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ABSTRACT T 

Afterr the development of die linear heart tube, additional myocardium is formed leading 

too the muscular mantle around the cava! and pulmonary veins and the muscular septa in 

thee embrvonic heart. Here we report the results of our in vivo and in vitro studies ot this 

latee myocardium-generating process in the mouse. Using an immunohistochemical 

approachh we determined that myocardium formation starts around embryonic day 12 in 

thee dorsal mesocardium. In subsequent stages of development, the process extends 

downstreamm into the intra-cardiac mesenchymal tissues of the atrioventricular canal and 

outfloww tract, and upstream into the extra-cardiac mediastinal mesenchyme embedding 

thee pulmonary and caval veins. Given the spatiotemporal pattern of myocardium 

formationn we applied a 3D in vitro explant culture assay to investigate the myocardium-

generatingg potential of the different cardiac compartments. We determined that this 

potentiall  is stage- and mesenchyme dependent. This latter finding suggests an important 

rolee for mesenchyme in myocardium formation after the development of the linear heart 

tube. . 
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INTRODUCTION N 

Thee tubular heart differentiates from splanchnic mesoderm (Rosenquist and de Haan, 

1966;; Stalsberg and de Haan, 1969). As development proceeds, myocardium is added to 

thee posterior side of the tube leading to the formation of the inflow region (Viragh and 

Challice,, 1973; Stalsberg and De Haan, 1969; De la Cruz and Markwald et al., 1998) and 

too the anterior side, contributing to the outflow tract in chicken (De la Cru2 and 

Markwaldd ct al., 1998; Mjaatvedt ct al., 2001; Waldo et al., 2001) and to the outflow tract 

andd possibly the embryonic right ventricle in mouse (Viragh and Challice, 1973; Kelly et 

al.,, 2001). This muscularization process is characterized by a continuous differentiation of 

thee mesothelial lining of the pericardial cavity- into cardiomyocytes (Viragh and Challice, 

1973).. At the venous pole, myocardium formation proceeds in the extra-cardiac 

mesenchyme,, which lines the cava! and pulmonary veins. This results in the formation of 

cavall  and pulmonary myocardium (Ya et al., 1997; Van den Hoff et al., 2001). In addition, 

myocardiumm formation takes place in the intra-cardiac mesenchyme that forms the outlet 

andd atrioventricular septa (De Jong et al., 1997; Ya et al., 1998; Mjaatvedt et al., 1999; Van 

denn Hoff et al., 1999, 2001; Moorman et al., 2000). 

Thus,, after formation of the linear heart tube, myocardium formation takes place 

inn the intra-cardiac and extra-cardiac mesenchyme. Two mechanisms, i.e. 

myocardializationn and recruitment might underlie this myocardium formation. 

Myocardializationn refers to growth of existing cardiomyocytes into che mesenchyme. 

Recruitmentt refers to differentiation of non-cardiac muscle cells into cardiac muscle cells. 

Thiss late type of myocardium formation shows interspecies differences, being more 

extensivee in avian than in mammalian hearts (Tamers et al., 1995; De Jong et al., 1997; 

Vann den Hoff et al., 1999, 2001; Moorman ct al., 2000; Ki m et al.. 2001). 

Recently,, an in vitro explant culture assay was developed to analyze this late type of 

myocardiumm formation in the chicken (Van den Hoff et al., 1999, 2001). We reported that 

explantss from the venous pole, atrioventricular canal, and outflow tract display 

spontaneouss myocardium formation /;/ litro, provided the proper stages are cultured. 

However,, working myocardium of the atrial appendages and ventricles does not show-

spontaneouss myocardium formation. We also showed that early outflow' tract or 

atrioventricularr canal explants that by themselves do not spontaneously form myocardial 

networks,, can be induced to do so by culturing them in conditioned medium derived 

fromm older explant cultures that do show spontaneous hi vitro myocardial network 

formation.. Conditioned medium of ventricular explants that do not spontaneously form 

myocardiall  networks cannot induce these early explants. This analysis suggested that a 

commonn signaling pathway is operational throughout the entire heart tube (Van den Hoff 

ctal.,, 1999,2001). 
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Aberrantt muscularixation of the outlet septum has been observed in several mouse 

modelss of cardiac dvsmorphogenesis. including transforming growth factor \)2 deficient 

micee (Sun ford et al.. 1 (>9~; Bartram et al., 2001 ;, trisomy 16 mice (Waller 111 et al., 2UIHI), 

andd neurofibromm 1 deficient mice (Brannan et al.. 1904;, Analyzing the /// n/ro 

myocardiumm formation in these transgenic mice might facilitate the elucidation of the 

underlyingg molecular mechanisms. As a basis for future studies on these mechanisms we 

havee performed a comprehensive /;/ rira  and in rifm studv in the developing mouse trom 

Ki ll  onwards. Lsing immunohistochemistrv, we showed that after the development of 

thee heart tube additional myocardium is formed leading to the smooth walled atrial 

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

thee pulmonary and caval myocardium. The in vitro explain culture assay revealed stagc-

andd mesenebvme-dependent myocardial network formation potencies of the different 

compartments,, suggesting an important role for mesenchyme in myocardium formation 

afterr development of the linear heart tube. 

MATERIA LL AND METHODS 

Mousee embryos 

Youngg female FYB mice (Broekman) that had not yet developed an oestrus cycle were 

supcrovulatedd by injection of 5 units of folligonan (Intervet) followed after 48 hours by 

injectionn of 5 units of chorulon (Intervet) and mated with male FYB mice. The next day 

thee mice were inspected for vaginal plugs. This dav was scored as day 1 of gestation. 

Chickenn embryos 

Fertilizedd chicken eggs were obtained from a local hatchery (Drost BY, \ i euw 

Loosdrccht,, the Netherlands;, incubated at 39"C in a moist atmosphere, and automatically 

turnedd even' hour. After the appropriate incubation times, embryos were isolated and 

stagedd according to Hamburger and 1 lamilton (195 ij . 

Immunohistochemistry y 

Fmbrvoss were fixed in ice-cold Modified Amsterdam's Fixative '4M" u methanol: 40"., 

acetone:: 20",, waitr) for 4 hours, dehydrated in a graded alcohol series and embedded in 

paraplast.. Serial ~ iim sections were prepared and mounted onto polviysine-coated slides. 

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

activityy was blocked usin ;̂ 3"» I F( ); in phosphate buffered saline (PBS: 1.30 mmol /F 
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NaCll  and 1(1 mmol /L sodium phosphate, pil ~A). Following a pretrcarmem for 30 

minutess in TKNG-T (111 mmol /L Tris, 5 mmol /L KDTA , 15U mmol /L XaCl, n.25% 

(w/v;; gelatin and 0.d5%i (v/v) Tween-20, p ll 8.0) to reduce non-specific binding, the 

sectionss were incubated overnight with a polyclonal antibody against SKRCA2a ('kindly 

providedd by F. Wuytack, Leuven, Belgium; Kggermonr et al., 1990), a monoclonal 

antibodyy against Myosin Light Chain 2a (MLC2a; kindly provided by K. Chicn, San 

Diego,, L.'SA; Kubalak et al., 1994), MLC2v (kindly provided by \\'. Fran/, Lübeck, 

Germany;; Katus et al., 1982) a- and p Myosin Heavy Chain (a- and pMHC; Wessels et 

a!.,, 1991;. Antibody binding was visualized using the indirect unconjugated peroxidase-

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

InIn  vitro explant culture assay: preparation of collagen gels 

Collagenn gels were prepared essentially according to procedures previously described (Van 

denn Hott ct al., 1999j. In short, the day prior to the use of the collagen gels, rat-tail 

collagenn type I (Collaborative Research Inc.) was diluted to a final concentration of 1,5 

mg/mll  in Ml99 (Lif e Technologies) culture medium and distilled water on ice. 

Polymerizationn of the collagen was initiated by adding NaOH to a final concentration of 

155 mmol/L. Directly after addition of NaOH, aliquots of approximately 500 j.tl of 

collagenn solution were pipetted into the wells of 4-well or 24-well NUNC plates. 

Subsequently,, the gels were placed in a 37'''C tissue-culture incubator at 5°-o C 02 and 

allowedd to polymerize. After 30 minutes, 500 jJ M199 culture medium containing 

penicillin/streptomycinn (Lif e Technologies), 5 fig/ml insulin, 5 (ig/ml transferrin and 5 

ng/mll  selenium (ITS, Collaborative Research Inc.) and 2 mM glutamine (Lif e 

Technologies)) was added to the gels. The medium was changed once after another 30 

minutes.. After an overnight incubation of the gels in a 5" .> CO: incubator at 3"7!iC, the 

mediumm was changed again. 

InIn  vitro explant culture assay: isolation, culturing and staining of explants 

L.mbrvonicc hearts were isolated under sterile conditions in filter-sterilized Karl's Balanced 

Saltt Solution (KBBS, Life Technologies;!. The cardiac regions of interest were isolated, cut 

openn longitudinally and positioned on top of the drained collagen gel with the endocardial 

surfacee facing the gel. Prior to the addition of complete medium Ml 99 with  heat-

inactivatedd mouse serum for the mouse explants or 1% chicken serum for the chicken 

explantss with or without heparin (Sigma), the explants were allowed to attach to the gel 

torr at least 4 hours. After a culture period of one week (3~" C, 5" n CO?.), the gels 

containingg the explants were rinsed with PBS and fixed by incubation for at least 60 

minutess in ~V'.. methanol. Next, the gels were hydra ted in a graded methanol series, 
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permcabiiizedd with 1".> Tr i tnn-\100 fv/v), blocked with PI-NCi (PBS, . ïmmnl/1 PDTA, 

1500 mmol /P XaG, 0.25" o Av/v; guhuin) and incubated overnight witl i MP2Ü, a mouse 

monoclonall  antibodv specific ro myosin heavy chain. MP20 was used tor this analysis 

becausee these anaivscs require large amount of antibodies, which are provided by the 

MF200 hvbridoma-cell line (I lybridomabank, iowa City, 1A). After extensive washing in 

PBS,, the gels were incubated in PTPC labeled rabbit anti mouse serum (Nordic) tor at 

leastt 3 hours. After extensive washing, the gels were stained with propidium iodide 

(Molecularr probes; to identify all nuclei. After a rinse in PBS, the gels were analyzed by 

conn focal laser scanning microscopy (Biorad MRC1024). 

InIn  vitro explant culture assay: scoring system 

Thee extent of muscularization was scored on an arbitrary scale, with scores ranging from 

nn to 2, using the following criteria. A score of "()'' was assigned to explants m which no or 

vervv few small myocardial projections could be observed, i ixplants that were washed 

awavv during the immune procedure, but which prior to fixation appeared to be alive by 

displayingg endocardial cell outgrowth and/or spontaneous beating, were considered to 

havee no protrusions and were given a score "Ü". When a ÏLW myocardial protrusions were 

observed,, the explants received the score of 'M" . A score of " 2" was assigned to explants 

inn which the myocardial protrusions showed locally or around the entire explant extensive 

myocardiall  networks. The score 0 is considered no muscularization; score 1 a littl e 

muscularizationn and score 2 extensive muscularization. 

RESULTS S 

InIn  vivo myocardium formation 

Recently,, we have described myocardium formation in the intra- and extra-cardiac 

mesenchymee in the chicken embryo (Van den Hoff et al., 1999, 2001l. In this study we 

focuss on this myocardium formation during mouse development trom IT 1 onwards. Por 

thee /// r/ro description, a comprehensive immunohistochemical study was performed on 

sectionss of staged mouse embryos. Serial sections of each embryo were sequentially 

stainedd for sarcoplasmatic reticulum Ca2'-ATPase (SHRCA2a), myosin light chain (MPC) 

2v,, \ lLC2a. a-Myosin Heavy Chain (MH Q and pMHC delineating myocardial from non-

myocardiall  cells. As each of the respective antibodies can be used as a suitable marker to 

delineatee myocardium throughout the entire heart or in a compartment, we show in the 

analysiss presented below the section that most clearly illustrates the phenomenon 

described. . 
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Myocardiumm formation at the level of the atrioventricular canal and dorsal 

mesocardiumm (Figure 1) 

Soonn after its formation, the tubular heart is populated bv mesenchyme, resulting in the 

formationn of the outflow tract and atrioventricular cushions, the dorsal mesocardium with 

itss protrusion into the atrial cavity, referred to as spina vestibuli or dorsal mesocardial 

protrusion,, and the cap of the primary atrial septum. This cap is contiguous dorsally, via 

thee mesenchyme of the spina vestibuli and the dorsal mesocardium, with the extra-cardiac 

mediastinall  mesenchyme, and ventrally with the superior atrioventricular cushion (Fig. 

Ih).. During subsequent development, this cap also becomes contiguous with the inferior 

atrioventricularr cushion via the spina vestibuli (Fig. Ih). Upon caudal expansion of the 

primarvv atrial septum, its mesenchymal cap, the spina vestibuli and the atrioventricular 

cushionss fuse (W'essels et al., 2000). 

Att E l l , the myocardium of the dorsal mesocardium and the atrioventricular canal 

iss in an epithelial context and no myocardial protrusions are observed in the flanking 

mesenchymee (not shown). At E12 (Fig. la), small myocardial protrusions are observed at 

thee interface of the inferior atrioventricular cushion and the muscular ventricular septum. 

Inn the mesenchyme of the dorsal mesocardium and spina vestibuli cardiomyocytes are 

presentt that show a low level of SERCA2a expression (Fig. lc and 3b). Cardiomyocytes 

aree not found in the superior atrioventricular cushion or in the mesenchymal cap of the 

primaryy atrial septum (Fig. lb). At E14, when the mesenchymal components have 

completelyy fused, myocardial protrusions, contiguous with the primary atrial septum, are 

observedd into this mesenchyme (Fig. le). At this stage, the mesenchyme of the dorsal 

mesocardiumm and the base of the spina vestibuli have almost completely become 

myocardiall  (Fig. Id). Myocardial protrusions that are contiguous with the ventricular 

septum,, spina vestibuli, and right venous valve are observed in the mesenchyme of the 

inferiorr atrioventricular cushion (Fig. Id). At E15, myocardial protrusions contiguous 

withh the ventricular septum are hardly observed in this mesenchyme anymore (Fig. Ig). 

Myocardiall  protrusions contiguous with the primary atrial septum (Fig. Ig) and the dorsal 

walll  of the atrioventricular canal (arrow in fig. lj) , how?ever, are observed in the cushion 

mesenchyme.. Since the mesenchyme of the spina vestibuli, and of the atrioventricular 

cushionss are continuous, it is not possible to determine from these sections whether 

myocardiall  protrusions are present only in the mesenchyme of the spina vestibuli or also 

inn the mesenchyme of the inferior atrioventricular cushion. In the spina vestibuli, a non-

myocardiall  core remains that wil l become the tendon of Todaro (indicated with a star in 

fig.fig. Ig and j ; VCebb et al., 1998). Ventrally, the initially mesenchymal cap of the primary 

atriall  septum has become myocardial, forming a myocardial cap (Fig. If) . Caudally to this 

myocardiall  cap, myocardium is present which is contiguous with the ventral w âll of the 

atrioventricularr myocardium (arrow* in fig. If and circle in fig. li) . 
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Thee myocardium formation at the level of the atrioventricular canal is complete at 

F.166 (T'iu;. Ik). The remaining mesenchune persists as the central fibrous body (Fiji. Ik), 

thee tendon of Todaro, and the tricuspid and mitral valves. Interestingly, small myocardial 

protrusionss are observed at F15 at the base of the tricuspid leaflets (Fig. II; , but extensive 

myocardiall  networks are never observed during subsequent development. 

Myocardiumm formation at the level of the outflow tract (Figure 2) 

Att F l l , the eardiomvoevtes lining the outflow tract cushions form a smooth interlace 

betweenn cushions and myocardium, and are in an epithelial context. Mesenchymal cells 

aree populating the outflow tract cushions (arrow in tig. 2a). At HI2, the eardiomvoevtes 

thatt face die cushions start to loose their epithelial context (arrow in fig. 2b). Ar F13, 

myocardiall  spikes are visible into the mesenchyme of the cushions (arrow in tig. 2c). At 

F'.. 14, the mesenchymal outlet septum has formed by fusion of the outflow tract cushions 

< < 
Figuree 1. Myocardium formation at the level of the atrioventricular canal 'AYCi and the dorsal 

mesocard.iumm (DM), \ o m a r s ki micrographs of immunohistochemical lv stained sections ot staged mouse 

embrvos.. Panels a and 1 are stained for MLC2v; Panels b-g, i and k for SLRCA2a and panel ] for M L O a. 

Panelss a-g. k and 1 are frontal sections; Panels i and j are sagual sections. Panel h shows the used 

nomenclaturee in a schematic drawing. 1: inferior atrioventricular cushion (iAYCj , 2: superior 

atrioventricularr cushion fsAYCj. Arrow in panel f indicates the myocardium, which is cont inuous with the 

atrioventricularr myocardial wall and represents the myocardium indicated in panel i by a circle. Star in 

panelss g and j indicates the tendon of Todaro (TT), which is being surrounded by myocardium indicated by 

aa triangle and a square. Abbreviations: LA , left atrium; 1A', left ventricle; MM , mediastinal mesenchyme: 

PAL.. primary atrial fold; PAS, primary- atrial septum; P \ ', pulmonary vein; RA, right atrium; RY, right 

\en tnc le;; RYV, right venous valve; saf, secondary atrial fold; SP, spina vestibuli; TV , tricuspid valve; Y. 

ventricle;; YS. ventricular septum. Scale bar: luO um. 

Figuree 2. Mvocardium formation at the level of the outflow tract (OLT). Xomarski micrographs ot 

immunohistochemical lvv stained sections of staged mouse embrvos. Panels a, c, d and t are stained tor 

( jMHC ;; Panel b is stained for S L R C \ 2a and panel e for MLC2v. Panels a-d and f a re frontal sections: 

Panell  e is a sagital section. Armws in panel e show eardiomvoevtes that are in contact with the myocardial 

walll  of the O F T. Abbreviations: APS. aort icopulmonary septum; end, endocardium; LA, teit atrium: IA , 

leftt ventricle: mvu. myocardium; ( b . outlet septum: RA, right atrium; RY. right ventricle; YS, ventricular 

septum.. Scale bar: 1(1" jam. 

Figuree 3. Myocardium formation around the pulmonary vein (pv). Nomarski micrographs ot 

immunohistochemical lvv stained frontal sections of staged mouse embryos. Panels a. e and t are stained tor 

UM !!  ! C Panels b-d tor Sb.RCA2a. Abbreviations: DM . dorsal mesocardium; LA , embryonic atr ium; i.W'C. 

inferiorr atrioventricular cushion: LA , left atrium; lu, lung: pp, pulmonary pit; RA. right a tnum; SP, spina 

vestibuli.. Scale har: Inn uni. 

Figuree 4. Myocardium formation around the caval veins. Nomarski micrographs ot 

immunohistochemical lvv stained sections of staged mouse embryos. Panels a-c are stained tor SLR(.A2a; 

Panell  d for MLC2a. PaneL a-e are frontal sec t ions Panel d is a sagital section. Abbreviations: LA , left 

atrium;; lev, left caval vein; kcv. left superior caval vein; PAS. primary atrial septum: RA, right atr ium: r c \, 

riL rhii  caval vein; ricv, right inferior caval vein; rscv, right superior caval vein; RY. right ventricle. Scale bar: 

bit)) urn. 
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ann tl extensive muscularization is observed (Fig, 2d). Mvocardial protrusions fire not only 

fount!!  to be contiguous with the dunking latend outflow tract mvocardium, but also with 

thee ventricular septum (arrowheads in fig. 2e). At LT5, the mvocardial protrusions have 

reachedd each other at the sides Hanking the lumens of the ventricle and arterial pole 

leavingg an enclosed mesenchvmal area. During subsequent development this 

mesenchymall  area becomes gradually muscular (not shown). At l i l 7 , the muscularization 

orr the outlet septum is completed (Fig. 2f). 

Myocardiumm formation around the pulmonary vein (Figure 3) 

Att H l l , the pulmonary pit is surrounded bv myocardium (Fig. 3a). When the spina 

vestibulii  has formed, the origin of the pulmonary vein is directed to the left side (Fig, 3b). 

Althoughh cardiomvocvt.es are present in the mesenchyme or the dorsal mesocardium, the 

walll  of the pulmonary vein is not myocardial vet (Fig. 3c). At FT 4, the first extensive 

muscularizationn of the pulmonary vein is observed. This begins at the origin ot the 

pulmonaryy vein in the atrium and proceeds into the direction ot the lungs (Tig. 3d). At 

FTT 5, the mvocardium of the pulmonary' vein has reached the third bifurcation in the lungs 

(Fig.. 3e). This muscularization process is observed to continue till at least E l 7 . At this 

stage,, the walls of the pulmonary veins are mvocardial up to the firth bifurcation (Fig. 3f). 

Myocardiumm formation around the caval veins (Figure 4) 

Beforee FT 4, caval myocardium is not observed beyond the pericardial border in the 

mediastinall  mesenchyme (arrow in fig. 4a}. Ar FT 4, loosely arranged myocardial cells are 

locatee tl bevond the pericardial border near the left caval vein (arrow in fig. 4b). At F15, 

cardiomvoevtess are present in the wall of the lert superior caval vein (Fig. 4c). At FT7, the 

partt of the right superior cava! vein flanking the pericardial cavity is myocardial. In the 

rightt inferior caval vein, the mvocardium does not extent! bevond the venous valves 

(arrowss in fig. 4d). 

InIn  vitro myocardium formation 

Too address the question of how mvocardium formation in the mouse is regulated, we 

developedd an /// vitro explant culture assay in which the process of mvocardium formation 

afterr development of the linear heart tube can be mimicked and manipulated. This culture 

svstemm is based on the explant assay that was used lor chicken explants (Van den I lott et 

a!.,, 1999, 2001). To successfully culture mouse explants and visualize the cardiomvoevtes, 

severall  modifications had to be made in the culture conditions and the 

immunohistochcmicall  staining procedure (see Materials and Methods). 
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/;// vivo muscularization of the various cardiac compartments is most pronounced at 

E14.. Therefore, die venous pole, atrioventricular canal, outflow tract, and the apex of the 

leftt ventricle of this si age were cultured for one week and inspected daily using Varel-

modulationn microscopy. The venous pole refers to the part of the developing heart that is 

upstreamm of the atrioventricular canal, which comprises the atrial appendages, primary 

atriall  septum, dorsal mesocardium, spina vestibuli and the proximal parts of the cava] and 

pulmonaryy veins. After overnight incubation of the explants an epithelial monolayer starts 

too form on top of the collagen matrix, which expands during the subsequent culture 

period.. In the cultures of the venous pole, atrioventricular canal and outflow tract, 

upstreamm of the atrioventricular canal, which comprises the atrial appendages, primary 
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Figuree 6. Developmental window of in vitro myocardium formation of the venous pole, atrioventricular 
canal,, outflow tract and apex of the left ventricle of the mouse. The extent of myocardial network formation in 
1.55 mg/l collagen gels by these tissues between El I and E19 I'x-axis; was assessed after a week in culture as described 
inn Material ami Methods. On the v-axis, the extent of the formed myocardial networks i- expressed in arbitrary units. 
Eachh point in the graph is based on the analysis of a separate in ri/ro  experiment. 

Figuree 5. Characteristic examples of the extent of cellular outgrowth of the different cardiac 

compar tments.. Micrographs of myocardial explains derived of the venous pole of E13 (Panels a and d), 

atrioventricularr canal of E12 (Panels b and e) and E14 (Panels c and f), outf low tract of E15 'Panels g and 

j),, anil of left ventricle of E15 (Panels h, i, k-o) after a week of culture are shown. Panels a-c, g and h show 

Varcll  modulat ion micrographs. Panels d-f, i-o show brightest point projections of CLSM stacks of the 

explantss after immunof luorescendy staining of the myocytes using die monoclonal antibody MF20. Scale 

bar:: 2nd uni. Por panels m-o scale bar is 400 urn. The boxed areas in panels i are magnified in panels 1 and 

m.. Panels b and e show an example ot an explant, which does nor show myocardial protrusions. To 

illustratee thai not all cells in the collagen matrix stain with MF20, the explains were not only stained with 

MF200 to identity the myocytes (Panels i and m), but also with propid ium iodide to identify all nuclei (Panels 

n).. Panel o shows the merged images of panels m and n. illustrating that nuclei of non-MF20 stained cells 

aree present around the myocytes. 
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atria!!  septum, dorsal mesocardium, spina vestibuli and the proximal parts of the caval and 

pulmonaryy veins. After overnight incubation of the explants an epithelial monolayer starts 

too form on top of the collagen matrix, which expands during the subsequent culture 

period.. In the cultures of the venous pole, atrioventricular canal and outflow tract, 

mesenchymall  cells are first observed in the collagen matrix underneath the explant and 

epitheliall  monolayer after 2 davs of culture. In cultures of the apex of the left ventricle 

mesenchymall  cells are first observed after 3 days of culture. During subsequent culture 

period,, the amount of mesenchyme increases. Although Varel-modulation microscopy 

(Fig.. 5a-c, g and h) suggests that cardiomvocytcs have populated the collagen matrix, the 

explantss had to be fixed and immunostained for myosin heavy chain (MF20) to 

unambiguouslyy distinguish cardiomyoevtes from non-cardiomyocytes. The extent of 

myocardiumm formation in the collagen matrix was analyzed by contocal laser scanning 

microscopyy (CLSM), and scored on an arbitrary scale as specified in Materials and 

Methods.. Figure 5 shows typical examples of cellular outgrowth of the different cardiac 

compartments.. CLSM analysis showed that myocardial protrusions are present that 

extendd over the surface and into the collagen gel forming three-dimensional networks. In 

explantt cultures of the outflow tract (Fig. 5j) and ventricle (Fig. 5i,k) myocardial 

protrusionss are observed around the entire explant. In explant cultures of the venous pole 

and,, albeit to a lesser extent, of the atrioventricular canal, regions of myocardial 

protrusionss alternate with regions that have a smooth myocardial border (arrows in fig. 5d 

andd f). In general, myocardial protrusions are contiguous with the original explant (Fig. 

5m).. Myocardial cells that do not seem to have contact with other myocardial cells (i.e. 

isolatedd myocardial cells) are rarely observed in the gel (arrows in fig. 5 1). 

Too further characterize the spontaneous formation of myocardial networks of the 

venouss pole, atrioventricular canal, outflow tract and ventricular explants, we analyzed 

explantss ranging from F l l to FA 9 (Fig. 6). Venous pole explants show extensive 

myocardiall  networks (score 2) from stage FA 3 to F.15. Atrioventricular canal explants 

showw the first extensive myocardial network formation at F.13, whereas outflow tract 

explantss do so one dav later in development, i.e. at F14. Both atrioventricular canal and 

outfloww tract explants do not form extensive myocardial networks at L I 7 anymore. 

Althoughh the developmental window for myocardial network formation of ventricular 

explantss resembles that of outflow tract explants, ventricular explants show hardly, if any, 

myocardiall  protrusions before HI4. 

Involvementt of mesenchyme in myocardium formation 

Inn cultures of ventricular explants younger than H14, mesenchymal cells and myocardial 

networkss are not formed. Epithelial cells that have formed on the collagen gel do not 

survivee until the end of the culture period (data not shown). From F14 up to K16, 
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however,, ventricular explants display extensive outgrowth of epithelial and mesenchvmal 

cellss (Fig. 7a and b), which survive til l the end of the culture period. This coincides with 

thee developmental stages that show extensive mvocardial network formation (Fig. 6 and 

7c).. From HI? onward, outgrowth of epithelial cells is observed, whereas the amount of 

bothh mesenchyme (Fig. 7d) and mvocardial networks (Fig. 7h) are reduced. In venous 

pole,, atrioventricular canal, and outflow tract explant cultures, mesenchvmal cells are 

observedd at the end of the culture period at all stages examined. However, the amount of 

mesenchymee at the later stages (E17-E19), when mvocardial network formation has 

ceasedd (Fig. 6), seems to be reduced (not shown). Taken together, these observations 

suggestt a correlation between mesenchyme formation and myocardial network formation. 

Too explore the correlation between mesenchyme formation and mvocardial 

networkk formation we aimed at inhibiting the mesenchvme formation in ventricular 

explants.. Ventricular explants were selected based on the following two observations. 

First,, in the apex of the left ventricle of El 4 no endocardial cushion mesenchvme is 

present,, whereas in venous pole, atrioventricular canal and outflow tract mesenchvme is 

present.. Secondly, when explants of venous pole, atrioventricular canal and outflow tract 

arcc used, mesenchymal cells form in the collagen gel after two days of culture, whereas 

mesenchymall  cells form after three days of culture in ventricular explant cultures. These 

observationss suggest that mesenchymal cells are formed de novo in ventricular explant 

culturess This unique feature of ventricular explants offers the opportunity to inhibit the 

formationn of mesenchyme in ventricular explant cultures by heparin. Heparin interferes 

withh FGF signaling (Powers et al., 2000) that is implicated in the formation of 

mesenchymee in the heart (Choy et al., 1996; De la Cruz and Markwald, 1998; Dettman et 

al.,, 1998; Morabito ct al., 2001). Addition of heparin to ventricular explants of F15, w'hich 

normallyy show extensive mesenchyme (Fig. 7b) and myocardial network formation (Fig. 

7c),, strongly reduced both the amount of mesenchvmal cells (Fig. 7 e and f) and the extent 

off  myocardial network formation (Fig. 7g). 

Too determine whether the correlation between mesenchvme and mvocardial 

networkk formation in cardiac explants also holds true for chicken explants, we extended 

ourr experiments to chicken ventricular explants. In a previous study, chicken left 

ventricularr explants were generally not found to form mvocardial networks at the stages 

examinedd (Van den Hoff et al., 1999), although a small percentage of ventricular explants 

betweenn the stages HH21-26 showed myocardial network formation. Re-evaluation of the 

capacityy to form myocardial networks using different culture conditions due to batch-to-

batchh variation revealed that most left ventricular explants taken from HH21-24 (Fig. 7k) 

andd to lesser extent those taken from HH25-27 are capable of forming myocardial 

networks,, comparable to mouse explants. The ventricular explants from these stages only, 

showw a large amount of mesenchyme (Fig. 7i and j). In ventricular explants of HH28 

hardlyy any mesenchyme (Fig. 71) and no myocardial networks (Fig. 7m) arc formed. Upon 

additionn of heparin, the formation of both mesenchymal cells (Fig. 7n) and mvocardial 
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networkss (Fig. ~o) was blocked in chicken ventricular explant cultures of IIH24, 

resemblingg the observations in mouse explant cultures. These findings indicate that also 

inn chicken explants a correlation exists between mesenchyme and myocardial network 

formation.. In addition, whenever mesenchyme formation was not completely blocked, 

myocardiall  networks (Fig. ~r) arc only formed ar sites of mesenchyme formation (arrow 

andd box in fig. ^p and q). Furthermore, close examinations of Yarel-modulation and 

confocall  images show that mesenchvmc-like cells ('Fig. ~s and v) are myosin positive (Fig. 

"tt and w). Taken together, these observations suggest that the presence of mesenchymal 

cellss is a prerequisite for myocardial network formation in both mouse and chicken 

explantt cultures 

DISCUSSION N 

Inn this paper we report an in vivo and /// vitro study of myocardium formation in intra- and 

extra-cardiacc mesenchyme after development of the linear heart tube in mouse. 

InIn  vivo myocardium formation 

Usingg an immunohistochemicai approach we determined that myocardium formation 

startss around 1-112 in rhe dorsal mesocardium. In subsequent stages of development, the 

processs extends downstream into the intra-cardiac mesenchymal tissues of the 

atrioventricularr canal and outflow tract, and upstream into the extra-cardiac mediastinal 

mesenchymee embedding the pulmonary and cava! veins. At Fl"7, myocardium formation 

inn rhe intra- and extra-cardiac mesenchyme has contributed the smooth walled atrial 

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

thee caval and pulmonary myocardium. The contribution of myocardium ro the 

<4<4 . 

F i g u ree 7. Correlation of myocardial network formation with the appearance of mesenchymal ceils in rhe 

collagenn gel in ventricular explant cultures. Panels a, b, d-f, i, j , 1, n, p, <j, s and v show Yarel modulat ion 

mic rographss Panels c. g, h, k, m, o. r and u show brightest point projections of CI.SM stacks of the 

respectivee explants alter immunof luorescendy staining of the mvoevrcs using die monoclonal antibody 

MF2(.l.. Panel t shows one CLSAI stack of explain depicted in panels s and u. Panels a-c show mouse 

ventricularr explant of K15. Panels d and h show mouse ventricular explant of I-.19. Panels e g «how mouse 

venrricularr explain of I'd 5 treaicd with SIM) ng /ml ot" heparin. Panels i-k show chicken ventricular explant 

ott HF124. Panels 1 and tn «how chicken ventricular explant of HH28. Panels n-w show chicken ventricular 

explantt ot I li 124 treated with 5u ng.'mi of heparin. Note the high amount of both mesenchymal cells and 

myocardiall  networks in ventricular explants of 1.15 mouse and HH24 chicken, anil the littl e amount ot 

bothh mesenchymal cells and myocardial networks in ventricular explants of l:A'-> niou«e and f II12S chicken, 

andd ventricular explants of f:. 13 mouse and 1 it 124 chicken treated with heparin. Panels p-r show that 

myocardiall  networks are restricted to the site where mesenchymal cells are present 'boxed area and arrow;. 

Panelss s-\v show that myosin positive cells have mesenchvmal-l ikc shape. Scale bar: 2ui) urn 
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atrioventricularr septum is limited, because mesenchyme remains as the centra! fibrous 

body,, the tendon of Todaro and the valvular leaflets. Although the tricuspid valve does 

nott become muscular, myocardial protrusions are observed at the base of the developing 

tricuspidd valve. This observation suggests that muscularization is initiated, but not 

sustained,, or even inhibited. A similar phenomenon is observed in chicken. Whereas the 

mitrall  valve remains mesenchymal, myocardial protrusions are present at the base of the 

developingg mitral valve. The atrioventricular septum and tricuspid valve, however, do 

becomee completely myocardial in chicken (Van den 1 loft et al., 2001;. 

Inn addition to a difference in the extent of myocardium formation at the level of 

thee atrioventricular canal, the following differences are seen between mouse and chicken. 

1;; In mouse, muscularization of the intra-cardiac mesenchyme rakes 5 days (L',12-P), 

whereass in chicken it lasts 9 days fH H 1CM 1H38; U3-K12). 2) In mouse, muscularization is 

nott observed in the right inferior caval vein, whereas the myocardial cells reach to the 

marginn of the liver in chicken. 3) Muscularization of the pulmonary vein is more extensive 

inn mouse than in chicken. The myocardial cells reach to at least the fifth bifurcation of the 

pulmonaryy vein in the lungs of the mouse, whereas in chicken the myocardial cells do not 

extendd beyond the first bifurcation. 

InIn  vitro analysis of the myocardium formation 

Ass a first step towards the unravelling of the molecular mechanisms underlying this 

relativee late process of myocardium formation, an in vitro assay to culture and analyze 

mousee cardiac explains was established. Using this in vitro explain assay, different cardiac 

compartmentss of various developmental stages were analyzed for their capacity to form 

myocardiall  networks. Lxplants of the venous pule, atrioventricular canal, and outflow 

tractt are able to form myocardial networks provided the proper developmental stages are 

cultured.. The /// ritro  developmental window of myocardium formation shows that 

myocardiumm formation in the intra-cardiac mesenchyme is initiated and completed in 

downstreamm direction, reflecting the in vivo observations. This indicates that myocardium 

formationn in the /'// vitro explain assay mimics myocardium formation in vivo. 

Mesenchymee is required for myocardial network formation 

Thee following observations, which were made in mouse and chicken explain cultures, 

suggestt a crucial role for mesenchymal cells in myocardium formation, i) Myocardial 

networkss were only found in in vitro explain cultures containing mesenchymal cells, ii) 

Whenn mesenchyme formation was blocked, myocardial networks were not observed, iii ) 

Whenn mesenchyme was formed from a restricted part of the explain, myocardial 

networkss were only found at these sites ot mesenchyme formation. 
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Myocardiall  networks arc first observed in atrioventricular canal explains at IT 3 

andd in outflow tract explants ar F.14, whereas mesenchymal cells are observed from the 

firstt stage examined fi d 1). hi rir<u  myocardium tormation is observed about 2 days after 

thee initial appearance ot cushion mesenchvme in both the atrioventricular canal and 

outfloww tract (Table 1). Kndocardium-derivcd mesenchymal cells that invade the cushions 

aree initially subjected to proliferation signals. As thev migrate towards the interface with 

thee myocardium rhev become subjected to differentiation signals. Together, these 

observationss suggest that a sufficient amount ot mesenchymal cells has to acquire a state 

ott differentiation prior to the muscularization of cushion mesenchyme (Markwald et al. 

1998;; Mjaatvcdt et al., 1999). Taking this into account, the observation that both in rim 

andd in ri/ro  myocardial networks appear in the outflow tract one dav later in development 

thann in the atrioventricular canal is consistent with the observation that the first 

mesenchymee is observed one dav later in the outflow tract than in the atrioventricular 

canal. . 

Mouse e 

Chicken n 

Atrioventricularr canal 

Outfloww tract 

Atrioventricularr canal 

Outfloww tract 

Mesenchymee formation 

E101 1 

E111 1 

E22 52(HH16) 

E3.5"(HH21) ) 

Myocardiumm formation 

E12 2 

E13 3 

E4.53(HH26) ) 

E55 54(HH28) 

Tablee 1. Overview of rhc stages in which mesenchyme or mvocardium fo rnw ion is rlrsr observed in 
diee amovenrr icular canal and outflow traci of mouse ;md chicken. Rets: 1: Oamenisch <•> <-;ƒ, 20M2; 2: 

.SEorcno-Rodntjue// ,-/<//., 199"; 3; Van den 1 ioffc / , 2un j; 4; Van den Hoff t / ; / / , 1999. 

Mousee and chicken ventricular explants spontaneously form myocardial networks 

withinn a limited developmental period (H14-K16 and [ II12 I-2", respectively), whereas no 

myocardiall  networks are observed /;/ riro. Because mesenchymal cells were found to be 

cruciall  tor myocardial network formation /'/; ri/ro, these apparent contradictory 

observationss are likely to be due to the tact that /// riro mesenchymal cells are not formed 

in-betweenn the ventricular myocardium and endocardium, whereas mesenchymal cells are 

formedd /// ritro. 

Potentiall mechanisms underlying myocardium formation 

Twoo mechanisms can be envisioned to underlie myocardium formation; fi; growth of 

existingg cardiomyocytcs into mesenchyme, defined as mvocardialization, and (ii) 

differentiationn (recruitment; ot non-muscle cells into cardiac muscle cells, hi ritro most of 

thee myocardial networks are contiguous with the explant and were initially thought to be 

derivedd from already existing myocardial cells that had grown out of the explant. 
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However,, rhe presence of isolated myocardial cells suggests differentiation or 

mesenchvmall  or epithelial cells into cardiac muscle cells. The notion that mesenchymal 

cellss are able to differentiate into cardiomvoevtes is supported bv the observations that fi) 

isolatedd cushion mesenchyme is able to differentiate into cardiac muscle cells (Van den 

II  lof f er al.. 2(t(ll), 'ü) /// i'itro myocardial network formation is onlv observed in the 

presencee of mesenchyme, (iii ) mvosin-positive mesenchyme-fikc cells are observed in 

explantss cultures, and fivj tt-smooth muscle actin expression precedes the expression ot 

myocardiall  markers during muscularization ot intra- and extra-cardiac mesenchyme 

(Kruithoff  et al., submitted). Taken together, our observations suggest that dittercntiation 

off  mesenchvmal cells contributes to myocardium formation in the intra-cardiac 

mesenchymee and possibly also the extra-cardiac mesenchyme. 
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