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ABSTRACT T 

Thee tubular heart differentiates from the bilateral cardiac fields in the splanchnic 

mesoderm.. Expression of smooth muscle proteins has been shown to accompany the 

earlyy phases of cardiac muscle formation. In this study we show that during elongation or. 

thee arterial pole of the mouse linear heart tube, a-smooth muscle actin expression 

extendss in the area that, has been shown to become recruited into the myocardial lineage, 

butt does not yet express myocardial markers. These data suggest that a-smooth muscle 

actinn identifies mesodermal cells that during subsequent development wil l be recruited 

intoo the myocardial lineage. Myocardium formation is not only observed at the arterial 

pole,, but also at the venous pole and in the intra-cardiac mesenchyme. This results in the 

formationn of the caval and pulmonary myocardium, the smooth-walled atrial 

myocardium,, the myocardial atrioventricular septum, and the myocardial outlet septum. 

Too determine whether recruitment into the myocardial lineage also takes place in these 

regions,, the spatiotemporal pattern of expression of a-smooth muscle actin and of the 

myocardiall  markers sarcoplasmatic reticulum calcium ATPase, a- and P~ myosin heavy 

chainn were examined. We show that prior to the expression of myocardial markers, a-

smoothh muscle actin is expressed in these regions, suggesting that these mesodermal cells 

becomee recruited into the cardiac lineage after formation of the linear heart tube. 
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INTRODUCTION N 

Thee tubular heart differentiates from splanchnic mesoderm and consists of two 

concentricc layers of cells, the outer myocardial layer separated bv cardiac jellv from the 

innerr endocardial layer (De jong et al., 1997). During cardiac looping atrial and ventricular 

myocardiumm are formed by local differentiation of the myocardium at the outer curvature 

(Christoffelss et al., 2000; Moorman et al., 2000a). Subsequendy, the original heart tube 

becomess septated by fusion of the cardiac cushions, the mesenchymal cap of the primary 

atriall  septum, the spina vestibuli, and the ventricular septum (VC'essels et al., 1996, 2000; 

Webbb et al., 1998). The mesenchymal components of the fused cushions become largely 

muscularizedd in later stages of development (De Jong ct al., 1997; Mjaatvedt et al., 1999; 

Moormann et al., 2000b; Van den Hoff et a l, 1999, 2001). The walls of the pulmonary and 

cavall  veins become also muscularized (Van den Hoff et al., 2001; ]ones et al., 1994; 

Millin oo et al, 2000; Ya ct al., 1997). 

Thee mechanisms, which can be envisioned to underlie myocardium formation in 

thee intra- and extra-cardiac mesenchyme, are (1) differentiation (recruitment) of adjacent 

mesodermall  cells into cardiac muscle cells, or (2) growth from existing myocardium into 

flankingg mesenchyme, called myocardialization (Van den Hoff et al., 1999). 

Muscularizationn of the cardiac cushions has initially been proposed to occur by 

myocardializationn (Van den Hoff et al., 1999). However, mesenchyme from the outflow 

tractt ridges can be induced to differentiate into cardiomyoevtes in vitro (Van den Hoff et 

al.,, 2001), suggesting that differentiation of mesenchyme into cardiac muscle cells 

contributess to the muscularization as well. Muscularization of the pulmonary and caval 

veinss has been proposed to be the result of migration from existing atrial cardiomyoevtes 

(Joness et al., 1994; Millin o et al., 2000). 

Ass a first attempt to gain more insight into the mechanisms underlying this 

muscularizationn in riro, we analyzed the expression pattern of a-smoorh muscle actin 

(aSMA)) in comparison to the myocardial markers sarcoplasmatic reticulum calcium 

ATPasee (SERCA2a), a- and P- myosin heavy chain (MHC) during mouse development. 

Thee expression of smooth muscle proteins has been shown to precede expression of 

myocardiall  markers during the earlv phases of muscle formation (Sugi and Lough, 1992; 

Ruzickaa and Schwartz, 1988; Miano and Olson, 1996; Ya et al., 1997). Here we report that 

thee expression of aSMA at the anterior pole of the heart, where it has now been accepted 

thatt recruitment of mesodermal cells into the myocardial lineage takes place (De la Cruz 

andd Markwald ct al., 1998; Mjaatvedt et al., 2001; Waldo et al., 2001; Kelly et a l, 2001; 

Yiraghh and Challice, 1973), precedes the expression of myocardial markers. This indicates 

thatt aSMA can be used as an indicator for recruitment of mesodermal cells into the 

myocardiall  lineage atter the formation of the initial linear heart tube. Subsequently, we 
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examinedd the aSMA expression patterns in the intra- and extra-cardiac mesenchyme that 

wil ll  become muscularized. The observation that aSMA precedes the expression of 

myocardiall  markers, suggests that these mesenchymal cells differentiate into cardiac 

musclee cells and contribute to the cava! and pulmonary myocardium, the smooth-walled 

atriall  myocardium, the myocardial atrioventricular septum, and the myocardial outlet 

septum. . 

Figuree 2. aSMA expression pattern during the elongation of the outflow tract (OFT). Nomarski 
micrographss of immunohistochemically stained frontal sections of mouse embryos of EH). Neighboring 

sectionss arc stained for PMHC (panel a) and aSMA (panel b). Panels c-f represent enlargements of the 

boxedd areas in panels a and b. Note that the aSMA expression extends further in the epithelial layer than 
thee PMHC expression. Scale bar: lOOum. 
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Figuree 3. CtSMA expression 
patternn in the outflow tract 
(OFT)) during septation. 
Nomarskii  micrographs of 
immunohistochemically y 
stainedd trontal sections of 
stagedd mouse embryos. Panels 
a,, c, e, and g are stained for 
SERCA2a.. Panels b, d, f, and 
hh arc stained for aSMA. 
Panelss a-b, c-d, e-f, and g-h are 
neighboringg sections of El2, 
F13,, E14, and El 6 embrvos, 
respectively.. Panel b shows 
aSMAA expression in the 
developingg aortico-pulmonaty 
septumm (APS), but not in the 
endocardiall  cushions. Panel d 
showss that the APS has fused 
withh the cushions and a 
subpopulationn of 

mesenchymall  cells in the 
cushionss expresses aSMA. 
Thee first protrusions of the 
myocardiumm into the 

mesenchymee arc observed 
,, . (arrow). Panel f shows that a 

argee part of the outlet septum 
(OS)) is aSMA positive. These 
OtSS \ 1 \ -positive mesenchymal 
cellss are aligned with the 
protrudingg cardiomyocytes. 
Panelss g and h show the outlet 
septumm that is being 
muscularized.. The protruding 
cardiomyocytess express low 
levelss of SERCA2a and high 
levelss of aSMA; these high 
levelss of aSALA expression 
seemm to extend into the 
immediatelyy adjacent 

mesenchymall  cells (boxed 
area).. RA, right atrium. Scale 
bar:: lOOum. 

M A T E R I A L SS A N D M E T H O D S 

Immunohistochemistry y 

F\T$$ mice (Broekman, The Netherlands) were mated and daily inspected for vaginal 

plugs.. The day, on which the vaginal plug was found, was considered day 1 of gestation. 

Embryoss were fixed in ice-cold modified Amsterdam's Fixative (40% methanol: 40% 
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acetone:: 20° >  water) for 4 hours, dehydrated in a graded alcohol series and embedded in 

paraplast.. Serial 7 u.m sections were prepared and mounted onto poly-lysine-coated slides. 

Afterr deparatfination and hydration in a graded alcohol series, endogenous peroxidase 

activityy was blocked using 3% FLO: in phosphate buffered saline (PBS: 150 mmol/L 

NaCll  and 10 mmol /L sodium phosphate, pH 7.4). Following a pretrcatment for 30 

minutess in TLNG-T (10 mmol /L Tris, 5 mmol /L LDTA , 150 mmol /L NaCl, 0.25% 

(w/v)) gelatin and 0.05% (v/v) Tween-20, pH 8.0) to reduce non-specific binding, the 

sectionss were incubated overnight with a polyclonal antibody directed against porcine 

sarcoplasmaticc reticulum calcium ATPase (SLRCA2a; Lggermont et al., 1990), and 

monoclonall  antibodies against a-Smooth Muscle Actin (aSMA; Sigma IMMH-2) , Myosin 

lightt chain 2v (MLC2v; Katus et al., 1982; kindly provided by Prof Dr W. Franz, Liibeck, 

Germany),, and a- and [3-Mvosin Heavy Chain (a- and |3MHC; VX'essels et al., 1991). 

Antibodyy binding was visualized using the indirect unconjugated peroxidase-

antiperoxidasee technique as described previously (Wcsscls et al., 1990). 

RESULTS S 

Cardiacc muscle cell formation after the formation or the linear heart tube has been 

describedd recently bv our laboratory in chicken (Van den Hoff ct al., 1999; 2001), mouse 

(Chapterr 4), and, in part, in rat (Ya et al., 1998) and human (Lamers et ah, 1995; Kim et 

ah,, 2001). In this study we focus on the pattern of aSMA expression in intra- and extra 

cardiacc mesenchyme where myocardium formation takes place after formation of the 

linearr heart tube in mice. To this end we have performed a comprehensive 

immunohistochemicall  study on sections of staged mouse embryos ranging from R10 to 

R17.. Neighboring sections were stained for SLRCA2a, a- and (3-MHC delineating 

myocardiall  from non-mvocardial cells, and for aSMA, respective!)'. SF,RCA2a is a useful 

myocardiall  marker because it stains the entire myocardium at all developmental stages 

analyzed,, whereas antibodies directed against a-MHC, 0-MHC, and MLC2v only stain 

partt of the myocardium (Fig. 1). 

aSMAA expression pattern at the level of the outflow tract (Figures 2 and 3) 

Duringg the formation of the primary heart tube the outflow tract is added anteriorly by 

recruitmentt between R9 and F11 of mouse development (Yiragh and Challice, 1973; 

Kcll vv ct ah, 2001). At RIO, the expression of aSMA is not only present in the 

myocardiumm of the outflow tract but also in the adjacent mesodermal cells (Fig. 2a-f) that 
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wil ll  be recruited into the myocardial lineage during subsequent development (Yiragh and 

Challice,, 19~"3; Kelly et al., 20(H). These data suggest that a-smoorh muscle actin 

identifiess mesodermal cells that during subsequent development will be recruited into the 

myocardiall  lineage. At Id2, when the recruitment of cardiomyocytes at the arterial pole is 

completee (Yinigh and Challice, 19~3; Kelly et al., 20(d), aSMA expression is not observed 

inn the mesodermal cells flanking the outflow tract myocardium (Fig. 3b). At this stage, 

aSMA-positivee mesenchymal cells are identified in the aorticopulmonary septum (APS), 

whichh develops from the aortic sac in caudal direction and begins to fuse with the 

endocardiall  cushions (l ;ig. 3a, b). At l;d 3, when the APS has fused with the endocardial 

cushions,, aSMA-positive mesenchymal cells are present in the endocardial cushions and 

reachh towards the cardiomyocytcs protruding into the mesenchyme (Fig. 3c and d). At 

I'd4,, aSMA-positive mesenchymal cells are visible in a large part of the mesenchymal 

septum,, which becomes muscular as shown by the expression of SKRCA2a (Fig. 3e and 

f).. These aSMA-positive mesenchymal cells are aligned to the muscularizing 

cardiomyocytes,, which is not the case with the aSMA-negativc mesenchymal cells 

(comparee the orientation of aSMA-positive mesenchymal cells with the orientation of the 

aSMA-negativee mesenchymal cells in figures 3e and f). The aSMA-positive mesenchymal 

cellss have contact with the cardiomyocytes, which are typified bv protrusions into the 

mesenchyme.. Short color reactions that are used to visualize the SHRGA2a and aSMA 

antibodyy binding reveal a gradient in the expression levels of both SHRCA2a and aSMA. 

Myocardiall  cells protruding into the mesenchyme show a relative low level of SFRCA2a 

expressionn compared to the flanking myocardium (Fig. 3g). This difference in expression 

levell  is also seen in MLC2v and flMTI C stained sections though less prominent (not 

shown).. The cardiomyocytes expressing low levels of SHRCA2a display a relatively high 

levell  of aSMA expression. This high level of aSMA expression appears to extend into 

thee flanking mesenchymal cells (Fig. 3h), At I'd7, the muscularization of the outlet 

septumm is complete (not shown). 

aSMAA expression pattern during formation of the sinus venosus and caval 

myocardiumm (Figure 4) 

Afterr formation or the linear heart tube, myocardium is also added to the inflow tract 

formingg the sinus venosus. This myocardium formation proceeds in die extra-cardiac 

mesenchymee forming the myocardial caval and pulmonary veins. The aSMA expression 

patternn during the formation of the pulmonary myocardium is described in a following 

section.. At Fd l, cells forming the wall of the right and left sinus horns express aSMA 

whereass they show a low and patch}- expression pattern of aMHC (Fig. 4a and b). At 
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F i g u ree 4. a S MA expression 

patternn dur ing formation of 

thee sinus venosus and caval 

myocardium.. Nomarski 

micrographss of 

immunohisrochemical lv v 

stainedd frontal sections of 

stagedd mouse embryos. 

Panell  a is stained for 

O.MHC;; Panels c, c, and g 

aree stained tor SERCA2a. 

Panelss b, d, and f are stained 

forr a S M A. Panels a-b, c-d, 

andd e -t are neighbor ing 

sectionss of E l l , E12, and 

Ell  4, respectively, and panel 

gg is section of E l 5. No te 

thatt a S MA (panel b) and 

a M H CC (panel a) do not co-

localizee in cells of the dorsal 

walll  of the sinus horns 

(arrows).. This same area is 

mostlyy myocardial at E l 2 

(panell  c), al though a small 

areaa is still non-myocardial 

(arrow).. Panel d shows that 

thee a S MA expression 

extendss bevond the 

borderr (arrows). Panel e shows the hrst 

cardiomyocytess behind the pericardial border (arrow) and panel f 

thee further upstream extending expression of a S MA (arrow). 

Panell  g shows that the left superior caval vein (LSCV) is 

muscularizedd just beyond the pericardial reflection at E15. LA , 

leftt atr ium; LSH, left sinus horn; RA, right atrium; RCV, right 

cavall  vein; RSH, right sinus horn. Scale bar: lOOum. 

rx x 

pericardial l 

I'll2 ,, the myocardial sinus venosus is almost completely formed and the myocardium 

reachess till the pericardial border (Fig.4c), although at the left side the myocardium does 

nott completely reach the pericardial border (arrow in Fig. 4c). The CtSM A expression in 

thee myocardium of the sinus venosus extends beyond the pericardial border in the non-

myocardiall  cells along the cardinal veins (Fig. 4d). At F14, when the aSMA expression 

hass become even broader along the caval veins, the first myocardial cells are observed in 

thee wall of the caval veins outside the pericardial cavity (Fig. 4e and f). At E15, the 

proximall  part of the wall of the left cranial caval vein is myocardial (Fig. 4g). 
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aSMAA expression pattern in the dorsal mesocardium and base of spina vestibuli 

(Figuree 5) 

Att the venous pole, the dorsal mesocardium and the base of the spina vestibuli, which is 

thee extension of the mesenchyme of the dorsal mesocardium into the lumen of the 

atrium,, becomes muscularized from E12 to E14. During this muscularization the 

cardiomyocytess that arc present in the dorsal mesocardium display a relatively low level of 

SERCA2aa expression (Fig. 5a) and a relative high level of OtSMA expression (Fig. 5b). In 

thee spina vestibuli, OtSMA expression is seen in the mesenchyme beyond the myocardial 

protrusionss (Figs. 5c and d). At F14, the dorsal mesocardium and the neighboring base of 

thee spina vestibuli are both myocardial (Fig. 5e), contributing to the smooth-walled atrial 

myocardium. . 

Figuree 5. aSMA expression 
patternn in the dorsal 
mesocardiumm (DM) and base 
off  the spina vestibuli (SP). 
Nomarskii  micrographs of 
immunohistochemicallv v 
stainedd frontal sections of 
stagedd mouse embryos. 
Panelss a, c, and e arc stained 
forr SERCA2a. Panels b and d 

aree stained for aSMA. Panels 
a-bb and c-d arc neighboring 
sectionss of F.13 and E12 
respectively,, and panel e is 
sectionn of E14. Comparison 
ott panels a and b identifies 
cellss that show reladve high 
aSMAA expression and low 

SERCA2aa expression 

arrows).. Comparison of panels c and d shows that in the 

spinaa vestibuli aSMA expression is broader than the 
SERCA2aa expression (boxed area). Panel e shows the 
muscularizedd dorsal mesocardium and spina vestibuli. 
LAVC,, inferior atrioventricular cushion; PP, pulmonary 
pit;; RA, right atrium; RSH, right sinus horn. Scale bar: 
lOOum. . 

aSMAA expression pattern at the level of the atrioventricular canal (Figure 6) 

Duringg septation of the atrioventricular canal the endocardial cushions, the top of the 

ventricularr septum, the mesenchymal cap of the primary atrial septum and the spina 
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vestibulii  fuse, giving rise to the myocardial atrioventricular septum, the mesenchymal 

mitrall  and tricuspid valves, the central fibrous hod\, and the tendon ot Todaro in the 

formedd heart. Cardiomvocvtes are observed to protrude into the initially mesenchymal 

atrioventricularr septum from the spina vestibuli, the dorsal atrioventricular wall and 

venrricularr septum, the ventral mvocardia! atrioventricular wall, and the primary atrial 

septum.. This muscularizarion is most intensive at 1114-15. At these stages aSMA 

expressionn is observed in the myocardial protrusions from the primary atrial septum and 

inn the mescnchvme surrounding these protrusions (Fig. 6a, b, g and h). At F15, this 

mesenchymee has become myocardial at the ventral side (Fig. 6c), whereas at the dorsal 

sidee muscularization continues till F16 (Fig. 6gj. The cardiomvocvtes that are contiguous 

withh the dorsal aspect of the ventricular septum and protrude into the mesenchyme oi the 

atrioventricularr septum express relatively high levels of O.SMA (arrow in fig. 6d). ('lose 

examinationn shows that aSMA expression is not limited to the protruding 

cardiomvocvtess but is also observed in immediately adjacent mesenchymal cells 

(arrowheadd in tig. 6d). Ar F15, cardiomvocvtes that are present in the center ot the 

endocardiall  cushions below the myocardial cap of the atrial septum are contiguous with 

thee ventral myocardial wall of the atrioventricular canal. These cardiomvocvtes show high 

expressionn of aSMA (Fig. óf and h), and a gradient of ShRCA2a expression that tapers 

offf  dorsallv (Fig. 6c and g). Musculari/ation of the atrioventricular canal is virtually 

completee ar F16, leaving the central fibrous body, the tendon of Todaro and the tricuspid 

andd mitral valves non-muscular. 

aSMAA expression pattern during the formation of the pulmonary myocardium 

(Figuree 7) 

Att F10, the cells flanking the pulmonary pit show high expression of ttSMA, whereas the 

expressionn of myocardial markers is relative low (Fig. "a and b). At F12, the pulmonary 

pitt is directed to the left and the lumen of the pulmonary vein enters trom the 

mesenchymall  dorsal mesocardium into the future left atrium. Although at this stage 

aSMAA expression can be distinguished in the cells around the pulmonary pit (Fig. 5d) and 

thee forming pulmonary vein (Fig. ~d), the cells of the wall of the pulmonary vein hardly 

expresss SFRC\2a (Fig. 5c and ~cj. From F14 onwards, the cells of the pulmonary vein 

startt to express NFRCA2a at the entrance into the left atrium. The C/.SMA expression 

extendss further distallv into the direction of the lungs than SFRCA2a (Fig.7e and i). At 

F15,, the cells of the wall of the pulmonary vein at the level of the bifurcation into the 

riührr and left pulmonary veins express high levels of aSMA and low levels ot SFRCA2a 

('Fig.. "g and hi. At Fd~, the pulmonary myocardium reaches till at least the fifth 

bifurcationn of the pulmonary veins in the lungs ('nor shown). 
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DISCUSSION N 

Thiss study shows that the expression of ciSMA precedes the expression of myocardial 

markerss in intra- and extra-cardiac mesenchyme where myocardium is being formed, 

suggestingg that non-myocardial cells are recruited into the myocardial lineage. 

Recruitmentt rather than growth from existing myocardium 

Att the arterial pole, the heart is elongated by differentiation of splanchnic mesoderm into 

cardiomyocytess (De la Cru/ and Markwald et al, 1998; Mjaatvedt et al, 2<l01; Waldo et 

al,, 2(H)1; Kelly et al., 2001; Yjragh and Chailice, 19^3). The aSMA-cxpression precedes 

thee expression ot myocardial markers at this site of differentiation. This indicates that also 

inn mouse ouSMA accompanies the early phases of myocardial differentiation and can as 

suchh be considered an indicator for recruitment of mesodermal ceils into the myocardial 

lineagee in regions of myocardium formation. 

Att the venous pole of the heart, the newly formed myocardium contributes the 

cavall  and pulmonary myocardium and the smooth-walled atrial myocardium (Jones et al., 

1994;; Webb et al., 1998; Wessels et al., 2000; Millin o et al., 200(1; Franco et al., 2000, Van 

denn Hoff et al., 2001). The myocardium formation at the sinus venosus is also preceded 

byy aSMA expression, which suggests that also this myocardium formation is achieved bv 

recruitmentt from an adjacent mesodermal region. Detailed analyses of the expression 

patternn of aMHC mRNA (Jones et al., 1994), and the analysis of transgenic mice, in 

whichh the lacZ gene was driven by a truncated Troponin 1 promoter (Millin o et al, 2000), 

suggestedd that the origin of the myocardium surrounding the pulmonary veins was the 

resultt ot a progressive migration of atrial cardiomyocytes into the branching network of 

pulmonaryy veins. This hypothesis is mainly based on the observation that myocardium of 

thee pulmonary wall and the atrium both share expression of the same myocardial markers 

(Joness ct al., 1994; Millin o et al., 2000). Franco and coworkers (2000) showed that the 

pulmonaryy myocardium comprises a different transcriptional domain than the atria! 

appendages,, which may suggest that the pulmonary myocardium is not derived from the 

embryonicc atrial myocardium. In agreement, our observations that aSMA expression 

precedess the expression ot myocardial markers during the myocardium formation along 

thee pulmonary veins suggest that recruitment underlies the formation of pulmonary 

myocardium.. Similarly, in rat aSMA was observed to be expressed in the mesenchymal 

cellss adjacent to the pulmonary myocardium, which during subsequent development 

expresss aMHC (Ya et al., 199"). 
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Figuree 6. aSMA expression 
patternn at the level of the 
atrioventricularr canal (AVC). 
Nomarskjj  micrographs of 
immunohistochemically y 
stainedd frontal sections of 
stagedd mouse embryos. Panels 
a,, c, e, and g are stained for 
SERCA2a.. Panels b, d, f, and 
hh are stained for CtSMA. 
Panelss a-b and c-d are 
neighboringg secuons of E14. 
Panelss e-f and g-h are 
neighboringg secüons of El 5. 
Panelss a and b, and the panels 

<8£jj  g and h show that the 
expressionn of aSMA is 
broaderr than the expression of 
SERCA2aa at the caudal tip of 
thee primary atrial septum 
(PAS;; arrow). Panel d shows 
thee slightly higher aSMA 
expressionn in the 

cardiomyocytess at the cranial 
tipp of the ventricular septum 
(VS;; panel c) that protrude 
intoo the atrioventricular 
cushionn mesenchyme (AVM) , 
andd in immediately adjacent 
mesenchymall  cells 
(arrowhead)) at F.14. At El5, 
thee aSMA expression in the 
upp of VS (arrowhead in panel 
ff  and h) is relative high. 
Sectionss shown in panels g 
andd h are situated dorsallv of 

li i 

 the secuons in panels e and f. 
Inn panels e and g, the 

myocardiumm indicated by star is condnuous with the ventral wall of the AVC. Note that this 
myocardiumm shows high expression of aSMA (panels f and h) and a SERCA2a expression that tapers 
offf  to dorsallv (Panels e and g). e-h LA, left atrium; RA, right atrium. Scale bar: 101 >um. 

Thee mesenchymal cushion tissue that is involved in scptation of the heart becomes 

largelyy muscular during subsequent development. Because newly formed myocardial 

networkss are almost always contiguous with the flanking myocardium in viva and in vitro, 

migrationn of existing cardiomyocytes (i.e. myocardialization) was initially thought to 

underliee musculari/ation of intra-cardiac mesenchyme (De Jong et al., 1992; Lamers et al., 

1995;; Van den Hoff et al., 1999). However, /// vitro culture experiments show- that 

mesenchymall  cells from the cushions are able to differentiate into cardiomyocytes 

providedd the proper signals are present (Van den Hoff et al., 2001). In agreement, at the 
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Figuree 7. aSMA expression 
patternn during the formation 
off  the pulmonary 
myocardium.. Nomarski 
micrographss of 
immunohistochemically y 
stainedd frontal sections of 
stagedd mouse embryos. Panel 
aa is stained for cc.MHC. Panels 
c,, e and g are stained for 
SERCA2a.. Panels b, d, f and h 
arcc stained for GtSMA. Panels 
a-b,, c-d, c-f, and g-h are 
neighboringg secdons ot E l l , 
E12,, F.14 and E15 

respectively.. Panels a and b 
showw that the aSMA 
expressionn is relative high in 
thee pulmonary pit (PP), 
whereass aMHC expression is 
relativee low. Panels c and d 
showw that the PY in the dorsal 
mcsocardiumm (DM) expresses 
aSMAA but hardly SERCA2a. 
Panelss e and f show that the 
expressionn of aSMA extends 
furtherr into the direction of 
thee lungs than the expression 
('ii  SI .R( \2a. Panels g and h 
showw that at the level of the 
firstt bifurcation the cells 
expresss relative high levels of 
aSMAA and relative low levels 
off  SERCA2a (arrow). PV, 
pulmonaryy vein; RA, right 
atrium;; SP, spina vestibuli. 
Panelss a and b scale bar: 
25um;; panels c-h scale bar: 
lOOum. . 

interfacee of the myocardial and mesenchymal border in the endocardial cushions, cells are 

foundd that display an intermediate phenotvpe of myocardial and mesenchymal cells 

(Morris,, 1976). Furthermore, a local burst of proliferation of myocardium in the outflow-

tractt and atrioventricular canal is to be expected in case of migration of existing 

myocardium,, which is not observed (Thompson et al., 1990; Ya et al., 1998; Kubalak et 

al.,, 2002). Together with our findings that aSMA expression precedes the expression of 

myocardiall  markers in cushion mesenchyme in vivo, differentiation of mesenchymal cells 

(i.e.. recruitment) seems to contribute to the muscularization of intracardiac mesenchyme. 
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Significancee of the expression of aSMA 

aSMA-expressionn has previously been used to trace the majority of neural crest-derived 

mesenchymall  cells in the endocardial cushions of the outflow tract (Waller III , et al., 

2000).. aSMA was used as a marker for neural crest-derived cells because uSMA-positivc 

mesenchymall  cells co-localize with lacZ positive cells in the transgenic p(_x43/lacX 

mouse.. In this transgenic mouse, the lacZ reporter is under the regulation or a truncated 

connexJn-43-protnorer,, which is preferentially expressed in neural crest cells (I.o et al., 

1997;; Waldo et al., 1999). At LI4 , however, in this mouse lacZ positive cells were 

observedd around the fusion line of the outflow tract cushions only, whereas most ot the 

mesenchymall  cells present in the outlet septum are aSMA-positive (Waller III et al 2n(Hi; 

Fig.. 3f} . This apparent discrepancy might he due to the fact that at this stage aSMA 

expressionn is not restricted to the neural crest-derived mesenchyme in the outflow tract or 

thatt the neural crest cells do not express the transgene anymore. The latter explanation 

seemss unlikely because \ \ 'ml-Cre/R26R embryos (Jiang et al,, 200(1) in which the fate of 

thee neural crest cells can be followed, showed confinement of the neural crest 

contributionn to a sub-endocardia] layer in the outflow tract cushion. 

Ratherr than being a marker for neural crest-derived cells in the outflow tract, 

aSMAA expression seems to be a feature of migrating mesenchymal cells. Changing of the 

celll  shapes requires reorganization of the cvtoskeleton. This is underscored by the 

observationn that at L14 the aSMA expressing mesenchymal cells become aligned with the 

myocardiall  cells of the outflow tract wall, establishing continuity. This alignment is most 

prominentt in the center of the fused endocardial cushions, which is at site of the future 

myocardiall  septum. The aSMA-negative mesenchymal cells do not show this alignment. 

Thiss is in accordance with the finding that endocardium-derived mesenchymal cells 

migratingg into the cushions, express aSMA (Nakajima et al., 1997). The mesenchymal 

cellss thai are in contact with the cardiomyocvt.es subsequent!}' up-rcgulate aSMA 

expression,, which might be an indication of differentiation towards a myocardial 

phenotvpe. . 

Thee source of the cardiomyocyte precursor 

Thee potential source of the cardiomyoevre precursors in the endocardial cushions is 

unknown,, however, the endocardium-derived mesenchymal cells seem to be likely 

candidates,, since thev are initially present in both the atrioventricular canal and outflow-

tractt cushions. Neural crest cells are present in the outflow tract and not in the 

atrioventricularr canal (Kirbv, 1999;. Lpicardium-derived mesenchymal cells populate the 

atrioventricularr cushions only (Manner et al., 2<IHl, Gittenberger-dc Groot et al., 1998). 

Moreover,, tracing the fate of the pro-epicardium (Detrman et al,, 1998; Manner, 1999}  or 
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thee cardiac neural cresr AYaido et ul., 199b"; Jiang ft al.. 2ni.ni_ has never revealed that these 

celll  populations contribute to the cardiomvocvte lineage. The cxtracardiac mesenchymal 

cellss that are suggested (o differentiate into cardiomvocvtes are nor endocardium-derived. 

Xevenhclcss,, the extracardiac and endocardium-dcri\ ed mesenchymal cells share a 

commonn developmental origin, being the splanchnic mesoderm (Fiu.S';. 

Towardd a mechanism 

Billedd on the results described we propose the following mechanism to underlie the 

formationn <>t myocardium in the endocardial cushions Tag. 9;. Initially the myocardium 

thatt flanks the mesenchyme is smooth. Subsequently, these cardiom\ ocvies loose their 

epitheliall  context ami penetrate inio the mesenchyme, incrcasinu their contact area with 

Dorsall mesocardium 

Spinaa vestibuli 

Mediastinall mesenchyme 

Pharyngeall mesenchyme 

Figuree 8. Model tor the origins ut" the myocardium recruited during myocardium formation. 

thee cushion mesenchyme. This migration process is called tnvocardiali/ation. However, 

theyy do not Hilly migrate into the septum but remain in contact with the underhin̂  

myocardium.. Interaction of the penetrating cardiomvocvtes and the mesenchymal cells 

inducess differentiation or the mesenchymal cells inio cardiomvocvtes. A direct interaction 

betweenn cardiomvocvtes .uu\ mesenchymal cells seems essential because isolated 

cardiomvocvtess are hardly ever found in the cushion mesenchyme. Prior to rhe expression 

off  SldU..\2a and other myocardial markers, dtese mesenchymal cells up-reurulate uSMA. 
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Thee newly formed cardiomyocytes induce likewise the adjacent mesenchymal cells to 

differentiatee into cardiomyocytes, til l the process of muscularization is complete. Thus 

bothh myocardialization and recruitment arc necessary tor cardiac muscle cell formation in 

thee endocardial cushions and unifies both into one mechanism. Similarly, the 

Figuree 9. Potential mechanism underlying the myocardium formation in the endocardial cushions. 

muscularizationn of the pulmonary and cava] veins is established by recruitment of the 

mesenchymall  cells lining the veins into the myocardial lineage upon a signal from the 

neighboringg cardiomyocytes. The inducing signal molecules are unknown as yet. Though, 

bonee morphogenetic proteins and fibroblastic growth factors are possible candidates 

(Parloww et al., 1991; Schultheiss and Lassar, 1999; Lough and Sugi, 2000). We are 

currentlyy pursuing this hypothesis. 
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