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Chapterr 6 

ABSTRACT T 

Tbcc epithelial lining of the embryonic pericardial cavity is multipotcntial. It gives rise to 

myocardium,, epicardium and pericardium. The epicardium {originates from the so-called 

proepicardiumm that proliferates from the epithelial lining into the pericardia! caviry. The 

proepicardiumm attaches to the dorsal site of the growing heart and spreads as a 

continuouss epithelial sheet over the originally "naked" surface or the primitive 

myocardiumm to form the epicardium. 

Inn this study, we report that hi vitro proepicardial cells are able to spontaneously 

differentiatee into myocardial cells. Epicardial cells, however, do not show this ability. 

Embryonicc pericardial cells at the base of the proepicardium are contiguous to both the 

venouss pole of the heart and to the proepicardium. It is shown that these embryonic 

pericardiall  cells display ven' low expression of the myocardial marker SERCA2a, whereas 

thee top of the proepicardium does not express SHRCA2a and the venous pole 

myocardiumm strongly expresses SRRCA2a. These observations suggest that a subset of 

thee embryonic pericardial cells at the inflow tract of the heart undergoes a lineage switch 

fromm the myocardial towards the epicardial lineage. 

Thee mvocardium-forming potency of the proepicardial cells in vitro indicates that 

theyy are not irreversibly committed to the epicardial lineage. Bone morphogenetic protein 

(13MP)) 2 and 4 are able to induce myocardial differentiation in serum-free cultured 

proepicardia.. The in vivo expression pattern of BMP2 and 4 are consistent with a role of 

BMPP 2 and 4 in myocardial differentiation at the venous pole. The in vivo expression 

patternn of BMP4 and its inhibiting effect on myocardium formation in serum-containing 

proepicardiall  cultures, however, also suggest a role for BMP4 in recruitment of cells into 

thee epicardial lineage. Fibroblast growth factor (FGI7) 2 inhibited proepicardial cultures to 

differentiatee into the myocardial lineage, but stimulated differentiation into the epicardial 

lineage.. Proepicardial cultures, therefore, provide a unique model system in which the 

molecularr mechanisms controlling the developmental decisions of the embryonic 

pericardia]]  cells differentiating into the myocardial or epicardial lineage can be studied. 
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INTRODUCTIO N N 

Cellss fated to form heart pass through the rostral portion of the primitive streak (Garcia-

Martinezz and Schoenwolf, 1993) and form a layer of mesodermal cells sandwiched 

betweenn endoderm and ectoderm, where thev form the bilateral heart forming regions 

(Dee Haan, 1965). Formation of the coelom divides the mesoderm into the somadc and 

splanchnicc components (Linask, 1992). The tubular heart is formed by migration and 

fusionn of the two heart-forming regions at the ventral midline (Stalsberg and De Haan, 

1969;; Rosenquist and De Haan, 1966). As development proceeds, myocardium is added 

too the posterior side of the tube forming the inflow region (Stalsberg and De Haan, 1969; 

Dee la Cruz and Markwald et ah, 1998; Viragh and Challice, 1973) and to the anterior side 

formingg the outflow tract in chicken (De la Cruz and Markwald et al., 1998; Mjaatvedt et 

al.,, 2001; Waldo et a!., 2001), and possibly also the embryonic right ventricle in mouse 

(Kellyy et al., 2001; Viragh and Challice, 1973). After development of the heart tube 

formationn of myocardium continues in intra- and extra-cardiac mesenchyme forming the 

smooth-walledd atrial wall, the myocardial outlet and atrioventricular septa, and the caval 

andd pulmonary- myocardium (Mjaatvedt et al., 1999; Moorman et al., 2000b; Van den 

Hofff  et a l, 1999, 2001; Ya et al., 1997, 1998; chapter 4 and 5). In mouse, myocardium 

formationn at the distal borders of the heart tube was found to be characterized by 

continuouss differentiation of the mesothelial lining of the pericardial cavitv, and possibly 

alsoo mesenchyme, into cardiomyocytes (Viragh and Challice, 1973). 

Thee lining of the embryonic pericardial cavity is a continuum of mesothelial cells 

formingg the parietal pericardium and myocardial cells of the tubular heart. The 

proepicardiumm forms from the parietal pericardium during earlv development of the heart 

(HH15-177 in chicken; E9 in mouse) and consists of villous outgrowths of mesothelial 

cellss extending into the pericardial cavity. These vill i contain numerous mesenchymal 

cells,, and a large amount of extracellular matrix (Viragh et al., 1993). In chicken, the 

proepicardiumm attaches to the dorsal site of the heart and the mesothelium spreads as a 

continuouss epithelial sheet over the primitive myocardium forming the epicardium 

(Manner,, 1992). In mammals, the main transfer mechanism of proepicardial cells to the 

cardiacc wall is described as free-floating vesicles (Komivama et al., 1987; Kuhn and 

Liebherr,, 1988). Chicken-quail chimera and viral tagging experiments have shown that 

cellss derived from the epicardium contribute to the subepicardial mesenchymal layer of 

thee heart, the endothelium and smooth muscle cells of the coronary vasculature, the 

perivascularr and intcrmyocardial fibroblasts and the atrioventricular valves (Mikawa and 

Fishman,, 1992; Poelmann et al., 1993; Mikawa and Gourdie, 1996; Dettman et al., 1998; 

Pcrez-Pomaress et al., 1997, 1998, 2002; Gittenbergcr-de Groot et al., 1998, Manner 1999; 

Vranckenn Peeters et al., 1999). 
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Figuree 1. Proepicardial cells differentiate into myocardial cells, a) Scanning electron microscopical image 
off  the proepicardium situated at the dorsal MK- of the embryonic heart of stage HH16. In situ 
hybridisationn (b) and immunohistochemistry (c) show no detectable vMHC mRN \ or MHC proteins 
LV1F200 staining), respectively in the proepicardium. Panels d-g arc Varel modulation micrographs of 

proepicardiall  explants and panels h-n are brightest point projections of CLSM stacks of proepicardial 
explainss after immunofluorescentl}  staining of the myocytes using the monoclonal antibod) MF20 
(green).. The explants were also -tamed with propidium iodine to identify all nuclei (red). The explants 
shownn in panels d and h. e and i. ("and j , and g ami k are fixed directK after isolation, after 1, 3 ami 5 days 

off  culture, respectively. Panel I shows a magnification of the boxed area in panel i, displaying diffuse 
myosinn staining in the cytoplasm. Panels m and n are detailed images of proepicardial explains cultured 
forr 5 days displaying cells with dotted ami linear organized myosin staining. 
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Tablee 1. Quantification of the myocardium present in the proepicardial cultures. Directly after isolation, 
afterr 0.15 (4 hours), 1, 3, or 5 days of culture myosin-positive cells are counted in proepicardial cultures 
andd categorized in groups containing 0, 1-3. 4-10, or >10 (field) myosin-positive cells 'Table a). In 
addition,, the myosin-positive area is measured (Table 1>.. \i daj 3 the myosin-positive area is 10 times 
biggerr compared with day 1; at day 5 the myocardial area is 16.5 times bigger. 

Inn this study, we demonstrate that cells of the proepicardium are not irreversiblv 

committedd to the epicardial lineage but are able to spontaneously differentiate into cardiac 

musclee cells in vitro. In addition, immunohistochemical analyses of the developing venous 

polee of the heart suggest that a subset of pericardial cells contiguous to the myocardium 

off  the inflow tract do not continue differentiation toward the myocardial lineage but 

undergoo a lineage switch to form the proepicardium. Explant cultures of the 

proepicardiumm showed the involvement of BMP2, 4 and FGF2 in the developmental 

decisionn of proepicardial cells to differentiate into the myocardial or epicardial lineage. 

Therefore,, proepicardial cultures provide an explant model to delineate the lineage switch 

intoo myocardial or epicardial direction. 

MATERIA LL AN D METHODS 

Chickenn embryos 

Fertilizedd chicken eggs were obtained from a local hatchery (Drost BV, Nieuw 

Foosdrecht,, the Netherlands;, incubated at 39°C in a moist atmosphere, and automatically 

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

stagedd according to Hamburger and Hamilton (1951 . 
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InIn vitro explant assay 

Collagenn gels were prepared according to procedures previously described (Van den Hoff 

ett al., 2001). Proepicardia were isolated under sterile conditions in filter-sterilized Farl's 

Balancedd Salt Solution (EBBS, Lire Technologies) and positioned on top of the drained 

collagenn gel. In co-cultures, the explants of the proepicardium and venous pole, which 

weree derived trom the same embrvo, did not have contact. After the explants were 

allowedd to attach to the gel tor at least 4 hours, medium M199, containing 

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

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

Technologies),, was added with or without supplemented 1% chicken scrum, recombinant 

humann BMP2 and 4 (Genetics Institutes), FGF2 and 4 (Peprotech), recombinant mouse 

nogginn (R&D), and heparin (Sigma). 

Too establish epicardial cell cultures, chicken hearts of HH25 or HH36 were placed 

onn collagen gels. Fpicardial monolayers were allowed to form on the surface of the 

collagenn gels. After overnight incubation, the hearts were removed and Ml99 medium 

supplementedd with 1% chicken serum was added. 

Afterr the culture period (37°C, 5% CO2.) the gels containing the explants, were 

fixedd and stained as previously described (chapter 4) for (cardio)mvocytes using 

monoclonall  antibodies directed against myosin heavy chains (MF20; Hvbridomabank, 

Iowaa City, 1A), myosin light chain 2v (MLC2v; Katus et al., 1982; kindly provided by W. 

Franz,, Lübeck, Germany), p Myosin Heavy Chain (fjMHC; Wessels et al., 1991), and/or 

polyclonall  antiscra directed against sarco-endoplasmatic reticulum Ca2+-ATPase 

(SKRCA2a;; kindly provided by F. Wuvtack, Leuven, Belgium; Eggermont et al., 1990). 

Forr visualization the FITC- labeled rabbit anti-mouse serum (Nordic, Jackson 

ImmunoResearch),, goat anti-rabbit ALEXA488 (Molecular probes) were used. The gels 

weree incubated with propidium iodine (Molecular probes) to stain all nuclei and analyzed 

bvv con focal laser scanning microscopy (Biorad MRC1024). The total area of myocytes in 

eachh explant culture was determined using a user-written macro in N Ill-image (version 

1.62). . 

Immunohistochemistry y 

Chickenn embryos were fixed in ice-cold fixative containing 40% methanol, 40% acetone 

andd 20% water, or freshly dissolved 4"'i» paraformaldehyde (Sigma) in PBS for 4 hours and 

dehydratedd in a graded alcohol series and embedded in paraplast. 7 u.m serial sections 

weree stained with MF20 (Hvbridomabank, Iowa City, 1A) as previously described 

(Chapterr 4). For immunofluoresence, the sections were incubated with MF20, and/or 

withh polyclonal antisera directed against SHRCA2a and cytokeratin (Dako: Z0622). 
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Antibodyy binding was visualized using goat anti-mouse AFFXA568, and gnat anti-rabbit 

Ai.KX AA 568 or goat anti-rabbit AFKXA 660 antibodies (Molecular Probes). 

Non-radioactivee in situ hybridizatio n on sections 

Inn situ hybridisation was performed as recently described (Moorman et al 2001 ) . Probes 

directedd to cardiac Troponin 1 (cTnl) and ventricle myosin heavy chain (vMHC) were 

usedd to visualize myocardial tissue (Hnuwelmg et al 2002 ; Bisaha and Bader, 1991). 

Probess specific for BMP2 and BAIP4 were proyided bv Dr. P. Bnckell (Francis et al. 

1994). . 

RESULTS S 

Proepicardiall  cells differentiat e spontaneously int o cardiac muscle cells 

Proepicardiaa of HH16-17 chicken embryos (Fig. la) were isolated and cultured on a 

collagenn gel (Fig. ld-g). A monolayer is formed and mesenchymal cells appear underneath 

thee monolayer in the collagen. After 5 days of culture most of the proepicardial cultures 

displayedd beating areas, suggesting that cardiomyocytes are present. Immunotluorescent 

stainingg of these cultures using antisera directed against cardiac proteins (MF20 (Fig. Ik), 

PMHC,, \ILC2v or SFRCA2a (not shown)) confirmed that these beating cells were 

cardiomyocytes.. Serial sections of the proepicardial region /';/ vivo did not reveal detectable 

amountss of myosin heavy chain mRNA or protein in the proepicardium (Fig. lb, c). 

AA time course analysis was performed to determine the spatio-temporal 

appearancee of cardiac myocytes in the proepicardial explant cultures. For this, the 

proepicardiaa were fixed directly after isolation or after different culture periods. The 

nucleii  of the cells were stained with propidium iodide and the mvosin-positive cells were 

countedd (Table la). More than 50"n of the proepicardia fixed directly after isolation were 

devoidd of any myocyte (F'ig. lh; table la), whereas 26"/'*  and 22% of the isolated 

proepicardiaa contained 1 to 3 or 4 to 10 mvosin-positive cells, respectively. After 4 hours 

ott culture ot the proepicardia a comparable result was obtained, whereas after one day of 

culturee "75"--'i of the proepicardial cultures contained small clusters of mvoevtes and 

myocytess scattered throughout a confluent lavcr of mostly non-mvoevtes (Fig. li ; table-

la).. These myocytes are characterized bv diffuse myosin staining in the cvtoplasma (Fig. 

11),, which is characteristic for early myocardial differentiation (Han et al., 1992). After 3 

dayss of culture, all cultures contained several clusters of myocytes (Fig. lj ; table la). The 
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Figur ee 2. Cytokeratine expression in the distal parrs of the cardiac inflow and outflow tracts. Double 
immunolabelingg on III116-1" transverse sections to show the relationship of cytokerarine-positdve 
(green)) to myocardial cells (red . Panel a The venous pole shows cytokeratine-positive Ml 20-negative 
cellss in pericardia] mesoderm and cytokerarine-negative MF20-positive cells in the myocardium, 
separatedd by myocardium thai i- positive for both cytokeratin and MF20 yellow). Panel h shows 
magnificationn of the boxed area in panel a. Panel c) The pericardial mesoderm (pm between the inflow 
MM.]MM.]  outflow tract is cvrokcratin-positivc. Panel d) The outflow tract displays a gradient of overlapping 
proteinn expression, similar to that seen in the inflow myocardium. 
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Figuree 5. Effect of BMP'- and FGFs on myocardium formation in proepicardial culture. Size "t 
myocardiall  area was measured after 5 days of culture. Addition ot BMP2, or BMP4 plus venous pole-
resultedd in an increase ot the myocardial area, whereas addition ol B\IP4 or FGF2 with or without the 
venouss pole resulted in a decrease ot the myocardial area. *P<0.05, compared with control. ' 
Errorr hars indicate the s.e.m. 

Figuree 3. SERCA2a and cytokeratin expression at the level of the proepicardium. [mmunofluorescent 
stainingg of neighboring sections of stage 111116 embryo with SER(! V2a Panels a and c) and cytokeratin 
Panelss h and d). Panels c and d are magnification of the boxed are in panels a and b, respectively. 

SERCA2aa is expressed high in myocardium of inflow tract and low in the base of the proepicardium and 
mesodermm underneath the proepicardium. Note that virtually no expression of SERC \2a is observed in 
thee top part of the proepicardium 'arrow in c), which does express cytokeratin arrow in d). Cytokeratin 

iss expressed high in proepicardium and mesoderm underneath the proepicardium anil this expression is 

taperingg off in the inflow tract myocardium. Abbreviations: A, atrium; PI., proepicardium; Y, ventricle. 
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individuall  clusters of myocytes subsequently appeared to have coalesced into a large held 

off  myocytes after 5 davs of culture (Fig. Ik). Such a mvosin-positive held of cells is 

characterizedd by a condensed multilayered area of mostly elongated and aligned myocytes 

inn the center, which contain linearly organized myosin (Fig. In). Cardiomyocvtes with 

immaturee myosin organization, as apparent from diffuse and/or dotted staining, are 

observedd around the condense myocardial center (Fig. lm). The distinct stages or myosin 

assemblyy and the association of mvosin-positive cells observed in the procpicardial 

culturess correlated with those seen in precardiac mesoderm explains (Rudy et al., 2()Hl; 

Ciscnbergg and Fisenberg, 1999), indicating that myocardial differentiation is taking place. 

Wee judged that procpicardial cultures displaying contractions after the first day of culture 

weree most likely contaminated with cardiac muscle cells at the start of the experiment. 

Therefore,, these cultures were discarded and refrained from analysis. This accounted for 

I-7"* -- of all proepicardia cultured for 5 days. Taken this into account, more than 60"n of 

thee cultures analyzed after 5 days, were devoid of any cardiomvocytc at the start of the 

culture,, whereas after 5 days of culture a held of myocytes was present in all procpicardial 

cultures. . 

Thee size of this held or" myocytes was determined by measuring the \1F2< (-positive 

areaa using a user-written macro in NIH-image (Table lb). Compared to culture day 1, the 

mvosin-positivee area increased lOx after 3 days of culture and even 1u.5x after 5 days or 

culture.. Since the myocardial center in the proepicardia] culture is multilayered, the 

myocardiall  area determined for 5 days of culture might be an underestimation of the 

amountt of myocardial cells present. Taken together, these observations strongly suggest 

thatt cells of the proepicardmm are able to differentiate into cardiomyocvtes in vitro. 

Epicardia ll  cells do not spontaneously differentiat e int o cardiac muscle cells 

Too determine whether epicardial cells are able to differentiate into cardiomyocvtes, an 

epicardiall  cell culture was established bv placing H1125 or HH36 chicken hearts on 

collagenn gels. After one dav of culture the hearts were removed and medium was added to 

thee remaining epicardial cells that had grown from the heart on the collagen gel and had 

formeell  a monolayer. During the subsequent culture, mesenchymal cells appeared in the 

collagen.. After 5 days of culture no beating areas were observed and immunotluorescent 

stainingg using MF20 revealed very few, it anv, myosin positive cells (data not shown). 

Thesee results suggest that epicardial and epicardium-derived cells do not spontaneously 

differentiatee into cardiomvocytcs /// vitro. 
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Epicardiu mm and venous pole myocardium originate from the same pericardial 

regionn co-expressing non-myocardial and myocardial markers. 

Acc IIM'16, cardiomyocytes arc still added to the heart tube at the inflow tract and outflow 

tractt (Van den Hoff ei ah, 2001; De la Cruz and Markwald et ah, 1998). A polyclonal 

antiserumm directed against cytokcratin has been reported to be a convenient tool to 

visualizee the non-myocardial part of the pericardial wall (the pericardial lining, the 

proepicardium)) and the epicardium (Vrancken Peelers et aL, 1995). To evaluate whether 

cellss at the most distal ends of the tubular heart share expression of contractile proteins 

andd cytokeratin, double immunolabeling was performed using antibodies against 

cvtokeratinn and myosin heavy chains (MF2U) on sections of HH16-17 chicken embryos. 

Att H l i 16, cytokeratin staining was found to extend from the pericardium into the 

myocardiumm of both the most distal parts of the in- and outflow tract (Fig. 2a,b and d). In 

addition,, the parietal pericardium between the inflow and outflow tract is cvtokeratin 

positivee (big. 2c). The myocardium more distal from the attachments of the heart tube to 

thee body wall is cytokeratin negative, although some small cytokeratin-positive spots are 

present.. Cytokeratin expression was also observed in the proepicardium (Fig. 4b,d). The 

expressionn pattern of cvtokeratin suggests that cytokeratin-positive pericardial ceils will 

becomee recruited into the epicardial Lineage by the formation of the proepicardium or wil l 

becomee recruited into the myocardial lineage contributing to the myocardium at the in-

andd outflow tract. Using SFRCA2a antisera on sections of HH16-17 chicken embryos, we 

observedd in addition to strong SFRCA2a expression in the inflow tract myocardium, low 

levelss of expression of SF,RCA2a in the adjacent mesodermal cells underneath and in the 

basee of the proepicardium (Fig. 3a,c). The top of the proepicardium does not show 

SKRCA2aa expression (arrow in fig. 3c and d). These expression patterns suggest that 

mesodermall  cells contiguous to the inflow myocardium have been specified to the 

myocardiall  lineage, which is consistent with the observation that still myocardium is 

addedd at the venous pole at this stage (Van den Hoff et a!., 2001). In addition, these 

expressionn patterns suggest that cells of the proepicardium were specified to the cardiac 

lineagee but underwent a switch to the epicardial lineage. 

Memberss of the BM P and FGF families are involved in the recruitment of 

proepicardiall  cells into the myocardial l ineage 

Thee ability of proepicardial cells to differentiate into cardiomvoevtes indicates that the 

proepicardiall  ceils are not yet irreversibly committed to the epicardial lineage. The 

proepicardiall  culture system therefore might provide a model in which molecular 

mechanismss controlling the developmental decisions of the mesothelial lining the 

pericardiall  cavity differentiating into the epicardial or myocardial lineage can be studied. 
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Myocardiumm formation at the inflow tract can Lie considered as a continuation of the 

myocardiumm formation from the primary heart fields (Waldo et al., 2001. Since bone 

morphogeneticc proteins (BMPs) and fibroblast growth factors (FGFs) play an important 

rolee in primary cardiogenesis (Schultheiss and Fassar, 1999; Lough and Sugi, 2000), wc 

evaluatedd whether these factors are also involved in the regulation of myocardium 

formationn in proepicardial cultures. The proepicardial cultures were cultured in the 

presencee of noggin or heparin. Noggin is a natural inhibitor of BMPs (Zimmerman, 

1996),, and has been shown to inhibit cardiomvogencsis /// vitro (Schultheiss et ah, 1997) 

andd in vivo (Scblange et al., 2000). Heparin, on the other hand, interferes with FGF 

signalingg (Powers et al., 2OÖ0). After 5 davs of culture the explants were fixed, 

immunofluorescenth'' stained using MF20 and the MF20-positive area was measured. 

Although,, as yet, small numbers ot explants are examined, a tendency can already be 

observed.. Supplementation of 50 ng/ml of noggin resulted in an increase of the 

myocardiall  area in proepicardial cultures, whereas 1 fig/ml of recombinant noggin 

resultedd in a decrease of the myocardial area (Fig. 4). .Addition of heparin (50 ng/ml) 

resultedd in a decrease ot the myocardial area. These observations suggest that BMPs and 

FGFss are involved in the regulation of myocardium formation in the proepicardial 

culture. . 

Too assess which BMP and/or FG1; is invoked in myocardium formation in 

proepicardiall  cultures; BMP2, BMP4, FGF2 and FGF4 are added to the culture. These 

factorss are implicated in the induction of cardiogenesis in non-precardiac mesoderm 

(Loughh et al., 1996; Barron et a!., 2000}, In addition, the proepicardia were also co-

culturedd with the venous pole of HH16-17 to assess a possible role for the venous pole. 

Additionn ot BMP2 increased the myocardial area significantly (Fig. 5), whereas BMP4 

seemedd to decrease the myocardial area. In presence of the venous pole, however, BMP4 

greatlyy enlarged the myocardial area, whereas then BMP2 hardly affected the myocardial 

area.. FGF4 with or without the venous pole hardly affected the size of the myocardial 

areaa in the proepicardial explant. FGF2, however, decreased the myocardial area, 

especiallyy in the presence of the venous pole. 

BMP 22 and BMP4 are both sufficient to induce myocardium formation in serum-

freee cultured proepicardia 

BMP22 and BMP4 can stimulate myocardium formation in proepicardial cultures if in 

absencee or presence of venous pole of III116, respectively. To test whether BMP2 and 4 

aree sufficient ro induce cardiac muscle cell differentiation, we used serum-free culture 

conditions.. Preliminary data showed that about 20fl i. of the serum-free cultured 

proepicardiaa survived for 3 days. In the surviving cultures no mesenchymal cells and 

hardlyy any myocyte are formed (Fig. 6c). When 50 ng/ml BMP2 or BMP4 was added, 
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aboutt 40" f (it the procpicardia survived and had formed a large field ot myocytes dig. 

6d).. Mesenchymal cells were nor present. On the other hand, when b(T 2 is added to the 

culture,, 1(H) "-ii ot the proepicardial cultures survived, and had formed mesenchyme in the 

collagenn gel, whereas only a relative small amount of myocytes was present (not shown). 

Thesee findings support a role tor BMP2 and 4 in the recruitment ot proepicardial cells 

intoo the myocardial Lineage, and a role for FGF2 in the formation ot mesenchyme. 

Expressionn patterns of BMP2 and BMP4 

Too establish whether BMP2 and BMP4, are expressed at the level of the proepicardium /// 

r/ro,r/ro, a non-radioactive in situ hybridization analysis was pertormed on sections ot" chicken 

embryoss of stage 111116 (Tig. ~'). in agreement with a recent publication ("Waldo et al, 

2001),, we tound that BMP2 is expressed in and slightly bevond the most disral 

myocardiumm ot the sinus venosus at Ml 116. BMP2 expression extends slightly into the 

basiss of the proepicardium. BMP4 is expressed in the mesoderm adjacent to the 

myocardiumm and in the proepicardium. The expression patterns ot BMP2 and BMP4 

underscoree a potential role tor these factors in determining the developmental tate oi the 

mesodermall  cells adjacent to the sinus yenosus, being recruitment into either the 

myocardiall  or the epicardial lineage. 

DISCUSSION N 

Proepicardiall  cells have the potential to differentiat e into myocardial cells 

Thiss study shows that cells ot the proepicardium can be rccruiied into the myocardial 

lineage.. More than 60'"u ot the proepicardial cultures analyzed atrer 5 days are devoid ot 

anyy myocyte at the start ot the culture. Therefore, expansion ot already present myocytes 

att the start of the culture cannot explain the obsenation that fields of cardiomvoevtes are 

presentt in all 21 cultures (100"'-ij, maintained tor 5 davs, which are often beating. In 

addition,, during the culture period myosin staining follows the same pattern as during /;/ 

vivovivo myocardial differentiation. These observations strongly suggest that cells ot the 

proepicardiumm are able to differentiate into cardiomvoevtes /// vilvo. 

Thee culture conditions that allow differentiation ot the proepicardial cells into 

myocardiall  cells do not permit epicardial and epicardial derived cells to differentiate into 

myocardiall  cells. This indicates that either the proepicardial cells loose their capacity to 

differentiatee into myocardium or that only a subpopulation ot cells in the proepicardium 

thatt does not contribute to die epicardium is able to transform into myocardial cells. The 

majorityy (perhaps all) of the cells of the proepicardium at H U P also has the potential to 
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becomee smooth muscle cells (Landerholm et al., 1999), indicating that the proepicardium 

consistss of a population of multipotent cells. As soon as these cells form an epicardial 

sheett covering the heart, they no longer spontaneously form myocardial cells upon 

isolation,, and therefore seem to be fullv committed to the epicardial lineage. 

Myocardiu mm formation at the distal ends of the tubular  heart 

Afterr the formation of the initial tubular heart, myocardium continues to form at the 

arteriall  and venous pole in chicken and mouse (De la Cruz and Markwald et al., 1998; 

Mjaatvedtt et al., 2001; Waldo et al.. 2001; Kelly et al., 2001; Viragh and Challice, 1973; 

Vann den Hoff et al.. 2001). Al I If 116, cytokeratin expression was observed in the 

pericardium,, proepicardium and in the most distal in— and outflow tract myocardium. 

Thiss indicates that mesodermal cells of the embryonic pericardium contribute to both the 

proepicardiumm and the myocardium of the in- and outflow- tract. The cells at the distal 

endss of the heart tube expressing both cytokeratin and a myocardial marker are likely to 

bee in a transitional state towards the myocardial phenotype. The observation that the 

cytokeratinn expression in the distal end of the venous pole is not restricted to the 

epitheliall  lining suggests that mesenchymal cells are also recruited into the myocardial 

lineage.. This notion is supported by electron microscopic observations at the sinus 

venosuss in mouse embryos (Viragh and Challice, 1973). 

Card iogenicc mesode rm 
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Proepicard ium m 

* * 
Epicard iu m m 

t t 
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derived d 

M e s e n c h y me e 

Endocard ium m 

I I 
Cush ion n 

M e s e n c h y me e 
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Endothe l iumm of 

cardiovasular r 

system m 

Figuree 8. Scheme of the origin of the lineages with myocardium-forming potencies, suggesting a 
commonn precursi ir, 
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Epicardia ll  l ineage is closely related to the myocardial l ineage 

Thee mesodermal cells at the level of the proepicardium adjacent to the inflow tract 

myocardiumm contrihutc to the proepicardium and myocardium. Low levels of SI\RCA2a 

expressionn arc observed in this region whereas the top of the proepicardium does hardly 

showw SLRCA2a expression. This indicates that proepicardial cells are derived from cells 

thatt went through pan of the myocardial program but have shut down this program 

duringg subsequent development. This is supported by the finding in mouse that the dorsal 

pericardiall  mesoderm, from which the proepicardium arises, has once expressed the 

cardiacc transcription factor Xk\2,5 (Stanley ct al., 2(>U2). This indicates that the epicardial 

lineage,, like the myocardial and endocardial lineage, is direct!}- derived from the 

embryonicc heart fields. In addition, also cushion mesenchymal cells (Van den I loff et al., 

2001)) and endothelial cells of the vascular system {Condorclli et al., 2U0li have the 

potentiall  to differentiate into myocardial cells, interestingly, these cells share a common 

lineagee with the myocardium as thee are all derived from a group of cells that have 

expressedd the basic helix-loop-helix transcription factor Mespl (Saga et al., 1999, 20l>0; 

fig.. 8). In addition, fate map studies have shown co-localization of the precursors of 

myocardial,, endocardial and epicardial cells in early mouse and chicken embryos (Tarn et 

al.,, 199"7; Ciarcia-Martinez and Schoenwolf, 1993). Together, these observations suggest 

thatt the epicardial and myocardial cell lineage are closely related and share a number ot 

stepss in development. 

Myocardiu mm and mesenchyme formation in the proepicardial explant cultur e is 

regulatedd by BMPs and FGFs 

Thee developmental fate of the embryonic pericardial cells differentiating into 

proepicardium,, myocardium, or the definitive pericardium is likely to be controlled by 

locallyy expressed factors. Since the mesodermal cells in the proepicardium still have the 

capacityy to differentiate into myocardial cells, the proepicardial culture provides a unique 

modell  to studv the conditions that favor differentiation towards the myocardial or 

epicardiall  lineage. During the elongation of the outflow tract a secreted signal from the 

outfloww tract itself seems involved in the differentiation of pericardial cells into 

cardiomvocvtess (Mjaatvedt et al., 2d()l; Waldo et al., 2u0p, which is supported by the 

observationn that the ncwlv formed cardiomvocvtes are contiguous with the outflow tract 

myocardium.. Similarly, the venous pole, which is the part of the heart downstream of- and 

adjacentt to the proepicardium, mav plav a role in establishing the developmental fate ot 

thee pericardial cells adjacent to the inflow rract. 

Proepicardiall  culture experiments in serum tree medium showed that 13MP2 or 

BMP44 are able to induce myocardial differentiation in proepicardial explants. 

Consistently,, BMP2 stimulated myocardium formation in serum-containing proepicardial 
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cultures.. BMP4. however, seemed to inhibit myocardium formation in these cultures. The 

expressionn of BMP2 in the distal most myocardium of the inflow tract /// vivo is consistent 

withh a role tor BMP2 in recruitment of mesodermal cells adjacent to the inflow tract of 

thee heart into the myocardial lineage. The expression of BMP4 in the proepicardium is 

consistentt with a role for BMP4 in preventing the recruitment ot these mesodermal cells 

intoo the myocardial lineage anil possibly, thereby, stimulating the recruitment into the 

epicardiall  lineage. In presence of the venous pole, however, BMP4 stimulated 

myocardiumm formation in the serum-containing proepicardial culture, indicating that 

BMP44 stimulates the recruitment into the myocardial lineage in the presence of a factor 

secretedd bv the venous pole, possibly BMP2. The expression patterns of BMP2 and 

BMP44 are contiguous at the most distal border of the myocardium of the venous pole 

wheree myocardium formation takes place and thereby consistent with such a role for both 

BMP22 and BMP4 in myocardium formation at the inflow tract. 

Apparently,, BMP4 can support recruitment into the myocardial and epicardial 

lineagee depending on the absence or presence of certain co-factors, or on its 

concentration.. Requirement of relatively low concentrations of BMPs in myocardium 

formationn in proepicardial cultures is supported by the observation that addition of" low-

concentrationss of noggin resulted in :in increase of the myocardial formation and a high 

concentrationn in a decrease. In support for concentration dependent effects of BMPs are 

thee observation that high levels of BMP initiated an alternative non-cardiac mesodermal 

pathwayy in vitro (Barron et al., 2000) and relatively low levels of BMP signaling were 

shownn to be required for FGF8-dependent cardiac gene expression in vivo (Alsan and 

Schukheiss,, 2002). 

Myocardiumm is not formed in the proepicardium in vivo. In addition to BMP4, 

FGF22 might prevent the recruitment into the myocardial lineage and support the 

recruitmentt into the epicardial lineage, because: 1) Heparin inhibited the mvocardium 

Epicardia ll  l ineage 

FGF2 2 

B M P 4 4 

Myocardia ll  l ineage - ^ 

B M P 2 2 

B M P 4 4 

Embryon i cc per icard iu m 

Figuree 9. Model for the differentiation ot pericardial mesodermal cells into the myocardial or epicardial 
lineage. . 
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formationn in the proepicardial explant culture, suggesting an involvement ot PGI s. 2) 

FGF22 inhibited the carcinogenesis in proepicardial cultures, even in the presence ot 

venouss pole and BMP4 (not shown). FGF4, on the other hand, did not have an effect on 

thee carcinogenesis in proepicardial cultures. 3) I ;GF2 induced the formation ot 

mesenchymall  cells in serum-free proepicardial cultures. The formation ot mesenchymal 

cellss bv epithe!ial-to-mesenchvmal transformation in proepicardial cultures is reminiscent 

off  the changes that epicardial cells covering the heart exhibit as they transform into 

mesenchymall  cells (Manner et ah, 2901). FGF2 has been shown to be involved in the 

epicardiall  pathway bv regulating the epicardial-mesenchvmal transformation (Morabito et 

al.,, 2001; Denman et al,, 1998). This indicates that FGF2 stimulates the differentiation of 

proepicardiall  cells into the epicardial lineage, whereas the differentiation into the 

myocardiall  lineage was inhibited. 

Togetherr these data suggest a model in which the pericardial mesodermal cells 

adjacentt to the venous pole become recruited to the myocardial lineage by a combination 

off  BMP2 and BMP4, whereas BMP4 in combination with FGF'2 stimulates the 

recruitmentt into the epicardial pathway (Fig. 9). Further experiments are required to 

substantiatee this conclusion. In addition, analysis of FGP2 expression pattern at the 

infloww part of the heart should be done to verify such a role for FGF2 in vivo, A similar 

mechanismm may hold true for the outflow tract region since mesodermal cells ot the 

aorticc sac contribute to the myocardium (Waldo et al., 2001: Mjaatvcdt et al., 2001) and 

thee epicardial lavcr of the distal outflow tract (Pcrez-Pomares et al, 2001). 

Proepicardiumm contributes to the myocardium in vivo? 

Quail-chickk chimera studies suggest that the epicardium-derived mesenchyme does not 

providee cells to the myocardium of the heart (Manner, 1999). Myocardial strands were 

foundd in a tissue bridge, formed by the attachment ot the proepicardium to the dorsal site 

off  the heart, when subjected to mechanical stress (Manner, 1993) and when the 

proepicardiumm of a donor was present (Manner, 1999). Our data implicate that these 

myocardiall  strands could be the result of differentiation of proepicardial cells, indicating 

thatt under unnatural conditions proepicardial cells might differentiate into myocardial 

cellss /'/; vivo. Myocardial strands that had formed in the subepicardial laver were suggested 

inn the same studv to be the result of migration of existing myocardial cells instead ot 

differentiationn of the epicardial-denved mesenchymal cells (Manner, 1999). Morris (19~T->), 

however,, reported that subepicardial mesenchymal cells could differentiate into 

mvocardioblasts.. Furthermore, fibroblasts from adult heart, which have an epicardial 

origin,, can be stimulated to express myocardial markers (Fghbali et al., 1991). Fight 

microscopicc observations have suggested that labeled subepicardial mesenchymal cells in 

rat,, originating from the transverse septum, have differentiated into myoblasts (Van den 
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i.ijndee et al., 199n). These data suggest that proepicardial cells have the potential to 

contributee to myocardium /'// vivo. 

Recentlyy we have described that /;/ / endocardial cushions of the outflow tract 

arcc able to differentiate into cardiac muscle cells (Van den Hoff et al., 2001). aSMA 

expressionn patterns in the endocardial cushions in mouse suggest that differentiation also 

takess place in vivo (Chapter 4). So whereas endocardium-derived mesenchyme 

differentiatess into cardiac muscle cells //; vivo, epicardium-derived mesenchyme does not, 

suggestingg a strict molecular regulation of this process. Disruption of this molecular 

regulationn might lead to "ectopic" cardiomyoevte differentiation in the sub-epicardial 

mesenchyme,, possibly resulting in the formation of accessory muscle bundle through the 

sub-cpicardiumm as observed in the W'olff-ParkinsonAX hite (\VP\X) svndrome (Durrer et 

al.,, 1970). 
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