

13

13

100

A.L.

33

33

100

A.V./2

22

20

91

A.L.(v)

25

17

81

A.L.(d)

21

17

68

Table 2. The results after the same explants described in Table 1 were analysed for the
expression of XMLC2 transcripts by whole mount in situ hybridisation analysis.
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out by Sater and Jacobson were repeated using both formation of beating cells and whole mount
in situ hybridisation with the XMLC2 probe as scores for heart muscle formation.
The heart forming potential of the anterior lateral (A.L.) and the anterior ventral (A. V.) regions
of the heart field, explanted at stage 23, were compared (see fig. 24). The explants consisted of all
three germ layers; ectoderm, mesoderm and endoderm. The two regions were isolated by first
removing the entire heart forming area and separating the A.V. from the adjacent A.L. regions.
Explants were cultured in isolation until sibling controls had reached stage 40 and were scored for
the presence of a heartbeat. Explants were then fixed for whole mount in situ hybridisation
analysis with the XMLC2 probe.
Beating hearts formed in all the A.V. explants examined, (13/13) (see table 1) and all the hearts
expressed XMLC2 transcripts (table 2 and fig. 25A and B). Closer observation of the hearts that
formed within the explants indicated most consisted of a two chambered tube with characteristic
looping morphology indistinguishable from those that formed in sibling embryo controls. There
was some degree of variability in the size of the explant removed, although efforts were made to
keep the size as uniform as possible. The larger explants always contained hearts with better
morphology and more vigorous heartbeat than the smaller ones. The A.L. explants also formed
beating hearts, which expressed XMLC2, in 100% of cases, but overall the hearts that formed were
less well organised, exhibited weaker heartbeats and were smaller (fig. 25C and D). Often the
"hearts" that formed were simple clusters of weakly beating cells with no obvious morphology.
The frequency of heart formation in anterior lateral explants is higher than the frequency obtained
by Sater and Jacobson (Sater and Jacobson, 1990a), (100% versus 69%) and may arise from
differences in the size of explants removed. The variable quality of the hearts that formed from
lateral explants in comparison to those obtained from ventral explants is in agreement with
previous observations (Sater and Jacobson, 1990a), as is the correlation between size of explant
and the extent of heart morphogenesis.
The results suggest there is little difference between the heart forming potency of explants
from the periphery of the heart morphogenetic field and explants from the centre of the field,
which include the area of cells fated to form heart. The only difference detected between lateral
and ventral explants was that the size and morphology of the hearts that formed from ventral
explants was greater and better than hearts that formed from lateral explants. This may arise from
the inclusion of cells at the edge of the field, that lack heart forming potency, in lateral explants.
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Heart-forming potential of explant conjugates
In order to identify any difference in the heart forming potential within the heart field, explants
of different regions of the field were removed and cultured as conjugates. Embryos were injected
at the one or two cell stage with either FLDX or TRLDX and the entire heart-forming region
removed when the embryos reached stage 23. The endodermal layer was peeled away with a
tungsten needle and the resulting mesectoderm strip then subdivided into anterior lateral (A.L.)
and anterior ventral (A.V.) pieces (see fig. 24). From stage 23, the underlying endoderm plays no
further supportive role in the formation of cardiac muscle (Sater and Jacobson, 1990a) and its
removal facilitated subsequent identification of structures within the explant. Conjugates were
made by placing the inner (mesodermal) face of a TRLDX labelled explant against the inner face
of a FLDX labelled explant. The explants fused within 1 hour and the resulting conjugates were
incubated until sibling controls reached stage 40-42. They were then scored for heartbeat and
examined using uv and confocal microscopy.
The results from these studies are shown in table 3 and figure 25. A.V./A.V. conjugates formed
hearts in 100% (17/17) of cases and of these 88% (7/8) formed hearts that contained both labels
(fig. 26A), indicating that the heart contained cells originating from both of the explants. In the
remaining 12%, the heart that formed originated wholly from only one conjugate. A.L./A.L.
conjugates showed a slightly lower frequency of heart formation, (86%, 32/37) but almost the
same figure for examples with hearts containing both labels, (91%, 29/32). This suggests that
lateral cells have a slightly lower potency to form heart than ventral cells but the ability of the
cells to combine to form a heart is similar. The formation of two hearts was never observed in any
conjugate. Figures 26A and B and figures 26C and D show examples of an A.V./A.V. and an
A.L./A.L. conjugate, respectively. The extent of cell mixing observed within the heart was very
similar for both types of conjugate. Each label was found within a discrete zone of the heart and
was not found dispersed throughout the heart. Each heart had therefore formed as a result of the
fusion of a cluster of cardiogenic cells from both explants.
A.V./A.L conjugates formed hearts in 96% (46/48) of cases (table 3). The figure for the
frequency of heart formation in these conjugates lies between that obtained for A.V./A.V.
conjugates and A.L./A.L. conjugates. When the hearts that formed were analysed by uv and
confocal microscopy, cell mixing was observed in 96% (43/45) of cases. A characteristic example
is shown in figure 26E and F. Comparison of a number of different examples indicated no
correlation between the explant origin of cells and the part of the heart tube to which they
ultimately contributed. The heart tubes generally comprised an equal mix of cells originating from
lateral and ventral explants and, as with the previous examples, the contribution of the labelled
cells was "zonal" rather than dispersed throughout the heart tube.
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Figure 26. Comparative analysis o f expiant conjugates (see next page).
The regulative ability of the heart field was compared by making conjugates with explants
from different regions of the heart field. Each explant contained a different lineage label so
the origin of the cells could be identified. The relative contribution of each explant to the
heart that formed in the conjugate was then analysed by uv and confocal microscopy. A
shows a confocal image of a typical example obtained when two A.V. explants were
combined, one containing FLDX and the other TRLDX. B is a merged image of A, note the
restriction of one label to each half of the heart structure in the centre of the conjugate. C
shows a confocal image of a typical example obtained when two A.L. explants were
combined, one containing FLDX and the other TRLDX. D is a merged image of C. Each
label was restricted to one half of the heart. In both types of example shown in panels A-D,
the contribution to the heart from each explant appeared roughly equal. E-H are photographs
obtained with a conventional uv microscope. E and F show an example of an anteriorlateral (FLDX-green) and anterior ventral (TRLDX-red) explant conjugate. Both labels
were found along the length of the heart tube but in discrete cells. The relative contribution
of A.L. cells versus A.V. cells to the heart tube appeared approximately equal. G and H
show an example of an A.V. and posterior lateral (P.L.) conjugate. The heart formed from
the A.V. (green) explant and none of the P.L. (red) cells were found in any part of the heart
tube.
The arrows in B, D, E and F identify the heart tube that formed in each type of explant
conjugate.
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Heart Forming Potential o f Explant Conjugates.
Table 3.

Both labels

(%)

Both labels
(No./total No.)

46/48

96

43/45

96

A.L. + A.L.

32/37

86

29/32

91

A.V. + A.V.

17/17

100

7/8

88

A.L. + P.L.

27/31

87

0/14

0

A .V .+P.L.

7/7

100

0/6

0

Heart +ive
(No./total No.)

Heart +ive

A.V. + A.L.

(%)

Table 3. The results obtained when lineage-labelled explant conjugates of regions of the
heart field were scored for heart formation. All heart-positive conjugates contained a
single heart tube. The heart tubes were analysed for the presence of either one or both
lineage! labels. The lineage label indicated which cells from each explant contributed to
the heart tube.

a

V

f

m . Il
Figure 27. Heart forming potency o f smaller regions of the heart field.
The regulative ability of smaller regions of the heart field to form hearts was examined by
whole mount in situ hybridisation with the XMLC2 probe. Panels A and B shows examples
of A.V. explants that had been cut into two (A.V./2) and cultured until control stage 42. In
some cases a complete, but smaller heart tube formed (x). In others, the foci of XMLC2expressing cells were disperse (y). Anterior lateral explants were subdivided into their
respective dorsal (A.L.(d)) or ventral (A.L.(v)) halves and then cultured until embryo
controls reached stage 42. Panels C and D show examples of A.L.(v) explants and Panels E
and F, show examples of A.L.(d) explants. In both these examples, foci of XMLC2expressing cells were more disperse than XMLC2-positive foci in A.V./2 explants. In
addition, XMLC2-positive foci in A.L.(v) explants were generally bigger and less disperse
than XMLC2-positive foci in A.L.(d) explants.
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As a control for explant manipulation, conjugates were also made from either an A.V. or A.L.
explant and a posterior lateral (P.L.) piece. A.V./P.L. combinations formed hearts with 100% (7/7)
frequency but no examples formed hearts that contained both labels, 0% (0/6). The A.L./P.L.
conjugate formed hearts with a slightly lower frequency, 87% (27/31), and again no doubledlabelled hearts formed, (0/14). In all cases the heart was derived from either the anterior lateral or
anterior ventral explant and never from the posterior lateral cells. These results suggest that cells
from within the heart field do not have the ability to recruit cells from the posterior lateral explant
to form heart. The figures for heart forming frequency for both the A.V. and the A.L. explant
combined with the P.L. explant are essentially the same as those obtained when two of the same
explant were combined and therefore the potency of neither the A.V. nor the A.L. explant had
been diminished by this manipulation.
Taken together, the results indicate both lateral and ventral regions of the mesoderm exhibit
regulative properties; combined explants form a common field which gives rise to a single heart.
Furthermore, each explant, like each heart primordium in the embryo, contributes to a region of
the heart tube, although the precise nature of the contribution varies (compare examples in fig. 23
with examples in fig. 26). Finally, anterior lateral cells, when combined as an explant with
anterior ventral cells, no longer behave as they would in the normal embryo and instead
contributed to the heart that formed in culture.
Subdivision of explants of the heart field
In order to further analyse the regulative properties of the heart morphogenetic field, in
particular the ability of the cells of the field to form hearts when the field had been divided into
smaller parts (see fig. 24), a number of explants from different regions within the heart field were
compared for their ability to form beating hearts in culture and switch on the heart muscle marker,
XMLC2 (see table 1 and fig. 27).
When A.V. regions were cut in half, 81% (21/26) of the resulting pieces formed beating tissue
(table 1). In the majority of cases a heart tube was visible but in some examples the hearts that
formed consisted only of a small disorganised mass of weakly contracting cells similar to those
seen in the larger A.L. explants described earlier (fig. 21k and B). In other examples, a complete
heart tube exhibiting rhythmic contractions was observed (fig. 27A and B). It is possible, in some
examples, that the cardiogenic field was divided unevenly, some explants containing only a small
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Figure 28. Heart-forming potency o f the lateral region in vivo after removal of then
anterior ventral cells.
Whole mount in situ hybridisation of A.V. explants and their donor embryos with the
XMLC2 probe identified the exact position of the cells that formed heart muscle in both the
explant and the embryo. Panel A shows an example in which small hearts formed
symetrically either side of the original wound. In contrast, panel B shows an example in
which beating cells were detected only on one side of the embryo. After whole mount in situ
hybridisation analysis, however XA/LC2-expressing cells were detected on both sides of the
embryo but only weakly on the side that had no beating cells. In the example shown in
panel C, a single heart formed on one side of the embryo only. Very rarely, after removal of
the A.V. cells, the wound managed to reclose and a single, apparently normal, heart formed
at the ventral midline (panel D).
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number of cells capable of forming heart while others had many more. Therefore, although the
field has the ability to regulate and reform a two chambered structure (as seen in a previous
experiment) this does seem to rely on a critical mass of specified tissue.
The anterior lateral (A.L.) region was divided into two pieces, A.L.(v) and A.L.(d). The
A.L.(v) explant corresponded to the ventral-most half of the A.L. explant whilst A.L.(d)
constituted the remaining dorsal-most half. The A.L.(v) region formed beating tissue in 63%
(17/28) of cases whilst the A.L.(d) explant formed beating tissue in only 40% (11/27) of cases
(table 1). The ventral-most cells have a higher heart-forming potency than dorsal cells underlying
an apparent difference in the heart forming potency across the dorsal-ventral axis of the lateral
explant. However it is striking that, at stage 23, cells with the ability to form heart still exist in a
mediolateral position (fig. 27C-F). This is a more dorsal position than the results of Sater and
Jacobson (Sater and Jacobson, 1990a) suggest.
An important observation in these experiments was the difference in the number of cases that a
beating heart was detected in an explant and the number of cases in which foci of XMLC2expressing cells could be identified by whole mount in situ hybridisation in the explant (see table
1). Anterior ventral explants divided into two (A.V./2) were beat positive in 81% (21/26) of cases
while after whole mount in situ hybridisation foci ofXMLC2-expressing cells were observed in
91% (20/22) of cases. Similar results were obtained when the number of beat-positive explants
from the A.L.(v) and A.L.(d) groups were compared with the number of explants that proved
subsequently to be XMLC2-positive. 63% (17/28) of the A.L.(v) explants were beat-positive
whilst 81% (17/25) contained %MlC2-expressing cells. Of the A.L.(d) cases 41% (11/27) were
beat-positive and 68% (17/21) were XMLC2-positive. The results suggest that cardiac muscle
differentiation had occurred in some explants although no heartbeat nor morphologically distinct
heart tube had formed.
Regulation within the field in vivo
The previous experiments have examined the behaviour of the lateral cells of the field after
explantation and outside their normal environment in the embryo. How do these lateral cells
behave if left in their normal position but when the anterior ventral cells, fated to form heart, are
removed? A.V. regions were removed from donor embryos and the operated embryo and the
explant were cultured separately until they had reached stage 40, when a visual score was made
for beating tissue and the degree of heart morphology. The embryos and explants were then fixed
and taken through the whole mount RNA in situ hybridisation procedure with ?lXMLC-2 probe.
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In all the A.V. explants examined, a two chambered heart, with normal morphology and
undergoing strong rhythmic contractions, was observed (see fig. 28A-D). When analysed at stage
40, in most embryos from which the A.V. explant had been dissected a cavity remained in the
region from where the explant was removed. Cells in the anterior lateral region did not migrate
ventrally to fuse in the midline and fill in the gap. Foci of beating tissue were visible on both sides
of the cavity in most examples (fig. 28A-B), but in others, foci were only detectable on one side
(fig. 28C). In a few examples, the cavity left after removal of the anterior ventral explant did
reclose and the anterior lateral regions fused in the anterior ventral region (fig. 28D). In these
cases a single heart formed at the ventral midline with apparently normal structure and of normal
size (fig. 28D).
Whole mount in situ hybridisations of the embryos and explants allowed a more detailed
analysis of the exact position of cells that had been able to undergo heart muscle differentiation
and the extent to which this process had occurred. Figure 28 A and B, shows a cluster of cells
expressing the heart specific differentiation marker situated at the ventral most tip of the anterior
lateral region remaining after the explant removal (arrow). In some examples the small hearts that
formed after the operation were situated perfectly symmetrically either side of the gap resulting
from removal of the A.V. portion (fig. 28A) whilst in others a larger heart formed on one side (fig.
28B), presumably due to an uneven dissection of the heart field. In both cases, however, the
region of cells that went on to differentiate into heart muscle was always situated at the ventral tip
of the remaining flank, closest to the region that would normally go on to form the heart in the
unoperated embryo. From previous experiments however, it is clear that cells in a more dorsal
position of the lateral flank are capable of forming heart if removed from the embryo and cultured
in isolation (fig. 27 and table 1). This suggests that after removal of the ventral-most cells, signals
that specify the anterior ventral position of the heart and restrict the heart field are still present and
active in the embryo causing heart muscle to form only from those cells in an extreme ventral
position.
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In those cases in which beating cells were only detected on one side of the operated embryo,
analysis by whole mount RNA in situ hybridisation often detected clusters of cells expressing
XMLC2 on both sides of the embryo (fig. 28B), indicating that cells had undergone at least some
terminal differentiation despite the absence of a heartbeat. The intensity of the staining on the side
that had shown no heartbeat was considerably lower than on the side that beating cells were
observed. The XMLC-2 positive cells were more dispersetand did not appear to be organised into
any defined structure (arrow fig. 28B). This indicates that although cells on one side occasionally
failed to initiate a heartbeat, they had undergone differentiation and expressed the heart-specific
XMLC2 gene.
Restriction of the heart field
The restriction of the heart morphogenetic field has been described in detailed experiments by
Sater and Jacobson (Sater and Jacobson, 1990a) who used a beating heart assay as a score for
heart formation. The isolation and characterisation of differentiation markers for heart muscle
provided a means by which the restriction of the heart morphogenetic field could be studied at the
molecular level.
Anterior ventral (A.V.) and anterior lateral (A.L.) explants (including endoderm) were isolated
from tailbud stage embryos (stages 23 to 28) and were cultured until sibling embryo controls had
reached stage 40-42. After the culture period the explants were scored for the formation of beating
tissue and then analysed by protection assay for the presence of cardiac muscle-specific RNAs.
Table 4 shows the results obtained by scoring for beating tissue within the explants. Ventral
tissue from stage 23 embryos formed hearts with 80% (16/20) frequency. From stage 24 to 28, the
heart forming frequency was 1(X)%. In lateral tissue, the frequency of heart formation initially
rose from 79% (31/39) at stage 23, to 92 % (22/24) at stage 24. After stage 24, heart-forming
frequency dropped steadily and by stage 28, no heartbeat was observed (0/16) in any explants.
These results highlight the gradual decrease in heart-forming potency of the lateral explants with
increasing age (see graph 1) and are essentially the same as those of Sater and Jacobson (Sater and
Jacobson, 1990a).
Table 4 summarises the result of a number of separate experiments. The results of an
individual experiment is shown in table 5. Ventral explants formed hearts in 100% of cases at
every stage, whilst a progressive drop in heart forming frequency was observed in the lateral
explants at later stages (see graph 2). These same samples were analysed by RNAse protection
assay with probes forXM H Ca and XMLC2 (fig. 29). At stage 23, when both the lateral and
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ventral expiants were almost equipotent for heart formation, similar levels of XM H Ca (fig. 29A)
and XMLC2 (fig. 29B) mRNA were detected in ventral and lateral explants. In progressively later
stages there was a gradual drop in the expression of both markers in the lateral explants whilst
levels remained approximately constant in ventral pieces. Strikingly, transcripts of both markers
were detected in lateral explants removed at stage 28 even though no foci of beating cells were
observed in any of these explants. A drop in levels of differentiation markers was detected over
time but was much less pronounced than the loss of heart forming potency established with the
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Graph 1: Restriction o f the Heart Morphogenetic Field
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Graph 1: A graphical representation of the loss of heart-forming potency in anterior
ventral and anterior lateral explants, as assayed by the ability of these explants to form a
beating heart in culture, as a function of the embryonic stage at which the explants were
removed. The numbers used to produce this graph are tabulated in Table 4 (p i00). These
results are the sum of a number of individual experiments.
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Graph 2: Restriction o f the Heart Morphogenetic Field
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G raph 2: A graphical representation of the loss of heart-forming potency in anterior
ventral and anterior lateral explants, as assayed by the ability of these explants to form a
beating heart in culture, as a function of the embryonic stage at which the explants were
removed. The numbers used to produce this graph are tabulted in Table 5 (p i00). This
data represents the results of a single experiment. The same samples were analysed by
protection assay for the expression of XMHCa and XMLC2 (see fig. 29, p i 01).
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Restriction o f the Heart Morphogenetic Field.
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Table 4. The results from a number of individual experiments in which explants of the
anterior ventral and anterior lateral tissue, removed at different tailbud stages, were
incubated in isolation until stage 40 and then scored for the presence of beating tissue.

Table 5.
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Table 5. The results from an individual experiment in which explants of the anterior
ventral and anterior lateral tissue, removed at different tailbud stages, were incubated in
isolation until stage 40 and then scored for the presence of beating tissue. The same
samples were subsequently analysed for the presence of XM HCa and XMLC2 transcripts
(see fig. 29,pl01).
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Figure 29. Restriction o f the heart field.
Anterior ventral and anterior lateral explants removed from embryos during tailbud stages
23 and 28 were incubated in isolation until stage 42 and were then analysed by RNAase
protection assay with probes forXMHCa (A) and XMLC2 (B). An £F7a probe was
included in each assay as an internal loading control. M; approximate size markers (pBR322
Hinf I digest); P: undigested probe; lane 1: 10 |ig tRNA. Total RNA from the equivalent of
four explants was used in each assay. Lanes 2,4, 6, 8,10 and 12: anterior-ventral explants
from embryo stages 23, 24, 25, 26,27 and 28, respectively. Lanes 3, 5,7,9,11 and 13:
anterior-lateral explants from embryo stages 23,24, 25,26, 27 and 28, respectively, lane 14:
stage 42 embryo total RNA (2.5 |ig).
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beating heart assay. Both gels were analysed using aÇh(J)hoImager and the levels of each marker
were normalised with respect to the EFl a loading control. At stage 23 the levels of XMLC2 in the
lateral explants were 60% of those in the ventral explants, by stage 26 this had dropped to 25%
and by stage 28,10%. Similar figures were obtained ior XMHCa.
These results indicate that the restriction of the heart morphogenetic field is not complete by
stage 28; anterior lateral cells have the ability, if removed and cultured in isolation, to express
heart-specific molecular markers at least until stage 28. This is distinct from the restriction of the
heart morphogenetic field described by Sater and Jacobson (Sater and Jacobson, 1990a) which
involves a loss of the ability to form a rhythmically beating structure rather than a loss of the
ability to activate cardiac-specific gene expression in antero-lateral explants. The use of a
molecular marker for heart muscle differentiation can distinguish the ability of A.L. explants to
organise to form a defined beating structure, lost by stage 28, and the ability of the same explants
to undergo cardiac muscle-specific differentiation.
Discussion
Fate map of the cardiac anlage
A fundamental step in the formation of a multichambered heart is the polarisation of the heart
tube into regions destined to form either atrium or ventricle. At what time does this polarisation of
the field take place and how? Lineage-labelling the heart anlage indicated there was no
relationship between the side of the embryo that the anlage originated and the part of the heart
tube the cells went on to form. This observation argues against any prepatteming of the heart tube
prior to fusion of the progenitors.
The distribution of labelled cells within the heart suggests that primordia fuse and differentiate
with little cell mixing. The cells from one primordium can be dispersed either along the anteriorposterior axis or along the left and right hand side of the heart tube (compare fig. 23B and 23D).
The part of the heart each primordium goes oij(o form is entirely random suggesting that the
patterning signals do not arise from within the cardiac primordial cells themselves but are
exogenous. An exogenous patterning influence may arise from the endoderm or ectoderm but it is
clear the endoderm is not necessary from stage 23 onwards since normal hearts formed from
conjugates that contained no endoderm. The patterning influences on the heart tube therefore
occur after the progenitors have fused at stage 20 and by stage 34, have generated a twisted tube
with distinct atrial and ventricular chambers.

103

Regulative capacity within the field
In explant conjugates of anterior ventral and anterior lateral cells, a single heart formed which
contained cells from both of the combined pieces in approximately equal proportion. The lateral
cells therefore are not behaving as they do in the normal embryo and are differentiating to form a
heart. Removal of the lateral cells from their normal environment causes them to repattem and
behave as though they originated from a more ventral position. Subdivision of the field also
appears to cause repatteming of cells within the heart field so that cells not normally destined to
form heart, differentiate into heart muscle. Smaller explants appeared to recapitulate an entire
field since normal, fully patterned (although smaller) hearts formed in culture. In contrast, in
examples where the anterior ventral cells had been removed from the embryo, lateral cells that
remained in situ did not form heart. Only cells at the ventral most tip of the remaining flank
formed hearts suggesting that in the embryo, when the field repattems after being disrupted, the
more ventral cells of the field always formed heart in preference to cells in a more dorsal position.
This observation points to a signal from outside the heart field specifying the ventral position of
the heart.
Heart formation in explants required a minimal amount of tissue. The loss of developmental
potency as a result of the subdivision of a morphogenetic field beyond a critical point has been
described in a number of studies (Holtfreter and Hamburger, 1955). Ban-Holtfreter (BanHoltfreter, 1965) examined the ability of isolated regions of the dorsal lip of urodele embryos to
differentiate in isolation. Explants of the entire lip differentiated into a wide range of derivatives
including some that the lip does not contribute to in vivo. Smaller pieces showed a much more
limited diversity of differentiated tissue, whilst some of the smallest showed no recognisable
differentiation at all. Such a limited capability of small explants to differentiate has been attributed
to "mass effects". The small cell number means that cell-cell interactions occur at levels that are
insufficient to support differentiation (Muchamore, 1951). This result could also be explained by a
requirement of a "community effect" for heart muscle formation (Gurdon, 1988; Gurdon, 1989), a
theory originally proposed to explain why animal cap cells are unable to express cardiac actin
(used here as a skeletal muscle marker) in response to mesoderm induction unless they are
partially surrounded by other cells that are also responding to the inductive signal. Perhaps a
critical mass of cardiocytes are required for differentiation to proceed in these explants. In this
respect it is interesting to note the observations made with activin induced animal pole explants.
Caps exposed to a high dose of activin appear to need to fuse before heart-specific differentiation
markers are observed pointing to a minimal tissue requirement in heart muscle formation.
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The formation of the third pharyngeal pouch occurs between stages 23 to 27 and therefore
coincides spatially and temporally with the loss of heart forming potency in the anterior lateral
mesoderm. Sater and Jacobson (Sater and Jacobson, 1990a), suggest that the third pharyngeal
pouch may divide the anterior lateral mesoderm (as the endoderm invaginates to contact the
ectoderm) into isolated regions of tissue that are too small to sustain heart-forming potency and so
become incorporated into another structure. Formation of the third pharyngeal pouch may
therefore explain the loss of heart forming potency in the anterior lateral mesoderm.
Evidence of a gradient of potency within the heart field
Although both anterior ventral (A.V.) and anterior lateral (A.L.) explants were equipotent for
heart formation, qualitative differences were observed in the hearts that formed. The size,
morphology and strength of rhythmic contraction of the hearts within the A.V. explants was
greater than in the hearts from A.L. explants. Furthermore, explant conjugates of two anterior
ventral pieces formed hearts with higher frequency than conjugates of anterior ventral and anterior
lateral cells. Conjugates of two anterior lateral explants had the lowest frequency of heart
formation of all. Subdivision of the lateral region into dorsal and ventral components also
indicated that the explant from a ventral location (A.L.v) had higher heart forming potency than
the explant from a more dorsal location (A.L.d). Together, these results suggest that mesoderm in
the anterior ventral region, which include the cells fated to form heart, has the greatest potency to
form heart and that heart forming potency of the mesoderm gradually declines toward the
periphery of the field. This can be explained if we imagine the field to consist of a sheet of cells at
the centre of which is the greatest density of cells capable of forming heart. Toward the edge of
the field the number of cells that are capable of forming heart decreases. Subdivision of this field
would generate explants from the centre with highest heart forming potency while explants from
the periphery would contain a smaller proportion of cells capable of forming heart and thus a
lower potency for heart formation.
Models of heart formation
In Ambystoma punctatum embryos, Copenhaver (Copenhaver, 1924) observed that removal of
the anterior ventral (A.V.) cells leads to the formation of two separate hearts on either side of the
region of the explant. This led to the suggestion that cells within the A.V. region repress heart
formation in the more lateral regions in the normal embryo. However, no repression of heart
formation was observed in explant conjugates of anterior ventral and anterior lateral cells.
Alternatively, inhibitory effects on heart formation of many axial cell types (somites, notochord,
neural fold) have been well documented (Jacobson and Sater, 1988) suggesting that the heart field
is restricted ventrally due to suppressive interactions from cells in a more dorsal position.
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Graphical representation of partial regulation of proportions by the GMl model (from
Slack, 1991). A slight intrinsic gradient of activator production imposes a polarity on the
field, (a) shows steady state gradients of activator (continous line) and inhibitor (dashed
line), (b) shows the gradients which arise if half the field is isolated. The height of both
peaks has been slightly reduced but the concentrations spanned by the activator are
equivalent to most of the original field, (c) shows the result after one third of the field is
isolated. A gradient is still formed but only spans a fraction of the original concentration
range.
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All the properties of the heart field observed in the experiments described above can be
explained by the double gradient model of Gierer and Meinhart (Gierer and Meinhardt, 1972). In
this model an activator stimulates both its own production and that of an inhibitor, while the
inhibitor represses the formation of the activator. Both substances are removed at a rate
proportional to their concentrations. In addition, both substances are diffusible and the inhibitor
diffuses faster than the activator. If we imagine this mechanism establishing the heart field the
activator would be at peak concentrations in anterior ventral cells with progressively less activator
in the more lateral cells (fig. 30A). Therefore if the heart field is laid flat the levels of activator
would have a bell shaped profile across the field. The pattern of inhibitor distribution would be
similar but the levels lower and the profile broader. Such a gradient of activator may reflect the
gradient of heart forming potency observed in explants of regions of the field.
The model is also capable of accommodating the observed regulation within the field. When
the old source is removed, a new source will always form at the end of the fragment nearest to the
old source (fig. 30B and C). This is because in this area the levels of activator are at their highest
with respect to the levels of inhibitor. This provides an explanation for the formation of two hearts
at the ventral tip of the remaining flank after removal of the A.V. cells. This model would also
propose that in experiments where the lateral explant was subdivided, hearts would form from
cells at the ventral-most edge of the explant, however in the experiments carried out so far, the
original position of the cells that formed heart was not recorded.
Whole mount RNA in situ hybridisation versus beating heart assay as a means to score
heart formation.
Using whole mount in situ hybridisation techniques it was possible to assay for molecular
differentiation of heart muscle as well as identify the cells that had formed a beating heart within
the embryo or explant. In experiments where the anterior ventral region was removed from the
embryo, whole mount RNA in situ hybridisation analysis revealed cells that remained in the flank
that were able to express the heart-specific XMLC2 gene but were not always able to initiate a
heartbeat. This indicates that although heart-forming potency had been lost in that region of tissue,
it still contained cells capable of initiating heart-specific transcription. When explants of the heart
field were subdivided, analysis by whole mount in situ hybridisation identified explants
containing differentiating cardiac muscle that were not classified heart positive by examination for
beating cells.
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Taken together, the results indicate a difference between the capacity of cells to undergo heartspecific differentiation and their ability to form a morphologically distinct beating heart. Cells
within the explant or manipulated embryo can proceed to differentiate and express heart-specific
markers more readily than they can form a morphologically distinct, beating heart. This analysis
identifies and separates two important events that lead to heart formation. One, the expression of
heart specific genes during differentiation and two, the ability of the differentiating cells to
organise into a morphologically distinct structure that can initiate a heartbeat. In this respect it
provides a far more sensitive assay of heart formation.
The restriction of the heart morphogenetic field: a reassessment using RNAase
protection analysis
The use of both XM HCa and XMLC2 as probes in a protection assay provides a method to
analyse heart muscle differentiation quantitatively. This technique was used to study the
restriction of the heart morphogenetic field. Formation of foci of rhythmically contracting cells in
lateral explants declined with increasing age of the explant in agreement with previous data on the
restriction of the heart morphogenetic field (Sater and Jacobson, 1990a). In contrast, only a drop
in the levels of both XMHCa and XMLC2 transcripts were detected in those same explants.
Differentiating heart muscle was therefore present in explants that contained no beating cells. This
result demonstrates that a proportion of lateral cells retain the ability to differentiate into heart
muscle, in isolated explants, even though they are not able to form beating tissue.
Transcripts of both markers were detected in lateral explants removed from stage 28 embryos
although it has been shown earlier that heart differentiation is underway in the heart tube at this
time. This indicates, contrary to previous reports (Sater and Jacobson, 1990a), that the restriction
of the heart morphogenetic field to the ventral-most cells is not complete at stage 27 and continues
after the formation of a differentiating heart tube. Since whole mount in situ hybridisations on
whole embryos have shown that lateral cells do not express heart muscle markers in vivo it
suggests that cutting the explant removes them from a repressive environment that otherwise
prevents those cells entering a cardiac differentiation pathway.
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Chapter 7
Future Experimental Study
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Introduction
The isolation of molecular markers for heart muscle has enabled the identification of the
precise time for the onset of terminal differentiation. On the basis of this it is clear that there is a
considerable time lag between the specification and differentiation of cardiac mesoderm in
Xenopus. By using these markers in both RNAase protection assay analysis and whole mount in
situ hybridisation studies, the ability of explants to undergo heart-specific differentiation has been
distinguished from the ability of the same explants to form beating tissue. In addition, it has been
possible to identify the induction of heart muscle in animal pole explants exposed to high doses of
activin and to develop this cap assay into a model system for cardiogenesis. Finally these markers
have been used to study the regulative ability of explants of the heart field. RNAase protection
assays and whole mount in situ hybridisations have been used to study the ability of explants to
form a heart tube and express heart-muscle markers. There are three particular areas of the work
described that deserve further investigation.
Further histological analysis
An intriguing observation is the direct correlation between the presence of yolk-rich cells and
the onset of heart muscle formation in activin induced animal pole explants. In histological
sections, these yolk-rich cells appeared very similar to cells of the gut endoderm and good
embryological evidence exists for a role of the endoderm in the formation of heart in the embryo.
This raises two questions. Do these yolk-rich cells comprise activin-induced endoderm? If so, are
they involved in the formation of cardiac muscle within the induced explants?
In order to address these questions a more specific marker is required for endodermal tissue.
Unfortunately, few molecular markers for endoderm have so far been described. The monoclonal
antibody, 4G6 (Jones et al., 1993) reacts specifically with cells of the gut endoderm in embryos.
In induced animal caps however, 4G6-positive cells have only been found after treatment with
low doses of activin and bPGF and not in explants treated with high doses of activin. It appears
unlikely therefore, that these yolk-rich cells will express the 4G6 marker since they were only
found in caps that had been treated with high doses of activin. An alternative marker is the
XLHBoxS gene, which is expressed in the anterior endoderm during embryonic stages and later
becomes restricted to the pancreas in the adult (Wright et al., 1988). Significantly, a recent study
has shown that high doses of activin can induce the expression of XLHBoxS, whereas low doses of
activin and all doses of bFGF, do not (Gamer and Wright, 1995). Therefore the conditions
required for the induction of cardiac muscle in animal caps appears the same, or very similar to
the conditions required for the induction of this endodermal marker.
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RNAase protection assays could be used to analyse for transcripts of XLHBoxS and XM HCa or
XMLC2 in caps that contained foci of beating heart muscle cells. This would establish whether the
expression of this homeobox gene correlates with the formation of differentiating heart muscle
tissue. The endoderm is believed to play an inductive role in heart specification during gastrula
stages and there is also evidence for an endodermal "formative" influence on heart formation,
during later stages of development. It would therefore be interesting to determine the relative
position of endodermal and heart muscle cells in induced animal caps. This could be achieved by
whole mount in situ hybridisation using a mixture of digoxygenin- and flourescein-labelled probes
(Strahle, 1994). By combining, for example, a flourescein-labelled probe ior XLHBoxS and a
digoxygenin-labelled probe for XMHCa, the cells expressing each marker could be identified
within the same specimen. This type of study may provide indirect evidence for cellular
interactions between these two tissues. A limitation of this approach is that the whole mount in
situ staining would have to be carried out on relatively late, tadpole-stage examples in order to
obtain good signal from each probe. By this stage the two cell types, if once in contact, could have
subsequently moved apart due to normal cell movements within the induced cap.
cDNA differential library screen
Characterisation of explants exposed to high doses of activin suggests that activin induction
recapitulates many of the cellular and molecular events leading to the formation of a
morphologically distinct, beating heart. Such a model system may facilitate the isolation of genes
critical to the process of cardiac muscle-specific differentiation.
The animal cap assay is a simple experimental procedure and therefore production of large
amounts of material suitable for RNA extraction and cDNA library construction is possible. In
addition, the type of mesodermal derivative induced in caps can be modified by controlling the
dose or type of mesoderm inducing factor used. This means it would be possible to produce
distinct RNA pools; for example from high and low dose treated caps. These could then provide
the basis for a differential cDNA library screen to isolate cDNAs specifically expressed in
response to high dose activin treatment.
Whole mount in situ hybridisation studies with the XM HCa probe show that the amount of
heart muscle induced within a cap is relatively small. Double staining of sections of the same
whole mounts with an anti-skeletal muscle antibody (12/101) indicates that the amount of induced
somitic muscle is much greater than the amount of induced cardiac muscle. This means that the
proportion of transcripts within the RNA pool expressed specifically within the heart is likely to
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be small. In addition, if the yolk-rich cells observed histologically do correspond to endodermal
tissue then the subtractive screen is also likely to identify endoderm-specific clones. These will be
of additional interest given the proposed role of endoderm in heart muscle formation.
It would be particularly interesting to isolate genes switched on specifically in the prospective
cardiac mesoderm before the onset of terminal differentiation during tailbud stages. If heart
formation is a multistep process, many different genes may be expressed sequentially within the
heart mesoderm. It may therefore be profitable to make a number of sets of libraries for use in a
differential screen that represent different time points between gastrula and tailbud stages.
Candidate cDNAs isolated from such library screens could be tested for their expression in the
prospective heart-forming region prior to differentiation using whole mount in situ hybridisation.
To isolate genes expressed in the heart forming region of the embryo, an alternative source of
library material could be anterior ventral fragments dissected from early tailbud embryos. The
Xenopus embryo is particularly useful since, unlike other vertebrates systems, the heart forming
region can be easily isolated from the remainder of the embryo prior to the differentiation of heart
muscle. In order to isolate heart-specific transcripts from the anterior ventral library a suitable
subtractive library would need to be prepared and this could be generated using the remaining
posterior fragments of the tailbud stage embryos. Given the proximity of the cement gland to the
heart-forming region this subtraction procedure may also select for cement-gland specific clones
amongst others.
Study of the heart morphogenetic field
Heart-specific molecular markers have been used to study some of the properties of the heart
field. In particular, they have been valuable in analysing the ability of the heart field to regulate
after perturbation and in reassessing the apparent restriction of the heart field during tailbud stages
of development.
Recently two new candidate marker genes, XN kx25 (Tonissen et a l, 1994), a member of a
sub-family of homeobox genes related to Drosophila NK2, NK3 and NK4lmsh-2(Tinman) and
XGATA4 (Kelley et a l, 1993), a member of the GATA factor family of DNA-binding
transcription factors, have been reported in Xenopus, Their homologues have also been cloned in
the mouse (Lints et a l, 1993; Heikinheimo et a l, 1994). Transcripts of XN kx25 are first detected
by RNAase protection assay during gastrulation (Tonissen et a l, 1994). Whole mount in situ
hybridisation analysis of early tailbud stage embryos has shown that XNkx2.5 is expressed in two
regions, either side of the ventral midline, corresponding to the areas of the two heart anlage

112

(Tonissen et a l, 1994). Transcripts are detected in a pattern that appears to correspond to the
region of the heart morphogenetic field, expression being detected in a broader region of cells
than is fated to form heart. Similarly, whole mount in situ hybridisation analysis indicates that
XGATA4 is expressed in a broad anterior ventral region of the tailbud stage embryo. The
expression data from whole mount in situ hybridisation analysis of early tailbud stages suggested
these genes might provide useful markers of the heart morphogenetic field and could provide a
means of identifying cells of the cardiac mesoderm prior to the onset of terminal differentiation.
To examine the regional specificity of these genes expression was analysed in explants of a
stage 28 embryo, by RNAase protection assay (fig. 31). Stage 28 embryos were divided into four
explants (fig. 31, panel C). The anterior ventral (AV) explant included the cells at the ventral
midline and the more lateral cells reaching midway up the dorsal-ventral axis. This was separated
from the remaining anterior region (H), which included the cement gland. The posterior half of the
embryo was bisected into dorsal (D) and ventral (V) pieces and the remaining central portion of
the embryo, between the head and posterior region, was discarded.
Transcripts ior XNkx2.5 were highly enriched in AV explants, which includes the area of cells
fated to form heart. They were also detected in explants from the head region (H) and it is possible
that this resulted from contamination with cells from the adjacent heart field. Surprisingly
however, transcripts of XNKx25 were also detected in the posterior dorsal (D) and ventral (V)
halves of the embryo, albeit at much lower levels (fig. 31, panel A). By whole mount in situ
hybridisation, Tonissen et al. (Tonissen et a i, 1994) detected expression of XNKx2.5 in the
foregut region and in the cells of the prospective spleen in tadpole stage (34/5) embryos and Lints
et al. (Lints et al., 1993) have detected transcripts of the mouse gene in spleen and tongue of the
12.5 day p. c. stage embryo. Therefore at later embryonic stages

.5 is not a specific marker

for heart muscle cells and it is possible that RNAase protection assay analysis is capable of
detecting XNKx2.5 transcripts in the prospective spleen at stage 28. Whilst such observations may
account for the low levels of XNKx25 detected in the ventral portion of tailbud embryos it does
not account for the presence of similar transcripts levels in dorsal axial regions of the embryo.
When the same samples were analysed ior XGATA4 transcripts, expression was detected not
only in AV explants but also in head region (H) and ventral explants (V). Indeed, a low level of
expression could also be detected in the dorsal explants (D) (fig. 31, panel B). In the adult frog,
XGATA4 transcripts have been detected in heart and gut and lower levels have als^detected in
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Figure 31. Expression patterns o f XNkx2.5 and XGATA4 in the late tailbud stage
embryo,
A stage 28 embryo was divided into four fragments; the anterior ventral (AV) fragment
included the entire heart field and lateral cells midway up the dorsal-ventral axis, the
anterior third of the embryo that remained was denoted the head (H) fragment, the posterior
half of the embryo was bissected into two, a dorsal (D) fragment and a ventral (V) fragment.
The remaining central portion of the embryo was discarded (see panel C overleaf). Total
RNA was extracted from these pieces and analysed by RNAase protection assay for
XNkx2.5 (panel A) ândXGATA4 (panel B) transcripts.
Panels A and B, lane 1: 10 |ig tRNA, lane 2: AV fragments, lane 3: H fragments, lane 4: D
fragments, lane 5: V fragments, lane 6: 2.5 |ig stage 28 embryo total RNA. The equivalent
of 4 fragments were used in each assay in both panel A and B. An E F Ia probe was included
in each assay as an internal loading control. M: approximate size markers (pBR322 Hinfl
digest). P: undigested probe. The highest levels ofXNkx2.5 transcript^ere detected in the
AV fragments, lower levels were detected in the head fragment. The lowest levels were
detected in the dorsal and ventral fragments (panel A). XGATA4 transcripts were detected in
AV fragments. Slightly lower levels were detected in the head and ventral pieces. The
lowest levels were detected in the dorsal fragments (panel B).
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various endoderm derived tissues. Analysis of fragments of the stage 28 embryo by RNAase
protection assay suggest that XGATA4 is expressed in the ventral endoderm in the tailbud. The
low levels detected in dorsal pieces may have arisen from endodermal contamination or from
genuine low level expression throughout the dorsal fragment.
Taken together the results demonstrate that neither

.5 nor XGAT A4 provide

unambiguous markers for the heart field in the neurula embryo. XN kx25 is highly enriched in the
anterior ventral region but is not expressed exclusively in this region at stage 28. Transcripts can
also be detected in other regions of the embryo that do not form heart even when cultured in
isolation. XGATA4 appears to be expressed throughout the embryo at stage 28, with only slight
enrichment in the AV region. These results also demonstrate the different relative sensitivities of
RNAase protection assays and whole mount RNA in situ hybridisation.
Patterning of the heart tube
By whole mount RNA in situ hybridisation analysis, transcripts of both XM HCa and XMLC2
are detected throughout the length of the embryonic heart tube. These markers are useful in
identifying cells that have undergone cardiac-specific differentiation in explants of the heart field.
They do not however, provide information about what part of the heart tube has formed in any
particular explant. To study the patterning process leading to the formation of a complete heart
tube with atrial and ventricular chambers, it will be necessary to isolate markers for particular
regions of the heart tube. Isoforms of structural muscle genes that are expressed only in particular
chambers of the heart provide candidate markers. In other vertebrates, myosin light chain (MLC)
isoforms exist that have patterns of expression restricted to only one chamber of the heart. For
example in mouse, M LClv and MLC2v are found only in the ventricle whilst M LCla and
MLC2a are restricted to the atrium (see Introduction). In Xenopus, the XMLC2a gene shows no
comparable restriction to the atrium of embryonic or adult heart (see Chapter 3) however, it is
possible that other MLC isoforms may show chamber-specific patterns of expression. A 3' RACE
strategy, similar to that used in the isolation of a portion of the XM HCa cDNA, could be used to
isolate fragments of cDNAs of other XMLC isoforms and their expression patterns studied by
whole mount in situ hybridisation. Atrial and ventricle markers could be used to analyse the
regulative ability of cells within the field to form either ventricular or atrial chambers in explant
culture or in vivo.
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SUMMARY
We have isolated a cDNA fragment encoding a portion
of the myosin heavy chain a-isoform (X M H C a) in the
amphibian, X enopus laevis. The X M H C a transcript is
highly enriched in adult heart RNA and is expressed
exclusively in embryonic heart tissue. It therefore
provides a tissue-specific marker for cardiac muscle
differentiation during early embryogenesis. Using an
RNAase protection assay, we can detect the onset of
cardiac muscle differentiation in an anterior, ventral
region of tailbud embryos, many hours before the
appearance of a beating heart. Whole-mount in situ
RNA hybridisation indicates that expression of the
X M H C a gene is restricted to the developing heart primordium. X M H C a gene expression can also be induced
in isolated animal pole explants of blastulae by treatment
with the growth factor, activin A. Induction is dosedependent, requiring high doses of the growth factor

compared with that required for myotomal (skeletal)
muscle differentiation. In contrast, no X M H C a tran
scripts are detected in explants incubated with basic
FGF, despite the induction of myotomal muscle differ
entiation. Activin-induced explants show a similar
temporal pattern of X M H C a gene expression to that
found in normal embryogenesis. Furthermore, cells
expressing this gene appear clustered in one or two foci
within fused explant aggregates, which often show
regular, spontaneous contractions after several days in
culture. These results show that terminal differentiation
of cardiac muscle can occur in growth factor-induced
explants and may be distinguished from skeletal muscle
differentiation by the dose and nature of the inducing
factor.

INTRODUCTION

their fusion to form the heart primordium. In urodeles, pre
cardiac mesoderm of the early neurula only becomes
specified to form heart through an inductive interaction with
underlying endoderm tissue (Jacobson and Sater, 1988;
Smith and Armstrong, 1990). Furthermore, ablation experi
ments show that the heart can be derived from a much larger
region of lateral mesoderm than participates in normal car
diogenesis and can even form from tissue derived from a
single side of the embryo (Copenhaver, 1955; Wilens,
1955).
Differentiation of cardiac tissue from specified, cardiac
mesoderm is delayed for many hours until long after the
formation of the fused primordium, suggesting that another
interaction prevents the premature differentiation of the
cardiac mesoderm in neurula and early tailbud embryos.
Neural tissue may be the source of such an inhibitory
influence (see Jacobson and Sater, 1988) and the existence
o f inhibitors within the mesoderm itself has also been pos
tulated (Smith and Armstrong, 1991).
Cardiogenesis also appears to be affected by tissue inter
actions that have been termed ‘formative’ since they are not
essential for heart formation in explants, but increase the
size and rate at which beating hearts are formed in culture

In amphibians, the heart is formed from the embryonic
mesoderm as a result of a complex series o f tissue interac
tions (reviewed in Jacobson and Sater, 1988). Although the
developing heart lies ventrally in the tadpole, it is formed
from dorsal anterior mesoderm. Fate maps of Xenopus
gastrulae indicate that the heart is formed from paired, dor
solateral regions of the marginal zone that lie on either side
of the blastopore lip (Keller, 1976). Similar results are
suggested by specification maps of urodele embryos (see
Jacobson and Sater, 1988). As a result of gastrulation
movements, the precardiac mesoderm lies at the anterior end
of the neurula, on either side of the neural plate. The initial
step in cardiogenesis may therefore be considered to be the
patterning of mesoderm along the future dorsoventral and
anteroposterior axes.
Subsequent steps in cardiogenesis have been defined
largely by embryological studies in which the capacity of
amphibian embryo fragments to form beating hearts in
culture has been monitored (Jacobson and Sater, 1988 and
references therein). Migration of the anterodorsal, precar
diac mesoderm towards the ventral midline culminates in
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(Fullilove, 1970; Jacobson and Sater, 1988). One source of
such an influence is the head endoderm which underlies the
cardiac mesoderm in the neurula embryo. The c mutation
(Humphrey, 1972) in the axolotl, Am bystom a mexicanum,
appears to affect this type of interaction since the mutant
embryos fail to form normal hearts but possess disorganised
cardiac tissue (Lemanski, 1973).
The molecular basis for the tissue interactions in ver
tebrate cardiogenesis is unknown. Such studies are
hampered by the absence of molecular markers for any early
stages in cardiac differentiation and the coexpression of
many terminal differentiation products in both skeletal and
cardiac muscle. For these reasons, differentiation of cardiac
tissue has generally been scored by the appearance o f a
beating heart and this assay is of limited use in the study of
early cardiogenesis. Furthermore, in amphibians, most
studies of heart formation have been based on the relatively
slow developing urodele embryos, in which the inductive
interaction between pharyngeal endoderm and precardiac
mesoderm can clearly be demonstrated. However, almost all
molecular studies of development have used the anuran,
Xenopus laevis. In this species, specification of the cardiac
mesoderm occurs in the earliest stages of gastrulation and is
not amenable to embryological study (Sater and Jacobson,
1989).
Here we present a model system to study the molecular
events of cardiogenesis in Xenopus laevis. We describe the
characterisation of a sensitive molecular marker for cardiac
muscle in Xenopus embryos that detects terminal differen
tiation in the heart primordium many hours before the
appearance o f a beating heart. Using this marker, we demon
strate that cardiac muscle differentiation can be induced in
isolated animal pole explants of blastulae by treatment with
the growth factor, activin A. The use of such a system to
investigate the earliest molecular events o f cardiogenesis is
discussed.

MATERIALS AND METHODS
Isolation of RNA
Total RNA from adult Xenopus tissues was isolated by a modifi
cation of the AGPC method. Each tissue was powdered in liquid
nitrogen and dissolved in guanidinium isothiocyanate buffer (10
ml/gm) and nucleic acid prepared as described previously (Chomczynski and Sacchi, 1987). This was resuspended in 1.5 ml of TE,
extracted twice with buffered phenol and precipitated with an equal
volume of 5 M LiCl overnight. After centrifugation (10 K, 15
minutes, 4°C), the RNA was washed twice with 70% ethanol,
dissolved in water and reprecipitated. Total nucleic acid was
extracted from embryos and cultured explants as previously
described (Mohun et a l, 1984). Poly(A)+ RNA was selected from
adult heart RNA using the PolyA Tract system (Promega).

RT-PCR
Alignment of vertebrate MHC sequences from the EMBL database
suggested the following two MHC-specific primers to use in a 3'
RACE procedure:
MHC-1: CTGTCCAAGTTCCGCAAGGTGCAG
MHC-2: CAACAAGCTTCGGGCCAAGAGCCG
These were used with oligo(dT)-adapter (GACTCGAGTCGACATCGAT(17)) and adapter (GACTCGAGTCGACATCG)

primers previously described (Frohman et a l, 1988) to amplify a
3' fragment of the Xenopus M H C a cDNA.
Heart cDNA was synthesised using poly(A)+ RNA selected
from 50 pg of total heart RNA using MMLV reverse transcriptase
(Gibco BRL) as described by the manufacturers. Synthesis was
primed using the oligo(dT)-adapter primer (25 pg/ml) in a reaction
volume of 20 pi and the product used directly for PCR amplifica
tion. Reactions were carried out in 50 pi (Saiki et al., 1989) using
primers at a concentration of 2 pM.
In the first round of amplification, 1-5% of the cDNA reaction
was used with the MHC-1 and oligo(dT)-adapter primers. In the
first cycle, samples were denatured at 95°C (5 minutes), annealed
at 55°C (60 seconds) and extended at 72°C (10 minutes). In the
subsequent 29 cycles, the duration of each step was reduced as
follows; dénaturation (40 seconds), annealing (60 seconds),
extension (150 seconds). 1% of the reaction was used for a second
round of amplification with the nested MHC-2 and adapter primers
under similar conditions, except that the annealing temperature was
increased to 58°C.
The final PCR product was phenol extracted, precipitated with
ethanol. After digestion with Xhol and HmdlU, the amplified DNA
was cloned into the phagemid pKS(+). Inserts were sequenced by
the dideoxy method, using single-stranded phage DNA recovered
from the clones. The Xenopus M H C a plasmid obtained in this
manner was designated pXMHCa.

RNAase protection assay
In order to obtain a cDNA fragment suitable for use as an RNAase
protection assay probe, heart cDNA was amphfied using the PCR
primer MHC-1 and third MHC-specific primer (MHC-3:
GGCATTCATGTGGTGCTTCTGTGG) suggested from Xenopus
M H C a DNA sequence. The PCR product was subcloned directly
into a the EcoRW site of the phagemid, Bluescript KS(+), which
had been tailed with dideoxy TTP (Holton and Graham, 1991) to
generate the plasmid pX M H C al/3. This contains a 149 nucleotide
fragment of the Xenopus M H C a cDNA (nucleotides 1-149; Fig.
lA) attached to primer M H Cl. An RNA probe was synthesised
using Hmdlll-linearised pX M H C al/3 as template and T7 RNA
polymerase (Melton et a l, 1985). The cardiac actin (Mohun et al.,
1988) and XMyoD (Hopwood et a l, 1989) probes have been
described previously. A second XMyoD probe, pSP735bG/XMyoD (R. Wilson, unpublished) was used for the assays
shown in Fig. 3B. An E F la (Sargent and Bennett, 1990) probe
synthesised at one fifth of the usual specific activity was used to
provide an internal control for XM HCa assays. RNAase protec
tion assays were performed under standard conditions (Zinn et a l,
1983). Products of the T1 RNAase digestion reaction were resolved
on 6% polyacrylamide denaturing gels using a radiolabelled Hinfl
digest of pBR322 to provide approximate size markers.

Whole-mount RNA In situ hybridisation
Whole-mount RNA in situ hybridisations were performed exactly
as described previously (Harland, 1991) using digoxigenin-labelled
RNA probes. These were derived from a subclone of pXM HCa in
which the poly(A) tail had heen removed by digestion with HlncR
and Xhol, followed by fill-in and religation. The resulting plasmid,
pXMHCaA, contains a 115 nucleotide fragment of the X M HCa
cDNA (nucleotides 55-169; Fig. 1A) including 4 mismatches intro
duced by the PCR primer MHC-2. Antisense probe was synthe
sised using T3 RNA polymerase from pXMHCaA linearised with
Hm dni. For controls, sense orientation probe was synthesised
using T7 RNA polymerase and Xpnl-digested template, which had
been treated with T4 DNA polymerase.

Embryo and explant culture
Embryos were cultured at 18-21°C and staged according to
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Nieuwkoop and Faber (1956). Explants were dissected from
blastulae (stages 8-9) and comprised 20-25 of the animal hemi
sphere. These were cultured in 0.75 NAM (Slack, 1984) contain
ing 0.1% BSA, using agarose-coated dishes. Human recombinant
activin A and Xenopus basic FGF were kindly provided by Jim
Smith (NIMR). Explants were induced in groups of 10-20 by
including activin A or bFGF in the culture medium. Dose ranges
of 1-80 units/ml for activin A and 10-120 units/ml for bFGF were
tested, employing the unit definition described previously (Green
et al., 1992).

RESULTS
Cloning of Xenopus MHCa cDNA
A survey of muscle-specific proteins characterised in ver
tebrate skeletal and cardiac muscle confirmed that many
muscle-specific gene products, such as the sarcomeric
actins, are coexpressed in both skeletal and cardiac muscle
tissue of embryos (see Bandman, 1992 for review). One
candidate heart-specific marker was a myosin heavy chain
a-isoform. In chick embryos, transcripts o f a heart-specific
myosin heavy chain gene (VM HCl) have been detected by
PCR in cardiogenic mesoderm, prior to heart formation
(Bisaha and Bader, 1991). In early mouse embryos, the
MHCa gene is expressed exclusively in the cardiac tube
(Lyons et al., 1990).
Using PCR primers derived from a comparison of ver
tebrate MHC sequences in the EMBL database, we
amplified a 222 nucleotide fragment from adult heart
cDNA, using the 3' RACE procedure (Frohman et al.,
1988). Sequencing revealed that this fragment comprises
the final 37 carboxy-terminal residues o f an MHC
polypeptide and the entire 3' untranslated region o f the
transcript including the poly(A) signal site (Fig. lA ). A
similar cDNA fragment was also isolated by the same RTPCR strategy from embryonic heart RNA and sequencing
confirmed that this was identical to the PCR fragment
derived from adult heart RNA. The predicted amino acid
sequence shows 81% identity to the corresponding
carboxy terminal region o f other vertebrate M H Ca
proteins and slightly less similarity (77%) to MHCP
isoforms. Alignment o f the sequences reveals that the a and P-isoforms are most divergent in the final seven
residues (Fig. IB). Over this region, the frog sequence,
like that o f the chick V M H C l, most closely resembles the
M HCa rather than MHCP sequences. The only other
amphibian MHC sequence available is that derived from
a newt cD N A clone, MHCc/s (Casimir et al., 1988), which
shows only restricted similarity to the frog sequence and
is most similar to the P-isoform s, on the basis o f it
carboxy-terminal residues (Fig. IB). We conclude that the
Xenopus clone encodes the carboxy terminal fragment o f
an M H Ca-like protein. Although this clone is a PCRderived fragment rather than a cD N A library isolate, its
independent isolation from two different RNA sources,
the conservation of appropriate sequence features (termi
nation codon, poly(A) addition signal) and the high degree
o f similarity o f its putative translation product to
mammalian MHCs all indicate that the D N A sequence is
authentic.
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Fig. 1. Sequence of a Xenopus M H C a cDNA fragment.
(A) Nucleotide sequence of a Xenopus MHC cDNA fragment
isolated from adult heart cDNA. The sequence is derived from
two overlapping clones obtained by RT-PCR (see Methods) and
has been submitted to the EMBL database. The encoded
polypeptide fragment is shown along with the termination codon
(*) and putative polyadenylation signal (underlined).
(B) Alignment of the Xenopus MHC polypeptide sequence with
the carboxy terminal region of other vertebrate MHC sequences.
The XM HCa sequence most closely resembles the human
(Yamauchi-Takiharaet ah, 1989), mouse (EMBL accession
number M74751), rat (McNally et ah, 1989), rabbit (Sinha et ah,
1984) and hamster (Liew and Jandreski, 1986) M H C a proteins in
the final seven residues. The human (Yamauchi-Takihara et ah,
1989), mouse (EMBL accession number M74752), rat (Kraft et
ah, 1989) and hamster (Jandreski et al., 1988) MHCP isoforms are
also shown, along with the P-like newt MHCc/s (Casimir et ah,
1988) and the cardiac-specific chick VM HCl (Bisaha and Bader,
1991) sequences.

Expression of Xenopus MHCa during
developm ent
In order to determine the tissue specificity of XM HCa gene
expression, we first examined the distribution o f XM HCa
transcripts in adult tissues using an RNAase protection
assay. Transcripts corresponding to full-length protection of
the Xenopus clone are highly abundant in adult heart RNA
but undetectable in RNA from stomach, oviduct and liver
(Fig. 2A, lanes 2, 3, 5 and 7). A low level is evident in lung
RNA (lane 4) and also in skeletal muscle after prolonged
exposure of the autoradiogram (lane 6). When the same
tissue RNAs were tested for the presence o f cardiac actin
transcripts, the highest levels were detected as expected in
adult heart (Fig. 2B, lane 7). In addition, low levels were
detected in stomach and skeletal muscle samples (lanes 2
and 6, respectively), consistent with minor expression o f this
gene in adult striated and smooth muscle types (T. Mohun
and E. Gionti, unpublished data). A low level was also
detected in lung RNA (lane 4) suggesting the presence of
contaminating muscle tissue (presumably from blood
vessels) in the sample.
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Fig. 2. Expression of XMHCa in adult frog tissues. The
distribution of XMHCa niRNA in adult frog tissues was analysed
by RNAase protection assay (A) and compared with that of the
cardiac actin gene transcript (B). M, size markers (//mfl-digested
pBR322); P, undigested probe; lane 1, tRNA control; lanes 2-7,
stomach, oviduct, lung, liver, skeletal muscle, heart RNA,
respectively; lanes 8-9, tailbud (stage 24) and tadpole (stage 37/8)
embryo RNA, respectively. 10 pg of total RNA was used in each
assay, except in the case of the heart sample which comprised
only 1 pg to avoid overexposure of the autoradiogram. Fulllength, protected fragments for each probe are indicated. As an
internal control, a probe for the highly abundant EFla was
included in the XMHCa assay.
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From Fig. 2A, it is evident that the M H C a transcripts can
be detected in stage 42 tadpoles (lane 9), by which stage a
beating heart has formed. W e therefore exam ined total RNA
from a range of developm ental stages from neurula stage
onwards to assess when the M H C a gene was activated
during embryogenesis. Since the developing heart o f the
tadpole comprises only a sm all percentage o f tissue when
com pared with the axial muscle o f the m yotom es, we
dissected ventral and dorsal pieces from the anterior end the
em bryo and compared their expression o f cardiac actin,
X M yoD and X M H C a genes (Fig. 3). Ventral pieces encom 
passed tissue immediately behind the cem ent gland, which
includes the heart prim ordium (Sater and Jacobson, 1990a).
W hen cultured until sibling em bryos reached stage 42, such
explants invariably differentiated to include beating hearts
(data not shown). Equivalent-sized dorsal pieces were
com posed largely of myotomal muscle tissue (see Fig. 3D).
In X enopus, as in other vertebrates, the cardiac actin gene
is expressed in both skeletal and cardiac muscle in
embryonic stages o f developm ent (M ohun et al., 1984).
Cardiac actin transcripts were therefore highly abundant in
dorsal pieces at all stages o f developm ent (Fig. 3A) since

Ventral
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7 8
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10

11

Dorsal

Ventral

Fig. 3. Expression of XMHCa Xenopus embryos. The prevalence of
cardiac actin (A), XMyoD (B) and XMHCa transcripts (C) in early
embryos was analysed by RNAase protection assay. Myotomeenriched dorsal fragments were dissected from tailbud or early
tadpole embryos and compared with ventral pieces that included the
heart anlage (D). P, undigested probe; t, 10 pg tRNA control; lanes
2 ,4 ,6 ,8 and 10, dorsal fragments (stages 26,28,30,32 and 34,
respectively); lanes 3 ,5 ,7 ,9 and 11, ventral fragment from the same
embryos. Total RNA from four fragments was analysed in each lane.
These comprised approximately similar amounts, as determined
using the EFla probe (data not shown). Full-length, protected
fragments for each probe are indicated. The cardiac actin probe gives
several partial protection products resulting from cross hybridisation
with cytoskeletal actin transcripts. A prominent, dorsal-specific band
(open triangle) is obtained with the XMHCa probe.
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Fig. 4. Distribution of X M H C a mRNA in Xenopus embryos. W hole-mount in situ hybridisation was used to examine the spatial
distribution of X M H C a transcripts in tailbud and tadpole embryos. Specific staining (purple) is readily distinguished from the natural
pigmentation (brown/black) of the embryos. (A) Developmental series comprising (from top to bottom) embryo stages 29, 35 and 38.
Staining for X M H C a can be seen in the ventral region immediately anterior to the gut. This corresponds to the developing heart anlage.
(B) Anterior region of a stage 35 tadpole. X M H C a expression is clearly restricted to the conus arteriosus, heart chambers and sinus
venosus that have formed from the endocardial tube.

much of the tissue in these fragm ents com prises differenti
ating axial muscle. Sim ilarly, XM yoD transcripts, w hich are
expressed in skeletal but not cardiac muscle, were detected
only in dorsal fragm ents, and were m ost abundant in the
earlier staged em bryos (Fig. 3B). This is consistent with the
progressive decline in XM yoD gene expression reported for
the myotomes of tailbud and tadpole em bryos (H opwood et
al., 1989). In contrast, X M H C a transcripts were undetected
in dorsal pieces at any stage o f developm ent (Fig. 3C).
Expression was detected, however, in ventral pieces from
late tailbud em bryos (stage 28) and accum ulated in this
region during subsequent developm ent (Fig. 3C, lanes 5, 7,
9 and 11). C ardiac actin transcripts were also detected in
ventral pieces of late tailbud em bryos (Fig. 3A, lanes 7, 9
and 11), and prolonged exposure o f the autoradiogram s
indicated that they too could be detected as early as stage
28. This suggests that the X M H C a and cardiac actin genes
are coexpressed during terminal differentiation of
embryonic cardiac tissue.
From w hole-m ount in situ hybridisation studies
(Hemm ati-Brivanlou et al., 1990; data not shown), it is
unlikely that the presence o f cardiac actin transcripts in the
ventral pieces indicates contam ination with myotomal
tissue. In pieces from neurula and early tailbud, XM yoD
expression provides a reasonably sensitive m arker for the
presence o f myotomal muscle and no transcripts are detected
in the ventral pieces (Fig. 3B, com pare lanes 2, 4, 6, 8 and
10 with lanes 3, 5, 7, 9, and 11, respectively). In older
embryos, a partial protection product obtained with the
X M H C a probe appears to provide a very sensitive m arker

for myotomal tissue (see Fig. 3C). W e presume that this is
obtained by cross-hybridisation o f a skeletal muscle-specific
MHC transcript. W hatever its origins, this protection
product is not found with any ventral fragm ent RNA, despite
its high levels in assays o f dorsal, myotomal tissue (Fig. 3C,
lanes 2, 4, 6, 8 and 10). Together, these results exclude the
possibility that ventral pieces are contam inated with
m yotom e and indicate that the X enopus X M H C a cDNA
encodes an isoform that is restricted to cardiac m uscle in the
early embryo.
To verify this, we exam ined the distribution o f the
X M H C a transcripts throughout the entire em bryo, using
w hole-m ount in situ hybridisation. No staining was obtained
with a sense-orientation X M H C a probe at any stage of
developm ent (data not shown). However, with an antisense
probe, we detected X M H C a mRNA in the stage 28/9
tadpole (Fig. 4A), indicating that the w hole-m ount in situ
procedure was virtually as sensitive as the RNAase protec
tion assay (cf. Fig. 3(2, lane 5). The signal was localised
beneath the ventral ectoderm , im m ediately behind the
cem ent gland o f the tadpole and increased in intensity during
subsequent developm ent. This region corresponds to the
location o f the developing heart prim ordium and also stains
for the presence o f cardiac actin transcripts (Hem m atiBrivanlou et al., 1990; data not shown). No X M H C a
expression was detected in any o f the head or body m uscu
lature and by stage 35, signal was clearly restricted to the
developing heart anlage (Fig. 4B). These results confirm that
the X M H C a transcript provides a specific m olecular m arker
for differentiation o f em bryonic cardiac muscle tissue.
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Induction of MHCa expression in cultured animal
pole explants
Cells from the animal pole o f blastula-stage embryos
norm ally form ectoderm and neural tissues (Keller, 1975).
Their developm ental fate can be changed by exposure to a
variety of growth factors that induce the differentiation of
mesodermal derivatives, including m uscle (review ed in
Smith, 1989; W hitman and M elton, 1989; D awid and
Sargent, 1990; Sive, 1993). The onset o f m uscle-specific
gene expression following growth factor treatm ent approx
imates to the time course o f m yotom al muscle differen
tiation in the normal em bryo but the actual character o f the
induced muscle has not been investigated.
To assess whether cardiac-type muscle could be induced
to differentiate from animal pole blastom eres, we tested the
ability of the potent m esoderm -inducing factor, activin A, to
activate expression of the X enopus M H C a gene in cultured
explants. A m em ber of the TGF|3 superfam ily, activin A is
capable of inducing a broad spectrum o f m esoderm al deriv
atives, including those that are considered anterodorsal and
others that are ventral-posterior in character (Green et al.,
1992). Isolated animal caps w ere dissected from blastula
(stage 8) em bryos and cultured in the presence o f recom bi
nant human activin A (80 units/ml; see M aterials and
M ethods). During culture, the majority o f explants fused
into aggregates (see below). The equivalent o f 10-20
explants were harvested at various tim es up to four days
after dissection, and analysed for the presence o f cardiac
actin, XM yoD and X M H C a transcripts.
Cardiac actin mRNA was highly abundant in all the
induced samples, indicating that extensive muscle differen
tiation had occurred in response to activin A treatm ent (Fig.
5A, lanes 2-8). The presence o f XM yoD mRNA in all the
samples (Fig. 5B) dem onstrated that at least some o f the
induced muscle was of myotomal type (Fig. 5B). W e
detected much less XM yoD expression in explants
harvested later than the equivalent o f stage 22 (Fig. 5B, lanes
4-8) consistent with the decline in M yoD expression during
normal developm ent. However, all but the youngest
explants showed the m yotome-specific protected band when
assayed for X M H C a transcripts (Fig. 5C, lanes 3-8), con
sistent with the presence o f abundant m yotom al-type muscle
in all the induced explants (cf. Fig. 2B).
In addition to inducing the differentiation o f myotom allike muscle, activin A also induced expression o f the
X M H C a gene in the treated explants (Fig. 5C, lanes 5-8).
Transcripts were evident after culture to the equivalent of
stage 30 and longer exposures detect a low level o f
expression coincident with activation o f the gene in the heart
prim ordium of control tadpoles (data not shown). The level
of expression increased during culture o f the explants and
after two days it was approxim ately 10-25% as abundant in
explants as it was in equivalent-staged control embryos.

Induction of cardiac muscle by activin A is dosedependent
Previous studies have shown that the range o f m esodermal
cell types that are induced in animal blastom eres by activin
A treatm ent is affected in a dose-dependent manner, sug
gesting that gradients o f inducing signal(s) may underly
orderly patterning of the m esoderm during norm al develop-
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Fig. 5. Induction of X M H C a expression in animal pole explants.
Activin-induced animal pole explants were assayed for the
presence of cardiac actin (A), XMyoD (B) and X M HCa
transcripts (C) using an RNAase protection assay. P, undigested
probe; lane 1,10 pg tRNA; lanes 2-8, total RNA from induced
explants cultured until sibling embryos reached stages 18, 22, 26,
30,34, 38 and 42, respectively; lane 9, 3 pg of total tadpole RNA
(stage 42). Full-length, protected fragments for each probe are
indicated, as is the myotome-specific band (open triangle)
obtained with the X M H C a probe. The equivalent of four explants
were analysed in each assay and contained similar amounts of
total RNA, as judged by the level of E F la transcripts (C).

ment (Green et al., 1992; Green and Smith, 1991). W e
therefore investigated w hether the concentration of activin
A also affected induction o f cardiac muscle differentiation.
Animal pole explants were treated with 1-80 units/ml o f
activin A, cultured until sibling em bryos reached stage 42
and the resulting aggregates assayed for the presence of
cardiac actin and X M H C a mRNA. An exam ple of such an
experim ent is shown in Fig. 6. Cardiac actin gene expression
was heavily induced at all activin doses (Fig. 6A, lanes 911 ) as previously reported. In contrast, X M H C a transcripts
are only detected in explants treated with 80 units/ml (Fig.
6B, lane 11 ). Further studies using a second batch of recom 
binant activin A gave sim ilar results, with some variation in
the relative levels o f X M H C a expression at the highest
doses (data not shown). Both batches showed a similar dosedependent activation o f X M H C a gene expression within the
limits im posed by the empirical definition o f activin unit
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activity (see M aterials and M ethods). These results suggest
that cardiac muscle is only induced by relatively high con
centrations o f the growth factor com pared with those
required for differentiation o f m yotom al-like m uscle.

bFGF does not induce expression of MHCcc in
animal pole expiants
We next tested w hether bFG F could also induce M H C a
expression in the explant assay. M em bers o f the FG F family,
like those of the TGF[3 superfam ily, also possess the ability
to induce mesodermal derivatives from animal pole explants
(Kimelman and K irschner, 1987; Slack et al., 1987). The
inducing activity of bFG F is distinguished from activin A
by the absence of notochord tissue in cultured explants and
a relative reduction in the proportions o f other dorsal m eso
dermal cell types. Consistent with this, we found that
Xenopus bFG F failed to induce any M H C a expression in
explants treated with a range o f concentrations, from 10 to
120 units/ml despite the induction o f the cardiac actin gene
at all doses (com pare Fig. 6A and 6B, lanes 3-7). Taken
together, our results dem onstrate that the induction of
cardiac and myotomal muscle differentiation in animal pole
explants can be distinguished by both the dosage and the
nature of the m esoderm -inducing factor.
From Fig. 6, it is evident that there is a non-linear rela
tionship between the level o f cardiac actin mRN A detected
and the dose of bFG F used to induce the explants. A fter nor
malisation with respect to the E F l a signal, direct quantita
tion confirms that higher doses o f bFG F reduce the level o f
the actin mRNA (data not shown) although the precise shape
of the curve varies considerably betw een experim ents. This
is consistent with previously published studies. A bell
shaped dose-response relationship has been described for
disaggregated animal pole cells (Green et al., 1992), whilst
the results for isolated explants are quite variable (compare
table 2 with fig. 3 in G reen et al., 1990).
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during the course o f the culture period. Isolated explants
showed no detectable staining, suggesting that fusion was in
some way necessary for M HC expression (com pare Fig. 7A
with 7B). Sim ilar results were obtained when single and
fused explants were tested by R NA ase protection assay (data
not shown). W ithin aggregates, staining for the M H C a tran
script was invariably restricted to one or two foci, indicat
ing that the cardiac muscle cells were clustered together (see
Fig. 7A). In no case was the staining distributed throughout
the explant, although we cannot entirely exclude the possi
bility that individual M H C a-positive cells would be unde
tected by this assay.

bFG F-

A

-Activin-

-

:

Cardiac
actin

Cyt. actin
1

2 3 4 5 6 7

8 9

10 11

XMHCa

Cardiac muscle cells are clustered in cultured
expiants
Histological studies dem onstrate that w hilst induced animal
pole explants com prise several distinct cell types, they often
show some degree o f cellular organisation (for exam ple
Sokol and M elton, 1991). Induced m uscle cells are fre
quently clustered in a single or several blocks and
notochord-like structures have also been described. The
ability of induced explants to acquire cellular pattern is an
intriguing phenom enon that has im portant im plications for
any model o f m esoderm induction during normal develop
ment. It may, for exam ple, arise from the varying doses of
inducing factor received by cells in different locations
within the explant. It may also reflect a prepattern within the
explant (Sokol and M elton, 1991; Bolce et al., 1992) or
cooperative interactions betw een adjacent cells (Gurdon,
1988). Finally, it is possible that signalling events that are
proposed to be necessary for patterning o f the m esoderm
during normal developm ent (Slack and Form an, 1980) also
occur within the induced explant.
We have exam ined the distribution o f X M H C a-staining
cells within induced explants using RNA w hole-m ount in
situ hybridisation. Interestingly, we found that staining was
only detected in explants that had fused into aggregates

E F la
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'4 5 6 7
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Fig. 6. X M H Ca expression in expiants is induced by activin A
but not by bFGF. Blastula animal pole explants were induced with
bFGF or activin A and cultured until control embryos reached
stage 42. Total RNA was assayed for cardiac actin (A) and
X M H C a mRNA (B) by RNAase protection. P, Undigested probe;
lane 1, 10 pg tRNA; lane 2, uninduced explants (control for
bFGF); lanes 3-7, explants induced with 1 0,20,40, 80 and 120
units/ml of Xenopus recombinant bFGF; lane 8, uninduced
explants (control for activin); lanes 9-11, explants induced with 8,
32 and 80 units/ml of human recombinant activin A. The
equivalent of four explants were analysed in each assay. The level
of cardiac actin mRNA detected should be normalised by
reference to the signal obtained for the cross-hybridising
cytoskeletal actin transcripts (A). In the X M H C a assays (B), the
E F la probe was included to monitor the relative amounts of
explant RNA.
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Fig. 7. X M HCa expression is induced in discrete foci within cultured explants. W hole-mount in situ hybridisation was used to examine
the distribution of X M H Ca transcripts in activin-induced animal pole explants. Discrete purple foci of signal (arrows) can be seen in
fused aggregates of explants (A) which were dissected from pigmented embryos. No signal was detected in explants that failed to fuse,
nor in explants that were cultured in isolation (B).

DISCUSSION
We have isolated a fragm ent o f the Xenopus M HC cDNA
that encodes the carboxy term inal portion o f the a-cardiac
isoform. A lthough the cDNA fragm ent was obtained by
PCR, its sequence appears authentic since an identical
sequence was obtained from both adult and em bryonic heart
RNA and the fragm ent is fully protected in RNAase pro
tection assays. Like its avian (Bisaha and Bader, 1991) and
murine (Lyons et al., 1990) counterparts, the X M H C a tran
script is highly abundant in adult cardiac muscle. W e have
detected no expression o f the X M H C a gene in skeletal
muscle from the leg of adult frogs but we have not estab
lished w hether expression is detectable in any other skeletal
muscles. In Xenopus em bryos, the X M H C a gene is
expressed exclusively in the developing em bryonic heart
and provides the first m olecular m arker for terminal differ
entiation of cardiac rather than skeletal muscle. W e have
detected the onset of X M H C a gene expression in an
anterior, ventral region o f the tailbud em bryo, many hours
before the morphological appearance o f the em bryonic heart
tube. Using this marker, we have been able to distinguish
between the induction o f cardiac and skeletal-type muscle
differentiation in growth factor-treated explants from
blastula embryos.

A threshold response to activin
Our main finding is that cardiac m uscle differentiation can
be induced in isolated animal pole explants by exposure to
activin A but not bFGF. This is consistent with the obser
vation that the heart is derived from anterodorsal m esoder
mal rudiments. bFGF induces m esoderm o f a more ventral
and posterior character than activin A, exposure to which

can induce a com plete spectrum o f m esodermal derivatives.
D ose-response experim ents using cultured explants are
difficult to interpret since the exposure o f different cells
within the tissue fragm ent to the inducing factor presumably
varies. N evertheless, an increasing proportion o f dorsoanterior tissue types are induced as the concentration o f activin
A is increased (Green et al., 1990) and disaggregation exper
iments have shown a precise dose-response o f individual
animal blastom eres (Green and Smith, 1990; Green et al.,
1992). These findings may account for our observation that
expression o f the cardiac m uscle-specific M H C a gene is
only induced by high concentrations o f activin A. Several
other factors (W n tl, WntS and noggin) have been described
that can rescue dorsal mesoderm al derivatives in ventralised
Xenopus em bryos (Smith and Harland, 1991, 1992; Sokol et
al., 1991). It will be interesting to determ ine w hether these
factors, alone or in com bination with bFGF, will induce
M H C a gene expression in blastula explants.
D ispersed animal pole cells show distinct thresholds in
their response to sm all differences in activin and FG F con
centrations, suggesting that com plem entary gradients o f
these factors could underly mesoderm al patterning in
normal developm ent (Green et ah, 1992). Interestingly,
cardiac actin gene expression was only induced by a narrow
range o f concentrations in these experim ents and was not
detected with high doses o f activin. From the present results,
we w ould predict that this gene in fact shows a biphasic
pattern o f induction. At low er doses, expression would result
from the differentiation o f skeletal (m yotom al) muscle and
this w ould be detected within hours o f treatm ent. At higher
doses, prolonged culture should result in a second window
of cardiac actin gene transcription due to the induction o f
cardiac muscle differentiation. This w ould not have been
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detected in the study of Green et al. (1992) since the induced
cells were harvested at the neurula stage, long before the
onset of cardiac differentiation.

Cardiogenic differentiation in animal pole expiants
Embryological studies have distinguished successive steps
in the formation of the amphibian heart from mesodermal
tissue. In Xenopus, specification of the cardiac mesoderm
depends on the presence of the blastopore dorsal lip, which
can also repattem other regions of lateral mesoderm to form
heart tissue (Sater and Jacobson, 1990b). This indicates that
a ‘dorsalising’ signal (Slack and Forman, 1980; Lettice and
Slack, 1993; Smith et al., 1993) is necessary for establish
ment of heart mesoderm. In urodeles, specification o f a car
diogenic fate also requires an inductive interaction between
cells of the dorsolateral mesoderm and the underlying pha
ryngeal endoderm. In the anuran, Xenopus laevis, it has
proved impossible to test whether this is also necessary,
since the precardiac mesoderm becomes specified early in
gastrulation before it is feasible to distinguish the target
tissue from the proposed inductive source (Sater and
Jacobson, 1989).
Are similar interactions responsible for M HCa gene
expression in activin-treated caps or does the inducing factor
act by directly initiating terminal differentiation of cardiac
tissue? We consider it unlikely that activin acts by short-cir
cuiting the normal steps of cardiogenesis for several reasons.
Direct activation o f the cardiac myogenic programme by
activin might be expected to result in precocious expression
of the M HCa gene and the early detection of spontaneous
contractile activity. In contrast, we have found that M HCa
gene expression in activin-induced expiants follows a
similar time course to that detected for the gene in normal
development. Furthermore, contractile activity is only
detected after prolonged culture and mirrors the appearance
of beating in cultured heart explants. In normal develop
ment, terminal differentiation o f cardiac muscle is likewise
delayed many hours after specification in both urodeles and
anurans and the activin-induced explants appear to recapit
ulate this process. It is noteworthy that, in axolotl embryos,
treatment of cardiac mesoderm explants from neurulae with
murine activin A prior to their specification has no stimula
tory effect on heart formation in contrast to the effects of
several other growth factors (Muslin and Williams, 1991).
Activin does not therefore directly activate the cardiogenic
programme in this species. Finally, the acquisition of
limited, albeit disorganised, patterning o f cell types within
induced Xenopus animal pole explants indicates that differ
entiation of individual blastomeres is indeed influenced by
subsequent cellular interactions. It is therefore conceivable
that at least some of the cell signalling events required for
heart differentiation in normal development (such as dorsalisation) could also occur within induced explants.
We suggest that activin induction of animal pole explants
effectively reproduces most o f the essential interactions of
normal cardiogenesis and provides a useful model system
for their investigation. Although the role of pharyngeal
endoderm in the induction o f cardiogenesis cannot be
demonstrated in Xenopus, we note that this tissue, like the
mesoderm itself, is a product o f animal hemisphere cells, in
response to a vegetal inductive influence (Nieuwkoop et al..
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1985). Such tissue may also therefore be induced by activin
treatment and play an instructive role in the formation of
cardiac muscle tissue. This proposition cannot be tested
directly until endoderm-specific markers become available.
However, it may be possible to examine whether individual
induced blastomeres are capable of cardiac muscle differ
entiation in the absence of cell-cell interactions (Godsave
and Slack, 1991).
Induced explants not only activate M HCa gene tran
scription in discrete foci within the fused aggregates, they
also frequently form spontaneously contracting tissue (M.
L. and T. M., unpublished observations) indicating that rel
atively complete cardiac muscle differentiation has
occurred. Similar foci of cardiac muscle have been
described in cultured explants of specified cardiac
mesoderm from axolotl embryos (Muslin and Williams,
1991). Interestingly, the presence of underlying endoderm
results in more extensive differentiation and the formation
of a heart loop in the axolotl explants, indicating a
continued role for endodermal influences in cardiogenesis.
We have never observed similarly organised heart struc
tures in induced animal pole tissue, suggesting that the
‘formative’ interactions necessary for heart morphogenesis
are absent from Xenopus explants.
It is intriguing that we have only detected cardiac muscle
differentiation in aggregates o f explants that have fused
during the course of culture. We presume that at least one
o f the necessary steps in the induction o f cardiogenesis
requires a minimum of tissue, although we have no indi
cation of which step this might be. The precise number of
explants required to fuse before M H Ca could be detected
is difficult to assess due to inevitable variation in the exact
size o f explants dissected, the loss o f some material during
prolonged culture and the extensive morphological
changes that occur. W e have observed M HCa expression
in aggregates comprising apparently two or three explants
(see for example Fig. 7A). A comparison of cardiac
induction in differently sized explants and in cultures in
which fusion is delayed will help to define further this phe
nomenon.

Molecular analysis of cardiogenesis
Despite extensive embryological characterisation, remark
ably little is known about the molecular basis for the regu
lation o f cardiogenesis. A major obstacle has been the dearth
o f useful model systems that facilitate genetic and bio
chemical analysis o f cardiac muscle differentiation. Fur
thermore, despite the similarities o f their genetic programs,
no cardiac equivalents of the myogenic determination genes
have so far been identified. The ability to induce cardiac
muscle differentiation in Xenopus animal pole explants is of
practical significance since relatively large amounts of
induced tissue can readily be obtained and the type of
muscle differentiation that occurs can be regulated by the
dose of inducing factor. It therefore provides a model system
for cardiogenesis which is amenable to molecular study.
We are grateful to Paul Barton, Jonathan Cooke and Jim Smith
for helpful discussions and advice. We thank Surendra Kotecha and
Norma Towers for technical assistance.
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