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Chapterr 1 

Shortt outline of heart development 

Thee vertebrate heart is the first organ to form and function during development. The cells 

thatt contribute ro the heart arc found prior to gastrulation within the posterior halt of the 

epiblastt (Rawles, 1943; Hatada and Stern, 1994; Paramcswaran and Tarn, 1995) and are 

amongg the first mesodermal cells to gastrulate through the rostral portion ot the primitive 

streakk (Garcia-Martinez and Schoemvolf, 1993; Schoenwolf and Garcia-Martinez, 1995). 

Thesee cardiac progenitors migrate to an anterior lateral position within the visceral 

mesodermm where thev condense to form the bilateral heart primordia or primary heart 

fieldss (DcHaan, 1965). The cardiogenic mesoderm becomes a true epithelium and is 

separatedd from the dorsal somatic lateral plate mesoderm by the formation of the coelom 

(Linask,, 1992), From the cardiogenic mesoderm not only the cardiomyocytcs differentiate 

butt also the endocardia! cells that populate the space in-between the endodermal and 

mesodermall  layer (Linask and Lash, 1993; Wunsch et ak, 1994; Sugi and Markwald, 1996). 

Duee to folding of the embryo the bilateral mesodermal heart fields come together 

ventrallvv of the embryo and fuse in the midline to form the cardiac tube (DeJong ct ak, 

1997;; Rosenquist and DeHaan, 1966). This heart tube consists of two concentric layers of 

cells,, the myocardial outer layer separated by cardiac jelly from the endocardial inner layer 

(Dee Jong et ak, 1997). As development proceeds, myocardium is added continuously to 

thee posterior and anterior side of the elongating tube (De La Cruz and Sanchez-Gomez, 

1998;; Viragh and Challice, 1973; Kelly et ak, 2001; Mjaatvcdt et ak, 2001; Waldo et ak, 

20(H).. The dorsal mesocardium ruptures and the heart tube loops to the right. During 

loopingg atrial and ventricular myocardium is formed by local differentiation and 

proliferationn of myocardium at the outer curvature (Christoffels et ak, 2000; Moorman et 

ak,, 2000). The myocardium of the inflow tract, atrioventricular canal, inner curvature and 

outfloww tract escapes this differentiation program until later in development, by local 

repressionn of differentiation (Habets et ak, 2002). In the atrioventricular canal, outflow 

tractt and inner curvature, the cardiac jcllv expands and a subset of endocardial cells 

undergoess an epithelial-to-mesenchymal transformation forming the mesenchyme of the 

endocardiall  cushions, which are the precursors of the valves and septa (Mjaatvcdt et ak, 

1999;; Wessels et ak, 1996). The endocardia] cushions arc subsequently populated by 

mesenchymee derived from the neural crest and epicardium. Cardiac neural crest-derived 

mesenchymee contributes to the mesenchyme of the outflow tract (Kirby et ak, 1983; 

Kirbyy and Waldo, 1995; Waldo et ak, 1998) and epicardium-derived mesenchyme to the 

mesenchymee of the atrioventricular canal (Manner et ak, 1999; Gittcnberger-de Groot et 

ak,, 1998). During subsequent development the mesenchymal components of the cushions 

fusee and become largely muscularized (De jong et ak, 1997; Mjaatvcdt et ak, 1999; 

Moormann et ak, 2000; Van den Hoft et ak, 1999, 2001), in addition, the walls of the 

pulmonaryy and caval veins wil l become myocardial (Van den Hoff et ak, 20(H). 

10 0 



Genera]]  introduction 

M y o f i b r i l l o g c n c s i s s 

II  he expression of muscle-specific contractile-protein in chicken is firsi detected at 

Hamburgerr and Hamilton (HI!.. stage 7 (Hamburger and I lamilton, 1951), which is about 

inn hours before spontaneous beating begins (HH10; Han et al., 1992). In mouse, myosin 

(Lyonss et al., 1990) and cardiac actin (Sassoon et al., 198S) arc first observed in (he-

primitivee heart tube of embryonic day (E) 7.5-8.0, which contracts spontaneously at E8.5 

(DcRuiterr el al.. 1992;. The assembly ot these contractile proteins into a functional unit, 

thee sarcomere (Fig. 1), must therefore be a rapid and well-coordinated process in early 

cardiogenesis.. The assembly ot contractile proteins into myofibrils requires coordinate-

synthesiss ot the constituent proteins, the polymerization of actin ami myosin and manv 

associatedd proteins into thin and thick filaments, respectively, and the association of the 

twoo filament systems into highly organized sarcomeres. 

Immunolocalizationn studies in the chicken heart have provided a comprehensive 

descriptionn ot myofibril assemhh' in the developing myocyte (Tokuvasu and Maher, 

1987a,b;; Khler et al., 1999; reviewed in Gregorio and Antin, 2000). At the earliest stages 

Sarcomere e 

11 fBanTÏ A Band 1 Bami ' 
l ii TT7} 11 

Figuree 1. Major components of a cardiac muscle sarcomere (Adapted from Gregorio and \ntin. 2000). 
\ssemblcdd sarcomeres consist of parallel arrays of- 1.0 mm-long thin filaments and \.(< mm-long thick 
filaments.filaments. Tin- / line /. disc is p.in of the sarcomere thai separates one sarcomere from rhe next. Actin 
filamentsfilaments are attached with associated proteins to the /. disc and extend toward the middle- of the 
sarcomeree where they overlap with myosin filaments. The M line is the midline of a sarcomere. Titin 
formss a network ot fibers extending from ihe myosin filament to the /. disc. Tropomyosin molecules 
formm two polymers per thin filament; the polymers stabilize die thin filaments. Lack, tropomyosin 
moleculee hinds one troponin complex composed of troponins T, I and C) and together they mediat 
calciumm regulation of muscle contraction. a-Actinin is .m acrin-crosslinking protein. Actin filament 
cappingg protein Cap/, and tropomodulin inhibit the elongation and depolvrncn/ation of rhe filaments. 
Otherr myosin-binding-protcins MyBP) like MyBP-H, M protein anil mvomesin are situated in the same 
regionass MvBP-C. 
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Chapterr 1 

off  myocyte differentiation in chicken (I II IS. 26-29h), all sarcomeric proteins studied have 

accumulatedd diffusely within the cytoplasm, except for tit in, which is detected in a 

punctatee pattern that probably represents aggregates of several lit in molecules. Within a 

feww hours, titin dots appear along the plasma membrane at sites of a-actinin localization, 

formingg nascent /. bodies (i.e. precursor /. lines). Filamentous actin accumulates near the 

celll  membrane and associates with the /. bodies, forming I-Z-l complexes. Myosin also 

appearss first diffusely in the cytoplasm. Slightly later, myosin filaments that are not 

associatedd with I-Z-I complexes are observed in the cytoplasm (Fig. 2a). At stage HH9-

10,, mvosin thick filaments organize into a sarcomeric arrangement together with I-/.-1 

structuress (Fig- 2b). The assembly of the myosin-binding protein myomesin correlates 

withh this event, suggesting that this molecule might anchor thick filaments to titin 

filaments,, analogous to the crosslinking role of a-actinin within Z-lines (Filler et al., 

1999).. At this stage, the heart fields have started to fuse and the beginning of beating 

becomess apparent. Mvosin thick filaments are aligned in their mature sarcomeric pattern 

beforee the actin thin filaments are organized into their mature pattern. Smooth muscle 

actinn and skeletal actin participate in early formation of striated thin filaments and 

precedess the expression of cardiac actin (Ruzicka and Schwartz, 1988; Sugi and Lough, 

1992).. At HH11, when actin thin filaments attain their mature pattern, cardiac actin 

becomess the predominant myofibrillar actin isoform. The alignment and stabilization of 

myofibrilss is the last step ot mvofibrillogenesis (Fig. 2c). 

Figuree 2. Model of the stages of cardiac-myocyte-sarcomere assembly in the chicken embryo (Adapted 
hornn Gre^orio and Antin, 2000). a) At III IS (26-29h) I-/.-I complexes composed of/, bodies containing 
a-actininn and titin linked to actin filaments are primarily associated with the cell membrane. Actin 
filamentsfilaments are of variable lengths. Full-length myosin thick filaments are scattered diffusely in the 
cytoplasm,, whereas some are associated with l-Z-l complexes, b) At IIH9-10 (29-38h), myosin thick 
filamentsfilaments arc organized together with I-/.-1 structures, forming immature sarcomeres, c) At HH11 (40-
45h),, thin filaments have obtained their mature lengths. Individual myofibrils are aligned and continuous 
betweenn neighbouring cells at the intercalated disks. 
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Transcriptionall  regulators involved in cardiac development 

Thee cardiac program is initiated in the splanchnic mesoderm by inductive signals from 

overlyingg tissues (sec later sections). These inductive signals activate expression of a 

specificc subset of transcription factors within the cell to coordinate a complex array of 

genee expression, responsible for cardiac contractility and morphogenesis. The 

transcriptionn factor Nkx2.5 is among the earliest transcription factors expressed in the 

cardiacc mesoderm (Lints et al., 1993; Schultheiss et ak, 1995). Together with the 

transcriptionn factor GATA4, Nkx2.5 activates cardiac gene expression (Lee et al., 1998; 

Durocherr et al., 1997). In addition, Nkx2.5 and GATA factors appear to cross-regulate 

onee another's expression (Lien et al., 1999; Molkentin et al., 2000). Slightly later in 

development,, other cardiac transcription factors like Mef2c, d- and eHand, and Tbx5 are 

expressedd in cardiac mesoderm. Although all mentioned transcription factors are highly 

enrichedd in cardiac mesoderm and, subsequently, in the linear heart tube, no transcription 

factorr has been found to be essential for myocardial differentiation in mice (Kuo et al., 

1997;; Molkentin et al., 1997; Lin et al., 1997; Srivastava et al., 1997; Firulli et al., 1998; 

Rileyy et al., 1998; Bruneau et al., 2001). Functional redundancy with closely related 

transcriptionn factors might explain this phenomenon. In addition, no transcription factor 

iss exclusively expressed in cardiac muscle cells or is able to induce full cardiac 

differentiationn ectopically. These findings indicate that the master cardiac-specific 

transcriptionn factor is still not yet identified or, more likely, that a combination of 

transcriptionn factors is required for the initiation of the cardiac program. 

Inn Nkx2.5 knockout mice the development of the heart stops at the looping stage 

(Lyonss et al., 1995; Tanaka et al., 1999). The atrial and ventricular chambers fail to 

expand.. In addition, the tight ventricle, the endocardial cushions and the ventricular 

trabeculess do not form, suggesting a general inhibition of cardiogenesis after the 

establishmentt of the tubular looping heart. Furthermore, heterozygous mutations in 

humann Nkx2.5 were identified in patients with septal defects and atrioventricular 

conductionn defects, suggesting that Nkx2.5 is also important in the later stages of heart 

developmentt (Schott et al., 1998; Benson et al., 1999). In GATA4 deficient mice, the 

cardiacc mesoderm fails to fuse at the ventral midline to form the linear heart tube, which 

iss probably due to a defect in the folding of the embryo (Kuo et al., 1997; Molkentin et 

al.,, 1997). Experiments in Xenopus suggest that GATA4 is required for formation of the 

posteriorr heart, which is consistent with its expression pattern Qiang et al., 1998, 1999; 

Hcikinheimoo et al., 1994). Functional disruption of Tbx5 caused severe hypoplasia of 

posteriorr heart structures in the linear heart tube in mice, showing that also Tbx5 is 

requiredd for the formation of the posterior heart (Bruneau et al., 2001). Tbx5 has been 

implicatedd in controlling cell growth and mutations in this gene are associated with 

defectss observed in the Hok-Oram syndrome (Hatcher et al., 2001; Terrctt et al., 1994). 

13 3 
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Figuree 3. Graphic representations of early stage (HI 15-0 chicken embryo, a) The "classic" and the actual 
heartt field, bl) Cartoon indicating the several regions used in experimental biology tor the study of 
cardiomyogenesis.. Some of those regions overlap with the presumably actual heart field. b2) Diagram 
displayingg the in vitro differentiation experiments in which the indicated regions are cultured in presence 
off  indicated factors and assessed tor full cardiac differentiation, c! Cartoon indicating the endogenous 
expressionn patterns of bone morphogenetic protein BMP) 2 and fibroblast growth factor FG1 8 Al-an 
andd Schulthciss, 2002(7060}). c2 . Diagram displaying the in vivo experiments in the regions depicted in 
figuree c indicating that both BMP and FG1 are required tor the induction of cardiac gene expression and 
thatt BMP functions upstream of FGF. d Model for the induction of cardiogenesis in explants of anterior 
andd posterior lateral mesoderm by BMP and FGF. In the anterior mesoderm (except for the most lateral 

mm BMP can induce full cardiac differentiation h\ inducing FGF expression. In posterior 
mesoderm,, BMP cannot induce FG1 expression and. therefore, no full cardiac differentiation. Addition 
off  1 GF is, therefore, required to induce full cardiac differentiation in posterior mesoderm In BMP. 
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Haplo-insufficiencyy of Tbx5 in man and mouse causes relatively mild cardiac detects, 

whichh include defects in the septa and deficient conduction system (Li et al., 2l)00; Basson 

ett al., 1999; Bruneau et al., 20U1). Mice deficient for Met2c or dl land show malformed 

anteriorr heart structures, indicating that they are required for formation of the anterior 

heartt (Lin et al., 199"?; Sriyastaya et al., 199"). Because dHand and Mef2c deficient mice-

exhibitt similar phenotypic detects and dHand is down-regulated in Mef2c mutant mice, 

dHandd has been implicated to cooperate with Mef2c in formation of the anterior region 

off  the heart (Olson and Black, 1999), 

Thee transcription factors Tb\2, -3, -5, and Ir\4 are implicated in compartment-

specificc gene regulation. Tbx2 was found to repress chamber-specific gene expression in 

thee primary heart tube, whereas Tb \5 stimulates the chamber-specific program of gene 

expressionn (Habcts et al., 2002). Irx4 is suggested to regulate yentricular versus atrial gene 

expressionn by stimulating ycntricle-specific gene expression and down-regulates atrium-

specificc gene expression (Bao et al., 1999; Bruneau et al., 20dl). 

Althoughh not expressed in heart, the transcription factor Mespl is of interest for 

cardiacc development. Lineage analysis showed that a lineage of cells that hayc expressed 

Mespll  exclusively gives rise to the myocardium, endocardium, (pro)epicardium and their 

derivatives,, and to the endothelial cells of the vascular system (Saga et al., 2(K)0). Because 

Mespll  is expressed at K6.5-7.IJ (Saga et al., 1996), Mespl mav represent the earliest 

molecularr marker expressed in heart precursor cells. 

Formationn and elongation of the linear heart tube 

Thee tubular heart is formed by migration and fusion of the two heart-forming regions at 

thee ventral midline (chicken HH9-1U: Stalsberg and De Haan, 1969; Rosenquist and De 

Haan,, 1966; mouse K~.5-8: DeRuiter et al., 1992). As development proceeds, myocardium 

iss added to the posterior stele of the tube forming the Inflow region (Stalsberg and De 

Haan,, 1969; De la Cru/ and Markwald et al., 1998; Ymigh and Challice, 19~3) and to the 

anteriorr side, which will contribute the outflow tract in chicken (De la Cruz and 

Markwaldd et al., 1998; Mjaatvedt et al., 2001; Waldo et al., 2(11)1) and the outflow tract and 

possiblyy the embryonic right ventricle in mouse (Kelly et al., 2001; Yiragh and Challice, 

19"!'3}.. Late maps of different stages have been prepared to identify cells that will 

eventuallyy contribute to the heart (Rawles, 1943; Del laan, 1963; Stalsberg and Deflaan, 

1969;; Rosenquist and Deflaan, 1966; brhman and Yutzcv, 1999; Redkar et a l, 2(>U1; 

Garcia-Marrinezz and Schoenwolt, 1993). In these studies the (classic; heart-forming fields 

off  Hi 15 embryos are mapped in the anterior lateral mesoderm (big. 3a). A recent lineage 

studyy by Redkar and co-workers (Redkar et al., 2U()li showed that the heart-forming 

regionn of HH5 embryos extends more posterior than the heart-forming region defined bv 

Lhrmann and co-workers (Lrhman and Yutzev, 1999;. This discrepancy may result from 

15 5 



Chapterr 1 

thee difference in stage of analysis between both studies, since Redkar and co-workers 

analyzedd the hue of the cells at 111112, whereas Ehrman and co-workers did this at III11<). 

Thesee findings indicate that between HH5 and III112 ongoing recruitment of 

mesodermall  cells to the cardiogenic lineage has taken place. 

'Thee actual heart-forming region might even be larger (Fig. 3a), because still 

myocardiumm is added to the tubular heart at the anterior and posterior pole of the heart 

afterr 111112 (De la Cru/ and Sanchez-Gomez, 1998; Kelly and Buckingham, 2002; Van 

iknikn 1 [off et al., 1999 and 2001). Cell-marking experiments in living embryos showed that 

thee outflow- tract myocardium is added to the chicken heart between stage HH9 and 

Mll  124 (De la Cruz et al., 1977; Waldo et al., 2001; Van den I loff et al., 2002), and to the 

mousee heart between E8 and E l l (kellv et al., 2001). The addition to the posterior side 

hass always been considered to be a continuous addition of myocardium trom the primary 

heartt fields, whereas the myocardium added to the anterior side has been suggested to be 

derivedd from a distinct heart-forming held. This splanchnic mesoderm cranial to the heart 

tubee is referred to as the anterior or secondary heart field (De la Cruz and Markwald et al., 

19988 Mjaatvcdt et al., 2(H) 1; Waldo et al., 2001; Kelly et al., 2001). The name "secondary 

Figuree 4. I lean development between E".5 and F9 of mouse development showing the anterior heart 
formingg field 'Al IT: dark gre\ I in relation to the classic heart-forming fields, i.e. posterior heart forming 
fieldd 'PI IT; light grey; Adapted from Kelly et al., 2<>ol_. The boundary herween the contribution of the 
All  II and of the paired heart forming fields to the embryonic bean may lie in the interventricular region. 
Transversee sections corresponding to the horizontal lines in the E8.25 and F9 diagrams are shown 
below.. Between die diagrams of 1.8.25 and F.9 a sagital section is shown in which the dorsal 
mesocardiumm has ruptured. AP, arterial pole; DM, dorsal mesocardium; l.\', embryonic lett ventricle; R\ . 
embryonicc right ventricle; VP, venous pole. 

heartt field" (Waldo et al., 2001; Yutzey and Kirby, 2( H)2) is in our opinion misleading, as 

wee will outline below. The distribution of transcripts from the FGF10 enhancer trap 

transgene,, which might be activated in myocardial precursor cells of the anterior heart 

formingg field, suggests that the myocardial precursor cells of the anterior heart forming 

fieldd are King medial to the cells of the classic heart fields in the mesoderm in 7.5 day 

mousee embrvo (Fig. 3a and 4; Kelly et al., 2001). These observations indicate that the 

initiall  heart field is much broader, comprising laterally the "classic' heart field, and 

16 6 
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mediallyy the precursors of the 'novel' anterior heart-forming field. I':ate-map studies in 

chickenn embryos had not identified these precursors as the New culture system used in 

thesee studies does not allow propagation of the embrvos bevond HH12, whereas the 

outfloww tract myocardium is added up to stage 24. When the heart tube forms and the 

foregutt invagination occurs, the cells contributing to the outflow tract are displaced 

dorsallyy and anteriorally relative to the heart tube (Fig. 4). Rupture of the dorsal 

mesocardiumm isolates these cells behind the looping heart tube, although thev remain 

contiguouss with the arterial pole (kellv and Buckingham, 2002) and posterior pole, 

creatingg an 'anterior heart-forming field1. Reminiscent to the anterior heart-forming field, 

thee area contributing to the posterior side of the heart tube could be called 'posterior 

heart-formingg field' (Van den Hoff et a!., 2001). In both anterior and posterior heart-

formingg fields of the chicken embryo the cardiac transcription factors Nkx2.5 and 

GATA 44 are expressed (Waldo et al, 2001; in mouse embryo, GATA4 expression is found 

inn the posterior heart-forming field (Hcikinheimo et al., 1994). 

Takenn together we think that accretion of myocardium at both the venous and 

arteriall  pole of the heart is a continuation of the formation of myocardium of the initial 

linearr heart tube. In this view, the outflow tract myocardium is not added from a special 

secondaryy heart field, but from a continuous single heart field, which comprises both the 

anteriorr and posterior heart-forming fields (Fig. 3a). This view does not imply that the 

anteriorr and posterior heart-forming fields are similar. Most likelv thev become different 

imposedd by different positional cues. The notion that the anterior heart field is located 

mediall  to the primary heart fields is supported bv the observation that both anterior 

mediall  and anterior lateral mesendoderm are possessing equivalent properties to induce 

cardiomyogenesiss in posterior primitive streak cxplants of chicken (Schultheiss et al., 

1905)) and have both the potency to form cardiac muscle in culture (Schultheiss et al., 

199"). . 

Myocardiall  differentiation 

Experimentall  approaches 

Too study the commitment to the myocardial lineage and the (molecular) mechanisms 

underlyingg the differentiation of myocardial cells, two culture systems are generally used, 

beingg 1) Fxpiant culture assay, and 2) Whole embrvo culture. 

\;xplant\;xplant atllttn- assay. In explant assays, the ability of explants to display myocardial 

differentiationn is determined under various culture conditions. In explant cultures which 

supportt cardiogenesis, non-cardiac cells migrate from the explant while within the central 

regionn cardiac myoblasts proliferate, form multilayers, and commence rhythmic 

contractionss (Sugi et al., 1993). Fxplants studies have several limitations and pitfalls. 
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Basiss medium serum refs 
fibronectin-coatedd chamber slides 75°n DMFM: 2.ï%McCov's - a 

fibronccnn-coaredd chamber slides M199 - b 

tibroncctin-eoatedd chamber slides DMFAI - c 

fibronecrm-coaredd multi-well dish DMFM 20% FCS and 1% CFF d 
collagenn ] coated chamber slides Ml99 e 

collagenn gels type 1 CUM 10".. FCS, .i"«('AT. t 

floatingg hirer rafts CFM K)1'.. FCS, .V' <, CFF g 

floatingg filter rafts MOC 2" <> CFF h 

gelatin-coatedd muln-wells He I iaan's medium 2" o f IS and 4" n ICS I 

gelatin-coatedd multi-wells DMi;.M 20".. FCS and 1%CFF. , 

Tablee 1. ( overview of culture conditions used by several laboratories. Abbreviations: CFF: chick embryo 
extract;; CFM: Chick Lmbrvo Medium: DMFM: Dulbecco's Modified Eagle Medium; CS: chicken serum: 
FCS:: fetal call scrum; MS: horse î erutn. Del laan's medium (Dei laan. I1)"7"} . Rets: a; Xakajtrna <./,//., 
2nn2;; Annn t-i JL 1994, IW6; Yatskicx vch <•/,//, 199"; Lack! <•/,//., 19<)N. B) Schlangc ,•/„•/. 2(ii.)(.i; Fough ci 
,/L,/L l'WÓ; Sugi and Fough, 1994; Barron ,-/,?/., 2<>IHI: / hu tf ,,/., IW9. Cj Eisenberg and Eisenberg, 1W.J.-
Montgomeryy c/.-//., 1904, cj Gannon and Bader, 1995. f) Schuitheiss f/ ai, [99~. g)Sehulrhciss ••:.< ui., 1995. 
h)) Marvin o'«•/., 2D01; 'IValior <•/<//., 2ni'U. i. Gonxalc^-Sanchc/ and Bader, I99U j) Gon/ales-Sanchev and 
Bader.. 19<)u. 

Eirstlv,, the cul ture condi t ions used vary extensively a m o n g the different laboratories 

(Tablee 1). C ui a i r ing the same region of an embrvo under different condi t ions was 

obse rvedd to result in apparen t contradic tory observa t ions (see foo tno te ' ) . Secondly, 

l imitat ionss imposed bv the requirement for met icu lous microdissec t ion preclude the 

precisee excision of cells t r om the ge rm layers (Sugi and Lough , 1994). N o t e that a chicken 

emb ryoo of 11115 is only 2.5 m m long. Cons is ten t separat ion of H H 5 anter ior lateral 

e n d o d e r mm from overlying cardiogenic mesode rm was no t poss ible , result ing in the 

occasionall appearance of cardiac myocytes in explants of isolated e ndode rm (Yatskievvch 

ett al., 1997) . Reproduc ib le and precise isolation of the region or interest is o t great 

impor t ance ,, since con tamina t ions can have significant influence on the results. Although 

itt wou ld be preferable to cul ture solelv mesode rm to study card iomvogenes i s , mesode rm 

iss generally cul tured in combina t ion with the underlying e n d o d e r m (mesendoderm) , 

11 D M E M / M c C o y ' s med ium supports mesodermal survival, M199 does not. Gannon and 
Baderr (1995) cultured mesoderm in the presence of ectoderm since this was required for the 
mesodermm to survive. Sugi and Lough (1994) also reported that isolated mesodermal explants are 
nott able to survive alone in culture. The mesodermal cultures of Antin and co-workers (1994), 
however,, did survive alone in culture. The difference in survival of mesodermal explants as 
observedd between research groups might be due to different culture conditions (table 1). Antin et 
al,,, (1994) cultured the mesodermal explants on fibronectin-coated chamber slides in 
DMEM/McCoy ' ss medium, whereas Gannon and Bader (1995) cultured the mesodermal explants 
onn U.01% collagen 1 coated chamber slides in M199 medium. Since, mesodermal explants that 
weree cultured on fibronectin-coated chamber slides in M199 medium, did not survive (Sugi and 
Lough;; 1994), it can be concluded that in this case the medium is the limiting factor in the 
survivall of the mesodermal explants and that DMEM/McCoy ' s medium supports survival of 
mesodermall explants better than Ml99 medium. 
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becausee ot the difficulty ot removing the endoderm completelv without damaging the 

mesoderm. . 

Iff  hok embtyo culture To manipulate the chicken embryo at the time of cardiac 

differentiation,, the embryos need to be cultured in a so-called New culture (New, 1955; 

Chapmann et ai., 2001). In a New culture, very early stage embryos that are isolated along 

withh the surrounding egg membranes, are cultured ventral-side up on an substrate. The 

embryoss need to be cultured up side down to allow manipulation of the heart-form ing 

regions.. This culture system allows placing of beads soaked in recombinant purified 

growthh factors (Schultheiss ct al., 1997). Cell lines expressing factors of interest (Andree 

ett al., 1998) can be placed adjacent to the (pre) cardiac region, and cell layers or parts of 

thee developing embrvo can be removed (Alsan and Schultheiss, 2002; Gannon and Bader, 

1995).. In New cultures, the embryos can be cultured til l about HH.12. After the 

incubationn period the embryos are fixed and analyzed by whole mount in situ 

hybridization,, or gene expression is assessed by semi-quantitative RT-PCR. 

Duringg the acquisition ot the myocardial phenotypc, general stages can be 

distinguished,, being (i) the expression of cardiac transcription factors, (ii) the expression 

off  sarcomeric proteins, (iii ) the assembly of the contractile proteins, and (iv) beating 

activity.. Although differentiation of myocardial cells can be determined bv the presence of 

markerss of these stages, beating identifies full cardiac differentiation. To determine 

whetherr cardiogenesis is initiated and till which stage it has proceeded, it is important to 

analyzee the expression of several markers representative of the four stages. Firstly, 

becausee the absence or one cardiac marker or beating does not necessarily imply that 

myocardiall  differentiation has not occurred. Secondly, because the commonly used 

cardiacc markers are nor exclusively expressed in the heart during development. For 

examplee cardiac actin, myosin light chain 1 A (Ml.CIA ) or p myosin heavy chain (MHC) 

aree also expressed in developing skeletal muscle (Buckingham et al., 1992). In addition, 

expressionn of the so-called cardiac-specific transcription factors is not confined to the 

developingg heart. Thus, examining onlv one or a few cardiac markers might lead to (1) a 

failuree to detect cardiomvogencsis or (2) to over-interpretation as also non-cardiac tissues 

aree identified. 

Commitmentt  of cells to the myocardial l ineage 

Alreadyy early during development cells become committed to the cardiac lineage. The 

levell  ot commitment of mesodermal ceils to the cardiac lineage was investigated for 

severall  regions ot the embrvo bv cmbrvological experiments. Two levels of commitment 

havee been defined, being specification and determination. Specification denotes the 

acquisitionn ot a level of developmental commitment that is sufficient for tissue formation 

whenn the cells are cultured in isolation. Determination denotes the acquisition of a level 
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off  developmental commitment that is not only sufficient for tissue formation when the 

cellss are cultured in isolation, but in addition, the commitment is also irreversible 

regardlesss of the environment; the determined tissue will continue to develop 

autonomouslyy even after it is moved ro any other region of the embryo (Slack, 1983). 

WhenWhen do myocardial cells become specified? 

Cellss that will form the heart are found prior to gastrulation within the lateral posterior 

epiblastt and become progressively localized toward the primitive streak as gastrulation 

commencess (Hatada and Stern, 1994; Lawson et al., 1991). Chicken epiblast cells isolated 

fromm the heart-forming primitive streak regions of embryos of HH3 formed cardiac 

musclee cells in culture, indicating that at 11H3 myocardial cells are specified (Yarskievych 

ett al, 1997). Prior to HH3, cardiac muscle cell formation in epiblast culture is dependent 

uponn a signal from the hypoblast (Yatskievych et al., 199"7). Activin A, transforming 

growthh factor (TGF) P1 or fibroblast growth factor (FGl*) 4 were found to substitute for 

hypoblast.. However, neither of these factors was able to convert noncardiogenic 

mesodermm isolated from HH5 chicken embryos into cardiomyocytcs (Ladd et al., 1998). 

Thesee findings indicate that the role of activin A, TGFfM or FGF4 in this process might 

bee indirect, possibly by promoting the formation of precardiac mesoderm competent to 

respondd to heart-inducing signals. In agreement with this hypothesis, activin A (Asashima 

ett al., 1990; van den Hijnden-Van Raaij et al., 1990), TGFfil in combination with FGF2 

(Kimelmann and Kirschner, 1987), and FGF4 (Paterno et al., 1989) have all been found to 

bee capable of inducing mesoderm formation. In addition, the acdvin receptors, ActRIIA 

andd ActRIIB, and the FGF receptor 1 (FGFR1) have been found to be required for 

mesodermm form a turn (Song et al., 1999; Cirutia et al., 1997). Taken together, this might 

indicatee that in epiblast cultures prior to the formation of cardiac muscle, cells of the 

germlaverss are formed from which, subsequently, the mesodermal cells are being specified 

resultingg in the differentiation into cardiac muscle cells. This might indicate that epiblast 

cellss are not specified to the cardiac lineage. To test the hypothesis that epiblast cells are 

specifiedd to the cardiac lineage, epiblast cells have to be used that form only mesodermal 

andd no endo- or ectodermal cells in culture. Because this is not possible at present, 

specificationn of myocardial cells can only be studied in mesodermal explants. 

Withh respect to cardiomvogenesis in mesoderm, specification reflects the ability' of 

mesodermm from the heart forming regions to form cardiomyocytcs when cultured in a 

definedd medium without the adjacent endo- and ectoderm (see footnote2). Antin and co-

""  Study of the specification of cardiac mesoderm. Several studies reported that specification 
off  heart precursors is well underway by midgastrulation (HH4; Gonzalez-Sanchez and Bader, 
1990;; Antin et al., 1994; Gannon and Bader, 1995). This was determined by defining the ability of 
explantss from specific regions of the early embryo to differentiate into beating cardiac myocytes. 
Gonzalez-Sanchezz and Bader (1990), however, cultured the mesoderm in the presence of serum 
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workerss (1994) showed that anterior lateral mesodermal explants (Fig. 3b) of the heart 

formingg regions taken from the first stage (HH4+) at which mesoderm can be isolated, 

aree able to differentiate into cardiac muscle cells in minimal medium as determined by the 

expressionn of MHC and the presence of beating. This indicates that specification of 

myocardiall  cells is well underway by midgastrulation and thus seems to occur prior to or 

duringg early gastrulation. In agreement, heterotopic transplantation studies performed on 

mousee embryos are consistent wTith the findings in chicken, indicating that specification 

mayy begin prior or during early gastrulation (Tam et al., 1997). Specification of myocardial 

cellss may continue at least til l stage 24 in chicken and t i l l in mouse, because till that stage 

myocardiumm is stiil added to the heart tube (as discussed above). In addition, because 

septaa in the embryonic heart and the caval and pulmonary veins will become myocardial, 

specificationn mav even proceed after those stages. 

Thee mesoderm of the posterior region of the chicken embrvo is considered to be 

non-precardiacc (Rawles, 1943; Stalsberg and Deliaan, 1969; Lhrman and Yutzev, 1999). 

Tnn agreement, explanted posterior mesendoderm from HH5 and 6 embryos does not 

developp into beating cardiac tissue (Ladd et al., 1998; Sugi and Lough, 1994). However, in 

somee cultures cells are present that express low levels of MHC (Fasenberg and Eisenberg, 

1999).. In addition, in explanted posterior mesendoderm cultures from HH4 embryo, 

beatingg cardiac tissue is formed (Risenberg and FJsenberg, 1999). These findings may 

indicatee that mesodermal cells possess a degree of plasticity that allows them to change 

theirr fate upon changing environment conditions. Possibly, posterior mesoderm 

possessess a higher degree of plasticity at HH4 than at HH5. However, since the heart-

formingg field extends more in posterior direction than first thought (as discussed above; 

Fig.. 3a), the presence of cardiomyoevtes in posterior mesendoderm cultures isolated at 

HH4-66 may be explained by the presence of precardiac cells from the most posterior part 

off  the heart-forming field (Fig. 3b). To minimize the chance that posterior mesoderm 

explantss comprise precardiac cells, the mesoderm should be isolated trom the most 

posteriorr region of the embrvo (Fig. 3b). 

Reminiscentt to the posterior mesoderm, the anterior medial mesoderm was 

initiall yy also considered to be non-precardiac. Since the heart-forming field extends also 

mediallyy more than initially thought, anterior medial mesoderm explants may easily be 

contaminatedd with precardiac mesoderm of the heart-forming field. This is supported bv 

thee observations that isolated anterior medial mesendoderm of HH5 already expresses 

ratherr than in a defined medium. The serum might have substituted for the specifying signal from 
absentt tissues. Gannon and Bader (1995) cultured the mesoderm not completely devoid of other 
celll  layers, but in presence of ectoderm (see technical note 1). Sofar, only Antin and co-workers 
(1994)) cultured pure mesoderm in a defined serum-free medium and observed contractility. No 
markers,, however, were used to show that the isolated mesoderm was not contaminated with 
endoderm.. Anterior endoderm explants of any size were found to be capable of causing 
cardiogenesiss in precardiac mesoderm (Sugi and Lough, 1994). 
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GATAs.. \Ief2a, and Nkx2.H mRNA based on RT-PCR analysis. During culture of the 

anteriorr medial mesendoderm these transcripts disappeared, whereas low levels of Nkx2.5 

mRNAA were detected after 48 hours of culture (Schlange et a!., 2000; Sehultheiss et al.. 

1997). . 

WhenWhen do myocardial cells become determined? 

Afterr initial specification, cells continue to become specified to the cardiac lineage and 

specifiedd cells become stronger committed to the cardiac lineage. Several studies have 

suggestedd at least two levels of commitment. Studies in the axolotl suggested that first the 

expressionn of contractile proteins is induced, and a second signal induces the assembly of 

thee contractile proteins in myofibrils (Smith and Armstrong, 1990). A study ol Antin et 

al.,, (1994) suggested that avian precardiac mesodermal explanis undergo a Transition to a 

higherr level of commitment around stage 6, since they appear less influenced by their 

surroundingg environment. Other studies showed that avian precardiac tissues become 

resistantt to the chemicals 12-0-tetradecanoylphorbol-13-acetate (TPA) trom f i l l s 

onwardss (Gonzalez-Sanchez and Bader, 19(>0) and to bromodeoxyuridinc (BrdU) from 

II  I I I - onwards (Montgomery et al., 1994), whereas before these stages the chemicals 

inhibitedd cardiogenesis in precardiac tissues. These findings suggest that after 

specificationn another level of commitment' is obtained among HH6-8, which may indicate 

thatt the precardiac tissue is determined (Table 2). From f i l l - onwards, the phenotypic 

diversificationn between anterior and posterior cells is stable (Patwardhan et al., 2000), 

indicatingg that cardiomyoevtes are determined to their anterior-posterior fate. 

Transplantationn studies to non-cardiac sites of the embryo should be done to define 

whetherr these cells are completely determined. 

Commitmentt  of myocardial cells 

specified d 

Nott resistant to: 
TPA A 
BrdU U 
Noggin n 

determined d 

Resistantt to: 
TPA A 
BrdU U 
Noggin n 

<-HH44 HH6-8 HH9-

Endoderm m 

dependence e 

Tabicc 2. Myocardial cells arc specified :it or before HI 14. Al the stages III 16-8 the\ become most likeh 
determinedd to the myocardial lineage upon a signal from the endoderm. 

- n n 
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Rolee of endoderm in the commitment to the myocardial l ineage 

Precardiacc cells have been shown to reside in close proximity to pharyngeal endodermal 

cellss from the time of gastrulation until terminal differentiation (DeHaan, 1965). 

Althoughh initially precardiac cells are also in contact with ectodermal cells, fully 

differentiatedd heart muscle cells were rarely observed in ectoderm-mesoderm cxplants 

fromm HH4+ embryos (Antin et al., 1994; Gannon and Bader, 1995). In contrast, 

mesodermm explants from HH4+ embryos were able to differentiate into beating cardiac 

musclee cells (Antin et al., 1994). The presence of endoderm enhanced the rate of myocyte 

differentiationn (Antin et al., 1994). These observations suggest an inhibitory role of 

ectodermm and a stimulating role of endoderm. 

Cellss destined to form the heart pass through the primitive streak at HH3 (Garcia-

Martinczz and Schoenwolf, 1993), approximately coincident with the movement of 

endodermall  cells through the streak. Since precardiac mesoderm is specified by stage 4+, 

anyy signaling interaction between endoderm and mesoderm would occur while cells are in 

closee apposition within the streak and prior to formation of a definitive endodermal layer. 

Techniquess are presently not available to separate these two cell types at this stage to 

determinee whether endoderm is required for the specification of the mesoderm. 

Too get insight in the ability of endoderm to specify cells to the cardiogenic lineage, 

thee ability- of endoderm to (re)specify non-cardiac cells to the cardiogenic lineage has been 

determined.. Anterior lateral (mes)endoderm of HH5 was found to induce cells of the 

posteriorr primitive streak, which are normally not fated to become heart, to differentiate 

inn cardiomyocytes as determined by the expression of MHC (Fig. 5,a,b; Schultheiss et al., 

1995;; Marvin et al., 2001). In addition, anterior lateral mesendoderm of HH5 was found 

too induce cardiomyocytes differentiation in posterior lateral mesoderm (Fig. 5c; Marvin et 

al.,, 2001). These findings suggested that factors expressed by the anterior lateral 

endodermm play an important role in myocardial cell specification in vivo (Schultheiss et al., 

1995).. The cardiac-promoting activity appeared to be specific to the anterior endoderm, 

becausee anterior lateral mesoderm is not able to induce MHC in posterior primitive streak 

(Fig.5d),, and posterior mesendoderm is hardly able to induce MHC or Nkx2.5 in 

posteriorr primitive streak (Fig. 5e; Schultheiss et al., 1995). VCTiethcr the anterior 

endodermm expresses ail factors necessary to induce cardiogenesis in isolated non-cardiac 

mesodermm is still unclear. The posterior primitive streak consists of all 3 germlavcrs and 

factorss from adjacent germlavers might participate in the induction of cardiogenesis bv 

anteriorr lateral endoderm. In addition, the anterior lateral endoderm has never been 

shownn to induce cardiomyogenesis in serum-free non-precardiac mesodermal culture (Fig. 

5f).. This implies that in addition to the factors provided bv the anterior endoderm, an 

additionall  factor might be required for myocardial induction. 

Removall  ot anterior endoderm at HH4-6 in vivo abolished the expression of 

cardiacc transcription factors Nkx2.5 and \Ief2c in precardiac mesoderm at HH 8-9 (Alsan 
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andd Schulcheiss, 2002), bur nor of Ml [C and cardiac troponin 'I' (cTnT) in the heart rube 

arr 1II110-1 1 'Gannon and Bader, 1995; Antin et al., 2002), indicating that the continuous 

exposuree to endoderm in vivo is nor recjuired for maintenance of myocardial 

differentiation,, bur is required for the expression of Nkx2.5 and Mef2c. Although the 

expressionn of these contractile proteins was nor overtly effected, the heart rube did nor 

initiatee bearing. Chicken embryos in which the endoderm was removed at HH7-9 did 

Inducerr Rcsponder 

/ ~ \\ PPS 
**  AL 

ee pr  / * V PPS 

ff  AL « P L L 

epiblast t 

mesoderm m 

endoderm m 

Figur ee 5. The ability <>: several tissues 
too induce myocardial differentiation in 
explantedd n"n-cardia c tissue. \L , 
anteriorr  lateral; PL, posterior  lateral; 
PPS,, posterior  primitiv e streak. Rets: 
a,b,d.ee Schulthciss et al., 1995; b,c 
Marvi nn et al., 2U01; a Yatskievicb el al., 
1997 7 

showw bearing heart rubes, indicating that die endoderm. is shordy required at HI l~ for the 

initiation,, but not for the subsequent maintenance of terminal differentiation in cardiac 

mesodermm (Table 2; Gannon and Bader, 1995). In vitro, endoderm is nor required for full 

cardiacc differentiation, since pure precardiac mesodermal explanrs of equivalent stage are-

ablee to differentiate into beating cardiomyocytes without endoderm (Antin el al., 1994). 

Nevertheless,, explains comprising mesoderm and endoderm showed an enhanced rate of 

mvoevree differentiation and a shorter delay between expression of myosin hea\\ chain 

andd the onset of bearing. Endoderm, however, is needed for the formation of three-

dimensionall  heart structures in explant cultures (DeHaan, 1964; Lough et al., 1990; Antin 

ett al., 1994;. indicating a role for the endoderm in cardiac morphogenesis. 

Takenn together, endoderm is likely to be required for the initiation but not for the 

maintenancee of both specification and terminal differentiation. In addition, endoderm is 
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neededd for the maintenance of expression of \ kx2 .5 and Mef2c and possibly for cardiac 

morphogenesis. . 

Whichh growth factors regulate myocardial differentiation ? 

Thee decision whether a mesodermal cell enters the myocardial differentiation pathway 

andd how far that mesodermal cell is able to go into the differentiation pathway, depends 

onn the total set of positive and negative signals that the mesodermal cell wil l encounter on 

itss way to its finaJ destination. 

BMPBMP and FGF signaling pathways 

Sincee the only prerequisite for epiblast cells to differentiate into cardiac muscle cells is the 

placementt of those cells in the heart forming fields, all information for heart muscle 

differentiationn is present in the heart forming fields (Tam et ah, 199?). Therefore the 

expressionn of candidate factors involved in myocardial differentiation in the region of the 

precardiacc mesoderm was examined. Since in Dmsophiia, the cardiac expression of tinman 

iss regulated by the TGFp family member decap_entap_legic (dpp; Frasch, 1995), it was 

determinedd whether TGFp family members also regulate expression of Xkx2.5 and other 

cardiacc genes in vertebrates. Bone morphogenetic proteins (BMPs), which are members 

off  the T G Fp superfamily, are secreted signaling molecules implicated in mesoderm 

formation,, and development and patterning of many different organ systems (reviewed in 

Hogan,, 1996). In situ hybridization showed expression of BMP2, BMP5 and BMP? 

expressionn in the cardiac mesoderm in mice (Zhang and Bradley, 1996; Sollowav and 

Robertson,, 1999). In chicken, on the other hand, BMP2 expression is found in the 

endoderm,, and BMP4 and BMP? expression in rhe ectoderm flanking the heart forming 

fieldss (Fig. 6a and g; Schultheiss et al., 1997). This spatiotemporal pattern of BMP 

expressionn suggests a role in early heart development. 

Indeed,, the BMP antagonist noggin was shown to inhibit cardiogenics in chicken 

precardiacc mesendoderm of III1 4 as determined by the absence of the transcription 

factorss Nkx2.5, GATA4, eHand, and Mef2a, the contractile proteins MHC, a-actinin, and 

titin,, and beating activity (Schultheiss et a)., 199?; Xakajima et al., 2002; Schlangc et al., 

2000).. Although noggin did not block the expression of the contractile proteins vMIIC , 

a-actinin,, and titin anymore at HH5, the formation of the thick filaments of MHC (A-

bands)) was inhibited (Xakajima et al., 2002). The formation of I-/-1 components (the Z-

diskk components being a-actinin, a-actin, and titin) was not inhibited (Xakajima et al., 

2002),, suggesting that BMP regulates the initial formation of I-Z-I components and A-

bandss separately in a stage-dependent manner. From HH6 onward, mesendoderm of the 
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BMP22 FCTF2 

BMP44 FGF4 
BMP?? FGF8 \Vnt3a 

Crescentt \\ "nt8c Nkx2.5 
Wntll l 

Anteriorr lateral 
BMP44 BMP7 

Crescentt  BMP2 
FGF44 FGF8 

Figuree 6. I lean inducing signals in early chick of HH 4-6. a) BMP-2, BMP 4 and BMP- arc expressed in 
primitivee streak and in the lateral regions of the embryo, b) FGF2, 4, and 8 are expressed in the primitive 
streakk and in region of heart forming fields, c) Wnt3a is expressed in primitive streak, d) Crescent is 
expressedd in the anterior region of the embryo, whereas (e) Wnt8c is expressed in posterior region of the 
embryo,, f). Wntll is expressed in similar pattern as Nkx2.5. g) Overview of factors influencing the 
myocardiall  differentiation in anterior lateral mesoderm. The anterior lateral mesodermal cells are uniformh 
exposedd ro a subset of cardiac inducing signals from the anterior endoderm, ectoderm and mesoderm itself, 
whichh supports terminal differentiation and comprise- crescent and W n t l l , which establish high 
\\"nr.. | \ K signaling and low Wni 'B-catenin signaling, and BMPs and FGFs. BMP2. crescent, FGF2, 4 and 
SS are expressed by the endoderm. BMP4 and BMP" by the ectoderm and \\ nt 1 I by the cardiac mesoderm. 
II  xprcssion patterns based on: FGF2 and 4, Karabagli el ,//., 2(K)2, Parlow el a/., 1991, Sugi el a/., 1993; 
FGF4,, Shamin and Mason, 1999; FGF8, Usan and Schultheiss, 2002; BMP2, BMP4, BMP" Schulrheiss el 
a/.,a/., 199"; Crescent, Wnt3a. Wnt8c, Man-: .. 997; Wnt l l , Fisenberg el a/., 1997; Nkx2.5, Schultheiss el 
-..-.. 1995. 
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heartt forming regions becomes resistant to the administration of noggin since bearing 

cardiacc tissue is formed in these cultures, indicating that BMP is not required anymore for 

tulii  myocardial differentiation (Schultheiss and Fassar, 1997). In contrast to the above -

mentionedd genes, GATA4 expression is uprcgulatcd from HH5 till HH8 upon addition 

off  noggin (Schlange et al., 2000). Since it has been shown that GATA4 gene is down 

regulatedd in presumptive yentricle at HH9 (Kostetskii et al., 1999), the upregulation of 

GATA 44 in the precardiac mesodermal explant culture treated with noggin is attributed to 

thee lack of myocardial differentiation (Schlange et al., 2000). 

Thesee in vitro findings are in agreement with the in vivo findings, which show that 

nogginn inhibits at HH4 and HH5 Nkx2.5 and eHand expression, whereas from HH6 the 

extentt of inhibition by noggin gradually diminishes (Table 2; Schlange et al., 2000). Also in 

vivovivo noggin inhibited the expression of GATA4 at HH4, but stimulated the expression at 

HH5-88 (Schlange et al., 2000). In addition, supplementation of noggin at HH4-6 resulted 

att HH10-11 in the formation of a simple epithelium instead of a tubular heart and no 

separationn of endocardium and myocardium was visible (Schlange et al., 2000). Taken 

together,, these findings show that BMPs have stage-dependent roles in cardiomyogenesis. 

Sincee the anterior endoderm was found to induce cardiomyogenesis in non-cardiac 

tissue,, and expression of BMP2 is the only BMP-family member that is observed in the 

anteriorr endoderm in chicken as yet (Schultheiss et al., 1995), BMP2 was the prime 

candidatee to induce cardiomyogenesis. Supplementation of BMP2 in vivo induced ectopic 

expressionn of the early cardiac markers Nkx2.5 and GATA4 in anterior medial mesoderm 

(Fig.. 3c), whereas only GATA4 expression was induced in posterior media] mesendoderm 

(Schultheisss et al., 1997; Andrce et al., 1998). MHC expression or bearing was not 

observed.. Treatment of explanted anterior medial mesendoderm or mesoderm of HH6 

withh BMP2 (or BMP4, but not FGF2 or Activin A) resulted in full cardiac differentiation 

ass assessed by vMHC expression and beating (Fig. 3b2). If anterior medial mesendoderm 

wass cultured in the presence of the adjacent neural plate and notochord, BMP2 did only 

inducee Nkx2.5 and Gata4 expression and not MHC (Schultheiss et al„  1997), indicating 

inhibitoryy effects of the axial tissues on BMP2-induced cardiogenesis downstream of 

Nkx2.55 and Gata4. BMP2 did not induce Nkx2.5 in explants of posterior medial 

mesoendodermm (Schultheiss et al., 1997), suggesting that induction of full differentiation 

byy BAIP2 is restricted to anterior mesoderm (in the presence of endoderm). Although the 

anteriorr medial mesoderm is considered as non-precardiac, anterior medial mesoderm 

explantss may easily contain precardiac mesoderm of the heart-forming field, since the 

heart-formingg field extends more mediallv than initially thought (Fig. 3b; as discussed 

above).. Therefore, addition of BMP2 may promote the differentiation of already 

committedd precardiac myocytes instead of changing the fate of non-precardiac cells. 

Althoughh full cardiac differentiation as assessed bv beating was not observed, 

BMP22 or BMP4 administration to explains of posterior lateral mesoderm of HH6 
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resultedd in expression of sarcomeric proteins like a-actmin, titin, but not a-actin, 

indicatingg that BMP4 and BMP2 can induce myocardial differentiation in presumably 

non-precardiacc posterior mesoderm {Nakajima et a!., 2002). In addition, BMP4, but not 

BMP2,, induced myosin expression, although striated myosin pattern (A-bands) was not 

observedd (Ladd et ah, 1998; Nakajima et ah, 2002). An additional factor appeared to be 

requiredd to induce terminal differentiation of cardiomyocytes in posterior lateral 

mesoderm.. A combination of BMP2 or BMP4 plus FGF2 or FGF4 appeared to be 

sufficientt to induce full cardiac differentiation in posterior mesoderm of HH6 (Lough et 

ah,, 1996; Barron et ah, 2000; I/add et ah, 199S), as determined by beating activity and a-

actinn expression. Thus, in addition to BMPs, FGFs arc also required for full cardiac 

differentiation.. This is consistent with their expression pattern in the early embryo. FGF2 

andd FGF4 haye been reported to be expressed during gastrulation in the primitive streak 

regionn (Karabagli et ah, 2002) and subsequently in anterior lateral endoderm (Fig. 6b; 

Parlovvv et ah, 1991; Sugi et ah, 1993). Since these FGFs have been shown to support the 

survivall  and proliferation, and thereby the terminal differentiation of (non)precardiac 

mesodermm (Zhu et ah, 1996; Sugi and hough, 1995; Lough ct ah, 1996), it was suggested 

thatt FGF is a survival and proliferation factor. In agreement, the FGFRI, which is 

expressedd in precardiac mesoderm of MH6 (Sugi et ah, 1995), has been shown to be 

requiredd for proliferation of precardiac mesoderm (Zhu et ah, 1999). 

Insulin,, insulin-like growth factor II , and activin A are also secreted by the anterior 

laterall  endoderm and stimulate terminal differentiation of precardiac mesoderm (Zhu et 

ah,, 1996; Sugi and Lough, 1995; Antin et ah, 1996). However, they cannot in combination 

withh BMP2, subsdtute for FGF2 or FGF4, in inducing full cardiac differentiation in 

posteriorr lateral mesoderm, suggesting that the function of FGF in the cardiogenic 

processs is broader then only being a survival or proliferation factor (Barron et ah, 2000). 

Thiss is supported bv the observation in chicken that exogenous supplied FGF8, which is 

expressedd in primitive streak and anterior lateral endoderm (Fig. 6b), rescued the 

expressionn of the cardiac markers Nkx2.5 and \lef2c /// ri.ro after their down-regulation, 

whichh was due to the removal of endoderm (Alsan and Schultheiss, 2002). 

Applicationn of BMP2 medial to the heart-forming region in vim resulted in ectopic 

expressionn of FGF8 and Nkx2.5, whereas BMP2 expression lateral to the heart-forming 

regionn did not result in ectopic expression of FGF8 and Nkx2.5 (Fig. 3c; Alsan and 

Schultheiss,, 2002). Application of ectopic FGF8 lateral to the heart-forming region where 

BMPP is present resulted in ectopic expression of cardiac markers Nkx2,5 and Mef2c (Fig. 

3c).. These findings suggest that both BMP and FGF together are required for cardiac 

genee expression and that BMP signaling lies upstream of FGF8. In addition, BMP2 seems 

onlyy to induce cardiac gene expression, it it is able to induce FGF expression (Fig. 3e). In 

posteriorr lateral mesoderm explains, the combination of exogenous applied BMP2 and 

FGFss is required to induce full cardiac differentiation. Therefore, the inability of only 
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BMP22 to induce full cardiac differentiation might be caused bv its inability to induce FGF 

expressionn in these explants (Fig. 3d). Restriction of ActRIIB receptor expression to 

anteriorr mesoderm (Lhrman and Yutzey, 1999) might relate to the inability of posterior 

mesodermm to express FGF in response to BMP2. 

Thee combination of BMP and FGF was thought to be sufficient to redirect the 

fatee of non-precardiac mesoderm into the myocardial cell lineage (Lough et al., 1996). 

However,, mesoderm from the most posterior region of the embryo could not be induced 

too differentiate into the cardiogenic lineage by BMP and FGF' (Fig. 3b2; G Di Rocco and 

A.. Lassar, unpublished as mentioned in Marvin ct al., 2001). Since posterior mesoderm of 

HH55 might contain precardiac cells, whereas the most posterior lateral mesoderm is likely 

too be devoid of precardiac cells (Fig. 3b), these findings might suggest that the inducing 

signall  of BMP and FGF is not instructive, i.e. capable of changing the fate of cells, but 

permissive,, i.e. promoting differennation of already committed precardiac myocytes. 

Inn mice, functional inactivation of BMP2 (Zhang and Bradlcv, 1996) FGF2, 

(Ortegaa et al., 1998), FGF10 (Sekine et al., 1999), BMP5 (Kmgsley ct al., 1992), BMP6 

(Sotlowayy et al., 1998), and BMP? (Dudley et al., 1995; Luo et a!., 1995) or the BMP 

receptorss BMPRJB (AFK-6; Yi et al., 2000), ActRIIA (Matzuk et al., 1995) and ActRIIB 

(Ohh and Li , 1997) does not prevent the formation of a heart tube suggesting that they are 

nott required for initial cardiac differentiation. It should be noted, however, that redundant 

functionss of BMPs and their receptors in several tissues, including heart, have been 

suggestedd in studies on double mutant mice (Sollowav and Robertson, 1999; Kim ct al., 

2001;; Song ct al., 1999; Matzuk ct al., 1995; Oh and Li , 1997; Yi et al., 2000). BMP4 

(Winnierr et al., 1995), FGF4 (Feldman et al., 1995), FGF8 (Sun et al., 1999), BMP 

receptorss ALK 2 (Gu et a!., 1999), ALK 3 (Alishina et al., 1995), and BMPRI1 (Beppu et 

ah,, 2000) deficient embryos fail to form mesoderm, precluding detecting their potential 

rolee in myocardial differentiation. Nevertheless, BMP2 and FGF8 are expressed in the 

heartt forming regions (Crossley and Martin, 1995; Winnier et al., 1995), suggesting that 

BMPss and FGFs arc also involved in cardiomyogenesis in the mouse. 

Sincee myocardium formation at both the anterior and posterior pole of the tubular 

heartt is a continuation of the myocardium formation of the initial linear heart tube, the 

samee factors are expected to be involved. Indeed, expression pattern of BMP and FGF 

suggestt roles in the myocardium formation at the anterior and posterior pole. In outflow 

tractt myocardium of the mouse, BMP2, 4, 6 and 7 mRNA is expressed (Jones ct a!., 1991; 

Ki mm et al., 2001; Lyons et al., 1990). In addition, FGF10 is expressed by cardiac precursor 

cellss in the pharyngeal mesoderm and is switched off as they approach the heart (Kelly et 

al.,, 2001). In chicken, BMP2 and 5 mRNA is expressed in the outflow tract myocardium 

(Yamagishii  et al., 2001; Waldo et al., 2001), whereas FGF8 has been found to be 

expressedd in ventrolateral pharynx in both the ectoderm and to a lesser extent in the 

endodermm surrounding the mesodermal cells presumably contributing to the outflow tract 

myocardiumm (Waldo et al., 2001). In the inflow tract myocardium of the mouse, BMP5, 6 
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findd mRXA is expressed (Sollowav and Robertson, 1999; Kim ct ah, 2001), whereas in 

chickenn BMP2 and BMP4 mRNA is expressed (Waldo et ah, 2001; chapter 5). 

Thee role of FGF10 in the mvocardium formation at the anterior pole is not clear 

vet,, but a role in cardiac precursor cell movement is suggested. This suggestion is 

supportedd hv in vitro experiments in which cardiomyocyr.es that develop in chicken aortic 

sacc culture change their epithelial phenorype into a mesenchymal, migratory phenotype 

uponn addition of FGF10 (our unpublished observations). FGP8 is suggested to suppress 

differentiationn but to stimulate proliferation of myocardial cells. Neural crest cells (see 

below)) that migrate into the pharvnx were shown to block this signal (Farrell et ah, 2001), 

allowingg the differentiation or outflow tract myocardium. 

WntWnt signaling pathways 

BMP2,, BMP4 and several FGFs that are suggested to be involved in cardiac induction, 

aree expressed in the primitive streak area of both chicken (Andree et ah, 1998; Alsan and 

Schuitheiss,, 2002; Schukheiss et ah, 1997; Karabagli et ah, 2002}; Shamim and Mason, 

1999)) and mouse embrvos (Niswander and Martin, 1992; Winnier et ah, 1995; Jones et ah, 

1991;; Crosslev and Martin, 1995). Although all mesodermal cells have been in contact 

withh these BMPs and FGFs during gastrulation, only a subset in the anterior lateral region 

becomess myocardial. In addition, BMP and FGF are not able to induce myocardial 

differentiationn in the most posterior lateral mesoderm and posterior primitive explants. 

Togetherr these observations suggest that an additional factor is required for cardiac 

differentiation.. This factor mav plav a role in actively inducing cardiacmyogenesis in 

cardiacc regions or preventing cardiomvogenesis in areas that do not become heart. 

Studiess of Tzahor and Fassar (2001) and Marvin and co-workers (2001) showed 

thatt Wnt signals are involved in suppressing cardiogenesis in non-cardiac mesoderm in 

chicken.. Wnt's are secreted signaling proteins of the highly conserved Wnt family that 

regulatee cell fate decisions in vertebrates and invertebrates (reviewed in Cadigan and 

Nusse,, 1997). Based on assavs carried out with mammalian cell lines and Xenopm 

embrvos,, the Wnt family can be divided in the Wntl class including Wnt l, -2, -5, -3a, -.ind 

- 8 ,, which mediate the signal through the canonical Wnt pathway involving B-catcnin, and 

thee Wnt5a class including Wnt4, -5a, -5b, -7b and - 1 1, which mediate their signal through 

thee non-canonical Wnt pathwav involving protein kinase C (PKC) and Jun X-termmal 

kinasee (JNK; Vamamoto et ah, 1999; Wong ct ah, 1994; Du et ah, 1995; Shimizu et ah, 

1997).. In chicken, the Wntl class members Wnt3a and \Ynt8c are expressed in the 

primitivee streak and posterior lateral mesoderm at gastrulation stage (Fig. 6c and e; 

Man-inn et ah, 2001). Fctopic expression of Wnt3a or \Xnt8c in precardiac mesoderm 

inhibitedd \kx2 ,5 expression //; vivo, and the beating of the precardiac mesodermal 

explantss and the expression of Nkx2.5, GATA-4 and MHCs /;/ vitro (Man-in et ah, 2001). 

Crescentt and dickkopf-1 (Dkk-1), which are specific inhibitors of the Wntl class/B-
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cateninn signaling pathway (Schneider and Mercola, 2001; Pera and Robertis, 2000; Glinka 

crr al., 1998), were able to stimulate cardiogenesis in explanted (most) posterior lateral 

mesodermm as assessed by the presence of beating and MHC expression (Fig. 3d; Marvin 

ett al., 2001). These findings indicate thai Win signals belonging to the W'ntl class 

(Wnt/p-cateninn signaling) prevent cardiomyogenesis in the posterior mesoderm. Since-

crescentt is expressed in anterior endoderm (Fig. 6d), crescent might be involved in 

suppressingg the W'ntl class signaling in the anterior mesoderm and thereby promoting 

cardiomyogenesis. . 

Att 1 II 19-10, the W'ntl class members W'ntl and W"nt3a are expressed in the open 

neurall  plate and dorsal neural tube (Tzahor and I.assar. 2001). The neural tube was able to 

Anteriorr paraxial 

Figuree 7. Schematic drawing of a section through 1111" chicken embryo (Adapted from Tzahor and 
Lassar,, 2001). Anterior paraxial mesendoderm with overlying ectoderm (Al'MI-.l-. , is oudined. W'ntl and 
Wnt3aa trom die dorsal neural tube XT and noggin from the notochord \ 'C inhibit heart formation in 
thee dorsomedial anterior paraxial mesoderm. 

inhibitt the cardiogenesis in anterior paraxial mesendoderm and ectoderm (APMEE) 

explantss from l i l l 8-9 chicken embryos that under standard conditions differentiate into 

cardiomyocytes.. Supplementing W'ntl or W'nt3a-expressing cells to APMEE explains 

couldd mimic the inhibitor)- effects of the neural tube. In addition, ectopic expression of 

WW nt 1 in one side of the heart-forming region of I 111" chicken embryos blocked 

expressionn of Nkx-2.5. These findings suggest that W'ntl class members W'ntl and W'nt3a 

secretedd trom the neural tube prevent ectopic cardiogenesis. 

Cardiogenesiss was also inhibited in APMEE explants supplemented with noggin, 

whichh is expressed in the notochord (Tzahor and I.assar, 2001). Addition of W'nt.'p-

cateninn antagonist Frzb-IgG and BMP2 was necessary to overcome the inhibitory effect 
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Figuree 8. BMP and W'nr signaling pathways in cardiogenesis. The VX'nt/p-catenin pathway inhibits 
cardiogencsiss and is activated by members of the W'ntl class. The Wnt/JNK pathway stimulates 
cardiogenesiss and is activated l.n members of the W'nr 5a class. Dkk-1 and crescent, which also inhibit the 
\\"nt/P-cateninn pathway. BMP can actuate cardiogenesis via the SMAD pathway and via a pathway 
involvingg | \ K . | \K appears to be a common regulator of cardiogenesis via both V m and BMP 
signalingg pathways. 

off  the neural tube and notochord on cardiogenesis in the APMEE explants. 

Administrationn of BMP4 plus Frzb-lgG to anterior paraxial mesoderm in vivo induced 

mesodermall  cells to contribute to the heart and express vMHC (Tzahor and l.assar, 

2001).. These findings indicated that VC'nt signals of the W'ntl class from the dorsal neural 

tubee together with BMP-antagonists from the notochord. noggin land chordin) block 

ectopicc cardiogenesis in anterior paraxial mesoderm (Fig. 7; Tzahor and l.assar, 2001). 

Writt signals were not only found to prevent cardiogenesis outside the heart 

formingg fields, but also to stimulate cardiogenesis. W'ntl 1, which is a W'nt5A class 

member,, is expressed at 11114 and 11115 in mesoderm overlapping the heart-forming 

fieldss (Fig. 6f; Eisenberg et al., 1997). W'ntl 1-conditioned medium was found to promote 

cardiogenesiss in cultured posterior lateral mesoderm of JII15-6 chicken embryos 

(Eisenbergg and Eisenberg, 1999). Murine W'ntl 1 conditioned medium induced GATA4, 

Nkx2.5,, ctMHC and ANP mRNA expression in P19 cells, indicating thai the function of 

W'nt-11 1 in heart development has been conserved in higher vertebrates (Pandur et ah, 

2002).. In addition. W'ntl 1 expression was observed in precardiac mesoderm of mouse 

embryoss as well (Kispert et al.. 1996). A recent study in Xenop/is showed that W'ntl! 

signalingg is independent of [3 -catenin and acts via activation of JNK, which appeared 

necessaryy for cardiogenesis (Pandur et al., 2002). Moreover, it was shown that activation 

off  cardiogenesis by crescent and Dkk-1 is not only reached by inhibiting R-catenm 

signalingg (Schneider and Mercola, 2001), but also by activating INK signaling. (Fig. 6; 
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Pandurr et al., 2002). Taken together, these data indicate that induction of 

cardiomvogencsiss requires low W'nt/p-catcnin signaling activity and high W'nt/JNK 

signalingg activity. 

Thiss JNK. intracellular signaling cascade seems to be the integrator between Vint 

andd BMP signaling (Fig. 8), because besides Smad-mediated BMP signaling also |KK-

mediatedd BMP signaling has been reported to be involved in cardiomvoevtc 

differentiationn (reviewed in Monzen et al., 2002). 

Ass mentioned above crescent can induce ectopic expression of cardiac markers in 

mostt posterior lateral mesoderm in vitro (Fig. 3d), however, it cannot do so in vivo. This 

mightt indicate the presence of an additional repressor of heart formation that decays 

rapidlyy in explanted posterior lateral mesoderm or that is present in the removed 

endoderma!!  and ectodermal ceil layers. Similarly, both crescent and Dkk-1 cannot induce 

cardiogenesiss in explanted posterior primitive streak tissue (Fig. 3d). Anterior endoderm 

cann induce cardiogenesis in explanted posterior primitive streak tissue (Schultheiss et al., 

1995;; Marvin et al., 2001). This indicates that in addition to crescent, another factor that is 

expressedd by the anterior endoderm is required to induce cardiogenesis in explanted 

posteriorr primitive streak tissue. This might be another Wnt/fi-catcnin antagonist, since 

posteriorr primitive streak tissue contains much higher levels of Wnt-3a and Wnt-8c than 

thee posterior lateral mesoderm. Alternatively, it might be a member of the BMP or FGF 

family.. However, BMP2, BMP4, FGF4 and FGF8 are already highly expressed in 

posteriorr primitive streak (Schultheiss et al., 1997; Karabagli et al., 2002). Moreover, 

additionn of beads earning BMP2 and FGF8, and cells expressing crescent do not induce 

expressionn of Nkx2.5 in posterior regions of the embryo in vivo (Alsan, Marvin and 

Schultheiss,, unpublished result in Alsan and Schultheiss, 2002), indicating that in addition 

too the BMP, FGF and VC'nt-signaling pathways an, as yet, unidentified signaling 

pathway/factorr might be required for cardiogenesis (Fig. 6g). 

Thee role of Wnt signaling in the myocardium formation at the anterior or 

posteriorr pole is not clear yet. However, presuming its location medial to the primary 

heartt fields, the anterior heart field might be more exposed to the influence of 

cardiogenesis-inhibitingg Wnt signaling trom the neural tube than the posterior heart field 

(Tzahorr and lassar, 2001), explaining its slightly later onset of cardiomyogenesis. By the 

foldingg ot the embryo and the formation ol the linear heart tube, the foregut becomes 

locatedd in-between the anterior heart field and the neural tube. The anterior heart field 

might,, therefore, no longer be under the influence of Wnt signaling from the neural tube, 

allowingg cardiomyogenesis to occur. 
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Card ia cc c u s h i on f o rma t i o n 

Endocardium-derivedd mesenchyme 

Thee formed tubular heart consists of two concentric layers of cells, the outer myocardial 

layerr separated by cardiac jelh trom die inner endocardial layer (De Jong et al., 1997 . In 

thee outflow tract .inó atrioventricular canal, [B3-expressing endocardial cells become 

hypertrophic,, detach from their epithelial context, undergo an endocardial-to-

mesenchymall  transformation (EMI) , and migrate into the cardiac jelly (Bolender and 

Myocard iu mm Cushion m e s e n c h y me Endocard ium 

Differentiationn /one Proliferation zone 

Figur ee 9. Schematic diagram depicting chicken endocardial cushion formation. Adherons, which are 
secretedd in die cardiac jelly by the myocardium, activate the endocardia] cells to secrete TGFB2 and ). The 
TGl'Pss trigger the phenotypic changes of KMT, which is enhanced In B.V1P2 secreted from the 
myocardium.. The formed mesenchymal cells proliferate upon stimulation bv FGF. Mesenchymal cells 
closerr to the myocardium reduce proliferation and increase the differentiation. 

Markwald,, 1979; Markwald et al., 1975, I T " ; Wimsch et al., 1994). Myocardium of the 

atrioventricularr canal and outflow tract induces this transformation of endocardium into 

mesenchymee bv secretions of multicomponent complexes, called adherons (Fig. 9; 

Mjaatvedtt and Markwald, 1989). Adherons comprise the ES EDTA soluble) proteins 

tibronecrin,, transferrin. ESI30, h.LAMP-1 (heart lectin-associated myocardial proteins,. 
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hepatocvtee growth factor and some other lower molecular weight proteins (Sinning et al., 

1995;; Isokawa et al., 1994; Krug et al., 1995; Mjaatvedt et al., 1999). L'pon activation of 

thee endocardium by myocardium, the endocardium and cushion mesenchyme become the 

signalingg cells (Ramsdell and Markwald, 1997). In chicken, TGFP2 and 3, and TGI :p type 

I II  receptor (TGFPRll) and TGFPRIII are found to have important roles in epithelial-

mesenchvmall  transformation in the endocardial cushion (Ramsdell and Markwald, 1997; 

Pottss et al., 1991, 1992; Barnett et al., 1994; Boycr et al., 1999; Brown et al., 1996, 1999; 

Nakajimaa et al., 1998). TGFp2 and the TGFpRIII appeared to be critical for endothelial 

celll  separation. TGFp3 and the TGFpRll appeared to be critica! to mesenchymal cell 

formationn (Boyer and Runyan, 2001). The transcription factor Slug, which is expressed in 

thee AV canal and is required for initial steps of l iM T (Romano and Runyan, 1999), was 

shownn to be an essential target for TGFP2 signaling, but not for TGFP3 signaling 

(Romanoo and Runyan, 2000). In mouse, only TGFP2 is necessary for mesenchymal cell 

formationn (Camenisch et al., 2002). Also BMPs are implicated in cushion formation. In 

chicken,, BAIP2 has been shown to act synergistically with TGFp3 (Yamagishi et al., 

1999).. In mouse, BMP6 and 7 are suggested to phi)- a role in epithelial-mesenchymal 

transformation,, since BMP6/BMP7 double mutants display a pronounced delay in the 

morphogenesiss of the outflow tract cushions (Kim et al., 2001). In chicken outflow tract, 

misexpressionn of noggin, which binds to BMP2 and 4 preventing receptor occupancy 

(Zimmermann et al., 1996), caused a decrease in the number of proliferating mesenchymal 

cellss within the proximal cushions underscoring a role of BMP2 and 4 in cushion 

developmentt (Allen et al., 2001). Gther BMPs are also expressed in outflow tract or 

atrioventricularr myocardium prior to cushion formation, including BMP4 and 5 (Jones et 

al,, 1991; Solloway and Robertson, 1999), indicating a potential role in cushion formation. 

Conditionall  K.O mice, in which only the cardiomyocytes from K10.5 onwards lack 

functionall  ALK 3 (BMPRIA) display disturbed development of the trabecular, compact 

myocardium,, and ventricular septum, but also of the endocardial cushions indicating 

ALKJ-dcpendentt cross-talk of the cardiomvocytes to the mesenchymal cells of the 

cushionss (Gaussin et al., 2002). 

Afterr the initial epithelial to mesenchymal transition, the endocardial-derived 

mesenchymall  cells continue to proliferate, stimulated bv growth tactors such as FGF2 

((-hoyy et al., 1996). The mesenchyme that has reached the sub-myocardial cushion region, 

reducee proliferation and begin to selectively express genes associated with differentiation 

(Mjaatvedtt et al., 1999). 

Inn transcription factor Sox4 (Ya et al., 1998) and NF-ATc (De la Pompa et a l, 

1998)) deficient mice the endocardium-derived mesenchyme appears to be affected. SOX4 

iss expressed in endocardium-derived mesenchyme and Sox4-deticient mice sufter from 

aberrantt transformation of the endocardial cushions into semilunar valves and from lack 

off  fusion, usually resulting in common trunk. However, the development of the 
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atrioventricularr cushions is not visibly affected, suggesting that the development of the 

cushionss of the outflow tract and atrioventricular canal is differentially regulated. This is 

supportedd by the observations that outflow tract and atrioventricular cushions are 

differentiallyy affected in mice deficient for BMP6/BMP"7 (Kim et al., 2Ü01) and tolloid-

likee 1 gene (Clark er al., 1999). NF-ATc is specifically expressed in endocardial cells. In 

NF-ATcc deficient mice the cardiac valves are affected in both outflow tract and 

atrioventricularr canal, suggesting that some overlap exists in the regulation of the cushion 

formationn in the outflow tract and atrioventricular canal (De la Pom pa et ah, 1998). 

Neurall  crest-derived mesenchyme 

Cardiacc neural crest cells migrate from the cranial neural folds between the midotic 

placodee and the caudal limit of somite 3. These cells contribute mesenchyme to the 

aorticopulmonaryy septum and form two prongs of condensed mesenchyme that extend to 

thee future level of the semilunar valves. In the proximal outflow tract, these neural crest-

derivedd cells become dispersed in the endocardial ridges and flanking myocardium 

(Poeïmannn er al., 1998; Waldo et al, 1998 ; Ya et al., 1998; Creazzo et a l, 1998). Cardiac 

neurall  crest ablation in chick embryos causes mostly persistent truncus arteriosus (PTA), 

butt also double outlet right ventricle (DORY) and ventricular septal defecrs (VSD; Kirbv 

ett a l, 1985), indicating an important role for neural crest in outflow tract septation. 

Studiess suggest that cardiac neural crest cells in mouse and chick have similar migration 

patternss and serve the same function (Waldo et a l, 1999; Jiang et al, 2000). Remarkably, 

numerouss distinct transgenic mice show a septation defect in the outflow tract associated 

withh absence or improper functioning of the cardiac neural crest, being: (1) the Splotch 

mice,, in which the transcription factor Pax3 is deficient (Conway et a l, 2000), (2) the 

Patchh mice, in which a chromosomal deletion resulted in the lose of the a P D G FR gene 

andd in the alteration of the domain of expression of c-kit gene (Schatteman er al, 1995; 

Durtlingerr et a l, 1995; \\ ehrle-Haller et al, 1996), (3) the PDGFa receptor deficient 

mice,, which in contrast to the patch mouse only the P D G Fa receptor gene is deleted 

(Soriano,, 199"), (4) RXR alpha (Ciruber et a l, 1996), (5) neurufibromin-1 (Nf-1; Brannan 

ett a l, 1994;, (6) neurotrophin-3 (NT-3; Donovan et al, 1996), (?) endothel ial (1-T-l; 

Kuriharaa et al, 1995), and (8) semaphorin 3C deficient mice (F'einer et al., 2001). In the 

outfloww tract of the rrisomic 16 (TY16) mouse, the organization of the neural crest 

populationn was severely perturbated (Waller II I et al, 2000). Smooth muscle actin-

positivee mesenchymal cells, which presumably are derived from the neural crest do not 

penetratee into proximal outflow tract cushions, but align more distallv with the outflow 

tractt myocardium inducing ectopic myocardium formation (Waller II I et al, 2000). 

AA recent study suggests that the arrival of cardiac neural crest cells in the caudal 

pharyngeall  arches is also required tor normal differentiation at the anterior pole (Yelbuz 
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ett al., 2002). After neural crest ablation, chicken embryos displayed a shorter outflow trad 

causedd by a reduction in the number of myocardial cells added to the anterior pole, which 

resultedd in abnormal looping (Yelbuz et al., 20u2). 

Thee contribution of die neural crest to the mature heart is limited. In the mouse, 

theyy occupy the fibrous region between the valves and form smooth muscle cells in the 

proximall  coronary arteries (Jiang el al., 2000). 

Epiciirdium-derive dd mesenchyme 

Anotherr population ol mesenchymal cells that populates the atrioventricular cushions is 

derivedd trom the epicardium (Gittenberger-de Groot ei al., [998; Manner, 1999). The 

epicardiumm develops trom the proepicardium, which is located caudallv to the heart 

(Mannerr et al., 2001). The proepicardium forms a cauliflower-like mesothelial structure 

protrudingg from the coelomic wall into the pericardial cavity. Upon attachment to the 

heart,, the proepicardial cells start to envelop die heart, forming the epicardium. In 

betweenn the epicardium and myocardium, mesenchymal cells are deposited that will , in 

additionn to the atrioventricular cushion mesenchyme, contribute to the cardiac fibroblasts. 

andd the endothelial and smooth muscle cells of the coronarv arteries (Fig. Id; Mikawa and 

Gourdie,, 1906; Dettman et al.. 1098; Pérez-Pomares et al., 1997, 1908, 2002; 

Epicardium m 
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Figure-- 10. Schematic diagram depicting the fate of the epicardium derived mesenchyme Vdaptei 
Morahitoo ei al., 2001 . Subepicardial mesenchyme \les< is formed by cpicardial-mcsenchymal 
•• formation. This mesenchyme gives rise to coronan vascular smooth muscle cell- CYSM( . 

coronaryy endothelial cells En), perivascular ft i I Peril , or intermyocardial fibroblast 'MyoFj. 
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Girtcnhcrgcrr dc Groot cr ah, 1998; Manner er al., 1999; Yranckcn Pectcrs et ah, 1999). 

YCAM- 11 (Kwee et al„  1995j, (jt4-inregrin 'Yang et til., 1995) and Wilms' rumor-1 (Moore 

crr al., 19')')'}  deficient mice show a lack of proper epicardial formation and have an 

absencee of epicardial-dcriv ed mesenchymal cells. In I 'OG-2 deficient mice an intact 

epicardiall  la\ cr is formed hut no epicardial derived cells are formed (Tevosian et a!., 

2m)<i;.. These mice lack coronary vasculature and die at midgestation with a cardiac detect 

characterizedd bv a thin \entncular myocardium. 

Similarly,, epicardial outgrowth inhibition in a\"ian embryos resulted in 

abnormalitiess of the compact myocardial layer and coronary vasculature (Gittenbergcr-de 

Groorr et al., 20(10). In addition, scptation of the embryonic heart was disturbed. 

Mediastinum-derivedd mesenchyme 

Thee mesenchyme of the dorsal mesocardium and its protrusion into the lumen of the 

heart,, i.e. spina vestibuli. are considered to originate from an extra-cardiac source. 

Controversyy exists, however, about the origin or the mesenchymal cap of the primary 

atriall  septum. Hndothelial-to-mesetichvmal transformation has been found in rhe 

mesenchymall  cap (Arrechedera er al, 198"; Gerety and Watanabe, 199"), indicating 

endocardia!!  contribution to the mesenchyme. In addition, a substantial cap of 

mesenchymee was still present on the leading edge of the primary atrial septum in Ts l6 

micee that lacked their spina vestibuli (Webb <-'t al., 1999). These observations suggest thai. 

rhee mesenchyme of the cap of rhe primary atrial septum is derived from the endocardium. 

Onn sections of human heart, however, the mesenchyme of rhe spina vestibuli and the cap 

off  the primary arnal septum can he distinguished from the mesenchyme of the 

endocardiall  cushions on the basts of specific antibody staining (Wessels et al., 1996). 

Basedd on this difference in gene expression an extra-cardiac origin of the mesenchymal 

capp of the primary atrial septum has been suggested. 

Myocardiumm formation in intra- and extra-cardiac mesenchyme 

Thee heart rube is formed bv a continuous addition of myocardium to the anterior and 

posteriorr pole of the heart. At the venous pole this myocardial addition continues in the 

extra-cardiacc mesenchyme forming the cava! and pulmonary myocardium. In order to 

establishh a four-chambered heart, supporting two separate blood circulations, the tubular 

heartt remodels and becomes septaied bv fusion of the cardiac cushions, the mesenchymal 

capp of the primary atrial septum, the spina vestibuli and the ventricular septum A\ esseh 

crr al., 1996, 2000; Webb et al., 1998; reviewed in hamers and Moorman, 2(H)2;. This 

resultss in the formation of mesenchymal septa. However, in rhe adult heart, the part of 

thee outlet septum that is incorporated into rhe ventricular component is muscular (big. 
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11).. Thus, the mesenchyme of the proximal outlet septum has to be replaced bv 

cardiomyocytes.. The importance of myocardium formation during septation is suggested 

byy studies in which perturbated myocardium formation was correlated with congenital 

outfloww tract defects (Sanford et al.. 199"; Waller et al.. 2000; Bartram et al., 2001). 

Myocardiumm formation in intra- and extra-cardiac mesenchyme has been referred to in 

Figuree 11. The initial mesenchymal outlet septum becomes muscularized during subsequent 
development.. The outlet septum forms by fusion of the mesenchymal cushion tissue. In the adult heart, 
thee outlet septum is muscular indicating that the mesenchymal cells are replaced by cardiomyocytes. 

previouss studies (Okamoto et al., 1981; De la Cruz et al., 1989; Franco et al., 1999; 

Lamerss et al., 1995; Ya et al., 1998). However, only recently this process has received 

moree specific attention (Van tk-n 1 [off et al., 1999; Moorman el al., 2000; Mjaatvedt et al., 

1999).. Myocardium formation in the outlet septum of the chicken appeared to he a 

relativee late process in cardiac septation, being initiated around 111128 and being 

completedd around 111138 (Van den I loff et al., 1999). Using an in vitro explain assay, it 

wass found that the outflow tract was "myocardialization-competent" at all stages tested 

(HH16-HH30),, but formed spontaneously extensive myocardial networks from III120 

onward.. Myocardial network formation was induced by factors produced bv, most likely, 

thee non-myocardial component of the outflow tract. Ventricular myocardium, however, 

wass not found to form myocardial networks /'// vitro and to produce factors capable of 

inducingg myocardial networks. In this stuck, the myocardium formation was suggested to 

takee place by growth of existing myocardium into the mesenchymal outlet septum 

(mvocardiali/ation.. . 
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Ai mm of this thesis 

Thee aim of this thesis is to obtain more insight into the process of myocardium herniation 

afterr the initial formation of the linear heart tube and into the mechanisms underlying this 

process.. In chapter 2, the study of myocardium formation in the outflow tract or the 

chickenn heart (Van den Hoff et al., 1999) was completed by describing myocardium 

formationn in the atrioyentricular canal and venous pole. In chapter 3, the development or 

thee in vitro assay for mouse explants is described. In chapter 4, the myocardium formation 

inn the intra- and extra-cardiac mesenchyme in the mouse lias been studied as a basis tor 

studiess in transgenic mouse models. In chapter 5, the ctSMA expression in the 

myocardiumm forming regiems of the heart is described. In chapter 6, the potential of the 

proepicardiall  cells to differentiate into myocardial cells is investigated. In chapter 7, 

preliminaryy data providing more insight in the mechanisms underlying myocardium 

formationn is presented. At the end, a short summary is given. 
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ABSTRACT T 

Well-afterr formation of tbc primarv linear heart tube the mesenchymal cardiac septa 

becomee largely myocardial, and myocardial sleeves arc formed along the caval and 

pulmonaryy veins. This second wave of myocardium formation can be envisioned to be 

thee result of recruitment of cardiomvoevtes bv differentiation from flanking mesenchyme 

and/orr bv migration from existing myocardium (myocardialization). As a first step to 

elucidatee the underlying mechanism we studied in chicken heart development the 

formationn of myocardial cells within intra and extracardiac mesenchymal structures. We 

showw that the second wave of myocardium formation proceeds in a caudal to cranial 

gradientt in vivo. At the venous pole loosely arranged networks of cardiomvoevtes are 

observedd in the dorsal mesocardium from HH19 onward, in the atrioventricular cushion 

regionn from HH26 onward, and in the proximal outflow tract (conus) trom HH29 

onward.. The process is completed at HH stage 43. Subsequently, we determined the 

potentiall  of the different cardiac compartments to form myocardial networks in a 3D in 

vitrovitro culture assay. This analysis showed that the competency to form myocardial networks 

inin vitro is a characteristic of the myocardium that is flanked by intra- or extracardiac 

mesenchyme,, i.e. the inflow tract, atrioventricular canal, and outflow tract. These cardiac 

compartmentss can be induced to form myocardial networks by a temporally released or 

secretedd signal that is similar throughout the entire heart. Atrial and ventricular 

compartmentss are not competent and do not produce the inducer. Moreover, cardiac 

cushionn mesenchyme was found to be able to (trans-)differentiate into cardiomvoevtes in 

thee in vitro culture assay. The combined observations suggest, that a common mechanism 

andd molecular regulatory pathway underlies the recruitment of mesodermal cells into the 

cardiogenicc lineage during this second wave of myocardium formation through the entire 

heart. . 
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INTRODUCTIO N N 

Thee linear heart tube is formed by fusion of the paired mesodermal heart fields. This tube 

consistss of two concentric layers of cells, the outer layer being myocardium and the inner 

layerr endocardium that are separated by cardiac jelly (De Jong et al., 1997), During cardiac 

loopingg atrial and yentricular working myocardium are formed by local differentiation and 

proliferationn of the myocardium at the outer curyature (Christoffels et ah, 2000; 

Moormann et al., 2000a). Subsequently, the heart becomes septated bv fusion of 

endocardiall  cushion-derived mesenchyme, the mesenchymal cap of the primary atrial 

septum,, and the muscular atrial and ventricular septa (Moorman and Lamers, 1999; 

Wesselss et al., 1996; Wcssels et al., 2000). These mesenchymal septa become largely 

myocardiall  in later stages of development (De Jong et al., 1997; Mjaatvcdt et al., 1999; 

Moormann et al., 2000b). Thus, the formation of myocardial cells within mesenchyme 

consdtutess a wave of myocardium formation, to be distinguished from the primary 

myocardiumm that has directly formed from the mesodermal heart fields. Three 

mechanisms,, i.e. myocardialization, recruitment or a combination of both, can be 

envisionedd to underlie the second wave of myocardium formation. The second wave of 

myocardiumm formation is not limited to the cardiac cushions, but also observed at the 

distall  ends of the heart tube, resulting in the elongation of the tube in the anterior-

posteriorr axis (Viragh and ChalHce, 1973; De la Cruz et al., 1977; De la Cruz and Sanchez-

Gomez,, 1999). We dub this form of myocardium formation "recruitment", to 

discriminatee it from cardiomyogenesis of the paired mesodermal heart fields, and from 

myocardialization. . 

Myocardializationn denotes the process whereby cardiomyoevtes migrate into the 

mesenchymee of endocardial cushions (Van den Hof f et al., 1999). The cardiomyoevtes 

migratingg into the cushions seems to take origin from existing myocardium that faces the 

cardiacc cushion mesenchyme. This is based on the morphological observations that 

cardiomyoevtess appear to detach from existing myocardium. Direct evidence is, however, 

limited.. In vivo studies by De la Cruz and colleagues showed that beads inserted into the 

myocardiumm of the inner curvature ended up in the parietal (dorsodextral) ridge of the 

proximall  outflow tract (conus) (De la Cruz et al., 1977; De la Cruz and Sanchez-Gomez, 

1999).. If true, then the process of myocardialization is not a differentiative process 

wherebyy mesenchymal cells differentiate into cardiac muscle cells but rather a dynamic 

repositioningg process whereby existing primary myocardial cells actively migrate into 

spacess occupied by mesenchyme. Based on the morphological similarities between the 

formationn of myocardium in the outflow tract (OFT) and atrioventricular canal (AVC) 

cushions,, myocardialization has also been suggested to underlie the formation of the 

myocardiall  AVC septum and tricuspid valve (T.amers et a!., 1995; De la Cruz and 

Sanchez-Gomez,, 1999; Kim et al., 2001). Myocardialization shows interspecies 
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differences,, being much more extensive in avian than in mammalian hearts. (Lamers et a]., 

1995;; Van den Hoff et a)., 1999; Moorman et al., 2000b; Dc jong et a l, 1997; Kjm et al., 

2001). . 

Previously,, we described in detail the role of mvocardia!ination in the formation of 

thee muscular outlet septum (Van den Hoff et al., 1999). Aberrant mvocardialization of the 

OFTT has been observed in seyeral animal models of cardiac dysmorphogenesis in which 

involvementt of cardiac neural crest cells is implicated (e.g. ablation (KJrby, 1999), TGFJ32 

K GG (Sanford et al., 1997), Ts l6 (Waller et al., 2000), NF1 K.Ö (Brannan et al., 1994)). 

Thiss might suggest a role of cardiac neural crest cells in the process of mvocardialization. 

Iff  so, a different mechanism has to be proposed to underlie the formation of myocardium 

inn the inflow tract and the atrioventricular canal regions, as in the latter areas the "neural" 

contributionn is ven- limited (Kirbv, 1999; Poeltnann and Gittcnberger-de Groot, 1999; 

SohalcraL,, 1999). 

Alteringg the load of the embryonic chicken heart bv banding the OFT, does not 

onlyy lead to alterations in the ventricular component of the heart, but also in alterations in 

thee atrioventricular junction (Sedmera et al., 1999). Interestingly, whereas the myocardial 

AV CC septum had formed normally, the tricuspid valve had not become myocardial but 

hadd remained mesenchymal. This finding suggests that both mvocardialization and 

recruitmentt are operational during the development of atrioventricular junction of which 

onee is predominantly operational in the formation of myocardium in the valve and the 

otherr in the formation of the muscular AV C septum. 

Inn view of the above-mentioned observations and considerations we have 

extendedd our studies to the AVC and the venous pole (VP) of the heart. In this stud)-, wre 

morphologicallyy describe the second wave of myocardium formation in the AVC and VP 

whichh complements our description of this process in the OFT (Van den Hoff et al., 

1999).. Using an in ritro  explant culture system we show that AVC and VP explants have a 

stage-dependentt potential to spontaneously form myocardial networks in culture. We 

showw that cushion mesenchyme, which is devoid of flanking myocardium, can be induced 

too differentiate into myocytes, when co-cultured with an explant that is able to 

spontaneouslyy form myocardial networks in rifro. From these observations we conclude 

thatt recruitment of mesenchymal cells into the myocardial lineage might contribute to the 

secondd wave of myocardium formation in the heart. Finally we show that conditioned 

mediaa prepared from VP, AVC, and OFT explants-cutures that spontaneous!}- form 

myocardiall  networks in vitro, were found to induce myocardial network formation or early 

OFTss that under standard conditions do not spontaneously form myocardial networks in 

vitro.vitro. These results suggest that a similar signaling pathway is operational throughout the 

entiree heart regulating the second wave of myocardium formation. 
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MATERIA LL  AND METHOD S 

Chickenn embryos 

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

Loosdrecht,, The Netherlands), incubated at 37°C in a moist atmosphere and 

automaticallyy turned every hour. After the appropriate incubation times, embryos were 

isolatedd and staged according to Hamburger and Hamilton (1951) (Hamburger and 

Hamilton,, 1951). 

Immunohistochemistry y 

Lmbryoss were fixed in ice-cold Modified Amsterdam's Fixative (40% methanol: 40% 

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

paraplasmm Serial 7 um sections were prepared and mounted onto polvlysinc-coatcd slides. 

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

activityy was blocked using 3% H2O2 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 TENG-T (10 mmol /L Tris, 5 mmol /L EDTA, 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 MF20, a mouse monoclonal antibody specific to 

myosinn heavy chain (Hybridomabank, Iowa City, USA). Antibody binding was visualized 

usingg the indirect unconjugated peroxidase-antiperoxidase technique as described 

previouslyy (Sternberger, 1986) 

Scanningg electron microscopy 

Heartss were fixed in 2% paraformaldehyde and 3% glutaraldehvde dissolved in 0.1 mol /L 

sodiumm cacodylate. After an overnight fixation they were dehydrated in a graded alcohol 

series.. After critical-point drying in liquid CO2, tbc specimens were sputter-coated with 

goldd and studied using the scanning electron microscope Cambridge N2A. 

InIn  vitro explant cultur e system 

InIn vitro explant assays were performed according to the procedure previously described 

(Vann den Hoff et al., 1999). In short, the day prior to use, rat 1.5 mg/ml tail collagen tvpe 

11 gels (Collaborative Research Inc.) in M199 culture medium (Lif e Technologies) were 

preparedd in the wells of 4-well or 24-well NUNC plates. After polymerization, the gels 

weree equilibrated in complete Ml99 medium supplemented with penicillin/streptomycin 
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(pen/strep,, Lif e Technologies), 1% chicken serum (Lif e Technologies), 5 mg/ml insulin, 

55 mg/ml transferrin and 5 ng/ml selenium (ITS, Collaborative Research Inc.). 

Embryonicc chicken hearts were isolated under sterile conditions in filter-sterilized 

Earl'ss Balanced Salt Solution (EBBS, Lif e Technologies). The cardiac regions ot interest 

weree isolated, positioned on top of the drained collagen gel and allowed to attach to the 

gell  for at least 4 hours, prior to the addition of complete medium Ml99 or of medium 

thatt was conditioned for one week with the respective cardiac explants. Alter a culture 

periodd of 5 days (3?'C, 5% CO:,), the gels containing the explam(s) were rinsed with PBS 

andd fixed in ethanol at room temperature. Next, the gels were hydrated in a graded 

ethanoll  series and incubated with MF20. After extensive washing, the gels were incubated 

inn FITC-lahcled rabbit anti mouse serum (Nordic). Prior to analysis by confocal laser 

scanningg microscopy (Biorad MRC1024), the gels were extensively washed and mounted 

inn a solution of PBS, glycerol (50% v/v), and 50 |ag/ml sodium azide. 

Thee extent of myocardial network formation wras scored on an arbitrary scale, with 

scoress ranging from 0 to 4, using the foliowang criteria. A score of "0" was assigned to 

explantss of which the border was smooth and no myocardial projections could be 

observed.. When the edge of the explant was rough, containing only a few small 

myocardiall  protrusions ("spikes") on the surface of the collagen matrix, the explants were 

givenn a score of " 1 " . When the myocardial protrusions consisted of isolated groups ot 

ramifyingg myocardial cells, the explants received the score of "2" . A score ot " 3 " was 

assignedd to explants in which the ramifying myocardial protrusion had locally formed a 

myocardiall  3-D network into the collagen matrix. Finally, a score of "4" was given to 

explantss which showed extensive myocardial networks localized on top and into the 

collagenn gel around the entire explant. 

Thee results were statistically analyzed using a Kruskal Wallis nonparametric anova 

followedd by a multiple comparison of groups. For both tests a significance level of 0.05 

wass used. Only differences that were statistically significant are mentioned as such in the 

resultss section. 

RESULTS S 

Afterr fusion of the paired mesodermal heart fields, a primary heart tube is formed that 

comprisee an outer layer of cardiomvocytes and an inner layer ot endocardium that is 

separatedd by cardiac jellv (Fig. 1A). At the distal ends of the tube the myocardium is 

extended,, resulting in the formation of the myocardial distal OFT (truncus) and the 

muscularr mantle around the caval and pulmonary veins. I.'pon looping the right and left 

atriaa and ventricles balloon out from the primary heart tube bv local differentiation and 

proliferationn at the outer curvature. What remains to be septated is the remnant ot the 
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primaryy linear heart tube that is covered bv endocardial cushions and ridges. However, in 

thee formed heart most septa appear not to lie mcsenchvmal but are myocardial. Recently, 

\vcc have described the role of myocardialization in the formation of the muscular outlet 

septumm (Van den Hoff et al., 1999). Here, we focus on the contribution of recruitment of 

cardiomyocytess form mesenchymal cells during the second wave of mvocardium 

formationn in the more upstream parts of the heart. To this end, serial sections of staged 

chickenn embryos were immunohistochemicallv stained using a monoclonal antihodv 

dircctcdd against myosin heavy chain (MF2<>) to delineate myocardial from non-mvocardial 

cells.. For the sake of clarity we have divided the morphological description into three 

parts,, being the initiation (Fig. 1), ongoing (Fig. 2) and completion (Fig. 3) of second wave 

or'' myocardium formation. 

Initiatio nn of the second wave of myocardium formatio n in vivo (Figur e 1) 

Att H.H16 (Fig. 1A) the cardiomvocvr.es of ail cardiac compartments are still in an 

epitheliall  context. In the sinus venosus (SV) myosin staining is strongest at the sinuatrial 

foldd (sat) and tapers off in upstream direction, suggesting that at the distal border 

cardiomyocytess are still being recruited to the cardiogenic lineage from the mesoderm. At 

HH199 at the distal myocardial border of the VP myocardial protrusions can be observed 

tromm the flanking myocardium into the mesenchyme of the dorsal mesenchymal 

protrusion,, also known as spina vestibula, and dorsal mesocardium (dm) (Fig. 1 B). At 

HHH 21 (Fig. 1C) the cardiomyocytes flanking the dorsal mesenchymal protrusion and the 

dorsall  mesocardium have formed a network within this mesenchyme. At H.F125 these 

networkss have expanded and can be observed in the walls of the cava! veins and in the 

areaa ot the dorsal mesocardium where the pulmonary vein is developing (Fig. ID). In the 

AYCC mesenchymal cells have extensively populated the cushions and the border of their 

flankingg myocardium is smooth at HH25 (Panel IF!). At 1IH26 the interface between the 

myocardiumm and mesenchyme in both the ventral and dorsal cushion is smooth, whereas 

myocardiall  protrusions arc present in the lateral cushions (Fig. IF). 

Ongoingg of the second wave of myocardium formation in vivo (Figur e 2) 

Att 1II128 (Fig. 2A-D), when the descending atrial septum and the dorsal and ventral AYC 

cushionss have fused, extensive myocardial protrusions have formed from the AYC 

myocardium,, the top of the interventricular septum, and the myocardial core of the atrial 

septumm into the flanking mesenchyme (Fig. 2C-D). At this stage myocardial protrusions 
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Figuree 1. Onset of secondary cardiomyogenesis in the venous pole and atrioventricular canal in the 
developingg chicken heart. Normaski micrographs of immunohistochemicaUy stained sections of staged 
chickenn embryos. Ml sections were incubated with the monoclonal antibod\ (MF20) recognizing myosin 
heavyy chain. It is shown that from stage IIIII' » onward, myocardial protrusions arc present at the distal 
borderr  of the venous pole ih.it is (Tanked by the mesenchyme of the dorsal mesocardium and spina 
vestibuli.. In the atrioventricular canal, the first myocardial protrusions are identified in the lateral 
cushionss al HH26. A-1). I I rontal sections. I \ sagital section. (B—D, 1 An overview of the heart is 
shownn in the lower left corner. The boxed area in this overview indicates the region of the shown detail. 

Thee arrows point to myocardial protrusions. 

58 8 

http://ih.it


Myocardiumm formation in chicken 

H/H28 8 
las s 

RA A D D 

C C 

LA A 

B B 

LV V 

F\H/H30 0 

B B 

dc c 

LA A 

He e 

AVC C 

dm m 
lev v 

^tk ^tk 

LA A LA A 

RA A dc c 

GG RA 

rlc c avs s 

ivs s 

RV V 
LV V 

ivs s 

D D 
RA A 

dc c 

ias s H H 

LA A vv v 

ias s 

pv v 

dm m 

RA A 

59 9 



Chapterr 2 

weree stil! present into the mesenchyme ot both lateral AYC cushions (Fig. 2B and 2Gi, 

hutt had nor formed myocardial networks. Prom III126 to III132 extensive networks ot 

loosehh arranged cardiomvoevtes ure present at the most distal border ot the YP, where 

thee myocardium flanks the dorsal mesocardium. As an example, we show the myocardial 

networkss at the YP in a chicken of HH stage 3d (big. 2F-I P. In the mesenchyme flanking 

bothh the left and right cardinal veins (big. 2b(i extensive loosely arranged networks of 

cardiomvoevtess arc observed, that contribute to the myocardial mantle ot these veins. In 

thee dorsal mesocardium at the left site of the atrial septum, i.e. where the pulmonary veins 

aree located, extensive myocardial networks are present (Fig. 211). In the AV junction the 

initiall yy mesenchymal AY septum, located between the left and right atrioventricular 

orifices,, is becoming completely myocardial. The cardiomvoevtes in the AY septum are 

looseh-- arranged cardiomvoevtes at this stage (Fig. 2(i} . It should be noted that networks 

off  such looseh arranged cardiomvoevtes were newer observed in the working myocardium 

off  the atrial appendages and the ventricular chambers at anv ot the developmental stages 

analyzed. . 

Completionn of the second wave of myocardium formation w vivo (Figur e 3) 

Thee AY septum of the Mi l stage 35 chicken heart is entirely myocardial and forms a 

myocardiall  connection between the atrial and ventricular septum (Fig. 3A). At this stage 

thee developing AY valve at the left side of the heart, the mitral vake, is completely 

mesenchymall  ('Fig. 3b), whereas at the right side cardiomvoevtes are protruding into the 

mesenchymee of the valve leaflets of the tricuspid valve (Fig. 3C). At Ml 139, the tricuspid 

valvee is completely myocardial whereas the mitral valve has remained completely 

mesenchymall  (data not shown). At MI 143 the looseh arranged cardiomvoevtes that were 

observedd in the mesenchyme flanking the distal border of the YP, were not present 

anymore.. Instead, myocardium is found around the interior caval vein that reaches to the 

marginn of the liver (Fig. 3D-F). Myocardium surrounding the right superior caval vein is 

presentt up to the level where the subclavian vein drains (Fig. 3P, and F(:. Myocardium 

surroundingg the left superior caval vein extends slightly distal to the site where the 

Figur ee 2. Ongoing secondary cardiotmouvncsis in the venous pok- and atrioventricular canal in the 

developingg chicken heart. \o rm; iski micrographs of immunohistochemical iv stained sections ot staged 

chickenn embryos. All sea ions were incubated with the monoclonal annbod\ ('MP2u.- recognizing myosin 

heavyy chain. :' \} An overview ot" an f II 128 chicken heart. The boxed areas m : \; are shown in i l i - D ; . \l\; 

\ l \ o o m h all  protrusions in 'he left lateral cushion. •:'(!. D . Myocardial networks that contr ibute to the 

formationn of the m\ucardial atrioventricular s^prum rhat is ^ i jng b > connect the mtcranial and 

inierventncLtkii'' septum. ;l'..; \ n o\cr<.iew of an I tl l.iti chicken heart. The bo \ cd areas in <\.:. arc shown in 

T ' - l b .. T\; l.or«si.-|v arraneed cardiurm ocvics in the dorsal mesocardium flanking the let! caval vein. '(! ': 

Thee looseh' arranged cardiomvoo. fes diat comprise rhe myocardial atrioventricular septum and 

myocardiall protrusions in the ri^ht. lateral AY(i cushion. : | 1 . . The myocardial networks in die dorsal 

mesocardiumm in the region where the pulmonary \ etn is present. 
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azygouss vein drains (Fig. 3D). A myocardial mantle surrounding the common pulmonary 

veinn is found which tapers off after the bifurcation into the left and right pulmonary veins 

(Fig.. 3E and F). 

InIn  vitro explant assays: the different cardiac compartments (Figur e 4) 

Soo far, our //; vivo studies have not revealed significant differences in the morphology of 

thee cardiomyocytes contributing to the second wave of myocardium formation in the 

OFT,, AVC and VP. To assess whether upstream cardiac compartment are capable to 

formm myocardial networks in vitro, we explanted isolated cardiac compartments and 

assayedd whether they have the capacity to form myocardial networks into a collagen 

matrix.. Culturing cardiac explants of the VP, atrial appendages, AVC, left ventricle, and 

OFTT ot HH25-27 chicken hearts, we observed in daily inspections using Vare! 

modulationn optics that endocardial cells grow out of the explants on top of the collagen 

matrix.. In the cultures of the VP, AVC, and OFT large amounts of mesenchymal cells are 

observedd to develop in the collagen matrix below the endocardial cells. In the atrial 

appendagess and left ventricle explants it seems that only limited amounts of mesenchymal 

cellss are present, however it is not clear whether these reduced numbers are due to the 

factt that the explants are in general smaller or that they are less efficiently formed. 

Althoughh in bright field microscopical inspections myocardial protrusions can sometimes 

bee identified (see Fig. 4A), immunohistochemical visualization of the cardiomyocytes 

usingg the confocal laser-scanning microscope (CI.SM) allows the unambiguous 

identificationn of myocardial networks into the collagen matrix. These networks arc 

generallyy contiguous with the original VP, AVC or OFT explant (Fig. 4H, F, H, I, J and 

K).. The myocardial border of the ventricular (Fig. 4G) and atrial appendage explants was 

generallyy found to be smooth. However, in some instances myocardial protrusions were 

observedd that had grown out of the explants but had remained on the surface of the 

collagenn matrix. Comparison of myocardial networks formed in vitro using explants 

isolatedd from the respective cardiac compartments show many resemblances, suggesting 

thatt a similar mechanism regulates myocardium formation at both the arterial and venous 

polee of the heart. As \vc do not observe isolated cardiomyocytes within the mesenchymal 

celll  population in our in vitro cultures, it is unlikely that the cardiomyocytes are derived 

fromm differentiation of mesenchyme into cardiomyocytes. However, it cannot be excluded 

thatt mesenchymal cells differentiate into cardiomyocytes when thev are in direct contact 

withh existing flanking cardiomyocytes. The technical approach used in this study does not 

alloww to discriminate between both mechanisms. Such cell-fate studies wil l be pursued in 

forthcomingg studies. 
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Figur ee 3. Completion of secondary' cardiomyogenesis in die venous pole and atrioventricular canal of 
thee developing chicken heart. Normaski micrographs of immunohistochemically stained sections of 
stagedd chicken embryos. All sections were incubated with the monoclonal antibodj (MF20) recognizing 
myosinn heavy chain. A An overview of an H/H35 chicken heart. The boxed areas in A are shown in 
(B)) and C). B The mitral valve that has remained mesenchyme. C) The tricuspid valve in which the 
mesenchymee is almost completely replaced by myocardium. I) I The extent of the myocardial mantles 
thatt have formed in the wall of the cava! and pulmonary veins of an I I I143 chicken embryo. (D I [*h< 
samee embrvo with a spacing ^"" mm between (D) and (E) and 100 mm between I. and I i. Note that 
thee myocardium of the inferior cava! vein abrupdy slops when the cava! vein enters the liver. 
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InIn  vitro explant assays: the developmental window (Figure 6) 

Too further uncover the characteristics of the formation of myocardial networks in YP and 

AV CC explains, we determined the developmental window between MI 114 and HI 133 for 

spontaneouss formation of myocardial networks of these cardiac compartments /// rilro. 

Sincee during this developmental period the morphology of the heart changes dramatically, 

aa ser of scanning electron microscopical pictures was prepared (Tig. 5) in which we 

indicatedd which parr was included in rhe different cultures from the ditkrent 

developmentall  stages. 

Dailyy inspection of these explant cultures showed thai endocardial and 

mesenchymall  cells grow out of the explains, on and into rhe collagen matrix, respectively. 

Thee amount and extent of this outgrowth seems to be directly related to the size or. the 

initiall  explains rather than to the developmental stage, though in cultures trom atrial 

appendagee explains limited numbers of mesenchymal cells were present. In some 

instancess beating cells could already be observed adjacent to the initial explant attcr the 

secondd dav of culture. To be able to unambiguously identify the myocardial networks in 

thee collagen gel, we cultured the explains for 5-" days and stained the cardiomvocytes 

immunofluoresccntly.. We were not able to follow the cultures for longer periods because, 

partlyy due to the vigorous contraction of the older explants, the collagen gels tend to 

collapse,, which prevents their further analysis. 

Analyzingg the extent of the myocardial networks that were formed in YP explants 

<<

Figur ee 4: (Jiaracteristte examples of ihe extent of cellular outgrowth of the- different cardiac 

compar tmentss raken from HH25-2" chicken embryos. Panels A T show the venous pule arrcr rive days 

off  culture, panels D T she atrioventricular canal, panels G and b the left ventricle, and panels l - \ the 

outf loww tract. Panel A, L), G and I are Yard modulat ion micrographs taken at the end of rhe culture 

period.. Al l Yard modulat ion micrographs are raken at rhe same magnification '5x} . Note that in all 

culturess endocardial and mesenchimal cells have populated the collagen matrix, and that in panel A at the 

topp of the initial explant 'darkest pan; myocardial pnunburn*; can be identified whereas in panel D, G 

andd I no mvocardial p ro fus ions can he seen. To establish whether myocardial protrusions are present a 

specificc cel l 'marker is essential. Panels B, C ]•'.. 1\ Id, J, K and L show brightest point projections of 

( T S MM stacks of rhe respective explants after immunofluorcsccnrlv staining ot the myocytes using the 

monoclonall antibody \ l l '2 i i . Panels B, I. and | are taken at a magnification of 5 times and the boxed 

areass .ire shown in rhe adjacent panels ''Panels 1 , H. and K; !0x magnification and panels ('.. L-M: 2Mx 

magnification.... Note that irrespective of die cardiac compar tment cultured, the mvocardial networks that 

havee formed in the collagen matrix resemble each oilier closely. T o illustrate that nut all cells in die-

collagenn matrix stain with MI:2U and that isolated individual myocytes are not present in the 

mesenchyme,, the outflow tract explants were not only stained with MI;2l) 10 identity the myocytes (panel 

| T ; ,, but also with propidium iodine 10 idcnrin all nuclei -panel \ b . Panel \ show*, the merged images ot 

panekk j , .uid M. iliusi rating that nuclei of no Ml:'2i i-suined cells are present around rhe myocytes :.MF2n 

stained; ; 
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Figuree 5. Scanning electron 
microscopicall  images showing 
charac-teristkk examples of the the 
differentt developmental stages used 
inrhee in vitro analysis. \. 15 A 
ventrall  and dorsal view, respectively, 
off  .! heart of I II I  stage 16; C, 1) 
Mi ll  stage 21; (E, F III ! stage 24; 
;G,, II I il l stage 27; I, J Mil stage 
29.. ()n each micrograph, die lines 
indicatee the edge- where the 
differentt compartments are cut to 
isolatee the respective parts .. 
inn the /'// ritro  secondair 
cardiii  »mvogenesis assa\. 
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rangingg trom 111114 up to F1H33 (Fig. 6), showed that in all stages tested extensive 

myocardiall  networks were formed from a restricted area or the explant (score 3). These 

myocardiall  networks are essentially similar to the examples shown in higurc 4. In neither 

off  these explant cultures individual cardiomvoevtes were located in the mesenchyme. As 

thee atrial appendages do not demonstrate significant spontaneous myocardial network 

formationn in vitro (predominantly score (.)) (Fig. 6), the YP explains that include rhe atrial 

appendages,, can not form myocardial networks all around the explant (score 4). In about 

onee fifth of all atrial appendage explants analyzed, protrusions or individual or small 

groupss of cardiomvoevtes were observed that had grown our or the explant onro the 

surfacee of the collagen gel (score 1 and 2). revaluation of AYC explants /); vitro showed 

thatt the myocardial border of AYC explants remained smooth until HH24, after which 

myocardiall  ramifications into rhe collagen matrix were formed. 

Inductio nn of myocardium formation by conditioned media (Figur e 7). 

Wee previously reported that under standard culture conditions II I 116 OhT explants are 

nott able to spontaneously form myocardial networks into a collagen matrix. However, 

thesee carlv OFT explants are already competent, because media conditioned bv late 

O'FTs,, which had formed extensive myocardial networks, can induce the formation of 

myocardiall  networks. Furthermore, left ventricle explants were found not to be 

competentt and conditioned media derived from late left ventricles were not able ro 

influencee the formation of myocardial networks (Yan den Hotf ct a!., 1999). Since the 

AY CC explants accjuire in a similar wav as O hT explants the capacity to spontaneously 

formm myocardial networks during development, we wondered whether early AYC 

explantss like carlv OFT explants are competent to form myocardial networks bur do nor 

doo so due ro absence of the proper factors. To this end we cultured OKI" and AYC 

explantss ranging in developmental stage from HI114 up to HH24 in standard culture 

mediumm and different conditioned media. 

AYCC explants up to HH24 do generally not spontaneously form myocardial 

networkss into the collagen gel, whereas OFT do so from 14II21 onward. The different 

explantss were cultured in diluted conditioned media prepared trom HH25-2" AYC, O hT 

andd YP explants that form extensive myocardial networks /;/ vitro and in diluted 

conditionedd medium derived from 111125-2'" left ventricle explants rhat do not form 

myocardiall  networks (negative control). The conditioned medium derived trom late AYC 

explantss did not induce the formation ot myocardial protrusions or networks in HH14-15 

AY CC or OhT explants, whereas myocardial protrusions were observed when HH16-1 

AY CC or OFT explants were tested. Culturing HH21-24 AYC explants in this conditioned 

mediumm even resulted in the formation of extensive myocardial networks. IIH21-24 

OFTss were not tested as fhev are already able to spontaneously form myocardial 
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developmentall stage (H/H stage) 

Figuree 6. Developmental 
windoww ot in vitro 
secii  indary 
cardiomyogenesiss of the 
venouss pole, atrial 
appendagess unci 
atrioventricularr canal 
explains.. The extent oi 
myocardiall  network 
formationn in 1.5 mg/ml 
collagenn gels In venous 
pole,, atrial appendages 
airio\\ entricular canal 
explainss herween stage 
11/HII  4 and 11/1133 (x-
. i \ i \\ was assessed after 3 
dayss in culture as 
describedd in Materials and 
Methods.. On the y-axis, 
thee extent ol the formed 
myocardiall  networks is 
expressedd in arbitrary 
units.. Each point in the 
graphh is based on the 

siss ot a separate in 
vitroo experiment. When 
tooo many data points 
weree present, a box 
indicatingg the number of 
assayedd explants is 
indicated. . 

networks,, and we arc not able to quantify the extent of the myocardial networks, as yet. 

Performingg a similar assay bur now with late OFT conditioned medium showed 

essentiallyy the same results, with the exception that this conditioned medium was also 

ablee to induce the premature formation of myocardial networks in I II I 14 15 OFT. 

Conditionedd medium derived trom the VP was able to induce premature formation of 
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myocardiall  networks of I IN 16 17 AVC and OFT explants, whereas conditioned medium 

derivedd from left ventricle was unable to do so. Taken together these observations show 

:: that OFTs at all developmental stage are competent to form myocardial networks 

providedd the proper signals arc present, (ii) that the AVC acquires the competency to 

formm myocardial networks herween HI 115 and HH16, and (iii ) that the signal 

transductionn pathway regulating the formation of myocardial networks is suggested to be 

similarr at the arterial and venous pole of the heart. 

standardd AVC-CM OFT-CM VP-CM LV-CM 

H/HH stage 

Figuree 7. Conditioned medium induces • formation of myocardial networks. The inducing capacity 
off conditioned media 'CM prepared from different compartments of the chicken heart at HH25-2 (top 
o)) figure was tested on atrioventricular canal (panel A) and outflov tract panel B explants ranging in 
developmentt ' i ., from l l l l i i to HII24 (x axis). The conditioned media were diluted 111- (squares or 
1(1111 triangles) fold in standard M199 medium supplemented with insulin, transferrin and selenium, I"-" 
Chickenn serum and penicillin and streptomycin 'circles;. On the \ axis the extent ol the formed 
myocardiall networks is expressed in arbitrary units. Each point in the graph is based on the analysis > <\ 
separatee /// vitro experiment. Abbreviations: WC: atrioventricular canal; CM: conditioned medium; I.Y: 
leftt ventricle; OFT: outflow tract; VP: venous pok-. 

Involvementt  of recruitment in the second wave of myocardium formation (Figure 

8) ) 

Too assess whether the myocardial networks are formed by existing cardiomyocytes that 

migratee into the collagen matrix or by mesenchymal cells that differentiate into 
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cardiomvocytes,, we initiated HH25-26 OFT ridges cultures, [mmunofluorescent staining 

off  these explants after one or five davs oi culture (Fig. 8A), showed hardlv any 

cardiomyoc\'tess (Fig. 8B) in 80°/o of these cultures (Fig. 8C) whereas manv endocardial 

andd mesenchymal cells were present in all explains analyzed. The presence of 

cardiomvocytess in these cultures might be due to contaminations, hut is more likely due 

too endogenous activation, i.e. mesenchymal cells have already been induced to (trans-) 

differentiatee into cardiomvocytes. When these ( )FT ridge explains were co-cultured for 5 

dayss in the presence of an II I I2.~o2_ ()FT, comprising myocardium, epicardium and ridge 

Figuree 8: Mesenchymal cells of the- OFT ridges can be induced to (trans-)differentiate into 
cardiomvocytes.. Panel A shows a Varel modulation micrograph of an entire HH25-26 OFT ridge 
mesenchymall  explant. L'sing bright field elimination no differences were observed in die OFT 
mesenchymall  ridge explants between control and co-culture experiments, although in co-cultures often a 
contractt rcgi n could be identified. Panel B shows a typical example oi a ridge mesenchyme cxplani 
culturee in which a few cardiomvocytes are identified, whereas panel D - i field of 

cardiomvocytess that are round in the ( 'I T ridge mesenchyme explant when co-cultured with a I II I25-2-

OFT,, comprising ol myocardium, ridge mesenchyme ami epicardium. In panel C • • t: of 44 
individuall explant experiments, 23 controls white bars and 21 co culture: 
inn both the control and the co-culture groups : senchymal explant: ii h ir groups, 
comm ining no cardiomvocytes, 1-5 and 6-10 cardiomvocytes, u i field of < cytes. The bar in 
panelss A. B and D is 300 urn. 
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mesenchyme,, in more than hal ye or" the ridge mesenchyme explains a field of 

cardiomyocytcss had formed fFig. SC and D). The HH25-2" ()f :T had normally seeded 

endocardiall  cells and mesenchymal cells, and had formed a myocardial network into the 

collagenn matrix (c.f Fig. 41-N). It is highly unlikely that the field or cardiomyocytcs round 

inn the OFT ridge mesenchymal explain in the co-culture experiments is derived trom thc 

latee OFT, as both explains were positioned a tew millimeters apart on the collagen matrix. 

Preliminaryy observations seem to suggest that formation ot cardinmvoevtes in the ( )FT 

ridgee mesenchymal cultures is decreases by increasing the initial distance between the two 

explains. . 

Takenn together these observations indicate that ridge mesenchymal cells can be 

recruitedd to (rrans-)diftcrentiatc into cardiomvocvt.es provided the proper signals are 

present. . 

DISCUSSION N 

Thee primary heart tube develops from the splanchnic mesoderm of the cardiac crescent. 

Duringg subsequent cardiac development cardiac muscle cells are added to the heart tube 

att both the venous and arterial pole, and the mesenchymal cushion tissue becomes largely 

muscular.. This second wave of myocardium formation has been an underexposed issue 

soo tar. 

Caudo-craniall  gradient in the second wave of myocardium formation in vivo. 

Immunohtstochemicall  analysis of sections of staged chicken embryos using a monoclonal 

antibodyy f\iF20) directed against myosin heavy chain not only identified networks of 

looselyy arranged cardiomyocytcs in the forming muscular outlet septum but also at the 

VPP and AYC, These observations are in agreement with earlier studies (Buell, 1922; 

Nathann and Cloobe. 1CF(); Chin et al„  1992; Fndo et a!., 1992; Jones ct ah, 1994; Van den 

!!  ioff et a!., 1999). The myocardial protrusions appear in the flanking mesenchymal tissues 

inn a caudo-cranial-gradient. The first myocardial ramifications are identified ar the border 

betweenn the myocardium and the dorsal mesocardium ar HH19, subsequently at ihe 

myocardiall  borders flanking the endocardial cushions ot the AYC at J1H26, and 

eventuallyy at the myocardial borders flanking the endocardial ridges in the OFT at f IF12K 

fseee figure 1 and Van den Hotf et ak, 1999). As a result ot this relatively late process of 

myocardiumm formation the following myocardial structures have been added to the initial 

heartt tube: (\) the pulmonary and cava! myocardium, (2) the smooth-walled atrial 

myocardium,, (3) the myocardial atrioventricular septum, (4) the muscular tricuspid valve, 

(5)) the muscular outlet septum, and (6) the distal outflow tract (truncus). It should be 
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notedd that in chicken the extent of pulmonary myocardium into the lungs is ven*  limited 

comparedd to mammals, and, secondly, that in mammals the tricuspid valve remains 

mesenchymal. . 

InIn  vitro analysis of the second wave of myocardium formation . 

Ass a first attempt to approach the underlying molecular mechanisms that are responsible 

forr the induction and regulation of this relative late process of myocardium formation, we 

havee used a previously developed in vitro explant culture assay (Van den Hoff et al., 1999). 

Inn this assay different cardiac compartments of various developmental stages are cultured 

onn thick collagen matrices. In these cultures endocardial and mesenchymal cells are 

formed,, and myocardial ramifications are formed on and into the adjacent collagen 

matrix,, provided the proper compartments and stages are cultured. The capacity to form 

myocardiall  networks /// vitro was found to be developmental stage and cardiac 

compartmentt specific. Explants taken from the atrial appendages (Fig. 6) or left ventricle 

(Vann den Hoff et al, 1999) formed hardly any myocardial protrusions at either of the 

developmentall  stages analyzed. These observations are in line with the in vivo finding that 

myocardiall  networks are never observed in the forming working myocardium of the atria 

andd ventricles. E^urthermore, we found that explants taken from the working myocardium 

off  both the atria (data not shown) and ventricles (Van den Hoff et al., 1999) are never 

competentt of forming myocardial networks in vitro. On the other hand, explants taken 

fromm the VP spontaneously form myocardial networks from the earliest stages analyzed 

(HH14)) onward, AVC explants from HH 25 onward and OFT explants from HH21 

onwardd (Figs, 6 and 7). 

Thee capacity of the AVC explants to spontaneously form myocardial networks in 

vitrovitro develops relatively late. One could speculate that in the AVC besides inducing also 

inhibitoryy activities of secondary cardiomyogenesis are present, owing to the fact that in 

thiss regiem the mitral valve remains mesenchymal, whereas the tricuspid valve and the 

atrioventricularr septum become myocardial. In line, early AVC explants that do not 

spontaneouslyy form myocardial networks are competent to do so (Figure 7). In addition, 

AV CC conditioned medium was found to be a less potent inducer of myocardial networks 

inn early OFT explants than late OFT conditioned medium. 

Th ee mechanism underlyin g the second wave of myocardium formation . 

Thee mechanisms underlying the formation of the myocardial structures after the 

developmentt of the initial linear heart tube are not vet clear. Our analysis of the second 

wavee of myocardium formation revealed that newly formed myocardial networks are 

alwayss contiguous with the flanking myocardium both in vivo (Fig. 1-3) and in vitro (Fig. 4); 

71 1 



Chapterr 2 

isolatedd cardiomyocvtes were never observed in the mesenchvme. These observations do 

nott allow discrimination of mvocardialization versus recruitment as the mechanisms 

underlyingg the second wave of myocardium formation. Thcv do, however, suggest that 

eitherr a secreted myocardial factor is involved that functions in close proximity or that a 

directt interaction between mesenchvme and mvocardium is essential. Both mechanisms 

mayy operate in parallel. It is observed that the mvocardium flanking the intra- and 

extracardiacc mesenchyme is initial smooth and forms then myocardial protrusions into 

thee adjacent mesenchyme (migration). Instead of actively migrating into the mesenchvme, 

thesee cardiomyocvtes may recruit neighboring mesenchymal cells to differentiate into 

cardiomyocvtes.. This latter hypothesis unifies both mvocardialization and recruitment 

intoo one mechanism. 

Att the arterial pole the heart is elongated bv the formation of the myocardial 

mantlee of the distal OFT (truncus). A growing body of evidence suggests that the origin 

off  these added cardiomyocvtes is the result of dit teren tiation ot splanchnic mesoderm 

tromm the anterior heart field located in the posterior wall of the aortic sac (De la Cruz and 

Sanchez-Gomez,, 1999; Mjaatvedt et al., 2001). The boundaries of the anterior heart field 

havee not yet been fully delineated. 

Att the venous pole of the heart, the newly formed mvocardium contributes to the 

caval,, pulmonary, and smooth-walled atrial mvocardium (Jones et al., 1994; De la Cruz 

andd Sanchez-Gomez, 1999; Gerety and Watanabe, 1997; Webb et al., 1998; Wessels et al., 

2000;; Millin o et al., 2000; Franco et al., 2000). To what extent both mechanisms are 

operationall  in this second wave of myocardium formation in the different compartments 

iss still uncertain. Based on electron microscopical analyses of the cells at the distal ends of 

thee myocardium, it was suggested that at the venous pole cardiomyocvtes locally 

differentiatee from mesenchyme, implying that cardiac muscle cells are added to the heart 

(recruitment)) (Viragh and Challice, 1973; De la Cruz et al., 1 9 "; De la Cruz and Sanchez-

Gomez,, 1999). Reminiscent to the anterior heart field such an area at the venous pole 

couldd be dubbed the ''posterior heart field". However, based on the detailed analysis of 

thee expression pattern of alpha-mvosin heavy chain (aMHC) mRNA, it was suggested 

thatt the cardiomyocvtes in the pulmonary' and caval veins originate from existing atrial 

myocardiumm (Jones et al, 1994), i.e. mvocardialization. In line, the analysis of transgenic 

mice,, in which the lacZ gene was driven by a truncated Troponin I promoter, suggested 

thatt cardiomyocvtes originating from the atria populate an initially formed primitive 

venouss network in the lung parenchyma comprising smooth muscle and endothelial cells 

(Millin oo et al., 2000). Nevertheless, it is difficul t to envision that cardiomyocvtes from the 

venouss pole actively migrate into the lung down to the fourth branching of the 

pulmonaryy veins in mice. 

Recruitmentt of mesenchymal cells into the cardiogenic lineage is not limited to the 

elongationn of the heart tube at its distal ends, but also contributes to the formation of the 
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septaa derived from the fusing endocardial cushions. Cultures of cushion mesenchyme 

weree tound to contain hardly any cardiomyocytes when immunofluorescentlv stained with 

MF200 atter one or five days of culture (Fig. 8). When these cushion mesenchyme explants 

weree co-cultured in the presence of a late cardiac explant, comprising myocardium, 

epicardiumm and endocardial cushions, more than half of these mesenchyme cultures had 

formedd a field of cardiomyocytes. These observations suggest that mesenchymal cells 

fromm the cushions are able to differentiate into cardiomyocytes provided the proper 

signalss are present. Although, we do not have any clues on the nature of the signals, bone 

morphogeneticc proteins and/or fibroblast growth factors might be promising candidates, 

ass evidence is accumulating that they arc of crucial importance in the regulation vertebrate 

cardiogenesiss (Parlow et at., 1991; Schultheiss and Lassar, 1999; Schlange et al., 2000; 

Barronn et al, 2000). Wc are currently pursuing this hypothesis. 

AA next question that arises is which cell type of the cushion mesenchyme (trans-) 

diftee ren dates into cardiomyocytes. Cushion mesenchyme is derived from the 

endocardium,, cardiac neural crest and epicardium. The endocardially derived-

mesenchymee is the most-likely population to (trans-)different!ate into cardiomyocytes, 

becausee quail-to-chick chimeras tracing the fate of the pro-epicardium (Dcttman et al., 

2001;; Manner, 1999) or the cardiac neural crest (Waldo et al., 1998), have never shown to 

contributee quail cells to the cardiomyocyte lineage of the heart. In this context it is also 

importantt to appreciate the developmental origin of endocardial-derived mesenchymal 

cellss in the heart. From the cardiogenic splanchnic mesoderm cardiomyocytes 

differentiatee as well as endocardial cells (Finask et al., 1997), which temporall}' express 

bothh endocardial and myocardial markers (De long et al., 1987; Wunsch et al., 1994). 

Subsequentlyy a subpopulation of the endocardial cells, lining the endocardial swellings, 

transformm into cushion mesenchyme (Markwald and Wessels, 2001). We have now 

demonstratedd that part of this mesenchyme can differentiate into cardiomvocytes. In fact 

thiss is reminiscent to the mesenchymal cells that differentiate into myocardium at the 

extremitiess of the cardiac tube. These cells are also of splanchnic mesodermal origin 

(Viraghh and Challice, 1973; De la Cruz et al., 1977; Dc la Cruz and Sanchez-Gomez, 

1999). . 

Thee muscularization of the endocardial cushions of the OFT and AVC regions 

seemss to be more complex. In me regulation of myocardialization of the OFT a role of 

neurall  crest cells seemed attractive. First, OFT explants spontaneously form myocardial 

networkss from HH 21 onwards, which correlates in time with the arrival of cardiac neural 

crestt cells in the OFT (kirby, 1999). Secondly, precocious myocardial network formation 

cann be induced in early OFTs using conditioned medium derived from the mesenchymal 

distall  OFT that mainly comprises cardiac neural crest cells (Van den Hoff et al., 1999). 

Cardiacc neural crest ablation experiments in chickens result in OFT abnormalities (Kirby, 

1999),, and in the Trisomy 16 mouse aberrant myocardialization is observed in relation to 
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abnormall  invasion of neural crest cells into the arterial pole or the heart (Waller er al., 

200'!}. . 

Interestingly,, O I T banding of the embryonic chicken heart leads ro a range of 

abnormalitiess among which aberrant myocardium formation in the tricuspid valve 

withoutt effecting the formation of the myocardial AYC septum (Sedmera et ah, 1999;, 

suggestingg that both mvocardiali/alion and recruitment are operational in the 

developmentall  of the atrioventricular junction. In chicken [he parietal OFT ridge extends 

viaa the inner curvature into the AVC (De jong et al., 199"), allowing OFT cushion 

mesenchymee to contribute to the mesenchymal component of the AYC. O FF banding 

seemss to hamper the invasion of neural crest cells into the heart not only resulting in a 

rangee of OFF abnormalities but also reduces the already limited contribution of neural 

crestt cells to the AYC (Kirbv, 1999; Poelmann and Giltenberger-dc Groot, 1999; Sohal et 

al.,, 1999; Poelmann et al., 2000). Subsequently, the reduced contribution of neural crest 

cellss to the AYC cushions may lead to aberrant mvocardializarion and Lts a consequence 

thee tricuspid valve remains mesenchymal. This conclusion is in line with (/) the above 

discussedd observations on the formation of the muscular outlet septum, (//) the 

observationn that AYC explains form relatively late myocardial networks in vitro (lag. 6) 

comparedd to OFT explains (Fig. 7B), and (//'/) that conditioned medium derived from late 

OFTss is able to induce precocious network formation in early AYC explains in vitro (Fig. 

-A) . . 

Assumingg that the OFT banding experiments (Sedmera et al., 1999) reduce the 

neurall  crest cell contribution thev arc hardly involved in recruitment of cardiomyocytes 

fromm mesenchyme, because the myocardial AVC septum forms normally. This is 

corroboratedd by the observations that (/) explains of the \'P do torm myocardial 

networkss in vitro form HI 114 onwards (Fig. 6}  and iji)  cardiomyocytes differentiate in 

explantt cultures of the mesenchymal l l i l l ó aortic sac (Mjaatvedt et al., 2010), it is ven' 

unlikelyy that neural crest cells influence the differentiation of cardiomyocytes in these 

explainss because the neural crest cells only start to invade the arterial pole at F11.I21 and 

havee not been reported to invade the heart at the venous pole in significant amounts 

(Kirbv,, 1999; Poelmann and Gittenberger-de Groot, 1999; Sohal et al., 1999). 
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Thee in vitro explant assav, which is the main experimental method used to study 

myocardiumm formation will be described in this chapter. This /// vitro explain assay has 

beenn developed bv \ 'an den I loff et al., f 1999}  for chicken cardiac explants. To elucidate 

thee molecular mechanisms underlying mvocardium formation, the use of transgenic mice 

iss advantageous. In several mouse models of cardiac dysmorphogenesis, aberrant 

muscularizationn of rhe outlet septum has been observed, being transforming growth 

factorr p2 (TCif:p2) KO ('Sanford et al., 1997; Bertram et al., 2001), trisomy 16 (Tsl6; 

Wallerr et al., 2000), ncurofibromin-1 k( > ;Brannan et ah, 1994). Analyzing myocardium 

formationn in these transgenic mice /// vitro might facilitate the assessment of the molecular 

mechanismss underlying myocardium formation in intra-cardiac mesenchyme. To allow 

thee studv of mvocardium formation of these transgenic and wild type mice, the /// vitro 

assavv for chicken explants had to be adapted lor mouse explains. Both rhe explain assay, 

whichh has to permit mvocardium formation in vitro, and the immunofluoresccnt staining 

procedure,, which is required to distinguish the cardiomvoevtes from other cell types, had 

too be adapted. 

Backgroundd of the in vitro assay 

Myocardiumm formation in embryonic chicken heart has been studied using an /// vitro 

systemm (Van den 1 loff et al., 1999). This culture svstem was based on the collagen lattice 

svstemm developed to studv endocardial-to-mesenchvmal transformation in the 

atrioventricularr canal and outflow tract of the developing heart (Runyan and Markwald. 

1983;; Ramsdell and Markwald, 199^). To studv mvocardium formation /'// vitro, cardiac 

explantss of chicken embryos were isolated in RaiTs balanced salt solution (TBSS), cut 

openn and put onto a gel of polymerized rat-tail collagen type I with the endocardial 

surfacee towards the gel. Prior to the addition of M 199 medium, the explants were allowed 

too attacli to die gel. During subsequent culturing cells grow our of rhe explant on top and 

intoo the gel. The cells on top of the gel appear in a monolayer and could be derived from 

thee endocardium and/or the epicardium, depending on the developmental stage cultured. 

Mesenchymall  cells are observed in the collagen underneath the monolayer and 

underneathh the explant. These mesenchymal cells are already present at rhe start of the 

culturee and originate from the cushions or the subepicardium, or are formed by epithelial-

to-mcsenchvrnall  transformation from the monolayer formed during the culture. To 

analyzee mvocardium tormation />/ ritro, the myocardial cells have to be identified. Beating 

activityy can reveal the location of cardiomvoevtes, although it should be noted that these 

beatingg myocytes impose 'apparent contractions1 on the surrounding, non-myocyte cells. 

Too distinguish myocardial cells from other cell types, the explants were 

immunofluorescenrlvv stained after the culture period using a myosin heavy chain-specific 

antibodyy (Ml'20; table la). The myocardial cells were visualized by con focal laser scanning 

microscopy.. Testing different collagen concentrations, it was found that 1.5 mg/ml was 
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thee optimal concentration of collagen. This concentrations allows myocardium formation 

too occur and makes the collagen-cxplant combination resistant to the different steps of 

thee immunofluorescent staining procedure. Furthermore, it was established that addition 

off  chicken serum to the culture medium (\":\>  v/v) was essential for successful culturin̂  of 

thee explants. Addition of ITS (5 |ag/ml insulin, 5 |Ug/ml transferrin and 5 ng/ml 

selenium)) was advantageous tor the survival of the cardiomvoevtes (Sugi and Lough, 

1995).. Studies on myocardium formation in chicken cardiac explants (Van den Hoff ct a!., 

1999;; 21)01) showed that myocardium formation in this in vitro assav resembled 

myocardiumm formation in riro, confirming that this assay is suitable for 3-dimensional 

analysiss of myocardium formation. 

Developmentt of the in vitro assay for mouse explants; the culture assay 

Cultur ee medium 

Too establish a culture assay that allows cukuring of mouse cardiac explants for up to one 

week,, we set out to culture mouse cardiac explants in the chicken explant condition 

withoutt any modification. The mouse explants were followed bv varcl modulation 

microscopyy on a daily basis to assess the formation of the monolayer surrounding the 

explantt and mesenchymal cells below the monolayer. The formation of myocardium was 

nott yet evaluated, as immunofluorescent staining of these cultures was not possible vet. 

Thesee experiments showed that the formation of a monolayer and mesenchymal cells was 

veryy limited in mouse explants compared to chicken explants. 

Mediumm 199, which is initially developed to culture chicken fibroblasts (Morgan et 

al.,, 1950), was exchanged for DMF,M/F12. The rationale was that DMHM was originally 

usedd tor culturing whole mouse embryos (Dulbecco and Freeman, 1959), that Ham's F12 

wass initially used to propagate hamster cell lines (Ham, 1965), and that the combination 

ott DM.KM and Ham F'12 is successfully used to routinuousiv propagate most vertebrate 

celll  lines. Despite this the viability of the explants cultured in Ml 99 was better than that 

off  explants cultured in DMKM/F12. 

I.'singg medium 199 in the in vitro explant assay, we observed differences in 

epitheliall  and mesenchymal outgrowth that correlated with different batches of 

commerciallyy obtained medium 199. It is a genera! contention that glutaminc, which is a 

non-essentiall  amino acid that serves as an important precursor for nucleotide and protein 

synthesis,, is rapidly hydrolyzed in growth medium (t; 2= 15 davs; Romijn et al., 1984;. 

Sincee the growth medium is shipped to use at ambient temperature, glutamine might no 

longerr be found in the medium. To provide sufficient glutamine, we tested medium 199 

supplementedd with (ilutamax, which is a stabilized glutamine, or with an additional 

amountt of fresh glutamine (GibcoBRL). These experiments showed that medium 199 
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withh glutamax did not support viability <>t the: cardiac explains. The supplementation of 

ann additional dose ot glutamine appeared to increase reproducibility of epithelial and 

mesenchymall  outgrowth. 

a)) Cardiomyocyte-staining procedure for 
chickenn explants (Van den Hoff et al., 1999, 

21X11) ) 
Afterr the culture period the explants were: 
•• Rinsed with PBS 

•• Fixed in 70% ethanol for 3(.) minutes 

•• And 100% ethanol for 1 hour 
•• 70% ethanol for 30 minutes 
•• 50% ethanol for 30 minutes 
•• 30% ethanol for 30 minutes 

•• 2x bidest for 111 minutes 
•• 3x PBS for 10 minutes 
•• Block in PBS/1%BSA / 5 % rabbit serum 

forr at least 2 hours 
•• Incubation o / n with MI ;20 diluted in 

PBS/1%BSA A 
•• Washing in PBS/1 %BSA for 10 and 30 

minutes s 
•• Incubation with P'lTC-labeled rabbit anti-

mousee for at least 3 hours in 

P B S / l % B S A / 5 %% rabbit serum 
•• Washing in PBS/1%BSA tor 2x 10 minutes 

andd lx 30 minutes 
•• P B S / l % B S A / 5 0 % glycerol (with 50mg/ml 

sodiumm azidc) 

b)) Cardiomyocyte-staining procedure for 
mousee explants (Chapter 4) 

Afterr the culture period the explants were: 
•• Rinsed with PBS o /n 
•• Fixed in 70"'ii methanol for at leat 1 hour 

•• 50% methanol for 30 minutes 
•• 30% methanol for 30 minutes 
•• bidest for 30 minutes 
•• l%Tx l0U in PBS for maximum 30 

minutes s 

•• P K N G tor minimal 1 hour 
•• Incubation o /n with MF20 diluted in PBS 
•• Washing in PBS for 2N 15 minutes 
•• Incubation with FITC-labeled rabbit anti-

mousee for at least 3 hours 
•• Washing in PBS tor 3x 30 minutes and 

overnight t 

•• PBS 

Tab i cc 1. Imniunorluorescenr s raining 

proceduress u> distinguish mvoevres trom non-

mvoevrus.. \\ Procedure ticvtlopt'ii tor chicken 
L'xplanrss hv \':m den H o t ï e r :il., ;I<.W<J; 2nnl ; . 

Hii Procedure developed for mouse cxpLinrs 

;. '(Jiapurr 4:. 

Serum m 

Thee chicken serum (I"'") present in the culture medium might underlie the poor 

developmentt ot a monolayer and mesenchymal cells in the mouse explants, because tor 

successfull culturing ot whole mouse embryos mouse or rat serum was found to be 

requiredd (Sturm and Tarn, 1993). In a next series of experiments the chicken serum was 

exchangedd tor mouse, rat, goat, or tetal call serum (!'%)• Hpithclial and mesenchymal 

outgrowthh was most extensive using either chicken or mouse serum. As at that moment 

thee immuni»fluorescent staining ot cardiomvoevtes became operational f see section 

"[[ mm uno fluorescent staining procedure"), it was used to evaluate these cultures. 

Althoughh the chicken serum supported myocardium formation around the explant, this 

wass most extensive using mouse serum. No myocardium formation was observed using 

1"'... rat, goat or tetal caff serum. 
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Althoughh omission of scrum from the culture medium is most ideal for an in vitro 

analysis,, this was no option because explants do not survive and detach from the collagen 

matrix.. This is not particularly surprising as it is well known that the growth- and 

differentiationn capacity changes from serum batch to serum batch due to varving levels of 

hormones,, vitamins and other constituents. A complicating factor was that different 

batchess of mouse serum influenced the quality of the immunoflu<crescent staining of the 

cardiomyocytess considerably (see section "Immunofluorescent staining procedure"). To 

minimizee these effects as much as possible a large batch of mouse serum derived of mice 

youngerr than 8 weeks and of mice older than 3 months (adult) was collected and stored in 

smalll  aliquots at -80°C Using either of these sera, wc observed that the serum of young 

micee supports myocardium formation slightlv better than the serum of adult mice. 

Moreover,, the immunofluorescent staining suffered from high levels of background using 

thee serum of adult mice. Heat-inactivation of the serum is commonlv done when serum is 

derivedd from animals after birth to inactivate among others the complement. Heat-

inactivationn of the serum was found to be beneficial for promoting mvocardium 

formation.. Based on these observations we performed all further experiments with heat-

inactivatedd serum derived from young mice. 

Collagen n 

Inn the course of establishing the in vitro mouse explant assay we also observed differences 

inn the quality of the rat tail collage type I (Collaborative Research). The difference in 

qualityy was most probably due to contaminating proteases, because the collagen did not 

polymerizee or gradually dissolved during the culture period or during the immunostaining. 

Too minimize the variation in the collagen matrix, collagen was isolated out of 100 rat-tails 

ass follows. The skin was removed from the tails, the tendons were isolated and extracted 

inn 0.5 M acetic acid (HAc). After the extraction of collagen, undisolved debris was 

removedd by filtration through several layers of cheesecloth. The collagen was further 

purifiedd by 3 rounds of precipitation in 3M N ad (final concentration) and resuspending 

inn 0.5 M HAc. Finally, the concentration of HAc was reduced to 20 m \I by repeated 

roundss of dialysis (slangtype). The collagen was diluted to a concentration of 3 mg/ml 

andd stored in small aliquots at -80°C. 

Takenn together, the in vitro explant assay was adapted to allow the culturing of 

mousee cardiac explants. The mouse explants are, in general, more sensitive to small 

changess in the culture conditions than chicken explants. Whenever the explant did not 

attachh properly to the collagen gel or the epithelial layer and/or mesenchymal cells did not 

rormm normally, the explants were discarded. 
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Rhythmi cc contractions 

Beaiint:: wa> often observed in the cultures of venous pole. atrioventricular canal, Lai 

ventricularr .;p<. \ and outh< >w tract explains. 'The venous pole di splayed most otren heating 

activities,, followed h\ 'he arno\ entricular canal and finally ihe outflow iraci. 'I he ventricle 

hardkk '-K.'-..vd -| i..ni..,:K.oLis beating. The extent of healing acii\ ihe> ><f ib.e Cukuixd 

compartmentss corresponds with rheir electrophysiological features iMoorman and 

Chrisroffck,, 2(,l)2';. Cells of the working m\ocardium (atrial and ventricular myocardium; 

displayy virtually no automation". In contrast, cells of rhe primary myocardium display high 

decreee of auK-iiiudcin, with an antero-posie-nor gradient in pacemakei acm iiy Anó 

contractionn rare along the linear heart tube as was already descrihed and experimentally 

KMcdd 'm vitn- h\ Patten ''Putten, 1949). This suppons rhe notion that rhe behavior ot 1 he 

explantss in the /// ritn, explant assay is representative ot the /// vtru situation. 

Developmentt  of the in vitro assay for  mouse explants; the 

immunofluorescentt  staining procedure 

Thee analysis of myocardium formation /'// vitro requires unambiguous identification ot 

cardionrvnevtess from non-cardiomvocyrcs. This in turn. requires adequate 

immunofluoresccnrr staining procedures. The staining procedure comprises the following 

elements,, hirst, the cardiac explants are rinsed with PBS and fixed. After fixation the 

explantss are permeabilizcd to allow entry of the antibodies, and blocked to minimize non-

specificc binding. The explant is then incubated with rhe primary antibody, which is 

directedd against a cardiomvocvre-specific epitope and the secondary antibody, which 

hindss to the primary antibody and is conjugated with a fluorochrome. Because of this 

fluorochromee the cardiomyocvtes can be visualized by confocal scanning luser 

microscopvv and the explains can be assessed for myocardium formation. To this end, the 

immunofluorescentt staining procedure used to distinguish cardiomyocvtes in chicken 

explantt cultures- w;-i;; Lis<_-d for the mouse explants. However, non-specific and high 

backgroundd staining were observed. The reason that the procedure worked tor chicken 

explants,, but didn't work for mouse explants is most likely due to the used mouse 

monoclonall  antibody directed against myosin heavy chains, MF20 (Hvbridomu bank). 

\ I I '200 binding was visualized using a rabbit-anti mouse lg(i conjugated to a fluorchrome. 

Thiss antibody most likely reacts with epitopes present on die mouse explant and in the 

mousee serum used in the culture. An obvious solution would be to change the hrst 

monoclonall  antibody for a polyclonal antibody. However, large amounts of non-mouse 

cardiomvocvtes-specificc antibodies are necessary, which were not available. MI2 0 is a 

mousee monoclonal antibody that can be produced unlimitedly (Mvbridomabank, Iowa 
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City,, IA) . Thus, the existing staining procedure had to be changed and optimized to allow 

visualizationn of the cardiomyocytes in the mouse explant culture. For this, different 

fixativess were tested, as well as different permeabilization and blocking procedures. 

Fixationn and permeabilization 

MF200 does not recognize myosine heavy chain protein anymore after using a cross-

linkingg fixative, like paraformaldehyde (PFA). Therefore, only denaturing fixatives are or 

choice.. The following fixatives were tested (Fig. 1): 

i)) Amsterdam's fixative, i.e. 35% methanol, 35% aceton, 5% acetic acid and 25% 

H 2 00 (MAAH ; Wesscls et a l, 1990) 

ii)) modified Amsterdam's fixative, i.e. 40% methanol, 40% aceton and 20% H2O 

(MAH ) ) 

iii )) 100% methanol 

iy)) 100% ethanol (Van den Hoff ct a!., 1999) 

v)) Dent's fixative, i.e. 20% DMSO and 80% methanol 

Duringg fixation in Amsterdam's fixative the collagen gels dissolve due to the presence of 

aceticc acid, whereas the collagen gels withstand fixation in the four other fixatives. 

Immunofiuorescentlyy staining showed that not only the staining intensity of the 

cardiomyocytess differed when using the four fixatives but also the background. 

Representativee examples are shown in figure 1. The highest specific signal in combination 

withh the lowest background is obtained after methanol fixation. The difference in staining 

afterr fixation in ethanol (Fig. la) or methanol (Fig. lb) is quite unexpected. In most 

immunologicall  procedures ethanol and methanol can be exchanged without major effect, 

whereass in this case methanol fixation shares an intense staining of the myocytes with a 

loww background, in contrast to staining after ethanol fixation. 

Duringg immunofluorescent staining, it is essential that the antibodies can 

efficientlyy interact with their antigen. To this end the tissue is frequently treated with non-

ionicc detergents, which dissolve fats but leave proteins in general unaltered. We tested 

bothh Twecn-20 and Triton X-100 (Tx-100) at two concentrations, 0.1% and 1%, diluted 

inn PBS. Tween-20 treatment resulted in an increase in background staining. Tx-100, on 

thee other hand, resulted in an increase in specific signal without pronounced effects on 

background.. Taken together, these findings show that the combination of methanol 

fixationn and permeabilization with Tx-100 results in the strongest specific signal owing to 

thee low background. 

Thee next step was to determine the optimal concentrations tor the combination of 

methanoll  (70 or 100%) and Tx-100 (0.5-1.0%), since also methanol pcrmcabilizcs the 

membranes.. The combination of 70% methanol and 0.5% Tx-100 did not stain the entire 

explantt homogeneously. If the methanol concentration was increased to 100%, or the Tx-
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Innn concentration to 1%, the staining oi the explain became homogeneous and strong, 

whereass the background remained low. The combination of a fixation in 0% methanol 

andd permeabilization in 1% Tx-100 was selected because it resulted in superior staining 

withinn the shortest incubations times. 

Figuree 1. The proper fixative was chosen on basis oi specific myoc.uxli.il and low backgr 
.. VI ) are venous pole explains of 1.13 cultured for 8 days. In left down corner the conrocal 

•• rigs are present. The upper number indicates the laser power, the middle number indicates the 
gainn and the bottom number indicates the black level. 

Blockin gg and incubation solutions 

Unequivocall identification of the cardiomvoevtes it requires specific staining, which is 

mostt easily to detect at low background stainings. To lower the background, the following 

blockingg agents were tested: PENG 5 mmol/L EDTA, 150 mmol/T. NaCl and 0.25% 

ww \ gelatin in PBS), 1"" gelatin. 1% H.N \ . 5' i rat serum, and 5% goat serum. I se oi 

PENGG resulted in the lowest background. The washing, the permeabilization and the 

antibodyy incubation steps were all performed in PBS. .Addition of I" • BSA, which is 

commonlyy done to have continuous blocking, generally resulted in an increase of 

background.. Furthermore, at the end of the immuno staining procedure the explants were 

nott mounted in 50ü/n glycerol but were kept in PBS. SO'Vi glycerol has the proper light-

breakingg index to achieve maximum resolution using confocal laser scanning microso >p\ 
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However,, it regularly resulted in the dissolving of the collagen gel and thereby the loss of 

thee explant. In later experiments we observed that use of higher quality glycerol BDII 

didd not led to destruction of the collagen gel. I lowever, the explants remained to be kept 

inn PBS, since that was sufficient enough for the analysis of myocardium formal ion. 

N oo o /n PBS wash o /n PBS wash 

Figuree 2. Culture serum influences the staining results. A-D show venous pole explains of E13 cultured 
torr S days. With serum derived from young mice (<8 weeks; A lower background was obtained than with 
serumm derived from adult mice (>3 months; C). In addition, overnight PBS wash prior to fixation 
decreasedd the background (B, I) . 

Effectt  of cultur e serum on the staining procedure 

Althoughh the immunofluorescent staining procedure was optimized, different badges of 

mousee serum supplemented to the culture seemed to lead to variable results in the 

immunofluorescentt staining, especially at the level of the background. Culture in serum of 

adultt mice 'older then 3 months) resulted in more background then serum of young mice 

youngerr then 3 months: Fig. 2). This effect is possibly due to the amount of antibodies 

presentt in the serum. Adult mice can be imagined to have generally a higher antibody-

levell  than young mice. Prolonging the PBS washing step prior to fixation from half an 

hourr to overnight (o/n) decreased background Fig. 2). This o/n PBS wash step most 
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likelvv removes the serum out of the gel, result ing in less non-speci f ic b inding ot the 

secondaryy f luorescent ant ibody. 

Thee final immunof luorescent staining procedure tor m o u se explants is depicted in table 

11 B. Th is p rocedure can also be used tor chicken explants. 
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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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INTRODUCTIO N 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 cultur e 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 cultur e assay: isolation, culturin g 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 cultur e 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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Myocardiu mm formation at the level of the atrioventricula r  canal and dorsal 

mesocardiumm (Figur e 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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Figuree 1 
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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. 

Myocardiu mm formation at the level of the outflow tract (Figur e 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 

< < 
Figur ee 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. 

Figur ee 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. 

Figur ee 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. 

Figur ee 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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Mvocardiumm formation in mouse 

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). 

Myocardiu mm formation around the pulmonary vein (Figur e 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). 

Myocardiu mm formation around the caval veins (Figur e 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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Myocardiumm formation in mouse 

/;// 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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Figur ee 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. 

Figur ee 5. Characteristic examples of the extent of cellular ou tgrowth 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), outflow 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 immunofluorescendy 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 propidium 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 

105 5 



Chapterr 4 

106 6 



Myocardiu mm formation in mouse 

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 formatio n 

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 formatio n 

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) 

Tabl ee 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 underlyin g 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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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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INTRODUCTIO N 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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-sJ-sJ  h 

E16 6 

Figur ee 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 durin g formation of the sinus venosus and caval 

myocardiumm (Figur e 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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LSCV V 

E15 5 

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). 

120 0 



OtSMAA expression during mvocardium formation 

aSMAA expression pattern in the dorsal mesocardium and base of spina vestibuli 

(Figur ee 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 atrioventricula r  canal (Figur e 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 durin g the formation of the pulmonary myocardium 

(Figur ee 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 

•it•it 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. . 

Th ee 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 

Figur ee 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 

Figur ee 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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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 

(Mespp +) 

Proepicard ium m 

* * 
Epicard iu m m 

t t 
Epicard ium --

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 

Myocard iu m m 

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 

Myocardiall l ineage - ^ 

B M P 2 2 

B M P 4 4 

Embryonicc pericardium 

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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Thiss chapter at the end of this thesis describes preliminary results on myocardium 

formationn that need further investigation, in the first part, characteristic morphologies ot 

myosin-positivee cells in the /'// vitro explant assay are described. The second parr tocuses 

onn the inyolvemenr of several factors in the regulation of myocardium formation. 

Morphologicall  appearances of myosin-positive cells in the in vitro 

explantt assay 

Inn several different explant cultures the morphological characteristics of myosin-positive 

cellss were examined bv immunofiuoresccnt staining. We focused on the position and 

shapee of the myocytes in combination with their myosin arrangement. The morphological 

featuress are schematically drawn in table 1 and discussed below. 

Shape.Shape. At the end of the culture, myocytes were found to have three different 

shapes.. 1) A long elongated, rectangular shape resembling mature myocardial cells (arrows 

inn fig. la and b; SI in table 1). These myocytes contain usually linearly organized myosin 

(M33 in tabic 1). 2) A narrow, mesenchyme-like shape (arrows in fig. ld-f; S2 in table 1). 

Myosinn organization in these cells is not determined. 3) A flat, square, epithelium-like 

shapee (S3 in table 1). "Epithelial'' myocytes display often diffuse or dotted myosin 

staining,, which is characteristic for differentiating cardiomyocytcs (Rudy et al., 20t)l; Han 

ett al., 1992 M l and M2 in table 1) and are likely to be the result of recruitment. This 

phenotypee gradually changes towards a long, rectangle myocardial phenotype with linearly 

organizedd myosin staining (''Mature" myocyte). Figure l c shows a typical example ot a 

myocytee which is apparently in a transition state going from a flat epithelium-like 

phenotypee with dotted myosin staining (the broad part) towards an elongated myocardial 

phenotypee with mvosin staining that becomes more linearly organized (narrow elongated 

part).. The fact that the shape of myocytes closely resembles the shape of mesenchymal or 

epitheliall  cells might suggest that they are differentiating mesenchymal and epithelial cells, 

respectively. . 

Position.Position. The myocytes can be aligned (PI and P3 in table 1) or non-aligned (P2 and 

P44 in table 1) with the myocytes of the original explant or with surrounding myocytes. 

Thee non-aligned myocytes are likely to be the result of differentiation. This is supported 

layy the observation that several non-aligned myocytes appear fiat, square and epithelium-

like,, and/or display diffuse or dotted myosin staining (Fig. li , j , n, o and s). Aligned 

myocytess can be the result of migration or differentiation, which is more likely if these 

myocytess display diffuse or dotted mvosin-staining patterns (Fig. lp). 
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SII  long, e longated, 

rectangular r 

S22 narrow , winding , 

\\ mesenchyme- l ike 
S33 flat, square, epi thel ium-

lik e e 

Brightt field Confocal Bright field Confocal Bright field Confocal 

M l l diffusee myosin M2 2 myos inn dots M 33 linearl y organized 
c=c=^-^- > > 

PII  individua l and aligned P2 individua l and not 

\?f<f\?f<f  aligned 

EXPLANT T 

\ \ 

P33 attached and aligned P4 attached and not 

**  a l igned__y^J2 S 

Tabicc 1. Schematic drawings of the morphological features of myocytes in explant cultures observed after 
myocytee specific immunostaining. Myocytes can acquire several shapes (S) and positions P). The upper 
partss MI SI, 2 .\n<\ 3 displa\ schematic drawings of the shape of the ""mature"', "mesenchymal" and 
"•epithelial"" myocytes. The lower part displays a picture of a region of an explant made with the bright held 
microscopee and a schematic drawing of a confocal image of the same region of the explain stained for 
myosin.. Ml, 2 and 3 display schematic drawings of the different stages of myosin organization within a cell. 
Myosinn staining in Ml is diffuse, in M2 dotted and in M3 linearly organized. The square explant box in P2 
representt explant of any shape. The explants of PI and P3 represent explains with myoevtes that are 
radiallyy orientated. The explant in P4 has a smooth border at the site of myocardium formation. 

Takenn together, these in vitro observations support the existence of several forms 

off myocardium formation; recruitment of cardiomyocytes by differentiation of 

mesenchymall or epithelial cells and migration of existing cardiomyocytes. The 
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observationss indicating that these forms can occur separately, suggest that they arc 

regulatedd bv different molecular mechanisms. 

Myocardiu mm differentiates from epithelium in aorti c sac explant cultures 

Wee used aortic sac cultures to studv myocardium formation in the embryonic heart that 

leadss to the elongation of the outflow tract (kellv and Buckingham, 21)02). The aortic sac 

comprisess the non-mvocardial part contiguous to the outflow tract. However, at the start 

off  the culture of mouse aortic sac of F9.5 myocytes were often present (not shown), 

indicatingg contamination of outflow tract myocardium. At the end of a five-day culture 

period,, however, myocytes were identified in these cultures that resembled epithelial cells 

andd that displayed diffuse or dotted myosin staining. These findings indicate that 

differentiationn of epithelial cells into the myocardial Üncage has taken place (Fig. Igand i). 

Thiss epithelial origin is not unexpected since /// vivo the elongation of the outflow tract is 

achievedd bv recruitment of the epithelial lining of the pericardium into the cardiac lineage 

att the distal myocardial outflow tract border (Yiragh and Challice, 19~\i). Similarly, flat, 

epithelium-likee cardiomvocytes are observed in explant of chicken aortic sac of H.H15 

(Fig.. Ih and j). 

D oo endocardial cells have the potential to differentiat e into myocardial cells? 

Inn chicken outflow tract (Fig. lcj-s), venous pole (Fig. 11 and o) and ventricle (Fig. Ik and 

n)) cultures of IIH16 occasionally myocytes appear that are not aligned with the 

cardiomvoevtess in the explant. Moreover, their myosin staining is characteristic of an early 

phasee of myosin organization. In these explant cultures, the non-m_\ocardial cells, which 

aree located on top of the collagen matrix, comprise only endocardial cells, because 

epicardiall  and neural crest cells have not vet populated the heart. These observations 

suggestt thai endocardial cells have differentiated into myocardial cells and are in 

agreementt with the finding that endothelial cells of the dorsal aorta can differentiate into 

cardiacc muscle /'// vitro ('Condorelli ct al. 2001) and that at least a part of the primary 

endocardiall  cells express temporarily atrial and ventricular myosin heavy chains in vivo (De 

]ongg ct al., 19fT; I Jnask and Fash, 1993; Fiscnbcrg and Markwaid, 1995). 

Whichh factors are involved in the regulation of myocardium formation? 

Farlvv chicken outflow tract or atrioventricular canal explants (HFU5-P) that under 

standardd conditions do not spontaneously form myocardial networks can he induced to 

doo so bv conditioned medium of late explains (111126-29; that do spontaneously form 
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myocardiall  networks in vitro (Van den Hoff et ah, 1999, 2001; Fig. 2a). These observations 

suggestt that a secreted soluble factor stimulates myocardium formation. Candidate growth 

factorss were selected based on the analysis of genetically modified mice in which 

congenitall  cardiac defects were reported (Srivastava and Olson, 2000) and on the analysis 

off  early myocardium formation from the precardiac mesoderm (Lough and Sugi, 2000; 

Barronn et al., 2000). In the following sections a number of experiments is discussed in 

whichh the role of these factors in myocardium formation is studied. 

TGF0 0 

Introduction.Introduction. The hearts of TGFp2-deficiem mice display double-outlet right ventricle, 

doublee inlet left ventricle, ventricular septal defects and thickened cushions and valve 

leaflets.. Aberrant muscularization of the septa was suggested because the outlet septum 

andd the mesenchymal cap of the primary atrial septum remained mesenchymal (Sanford et 

al.,, 1997; Bartram et al., 2001). TGFpM or TGFP3-dcficient mice do not display cardiac 

defectss (Shull et al., 1992; Kulkarni et al., 1993; Proetzel et al., 1995). In chicken, TGFp2, 

TGFR3,, TGFp receptor type II and 111 are found to be essential for the correct epithelial-

mesenchymall  transformation in the atrioventricular canal to form the endocardial 

cushionss (Ramsdell and Markwald, 1997; Potts et al., 1991, 1992; Barnett et al., 1994; 

Boyerr et al., 1999; Brown et al., 1996, 1999; Nakajima et al., 1998). TGFp2 appeared to be 

criticall  for endothelial cell separation and its signal is propagated through the TGFp type 

II II  receptor, while TGFp3 is critical for mesenchymal cell formation and its signal is 

propagatedd through the TGFp type II receptor (Boyer and Runyan, 2001). In mouse, onlv 

TGFp22 is necessary for mesenchymal cell formation (Camenisch et al., 2002). 

Purpose&Metbods:Purpose&Metbods: Several approaches were used to determine the role of TGFps in 

myocardiumm formation. 1) Cardiac compartments of the TGI:p2-deficient mouse are 

culturedd and assessed for their ability to form myocardial networks. 2) Recombinant 

TGFp22 and 3 are added to early chicken outflow tract explants to determine their ability 

too stimulate myocardial network formation. 3) Chicken cardiac explants are infected with 

adenoviruss expressing dominant-negative (dn) TGFp type II receptor to determine the 

involvementt or TGF'P-signaling in myocardium formation. The expression of the dn 

TGFp-typee II receptor gene is under the control of the CMV promoter. The adenovirus 

alsoo contains a green fluorescent protein (GFP) cassette under the control of a distinct 

CMVV promoter to visualize the cells that are infected and have an active CMV promoter. 

Thee control virus contains onlv the GFP-rcporter gene. 

Results:Results: To determine the ability of cardiac explants prepared from TGFp2-

deficientt mouse to form myocardial networks /// vitro, explants of several stages were 
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culturedd in the in vitro explant assay. It was found that all cultured compartments of the 

TGF(32-dcficientt mouse heart were able to form myocardial networks at approximately 

thee same stages as the cxplants of the wild type (Fig. 3) or heterozygous (not shown) 

mouse,, indicating that TGFp2 is not required for myocardium formation. However, since 

thee cardiac explants are cultured in the presence of l0/n mouse serum, a sufficient amount 

off  TGFp2 might have been present in the serum and complemented for the endogenous 

TGFp2. . 

Too verify whether TGF'P2 is able to induce myocardium formation and which 

concentrationn is minimally required, increasing amounts of recombinant TGFP2 were 

addedd to earlv chicken outflow tract explant cultures, which do not form myocardial 

networkss under standard conditions. It was found that a concentration higher than 0,125 

ng/mll  of recombinant TGFp2 was sufficient to induce myocardial network formation in 

earlvv chicken outflow tract explants (Fig. 4b; Van den Hof f et al., 2002). TGFpl and 

TGFp33 can both induce myocardial network formation in early outflow tract explant 

culturess provided their concentration is higher than (1,25 ng/ml (Fig. 4a,c). 

Too further examine the role of TGFp's in myocardium formation, TGFP signaling 

wass disrupted by over-expressing dominant negative TGFp type II receptor using 

recombinantt adenoviruses. We used recombinant viruses, because knock out mice ot the 

TGFPP tvpc II receptor are embryonic lethal by RIO in development (Oshima et al., 1996), 

whichh is prior to myocardium formation in the intra- and extra-cardiac mesenchyme in 

thesee mice. Chicken outflow tract explants of HH21 and HH32 spontaneously form 

myocardiall  networks in vitro (Van den Hoff et ah, 1999). Infection of these explants with 

controll  virus resulted in labeling of myocardial and non- myocardial cells and did not 

seemm to influence myocardium formation in vitro (Fig. 5a and e). It the explants were 

infectedd with virus expressing the dn TGFp-type II receptor, a reduction in myocardium 

formationn was observed in HH21 outflow tract cultures (Fig. 5g). Infected HH32 outflow-

tractt explants showed rather a more extensive than a reduced myocardium formation into 

thee collagen gel (Fig. 5c). These observations indicate that TGFP signaling is not required 

forr mvocardial network formation in the outflow tract explants of HH32, whereas it is 

requiredd for mvocardial network formation in the outflow tract cxplants of HH21. 

Discussion.Discussion. Functional disruption of TGF"P2 in mice was found to have septation 

defectss among which aberrant muscularization of the outlet septum. Culturing cardiac 

explantss of these mice were found to form myocardium spontaneously in vitm, in a 

comparablee wav as cardiac explants of wild type or heterozygous littermates. Because the 

cardiacc explants are cultured in the presence of 1% mouse serum, the TGFP present in 

serumm might complement for the absence of TGFp2 production in these mice. Culturing 

earlyy chicken outflow tract that in normal medium do not spontaneously from mvocardial 
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networkss can be induced to do so when the medium is supplemented with TGI :p. 

TGF(522 is the most potent growth factor and induces myocardium formation ar 

concentrationss higher than 0,125 ng/ml, TGFP'l and TGFP3 do so at concentrations 

whichh are at least higher than 0,25 ng/ml. In mouse, TGFpi plasma levels were round to 

bee about 1 ng/ml whereas the plasma levels of TGFp2 and TGFp3 were undetectable 

(Haradaa et al., 2002; Böttinger et al., 1997). Since 1% mouse serum is used, the 

concentrationss of the TGFP's provided by the serum are considered too low to induce 

myocardiall  network formation. Taken together these observations suggest that TGFP is 

nott directly involved in the induction of myocardium formation. 

TGFP22 is suggested to be required for differentiation of cushion mesenchyme in 

vivovivo (Bartram et al., 2001; Kubalak ct al., 2002) and in vitro (Nakajima et al., 2000; 

Camenischh et al., 2002). A sufficient amount of mesenchymal cells first has to acquire a 

statee of differentiation that allows them to induce or sustain muscularization of cushion 

mesenchymee (Markwald et al. 1998; chapter 4). These findings suggest a model in which 

TGFp22 stimulates the development of mesenchyme so it wil l create the proper 

environmentt to allow myocardium formation. The lack of myocardium formation 

observedd in the TGFp2-dcficicnt mouse might, therefore, be due to an insufficient 

developmentt of the mesenchyme. This is supported by the observation that the level of 

fibronectin,, which is produced by the mesenchyme, at the myocardial-mesenchymal 

interfacee in the outflow tract of the TGFf}2-deficient mouse did not decrease at the stage 

off  myocardium formation (Mohamad et al., 2000). Low levels of fibronectin expression 

arcc suggested to be required for intermingling of mesenchyme and myocardium 

(Armstrongg and Armstrong, 2000). 

Thee induction of myocardial network formation in the early outflow tract explain 

culturess in the presence of TGFPs might therefore be due to the stimulation ot 

mesenchymee development. The inhibition of myocardium formation in the I1I121 

outfloww tract culture by the dn TGl;P-rype II receptor might be due to a inhibition of the 

differentiationn or proliferation of the mesenchymal cells, because in addition to 

myocardiall  cells also mesenchymal and endocardia! cells in the outflow tract culture are 

infected.. The conclusion that inhibition of myocardial network formation in II I 121 

outfloww tract cultures is indirect is supported bv the observation that the amount of non-

infectedd cardiomvoevtes that populate the gel is also diminished. In HH32 outflow tract 

culturee the myocardium formation is not inhibited because the mesenchyme mighr 

alreadyy have reached the point of development at which it can support myocardial 

networkk formation and was therefore not affected by the dn TGFP-type II receptor. 
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Figuree 1. Morphological 
appearancess of myosin-positive 
cellss in the in ritro  explain assay. 
Panelss a, d, g and c] are varel 
modulationn micrographs. Panels 
),, c, t. h p. r anti s are brightest 
pointt projections of CLSM slacks 
off  the explains after 

immunofluorescentlyy stainii 
thee myocytes using the 
monoclonall  antibody Ml 2l 

anell  e shows one ( LSM stack of 
explainn depicted in panels d and t. 
Panelss i, n, o, p. and s are 
magnificationss of boxed area in 
panelss g, k, 1, m and r, 

lively.. Panels a, b, 1 and o 
showw venous pole explain of 
chickenn III116 co-cultured with 
proepicardium;; Panel c show 
myosinn positive cell observed in 
ventricularr explain CM cultured 
withh proepicardium. Panels d and 
tt show ventricular explain of 

II  II 124 treated with 50 ng/ml of heparin. Panels g and i show aortic sac culture of mouse I ,9.5. Panels h 
andd j show aortic sac culture of chicken HH15. Panels k and m show ventricular explain of chicken 
HH166 co-cultured with proepicardium and treated with BMP4 '50 ng/ml) ,md FGF2 '50 w 
Panelss q-s show chicken outflow tract of HHI6. The lined area in i| corresponds with the lined area in r. 
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' ' 

Figuree 1 (continued) 

Activi n n 

Additionn of follistatin to cultures of laic outflow tract explants (HH25-27), which 

spontaneouslyy form myocardial networks in vitro, resulted in an inhibition of myocardial 

networkk formation (Fig. 2b), indicating a role tor bone morphogenetic proteins (BMPs) 

and// or activins. The observations that activin A was not able to induce myocardial 

networkk formation in early outflow tract explants (Fig. 2a) and that antisense activin A 

oligonucleotidee did not inhibit myocardial network formation in late outflow tract 

explants.. suggest that activin A is not invoked. Addition of antisense activin B 

oligonucleotidee did result in some inhibition ot mvocardial network formation in late 

outfloww tract explants, suggesting that activin B might be involved (Fig. 2b). 
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Figuree 2. The inducing Pane In or inhibiting Panel b) capacities of several factors on myocardial netwi irk 
formationn in outflow tract explain cultures. < )n the y-axis, the extent of the formed myocardial netv 
expressedd in arbitrary units. ,\ score of 0 indicates no myocardial network formation. A score ol I indicates 
limitedd myocardial network formation and a score of 2 indicates extensive myocardial network formation. 
Eachh point in the graph is based on the analysis ()f a separate /'// vitro experiment. CM, conditioned medium; 
aa A. antisense aenvin A; aniA. antisense activin A with mismatch; aB, antisense activin B; antisensc activin B 
withh mismatch. See text. 
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Figuree 3. Developmental windows 'it myocardial network formation in cardiac explant cultures of wild 
typee and TGFJ32-/- mouse. The extent of myocardial network formation in 1.5 mg/l collagen gels by 
venouss pole, atrioventricular canal, outflow tract and apex of the left ventricle explain-, between El 1 and 
I'd'-'' (x-axis) was assessed after a week in culture as described in chapter 4. On the y-axis, the extent of the 
formedd myocardial networks is expressed in arbitrary units. A score of 0 indicates no myocardial network 
formation.. A score of 1 indicates limited myocardial network formation and a score of 2 indicates extensive 
myocardiall  network formation. Each point in the graph is based on the analvsis of a separate /';/ vitro 
experiment. . 
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Figur ee 4. Dilution scries of TGFp-1 (a), -2 (b), -3 (c) in early outflow tract explain cultures to determine 
thee minimal concentration required for inducing myocardial network formation. On the y-axis, the extent 
off the formed myocardial networks is expressed in arbitrary units. A score of 0 indicates no myocardial 
networkk formal ion. \ score of 1 indicates limited myocardial network formation and a score ot 2 indicates 
extensivee myocardial network formation. Lach point in the graph is based on the analysis oi a separate /// 
vitrovitro experiment. 

BM PP and FGF 

Supplementingg conditioned medium of noggin-expressing Cl IO cells to late outflow tract 

explainss inhibited myocardial network formation, suggesting that also BMPs arc involved 

(Fig.. 2b). Addition of BMP2 or BMP4 to early outflow tracts explant cultures, however, 

didd not induce myocardial network formation. Reminiscent to the myocardium formation 

fromm the precardiac mesoderm (Lough et al., 1996; Barron et al., 2000), a fibroblast 

growthh factor (FGF) in addition to BMP might be required for the induction of 

myocardiumm network formation in cardiac explant cultures as well. This is supported by 

thee observation that heparin, which interferes with FGF-signaling (Powers et al., 2000), 

inhibitedd the formation of myocardial networks in chicken and mouse ventricular explant 

culturess ''chapter 4). 
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Figuree 5. Chicken outflow traci explants infected with 
adenoviruss expressing the dn ' l ( d (5 receptor type II. Panels a-
gg are brightesi poinl projections of ' 'ISM stacks of outflow 
tractt explants stained with MF20, showing the CMV-driven 
(i ll  I' expression. Panels b, d and t arc magnifications of the 
boxedd area in panels a. c And e, respectively. Panels a and b, 
andd panels c and d show outflow tract explants of I II132 
infectedd with control virus (.11' and dn 'I(.I :(i type II 
receptor-expressingg virus dn 'I ( d (5 Rll . respectively. Panels e 
andd f, and panel g show outflow tract explants of HI 121 
infectedd with control virus Gl P and dn TGFB type II 
receptor-expressingg virus dn TGFJ3 Rll , respectively. 
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HII166 chicken venous pole explants spontaneously form myocardial networks in 

vitrovitro when co-cultured together or without the proepicardium (Van den Hoff et al., 2001; 

Fig.. 6a). Addition of either noggin or heparin had a pronounced inhibitory effect on 

myocardiumm formation of the venous pole of HH16 co-cultured with the proepicardium 

(Fig.. 6a,b and c), implying a role for BMPs and FGFs in the regulation of myocardium 

formationn of venous pok explants. In co-cultures of venous pole and proepicardium, 

differentt effects of BMP4 or FGF2 were observed on myocardium formation in the 

proepicardiall  cxplant and in the venous pole explant. BMP4 stimulated myocardium 

formationn in the proepicardial explant but inhibited myocardium formation in the venous 

polee explant (Fig. 6e). FGF2, on the other hand, inhibited myocardium formation in the 

proepicardiall  explant and stimulated the myocardium formation in the venous pole 

explantt (Fig. 6f). Whereas a combination of BMP4 and FGF2 strongly inhibited 

myocardiumm formation in the proepicardial explant, myocardium formation in the venous 

polee explant was stimulated (Fig. 6g). 

Thee different effects of noggin, BMPs and FGFs on myocardium formation in the 

differentt explant cultures might be due to: 1) Concentration-dependent effects. In 

primaryy cardiogencsis the effect of BMP has been shown to be concentration dependent 

(Barrronn et al., 2000; Alsan and Schultheiss, 2002). 2) Presence of different co-factors in 

thee different cultures. 3) Different responses of the different cell types to the same 

factor(s).. FGF stimulates myocardium formation in venous pole cultures whereas FGF 

inhibitss myocardium formation in proepicardial cultures. Proepicardial cells wil l become 

epicardia.11 ceils /)/ vivo and not myocardial cells, whereas in the venous pole myocardium 

formationn will take place. Therefore, FGF might stimulate the developmental pathway the 

celll  has been specified to. In presence of FGF, BMP is directed by FGF to stimulate the 

samee original pathway. 4) Differential regulation of the several forms or myocardium 

formation.. In primary cardiomvogenesis BMP is considered to be the differentiation 

signall  and FGF the survival and proliferation factor (I.o ugh and Sugi, 2000). This might 

indicatee that BMP stimulates myocardial differentiation (and inhibits growth and 

migration),, antl that FGF stimulates growth and migration (myocardialization; and 

inhibitss differentiation). The precise role of BMPs and FGFs remains to be assessed. 

Others s 

Angiotensin-11,, cardiotrophin, endothelin-1, -2, -3, insulin-like growth factor (IGF)-II, 

neurorrophin-33 and ostcopontin were not able to induce myocardial network formation in 

earlyy outflow tract explants, whereas platelet derived growth factor (PDGF)-AA, PDGF-

ABB and -BB were able to induce the formation of myocardial networks in vitro. It is 

noteworthyy that PDGF-AA stimulates myocardial network formation at low levels and 

inhibitss at high levels (not shown), whereas PDGF-AB and -BB stimulate myocardial 

networkk formation with increasing concentrations (not shown). 
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Conclusionss and future perspectives. 

Att least 3 different types of mechanisms appear to underlie myocardium formation in 

vitro;vitro;  1) migration of existing cardiomvocytes, 2) differentiation from mesenchymal cells, 

andd 3) differentiation from epithelial cells. These 3 types of myocardium formation can 

alsoo be distinguished in vivo; Formation of the myocardial heart tube occurs by the 

differentiationn of epithelial and mesenchymal cells lining the embryonic pericardial cavity 

intoo cardiomyocytes. The myocardium formation in the intra-cardiac cushions initiates by 

migrationn or protrusion of existing cardiomvocytes into the mesenchyme, which is 

subsequentlyy triggered bv the cardiomvocyte to differentiate into cardiac muscle cells. 

Similarly,, the muscularizarion of the pulmonary and cava! veins is established by 

recruitmentt of the mesenchymal cells lining the veins into the myocardial lineage upon a 

signall  from the neighboring cardiomvocytes. The precursors of the cells differentiating 

intoo cardiomvocytes are related since they are derived from a cell lineage that once has 

expressedd Mespl (Saga et ah, 2(K)U). Furthermore, they are or have been part of the 

cardiogenicc heart field, since they have once expressed Nkx2.5 (Stanley et al., 2002). 

Proepicardiall  cells have been part of the cardiogenic field as well, however, they 

contributee to non-myocardial cells. Hence, there must be a strict regulation of the 

developmentall  fate. The understanding of the molecular mechanisms underlying the 

inductionn or prevention of myocardium formation at the several regions of the heart 

mightt provide insight into the extent of uniformity in the regulation of several types of 

myocardiumm formation. Co-culture experiments of the proepicardium and the venous 

polee indicated that the myocardium formation in these explains is differentially regulated. 

Whetherr this is due to either intrinsic different mechanisms or to differences imposed by 

thee different locations in the embryo has to be elucidated. Future experiments will focus 

onn the regulation of myocardium formation in the several cultures. For this, 

discriminationn has to be made between the different types of myocardium formation that 

cann occur in the culture. 

Understandingg the molecular mechanisms underlying the differentiation of 

proepicardiall  cells and embryonic fibrous tissue into cardiomvocytes might provide clues 

onn the induction of interstitial cells (fibrous tissue) in the adult heart into cardiomvocytes, 

whichh might be of value for the strengthening of diseased and aging hearts. 
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Figur ee 6. The effeel of several factors on the myocardium formation of chicken I1H16-I- venous pole 
explainn co-cultured with proepicardium. Brightest point projections ofCLSM stacks of the explain stained 
withh MF20. The magnifications of the explants arc similar to indicate the size oi the explain. Panels a-g 
showw venous poles ol I II 116 1_, which are co-cultured with proepicardium and treated with .1 

parin,dd BMP2, t BMP4, f) FGF2 and g BMP4 plus FGF2. All 50 ng/ml. 
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Thee linear heart tube is formed bv fusion of the bilateral heart fields. While during 

subsequentt development the pericardial cavity expands, myocardial cells are added to the 

anteriorr and posterior pole of the heart tube. This myocardium is formed by continuous 

differentiationn of the mesothelial lining of the pericardial cavity, and flanking 

mesenchyme,, into cardiomyocytes. The differentiation of mesenchyme into 

cardiomyocytess continues to form the caval and pulmonary myocardium. During cardiac 

loopingg atrial and ventricular myocardium are formed by local differentiation and 

proliferationn of the myocardium at the outer curvature. In the primary heart tube cardiac 

cushionss develop that become populated by mesenchymal cells formed by endocardium-

to-mcsenchvmee transformation. In addition, mediastinal mesenchyme contributes to the 

infloww tract of the heart; neural crest-derived mesenchyme to the outflow tract of the 

heartt and epicardium-dcrived mesenchyme to the atrioventricular cushions. The heart 

becomess septated by formation of the atrial and ventricular muscular septa and fusion of 

thee cardiac cushions. During further development, most of the cardiac cushion 

mesenchymee becomes muscularized. 

Inn this thesis, we described myocardium formation in the intra- and extra-cardiac 

mesenchymee after the initial development of the linear heart tube. Both in chicken 

(chapterr 3) and mouse (chapter 4) this process starts in the dorsal mesocardium and 

extendss downstream into the intra-cardiac mesenchymal tissues of the atrioventricular 

canall  and outflow tract, and upstream into the extra-cardiac mediastinal mesenchyme 

embeddingg the pulmonary and caval veins. Although the myocardium formation in 

mousee and chicken is essentially similar, several species-specific differences exist in the 

extentt of myocardium formation. In chicken, the atrioventricular septum becomes 

completelyy muscular, whereas in mouse mesenchyme remains. In addition, the tricuspid 

valvee becomes myocardial in the chicken, however, not in mouse. Furthermore, the 

muscularizationn of the pulmonary vein is extensive in mouse, whereas limited in chicken. 

Thee musculariziation of the caval vein, however, is limited in mouse and extensive in 

chicken.. The muscularization of the intra- and extra-cardiac mesenchyme can be the 

resultt of differentiation of the mesenchyme into cardiomyocytes and/or migration from 

existingg myocardium into the mesenchyme. To study the (molecular) mechanisms 

underlyingg this myocardium formation a 3D hi vitro culture assay for mouse (chapter 3) 

andd chicken was established. Using this /// vitro assay we found that 1) the capacity to form 

myocardiall  networks in vitro is stage- and mesenchyme dependent. 2) Early outflow tract 

andd atrioventricular canal explants can be induced to form myocardial networks by a 

secretedd signal that is similar throughout the entire heart. 3) Cardiac cushion mesenchyme 

iss able to differentiate into ciirdiomvocvtes in the /// vitro culture assay. These findings 

suggestt that differentiation of mesenchyme is involved in the myocardium formation after 

thee development of the linear heart tube. In addition, a common mechanism and 

molecularr regulatory pathway may underlie this myocardium formation. 
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Duringg the elongation of the arterial pole of the mouse linear heart rube, a-

smoothh muscle actin expression precedes the expression of myocardial markers (chapter 

5).. This suggests that a-smooth muscle actin identifies mesodermal cells that during 

subsequentt development wil l be recruited into the myocardial lineage. We found that 

priorr to the expression of myocardial markers, a-smooth muscle actin is expressed in the 

intra-- and extra-cardiac mesenchyme, supporting the notion that recruitment of 

mesenchymall  cells into the myocardial lineage is involved in myocardium formation after 

thee development of the linear heart tube. 

Becausee a secreted signal is able to induce the formation of myocardial networks in 

earlyy outflow tract explants, we explored which secreted factor is responsible for the 

myocardiumm network formation by a candidate factor approach. Candidate growth factors 

weree selected based on the analysis of genetically modified mice in which congenital 

cardiacc defects were reported and on the analysis of early myocardium formation from 

thee precardiac mesoderm. hi vitro analysis using the in vitro cxplant assay suggested that 

TGF{322 is indirectly involved in myocardium formation by regulating the development of 

thee mesenchyme. Furthermore, BMPs, FGFs, activins or PDGFs may be involved in the 

regulationn of myocardium formation in the intra-cardiac mesenchyme. 

Thee pericardial cells underneath the proepicardium and adjacent to the inflow tract 

myocardiumm are multipotential and contribute to the proepicardium and the myocardium 

off  the inflow tract. Immunohistochemical analyses showed that low levels of SERCA2a 

expressionn are present in this region. The SERCA2a expression appears to taper off 

towardss the top of the proepicardium, which hardly expresses SF:RCA2a, whereas the 

infloww tract myocardium expresses high levels of SFRCA2a. These observations suggest 

thatt proepicardial cells are derived from cells that went through part of the myocardial 

programm but have shut down this program during subsequent development. We found 

thatt cells of the chicken proepicardium are able to differentiate into cardiomyocytes in 

vitro,vitro, indicating that the proepicardial cells are not yet irreversible committed to the 

epicardiall  lineage. As soon as these cells form an epicardial sheet covering the heart, they 

doo not spontaneously form myocardial cells hi vitro anymore. They, therefore, seem to be 

fullyy committed to the epicardial lineage. Bone morphogenetic protein (BMP) 2 and 4 are 

ablee to induce myocardial differentiation in serum-free proepicardial cultures. The in vivo 

expressionn pattern of BAIP2 and 4 are consistent with a role of BMP 2 and 4 in 

myocardiall  differentiation at the venous pole. Fibroblast growth factor (FGF) 2 inhibited 

differentiationn of proepicardial cultures into the myocardial lineage, but stimulated 

differentiationn into the epicardial lineage. Proepicardial cultures, therefore, provide a 

uniquee model system in which the molecular mechanisms controlling the developmental 

decisionss of the embryonic pericardial cells as they differentiate into myocardial or 

epicardiall  lineages can be studied. 
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Herr hart is het eerste functionele orgaan in het cmbrvo en is dan zichtbaar als een 

buisvormigee structuur met een uitstroomkant (arteriole pool) en een instroomkant 

(veneuzee pool). Gedurende de verdere ontwikkeling wordt er aan beide zijden van de al 

kloppendee hartbuis spierweefsel toegevoegd uit het aangrenzende mesoderm1, waaruit de 

hartbuiss zelf ook is ontstaan. In de primaire hartbuis ontstaan krommingen die leiden tot 

eenn S-vormigc hartbuis. In de 2 buitenbochten van de hartbuis ontstaan verwijdingen die 

dee toekomstige hartcompartimenten vormen: de embryonale kamers en boezems. Om 

eenn vier-compartimenten hart te krijgen die de kleine bloedsomloop (bloed van en naar de 

longen)) en de grote bloedsomloop (van en naar de rest van het lichaam) kan scheiden, 

wordenn schotten tussen de beide boezems en de beide kamers gevormd. Tevens worden 

err kleppen bij de ingang naar de rechter boezem, tussen de boezems en de kamers, en bij 

dee uitgang naar de slagaders gevormd om er voor te zorgen dat bloed niet terug kan 

stromen.. De kleppen bij de ingang naar de rechter boezem en een gedeelte van de 

schottenn tussen de boezems en kamers zijn van het begin af aan van spierweefsel. De 

anderee kleppen en het andere gedeelte van de schotten ontstaan uit embryonaal 

bindd weefsel dat zich Jn de primaire hartbuis heeft gevormd. In de muis, rat en mens 

bestaann de kleppen uit bindwecfsel, terwijl in de kip het bind weefsel van de klep tussen de 

rechterr boezem en kamer vervangen wordt door spierweefsel. Het bindweefsel in de 

schottenn wordt echter grotendeels vervangen door spierweefsel. Ook rondom de 

longvenenn en de cavale venen ontstaat spierweefsel, 

Inn dit proefschrift hebben we deze vorming van hartspierweetsel na de initiële 

ontwikkelingg van de hartbuis in de muis en kip in kaart gebracht. Zowel in de muis als de 

kipp begint deze spiervorming aan de instroomkant van het hart en verspreidt zich 

vervolgenss richting de uitstroomkant van het hart en richting de long en cavale venen. 

Hoewell  in de kip de schotten compleet spier worden, blijf t er in de muis een gedeelte van 

dee schotten bindweefsel. Om te weten te komen hoe deze spiervorming verloopt en hoe 

dezee is gereguleerd, hebben we een kweeksvsteem opgezet waarin de spiervorming kan 

wordenn nagebootst en gemanipuleerd. Gedeeltes van embryonale hartjes (explants) 

wordenn geïsoleerd en gedurende 5 tot ~i dagen gekweekt op een gelletje van collageen. 

Gedurendee deze kweek groeien veel cellen uit het explant op en in het gelletje. Om na de 

kweekk de spiercellen van de overige cellen te onderscheiden, worden de explants gekleurd 

mett behulp van spiercellen-specifieke en fluorescente antilichamen. Met de confocale 

scanningg laser microscoop worden de hartspiercellen gevisualiseerd en kan bepaald 

wordenn of hartspiercellen zich hebben gevormd op en in het gelletje. Door deze 

experimentenn met verschillende hartcompartimenten van verschillende stadia uit te 

voeren,, hebben we de ontwikkelingsperiode bepaald waarin de hartcompartimenten in 

staatt zijn om spierweefsel te vormen in kweek. Deze periode bleek grotendeels overeen te 

11 Mesoderm: middelste kiemblad van het 3-lagig embryo, waaruit hart en bloedvaten, spieren, 
skelet,, bindweefsel en het urogenitaal stelsel ontstaat. 
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komenn met de ontwikkelingsperiode waarin in het embryo de spiervorming plaatsvindt. 

Di tt duidt erop dat het kweeksvsteem een reële weerspiegeling is van de situatie in het 

embryo. . 

Hartspiervormingg in het bindweefsel van het embryonale hart kan worden 

bewerkstelligdd door migratie yan al bestaande hartspiercellen in het bindweefsel, en/of 

doorr differentiatie van bindweefselcellen in hartspiercellen. Tijdens het kweken van de 

hartcompartimentenn is het moeilijk onderscheidt te maken tussen deze twee 

mogelijkheden,, omdat pas aan het einde van de kweekperiode de hartspiercellen zichtbaar 

wordenn door de kleuring. ï:,en aantal aanwijzingen duidt er echter op dat differentiatie 

vann bindweefselcellen in hartspicrcelien betrokken is bij de hartspiervorming in de kweek. 

1)) Hartspiervorming tijdens het kweken van de hartcompartimenten vindt alleen plaats als 

bindweefsell  aanwezig is. 2) In de kweek zijn b i nd weefsel ach ti ge cellen aanwezig die 

spiercelspecifiekee eiwitten bevatten. 3) Embryonale bindweefselcellen kunnen worden 

omgevormdd in hartspiercellen als ze samen gekweekt worden met hartspierccllen van het 

uitstroomgcdecltcc van het hart. 

Omm te bepalen of omzetting van embryonaal bindweefsel cellen in hartspiercellen 

ookk plaatsvindt in het embryo zelf hebben we gekeken naar de expressie van het eiwit 

actinee dat voornamelijk in gladde spieren tot expressie komt. Tijdens de eerste fase van de 

hartspiercelvorming,, vormt dit actine een deel van de samentrekkende machinerie van de 

hartspiercel.. Gedurende de verdere ontwikkeling wordt dit "gladde spier" actine 

grotendeelss vervangen door de uiteindelijke "hartspier" actine. "Gladde spier" actine kan 

duss gebruikt woorden om hartspiercellen aan te tonen die zich in een vroege fase van 

hartspiercelvormingg bevinden. We hebben gevonden dat "gladde spier" actine tot 

expressiee komt vlak voor de expressie van hartspiercel-specifieke markers in alle gebieden 

waarr hartspiercelvorming plaatsvindt. Dit duidt erop dat deze cellen zich in een vroege 

fasee van spiercelvorming bevinden. Hieruit concludeerden we dat het zeer waarschijnlijk 

iss dat hartspiervorming in het bindweefsel van het hart plaatsvindt mede door de 

omvormingg van bindweefselcellen in spiercellen. 

Dee wand van het hartzakje draagt vroeg in ontwikkeling bij aan de vorming van de 

hartspier.. Het gedeelte van de wand van het hartzakje naast het hartspierweefsel van het 

instroomgedeeltee van het hart vormt niet alleen hartspierweefscl maar ook het proepicard. 

Hett proepicard is een structuur dat al groeiende vanuit de wand van het hartzakje uitpuilt 

inn het lumen van het hartzakje. Het proepicard reikt dan tot de achterkant van het hart en 

cellenn van het proepicard verspreiden zich over het oppervlak van het hart, vormend de 

buitenstee laag van het hart dat het epicard genoemd wordt. Vanuit het epicard worden er 

cellenn gevormd die uiteindelijk bijdragen tot het vaatstelsel van het hart en het 

bindweefsell  in het subepicard en in het hartspierweetsel. Wanneer we het proepicard 

kweken,, zien we dat er hartspiercellen ontstaan, terwijl wanneer we het epicard kweken er 

geenn hartspiercellen ontstaan. Dit duidt er op dat procpicardiale cellen in staat zijn om 

hartspiercellenn te vormen, maar dat ze, als ze gedurende de verdere ontwikkeling epicard 
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vormen,, deze capaciteit verliezen. Als we kijken naar de hartspierspecifieke marker 

"SERCA2a",, dan zien we dat de cellen van de wand van het hartzakje waar het 

proepicardd zich heeft gevormd zeer laag deze marker tot expressie brengen en dat deze 

expressiee afneemt richting de top van het proepicard. Dit duidt erop dat proepicardiale 

cellenn de eerste fase van hartspiercel vorming hebben doorlopen, maar gedurende de 

verderr ontwikkeling een andere richting zijn opgegaan, namelijk de vorming van het 

epicard.. Een ander deel van de cellen onder het proepicard zullen bijdrage tot de vorming 

vann spierweefsel aan de instroomkant van het hart. Door het kweken van het proepicard 

hebbenn we gevonden dat factoren van de Bone Morphogenctic Protein (BMP) en 

Fibroblastt Growth Factor (FGF) groeifactor families betrokken zijn bij het stimuleren ot 

juistt remmen van de hartspiervorming. De expressiepatronen van BMP 2 en 4 ter hoogte 

vann het proepicard zijn consistent met een rol van BMPs in de beslissing of de wand van 

hett hartzakje spierweefsel of epicard moet gaan vormen. Het proepicard kweek blijkt een 

goedd model te zijn voor het onderzoeken van de mechanismen die ten grondslag liggen 

aann de vorming van hartspierweefsel en epicard. 

Hett laatste hoofdstuk van dit proefschrift is een verzameling van observaties op 

hett gebied van hartspiervorming. Verschillende observaties duiden erop dat hartspier 

gevormdd kan worden als gevolg van migratie van bestaand hartspier of als gevolg van 

differentiatiee vanuit bindweefsel- of epitheelcellen. Ook hebben we gekeken naar welke 

factorenn potentieel betrokken zijn bij deze hartspiervorming. Onder andere BMPs, FGFs 

enn Transforming Growth Factor (TGF)J3s blijken betrokken te zijn. Onderzoek met 

behulpp van knock-out muizen en adenovirussen wijzen er echter op dat TGFP's indirect 

betrokkenn zijn bij hartspiervorming. 

Dee resultaten beschreven in dit proefschrift dragen bij aan de vermeerdering van 

onzee kennis over het proces van hartspiervorming. Deze kennis is nodig voor het 

begrijpenn van aangeboren hartafwijkingen, waaraan verstoring van hartspiervorming ten 

grondslagg ligt, en om in de toekomst te komen tot een rationele therapie. Ook in de 

volwassenn situatie zou deze kennis een onverwachte belangrijke toepassing kunnen 

vinden.. Immers vrijwel al het bindweefsel tussen de hartspiercellen in de gebieden van het 

hartt die verbindweefseld zijn ten gevolge van een hartaanval, is uiteindelijk afkomstig van 

hett proepicard. Dit proepicard had ooit de potentie had hartspiercel re worden. Wanneer 

wee nu begrijpen hoe de blokkade richting hartspiercel differentiatie totstandkomt, kunnen 

wcc nagaan of deze blokkade ook kan worden opgeheven, hetgeen ongekende 

therapeutischee mogelijkheden zou bieden. Bindweefsel, dat is ontstaan als gevolg van een 

hartaanval,, zou dan omgezet kunnen worden in functioneel hartspierweetsel. 
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AA A 

ActR R 
AHF F 
AL L 
AP P 
APMEE E 
APS S 
av v 
.WC C 
AYM M 
BMP P 
BMPR R 
Brdl' ' 
BSA A 
CLSM M 
CM M 
cTnT T 
CV V 

CVSMC C 
dc c 
Dkk-1 1 
dm m 
dmp p 
DORV V 
dpp p 
E E 
F.BSS S 
FMT T 
En n 
enn do 
FT-1 1 
FS S 
FGF F 
FGFR R 

Frzb-lgG G 
111 Ac 
HI1 1 
hLAM P P 
ias s 
iAY C C 
ITS S 
ivs s 
INK K 
LA A 
Lev v 
lie e 
lscv v 
LSI! ! 
in n 
LY Y 
MAH H 
MAA AH 
Ml') 9 9 
MHC C 
MLC C 
MM M 

atriall  appendages 
activinn receptors 
anteriorr heart forming field 
anteriorr lateral 
arteriall  pole 
anteriorr paraNial mesendoderm with overhing 
aorticopulmonaryy septum 
azvgouss vein 
arrioventricLtlarr canal 
atrioventricularr cushion mesenchyme 
bonee morphogeneric protein 
BMPP receptor 
bb ro m o d eo x v u ri d i ne 
bovinee serum albumin 
confocall  laser-scanning microscope 
conditionedd medium 
cardiacc troponin T 
cavall  vein 
coronaryy vascular smooth muscle cells 
dorsall  AYC cushion 
dickkopf-1 1 
dorsall  mesocardium 
dorsall  mesocardial protrusion 
doublee outlet right ventricle 
dd ec apen tap tcgic 
embryonicc dav 
Earl'ss Balanced Salt Solution 
endocardial-to-mcscnchvma]]  transformation 
endotheliall  cell 
endocardium m 
endothelin-l l 
EDTAA soluble 
fibroblastt growth factor 
I :GFF receptor 

aa W-'nt/'P-catenin antagonist 
aceticc acid 
Hamburgerr and Hamilton stages 
heartt lectin-associated myocardial protein 
interatriall  septum 
inferiorr atrioventricular cushion; ;; 
insulin,, transferrin and selenium 
interventricularr seprum 
funn N-terminal kinase 
lettt atrium 
leftt caval vein; 
lettt lateral AYC cushion 
lettt superior caval vein 
leftt sinus horn 
lung g 
leftt ventricle 
methanol,, aceton and 1 FO 
methanol,, aceton, acetic acid and H>C) 
mediumm \9C) 
myosinn heavy chain 
myosinn light chain 
mediastinall  mesenchyme 

ectoderm m 
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mv v 
MvBP P 
MvoF F 
NC C 
NT T 
N T 3 3 
OFT T 
OS S 
PAF F 

PAS S 
PBS S 
PH H 
pen/strep p 
PENG G 
Perii  F 
PFA A 
PHF F 
PkC C 
PL L 

PP P 
PPS S 

Pv v 

RA A 
rev v 
ricv v 
rlc c 
RV V 
RVV V 
rscv v 
RSH H 
saf f 
sAVC C 
SERCA2a a 
SMA A 
sp p 
S\r r 

TPA A 
TT T 
Tx-Htti i 
TGF F 

TGFpR R 
Tsl6 6 
tv v 
V V 
\c c 
VP P 
VS S 
VSD D 
VV V 

mitrall  valve 
myosin-binding-proteins s 
intermyocardiall  fibroblast 
noo toehord 
neurall  tube 
neurotrophicc 3 
outfloww tract 
outlett septum 
primaryy atrial fold 
primaryy atrial septum 
phosphatee buffered saline 
proepicardium m 
penicillinn /streptomycin 
PBS,, EDTA, NaCl and gelatin 
perivascularr fibroblast 
paraiormaldehvde e 
posteriorr heart forming field 
proteinn kinase C 
posteriorr lateral 
pulmonaryy pit 
posteriorr primitive streak 
pulmonaryy vein 
rightt atrium 
rightright cava! vein 
rightt inferior caval vein;; 
rightt lateral AVC cushion 
rightt ventricle 
rightt venous valve 
rightright superior caval vein 
rightt sinus horn 
secondaryy atrial told 
superiorr atrioventricular cushion 
sarcoplasmaticc reticulum Ca-~-ATPase 
smoothh muscle actin 
spinaa vestibuli 
sinuss vennsus 
12-O-tetradecanovlphorbol-13-acetate e 
tendonn of Todaro 
Tritonn X-'100 
transformingg growth factor 

TGFpp Receptor 
trisomyy 16 
tricuspidd valve 
ventricle e 
ventrall  AVC cushion 
venouss pole 
ventricularr septum 
ventricularr septa! defect 
venouss valve* 
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