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1. Introduction

The heart is the first embryonic organ to function. Early
in development, the heart shows autorhythmycity and peri-
staltoid contraction waves [1,2]. Contraction requires the
expression of a specific set of proteins that form the
contractile apparatus, i.e. the sarcomere. The contraction—
relaxation cycle of the sarcomeric apparatus is mediated by
changing local concentrations of free calcium. This func-
tion is achieved by another set of specific proteins, located
in the sarcoplasmic reticulum and in the sarcolemma.

Fascinating questions that are still poorly understood
are how the cardiogenic lineage becomes established to
form the peristaltoid contracting tube without valves and
how this tube becomes transformed into the synchronous-
contracting four-chambered heart with unidirectional
valves. It is well documented that the expression of the
different isoforms of contractile proteins changes consider-
ably during these stages (for a review see [3]). However, a
detailed analysis of the changes in the patterns of gene
expression in relation to cardiac morphogenesis is lacking.
In the present review we try to fill this gap. We have
centred our attention on gene products (MRNA and pro-
tein) expressed in the working myocardium of mammals
and birds. No distinction has been made when mRNA and
protein display the same pattern of expression, however we
have highlighted those cases where the pattern of expres-
sion differs between mRNA and protein. The development
and expression pattern of genes of the conduction system
of the heart merits an independent review [4] (Moorman et
al., Circ. Res,, in press). Data referring to other experimen-
tal models as Drosophila, Xenopus or zebrafish (Danio
rerio) are included only if they are helpful for our general
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understanding. Often only gene expression in the presump-
tive atria and/or presumptive ventricles is mentioned,
whereas understanding the functional significance of the
patterns of gene expression requires knowledge of the
entire pattern including the inflow tract, atrioventricular
canal and outflow tract. In those cases we have included
complementary data from our laboratory, if available. The
expression patterns of gene products in other tissues as the
mesenchymal cells and cardiac neural crest are not covered
in this review. Excellent reviews exist on these topics
[5-7].

Patterns of expression have been described in three
prototypical developmental stages (see for staging [8]): (i)
tubular heart (Fig. 1A), Carnegie stage ~ 9 (Human:
embryonic day (E) 20; Mouse: E8; Rat: E10; Chicken:
stage 10 (Hamburger and Hamilton (H /H) [9)), (ii) looped,
segmented heart (Fig. 1B), Carnegie stage ~ 012 (Human:
E28; Mouse: E10.5; Rat: E12; Chicken: stage 18 (H/H)),
and (iii) septated, fetal heart (Fig. 1C), Carnegie stage
~ 23 (Human: E60; Mouse: E16; Rat: E17.5; Chicken:
stage 38 (H/H)). Table 1 presents the different
MRNAs/proteins included in this review and the species
in which the expression patterns have been studied. Sec-
ondly, we have compiled the recent data on transgene
expression during heart development as far as available
(see Table 2). The analysis of such patterns of expression
and their relationship with the expression of cardiac-muscle
specific transcription factors have been summarised in a
model of developmentally regulated cardiac gene expres-
sion.

2. Morphogenesis of the heart

The heart originates from the splanchnic mesoderm.
Two primordia of epithelial cells (precardiac mesoderm or
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Fig. 1. Cardiac morphogenesis. Schematic representation of three different prototypic stages of cardiac development, i.e. tubular heart stage (A), segmented
(embryonic) stage (B) and septated (fetal) stage (C) corresponding to approximately a similar stage of the scanning electron microscopical illustrations of
the chicken (A,B) and human heart (C). No morphological boundaries can be distinguished in the tubular stage. Five morphologically identifiable segments
can be delimited in the segmented heart, i.e. inflow tract (IFT), embryonic atria (EA), atrioventricular canal (AVC), embryonic ventricles (EV) and outflow
tract (OFT). The atria and ventricles are septated into right and left components in the fetal stage. The outflow tract partially disappears and partially
becomes incorporated into the ventricular chambers. The atrioventricular canal and the inflow tract become incorporated into the atrial chambers. Thus, the
flanking segments are no longer identifiable morphologically in the fetal heart. RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle;

CV, cava veins; PV, pulmonary veins.

cardiac crescent) are observed at both sides of the antero-
posterior axis of the embryo that eventually will fuse in the
midline of the body. As the tubular heart is formed, two
epithelial layers are observed, the myocardium and the
endocardium, which are separated by an acellular matrix,
the cardiac jelly (this stage is illustrated in Fig. 1A). This
initial layer of myocardium has been dubbed ‘primary
myocardium’ [10].

With further development, the heart loops towards the
right side. Subsequently the atrial and ventricular segments

become recognisable. Five different segments can be dis-
tinguished: two fast-contracting segments, the atria and the
ventricles, and three slow-contracting segments, the out-
flow tract, the atrioventricular canal and the inflow tract
[10]. The region of the myocardium that is located up-
stream of the atria has been dubbed inflow tract. Thus,
inflow tract refers to the sinus horns in the embryonic
heart and, later in development, to those structures derived
from it and those newly formed in the venous pole of the
heart. At this stage, the ventricles are characterized by a
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Table 1
List of proteins/mRNAS per species with distinctive patterns of expression in the separate cardiac compartments. R, rat; M, mouse; C, chicken; H, human;
Mg, macaque.
Gene product mRNA Protein
R M Cc R M C H Mq
aMHC a [3,23] [19,20,27] [11,22] a [17,18,25] [24]
BMHC a [3,23] [20,21,27] [11,22] a [17,18,25] [24]
MLCla [3.23]
MLC1v [41,42] [3,23,41]
MLC2a [41] [36,41]
MLC2v [39,41,42] [3,38,41]
MLC3f [32,33]
skeletal a-actin [129] [49,129] [48]
cardiac a-actin [129] [49,129] [48]
a-SMA [129] [129] [48] [11]
tropomyosin [57]
tropomodulin [55] [54]
slow Tnl [67]
cardiac Tnl [66,67] a [67]
fast Tnl [68]
Calponin [74,75] [11]
SERCA2 [91,92]
PLB [92] [99]
RyR2 [105]
RyR3 [105]
NCX a
NaK-ATPase a1 [110]
NaK-ATPase o 2 [110]
NaK-ATPase o 3 [110]
Cx40 [113,115] [112] [113,115]
Cx43 [113,115] [114] [115,116] [114]
MCK a [124] [124] [125] [126] [127]
BCK [124] [124] [125] [126] [127]
Desmin [129] [129] [11] [130]
a-5 integrin [140]
«-6 integrin [138] [141] [139]
B-1integrin [136] [139]
N-cadherin [147] [144,146]
ANF [186] [187] [189]
AChE [196] [192,193] [191]
Nkx2.5 [37,242]
cNkx2.8 [175,176]
GATA-4 [167,170] [165]
GATA-5 [177] [165]
GATA-6 [171] [165]
MEF2A [173]
MEF2C [173]
MEF2D [173]
dHAND [169,181] [155]
eHAND [169,179-181] [155]
CARP [183]
SRF [185]
pCMF1 [184]

& Data presented in this review.

trabeculated morphology (this stage is illustrated in Fig.
1B).

With further development, septation of the atria and the
ventricles proceeds, and right and left components can be
recognised in the atrial and ventricular segments. At the
same time, the ventricles acquire a compact myocardia
morphology, starting in the interventricular septum, fol-

lowed by the left ventricle and subsequently the right
ventricle [11]. The latest event concerning septation of the
heart occurs in the outflow tract region where two endocar-
dia ridges fuse and each ventricle, right and left, acquires
an independent outlet connection (this stage is illustrated
in Fig. 1C). At the end of the septation process, part of the
outflow tract myocardium disappears and part becomes
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Table 2

Summary of the genes and their regulatory sequences studied by means of transgenic mice during embryonic cardiac development (see Fig. 8 for
illustrations). The reporter gene (R.gene), the sequence tested in vivo and the overall expression in the fetal stages is depicted. If published, candidate
cis-acting elements and their binding proteins directing gene expression in the heart are also included. A, atria; V, ventricles, RA, right atrium; RV, right
ventricle; LV, left ventricle; AVC, atrioventricular canal; OFT, outflow tract; IFT, inflow tract; CAT, chloramphenicol aminotransferase; nlacZ,

B-galactosidase with nuclear localisation signal; lacZ, B-galactosidase

Gene R.gene Sequence Expression References
aMHC CAT 5.5 kb upstream A+V [198]
aMHC? lacz 5.5 kb upstream A+V [199]
BMHC CAT 2.5 kb upstream A+V [200,201]
MLC3f nlacz 2 kb upstream + 3 enhancer RA+LV [32]
MLC3f nlacZ 9 kb upstream A+AVC+C [13]
MLC2v lacz 280 bp upstream OFT +RV [118]
MLC2v lacz 28 bp (HFla/HF1b/MEF-2) OFT +RV [118]
cardiac a-actin nlacZ 3 kb upstream A+V [117]
cardiac a-actin nlacZ 12 kb upstream RA+LV [127]
slow Tnl CAT 4.2 kb upstream IFT+V [68]
Desmin lacZ 1 kb upstream OFT+RV [119]
SM22a lacz 2 kb upstream OFT +RV [213,214]
o B-crystalin lacz 4 kb upstream OFT +RV [215]
dystrophin lacz 900 bp upstream OFT +RV [216]

@ The expression pattern of «-MHC-lacZ transgene is confined to the atrial myocardium in the embryonic and fetal stages and becomes up-regulated in the

ventricular myocardium postnatally.

incorporated into the right ventricular infundibulum [12,13].
The atrioventricular canal and the inflow tract become
incorporated into the atrial cavities.

3. Patterns of gene expression

The differentia distribution of those genes whose pat-
terns of expression are documented in the literature are
schematically represented in Fig. 2, in three different
stages of heart development.

3.1. Contractile proteins

3.1.1. Myosin heavy chains (MHCs)

In the mammalian heart, two myosin heavy chain iso-
forms are expressed during development, a-MHC and
B-MHC, each encoded by a single gene [14,15] (see for
review [16]). In chicken, at least three different MHC
isoforms have been isolated, two of them are expressed in
the atrial myocardium [17-20] and the third is mostly
restricted to the ventricular myocardium [17,18,21].

In the early tubular stages of development, «-MHC and
B-MHC are co-expressed along the myocardium in mice,
rats, chicken and human [3,17,22—-24]. a-MHC is higher in
the atria/inflow tract and progressively decreases towards
the ventricle/outflow tract region. 3-MHC is highest ex-
pressed in the outflow tract/ventricle and decreases to-
wards the atria/inflow tract. In rodents, -MHC protein is
almost homogeneously distributed whereas a-MHC pro-
tein shows a clear gradient of expression [22].

In the looped heart, a-MHC becomes restricted to the
atria/inflow tract and B-MHC to the ventricles/outflow

tract in rodents [3,23] (our own observations). Co-expres-
sion of both proteins is observed in the myocardium of the
atrioventricular canal [17,22,24]. The IVS is depleted of
a-MHC, whereas the trabeculated ventricular component
still shows a moderate intensity of expression. On the other
hand, B-MHC expression is mostly restricted to the ven-
tricular /outflow tract compartments with just detectable
levels in the atrial myocardium (Fig. 3A). No differences
between VS and trabeculated ventricles can be observed.
Interestingly, a-MHC expression is transiently maintained
in the outflow tract myocardium of chicken, rat and human
[11,17,24]. «-MHC protein remains moderately expressed
in the trabeculated component compared to the developing
compact myocardia layers (i.e. ventricular free walls)
during the late embryonic and fetal stages in rodent, avian
and human embryos [11,17,22,24].

In the fetal stages, a-MHC is expressed in the atria
myocardium, caval veins, coronary sinus, interatrial sep-
tum and in the myocardium of the pulmonary veins. In rat
and mouse, the trabeculated part of the developing ventric-
ular myocardium still expresses a-MHC protein. B-MHC
becomes restricted to the outflow tract and ventricles with
no difference between the compact myocardium and the
trabeculated component.

A more complex situation is observed in chicken where
several atrial MHC isoforms, but only one ventricular
isoform, are expressed [25,26]. Current data support the
notion that a distinct MHC isoform is mostly confined to
the presumptive atrial myocardium [21] whereas another
atrial isoform displays a gradient along the cardiac tube
[17]. Indeed, two atrill MHC mRNA isoforms have been
identified, AMHCL restricted to the venous pole of the
heart [20] and CCSV2 highly expressed in the atrial my-
ocardium and at lower levels in the ventricles [19]. This
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fact explains the reports on atriadl MHC gradients by some
authors [17] and atrial-restricted MHC expression by other
groups [20,21,25,27].

In summary, the expression of MHCs (mRNA /protein)
in mammals shows a prototypical pattern of expression
with anteroposterior gradients of gene expression in the
tubular stage. With development, MHC isoforms become
confined to atrial or ventricular myocardium, and co-ex-
pression is found transiently in the flanking segments (i.e.
atrioventricular canal myocardium and outflow tract). In
the late embryonic and fetal stages, a-MHC expression
remains higher in the ventricular trabeculations than in the
compact myocardium during similar stages of development
in different species. This phenotype confers an ‘atria’-like
characteristic to the trabeculations that may result in a
faster contraction capacity than the compact myocardium.

3.1.2. Myosin light chains (MLCs)

The myosin light chains are classified in two groups,
alkaline (or essential) and regulatory (or phosphorylatable)
[28]. Five major akali MLCs have been cloned in striated
muscle. Two fast isoforms (MLC1f and MLC3f) are en-
coded by a single gene and result from aternative splicing
[29-31]. MLC3f mRNA but not MLC1f mRNA is ex-
pressed in the developing mouse heart [32,33]. There are
two slow essential MLC isoforms, MLC1v and MLClsa
MLC1v is expressed in adult slow skeletal and cardiac
muscle and is confined principally to the ventricular my-
ocardium. MLC1sa is expressed in adult slow skeletal
muscle, smooth muscle and non-muscle tissues [34]. An-
other isoform, MLC1la (also dubbed embryonic) is ex-
pressed in embryonic skeletal muscle and in the heart,
mostly restricted to the atrial myocardium [23]. Three
isoforms of the regulatory myosin light chain have been
reported to be expressed in striated muscle. MLC2a is
confined to the atrial myocardium, MLC2v (slow) is ex-
pressed in the ventricular myocardium and slow-twitch
fibres, and ML C2f is expressed in fast skeletal muscle and
transiently in the embryonic heart [35].

During the tubular stages of development, MLCla,
MLC1lv and MLC2a mRNAs are expressed along the
myocardium of the entire heart tube [3,23,36]. MLC2v
MRNA has been reported to be exclusively expressed in
the presumptive ventricular myocardium in mice [37,38]
and is detectable from E8.5 [37] in mouse and E10 in rat
[39]. With development, the different MLC isoforms be-
come confined to a distinct compartment in mouse and rat
[3]. In the looped heart MLCla and MLC2a mRNAs are
higher expressed in the atria /inflow tract area, whereas
MLC1lv and MLC2v mRNA are predominant in the ven-
tricular /outflow tract regions [3,23,40]. Interestingly, the
regulatory MLC2a and MLC2v remain expressed, albeit in
lower levels, in the slow-conducting, flanking segments,
i.e. inflow tract, atrioventricular canal and outflow tract
(Fig. 3B) [39,42]. The expression of MLC2f mRNA is
transiently detectable at E9.5 in the mouse, however no

description of its expression pattern is reported [35]. ML C3f
MRNA is expressed in the atria /inflow tract, in the
ventricles and, at lower levels in the atrioventricular canal,
but not in the outflow tract. It aso shows higher level of
expression in the atrial than in the ventricular myocardium
[32]. MLC1a, MLC2a and MLC3f mRNAs show higher
expression in the trabeculations than in the IVS and in the
compact layer of the ventricular free wall in rodents (Fig.
4A, C; Kelly R, Zammit P, Buckingham M, in preparation).
On the other hand, MLC1v and MLC2v mRNASs show a
low expression in the trabecular component of the ventri-
cles (Fig. 4B, D) [41].

In the fetal stages, MLCla and MLC2a mRNAS show a
similar pattern to that observed for the a-MHC; that is,
mostly restricted to the atria /inflow tract domains, i.e. the
atrial myocardium, the interatrial septum, the coronary
sinus and the myocardium surrounding the caval and pul-
monary veins. MLC2a mRNA remains expressed in the
areas derived from the embryonic outflow tract [42].
MLC1lv mRNA is expressed exclusively in the ventricles
and in the outflow tract-derived myocardium, whereas
MLC2v mRNA displays high expression in the ventricular
myocardium and low levels of expression in the outflow
tract-derived myocardium [42], in the lower rim of the atria
and in the interatrial septum [39]. Remarkably, the
‘fast /atrial’-MLC isoforms (MLCla, MLC2a and MLC3f)
are higher expressed in the trabeculations than in the
compact myocardium and conversely, the ‘slow /ventricu-
lar'-MLC isoforms (MLC1lv and MLC2v) are higher ex-
pressed in the compact myocardium than in the trabecula-
tions (Fig. 4).

In summary, MLC2a shows a gradient in expression in
the early stages of heart devel opment, whereas ML Cla and
MLC1v are homogeneously expressed. No data are avail-
able about the precise topographical distribution of MLC2v
and MLC3f mRNAs in the tubular heart. In the looped
heart, MLC2a and MLV 2v mRNAS become confined pref-
erentially to the atria and ventricles, respectively. Co-ex-
pression of both mRNAs is observed in the flanking
segments, i.e. inflow tract, atrioventricular canal and out-
flow tract. Thus, the flanking, ‘ primary myocardium’ rep-
resents a transcriptional domain that is distinct from the
atrial and ventricular transcriptional domains.

3.1.3. Myosin-binding proteins (MyBPS)

Several myosin binding proteins have been described,
namely, C-protein, X-protein and M-protein, each type
localized in a distinct region of the sarcomere [43,44]. At
present, cardiac MyBP-C mRNA has been found in adult
cardiac muscle but not in skeletal muscle. Its developmen-
tal pattern of expression is unknown.

3.1.4. Actins
Three different actin isoforms are expressed through the
development of the heart, each encoded by a single gene
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Fig. 2. Gene expression in the developing heart. The patterns of expression of the genes discussed in this review are schematically represented in the three
prototypic stages of cardiac development (see Figure 1). Note that the levels of expression of a certain gene are only comparable within one developmental
stage. Below the levels of detection is depicted as a dashed line. () MCK, Cx43 and Cx40 show differences in the expression pattern of the mRNA and its
protein. Furthermore, MCK shows species-specific differences (see e.g. [125,127]). (b) MLC2v mRNA has been described to be confined to the ventricular
myocardium prior to its morphologica identification in the tubular heart [37,38]. We think that MLC2v mRNA is expressed along the entire cardiac tube
that will, however, contribute mostly to the ventricles, outflow tract and atrioventricular canal [12]. Consequently, MLC2v mRNA is mostly expressed in
the ventricular myocardium but it also extends towards the outflow tract, atrioventricular canal and part of the inflow tract (i.e. the dorsal roof of the atria)
at the embryonic heart stage (see Figure 3). (c) Gene products as MCK, Cx40, MLC2a and ANF show a differential transient expression within the right
and left ventricular compartments. (d) Our interpretation of the illustrations shown by Sassoon et a. [49] is that cardiac a-actin mRNA shows a
postero-anterior gradient of gene expression. The authors noted a heterogeneous expression but did not describe a gradient. (€) The expression of ANF
mRNA in the ventricles is aimost confined to the trabeculations. In the fetal heart, ANF mRNA expression is low in the ventricles, the caval veins, and
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[45-47]. These comprise the two sarcomeric actins, o-
skeletal actin and «-cardiac actin, and the smooth-muscle
a-actin (a-SMA). The expression patterns of the actin
isoforms have been studied in detail during early embryo-
genesis of mouse and chicken [48-50]. Sassoon et a. [49]
demonstrated that cardiac a-actin is expressed from the

cardiogenic plate stage onward in mice. Skeleta «-actin
was detectable later in development only. Cardiac «-actin
shows a gradient of expression from the inflow (venous
pole, higher expression) to the outflow tract (arterial pole,
lower expression). This gradient remained unnoticed in the
literature owing to a mislabelling of the outflow tract as
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Fig. 3. Seria sections of an E12 rat heart (embryonic stage) hybridized with cRNA probes against 3-MHC mRNA (A), MLC2v mRNA (B) and cardiac
troponin | mRNA (C). B-MHC mRNA expression is mostly confined to the ventricular /outflow tract myocardium (V) but displays detectable levelsin the
atrioventricular cana (not in the photograph), the atrial (A) and inflow tract (IFT) myocardium. MLC2v mRNA is mostly confined to the ventricular
myocardium but it also expressed at low levels in the outflow tract and the atrial myocardium with a steep boundary (arrows). Cardiac troponin | mRNA
shows a postero-anterior gradient of gene expression, with higher expression in the inflow tract and lower levels of expression in the proximal outflow tract
myocardium. No expression is observed in the distal outflow tract myocardium, which is in line with the findings of Gorza et al. [67]. Hybridization
conditions were performed according to Moorman et al. [205] with slight modifications (see [13]). The cDNAs probes used are those published in Boheler
et a. [240] (B-MHC), O'Brien et a. [38] (MLC2v) and Ausoni et al. [66] (cardiac Tnl), respectively. Bar = 100 pwm.

the embryonic atrium [49]. Ruzicka and Schwartz [48]
have shown that in early stages of avian cardiac develop-
ment, o«-SMA is first expressed in the myocardium, fol-
lowed by the expression of cardiac a-actin. Low levels of
skeletal a-actin were also detected. With further develop-
ment, «a-SMA starts to disappear gradually from the my-
ocardium (H/H 12) and is replaced by the sarcomeric
isoforms. a-SMA remains exclusively expressed in the
outflow and inflow tract in chickens [48,50]. During the
late embryonic stages of development, cardiac a-actin is
expressed in all cardiac compartments, with a dightly
lower staining intensity in the trabeculations than in the
compact myocardium in rats. No expression of skeletal
a-actin was observed during these stages (D. Franco,
unpublished data).

In the septated heart, a difference in staining intensity in
the trabeculations can be observed when compared to the
compact myocardium. a-SMA protein remains highly ex-
pressed in the trabecular component of the embryonic
ventricular compartment resembling, at this time-point, the
atrial myocardium phenotype in rodents [11]. In man,
expression of skeletal a-actin mMRNA is only observed in
the fetal heart (Carnegie stage 23) and is restricted to the
papillary muscle whereas cardiac a-actin is homogeneous
(Fig. 5). [51].

In summary, a switch of actin isoform expression is
observed during mammalian and avian heart morphogene-
sis. At comparable developmenta stages, «-SMA becomes
replaced by cardiac a-actin. «-SMA is initially expressed
in the early myocardia cells and progressively becomes
confined to both cardiac poles, when new myocardium is
still added to the cardiac tube. In the fetal stages of

development, «-SMA protein is higher expressed in the
trabeculations than in the compact myocardium. A comple-
mentary pattern is observed for cardiac «-actin mRNA.

3.1.5. Tropomodulin (TM)

Most of the studies of tropomodulin have been devoted
to its localization within the sarcomere [52—54]. Its expres-
sion pattern in the heart has been confined during early
stages of mouse embryogenesis only, where it is homoge-
neously expressed along the entire tubular heart [55]. At
present, data from later developmental stages are insuffi-
cient to allow conclusions.

3.1.6. Tropomyosin (Tmyo)

Three different tropomyosins isoforms have been identi-
fied, slow a and fast « and B [56]. Prados et a. [57] have
partially described the pattern of expression of «-
tropomyosin protein in the developing chicken heart. The
earliest expression is seen in the atrial and the ventricular
myocardium of the segmented heart (Carnegie stage 12,
stage 18 H/H). However, these authors do not describe
the expression in the flanking segments. In fetal heart,
tropomyosin expression increases, the trabeculations show
higher expression than the compact myocardium [57]. Fur-
ther topographical analysis of tropomyosin expression in
the early tubular heart and the embryonic stage is desirable
to understand the functional significance of tropomyosin
expression during cardiac development.

3.1.7. Troponins
The troponin complex is involved in the regulation of
striated muscle contraction by their interaction with Ca?*
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Fig. 4. Serial sectionsin a four-chambered view of an E14 mouse heart hybridized with cRNA probes against MLCla mRNA (A) and MLC1v mRNA (B).
Expression of MLC1la is confined to the right atrium (RA), left atrium (LA), interatrial septum (IAS), pulmonary veins (pv), left caval vein (cv) and right
caval veins leaflet (cvl). Within the ventricular myocardium, MLCla remains predominantly expressed in the trabeculated portion (arrows) whereas almost
no expression is observed in the compact layer. MLC1v mRNA is confined to the ventricular compartment being lower in the trabeculated component that
in the compact myocardium. (C, D) Serial transverse sections of an E14 rat heart hybridized with cRNA probes against MLC2a and MLC2v mRNA,
respectively. Observe that MLC2a mRNA is expressed highly in the trabeculations and lower in the compact myocardium and interventricular septum
(IVS). MLC2v mRNA is predominantly expressed in the compact myocardium and interventricular septum and lower in the trabeculated myocardium.
Hybridization conditions were performed according to Moorman et al. [205] with slight modifications (see [13]). The cDNAs probes used are those
published in Barton et al. [40] (MLC1a), Lyons et a. [23] (MLC1v), Kubalak et a. [36] (MLC2a) and O'Brien et a. [38] (MLC2v), respectively.

Bars= 300 um (A, B); 220 um (C, D).

ions. It consists of three different subunits, troponin C
(TnC), troponin | (Tnl) and troponin T (TnT) (see for a
review [58,59)).

In striated muscle two different TnC isoforms are ex-
pressed, a fast isoform and a slow /cardiac isoform, each
encoded by a single gene [60—62]. The dow /cardiac TnC
isoform is expressed in the heart [63] but no data are
available about the topographic expression. There is no
evidence of isoform switching during cardiac development
[64]. Cardiac TnC protein is first detected during chicken
development in H/H stage 10 along the cardiac tube and
remains homogeneously expressed until hatching [65].

In striated muscle three different genes code for the
different isoforms, i.e. fast Tnl, slow Tnl and cardiac Tnl.
In cardiac muscle al three isoforms are expressed tran-
siently during development [66—68]. In the adult heart only

cardiac Tnl mMRNA is expressed [64,67]. During early
development (Carnegie stage ~ 9, rat E10), no Tnl iso-
forms can be detected in the tubular rat heart. The first
expression is observed at E11 along the myocardium [66].
With further development, both atrial /inflow tract and
ventricular myocardium show weak expression of slow
Tnl and high expression of cardiac Tnl. Our own studies
on the expression of Tnl mMRNAs show that cardiac Tnl
MRNA displays a postero-anterior gradient of gene expres-
sion, expression decreasing from the venous pole toward
the arteria pole of the heart (Fig. 3C). Slow skeleta
troponin | mMRNA, in contrast, is almost homogeneously
expressed in the developing heart with significantly lower
expression in the outflow tract myocardium (D. Franco,
unpublished data). These data are in agreement with those
reported by Gorza et a. [67] with the exception that there
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RA LA

Fig. 5. Four-chamber view of a 9 week-old human embryonic heart (feta stage). Sections are hybridized with cRNA probes against cardiac a-actin mRNA
(A) and skeletal a-actin MRNA (B). Cardiac «-actin mRNA is observed in al myocardia cells; right atrium (RA), left atrium (LA), right ventricle (RV)
and left ventricle (LV), whereas skeletal a-actin is confined to the myocytes of the papillary muscles of the tricuspid and mitral valves (arrows). Human
fetuses were obtained after legal abortions at the Academic Medical Center (AMC, University of Amsterdam) and at the Postgraduate Medical School in
Budapest. The present study was approved by the respective local medical-ethical committees. Hybridization conditions were performed according to
Moorman et al. [205] with slight modifications (see [13]). The cDNAs probes against human cardiac «-actin and skeletal a-actin were kindly provided by

Dr. Ketty Schwartz (Paris). 1VS, interventricular septum. Bars = 300 pm.

is not a sharp boundary between outflow tract and right
ventricular myocardium for cardiac Tnl expression but just
a gradient. Recently, a transient expression of fast Tnl
mMRNA has been reported with a homogeneous distribution
in al embryonic cardiac chambers at just detectable levels
[68]. As the heart acquires a compact and a trabeculated
component in the developing myocardium both, cardiac
Tnl and slow Tnl mMRNAS, are higher expressed in the
compact myocardium than in the trabeculations (own ob-
servations).

Gorza et d. [67] have observed a delay between cardiac
Tnl mRNA and protein expression. The mRNA was de-
tected in the atrial and the ventricular myocardium from
E11 onward, whereas the protein was observed only in
atrial myocardium from E18. In contrast, the expression of
the slow Tnl protein parallels the mMRNA expression. These
results illustrate that the different Tnl isoforms display
different programs of gene expression. Furthermore, they
illustrate that cardiac Tnl is differently regulated at the
posttranscriptional level in different regions of the devel-
oping myocardium [67]. In contrast with mammals, cardiac
Tnl mRNA is aready detectable in the precardiac meso-
dermin Xenopus and its expression remains exclusively in
the devel oping myocardium [69].

In summary, the separate Tnl isoforms are expressed
differently in the distinct cardiac compartments. The car-
diac Tnl gene is an example of a gene that is initialy
expressed in a postero-anterior gradient along the cardiac
tube and becomes then homogeneously expressed. It aso
illustrates that distinct post-transcriptional regulation oc-

curs in the separate cardiac compartments. A different
pattern of gene expression is observed at the same devel-
opmental stage between different vertebrates which can
probably be attributed to a heterochrony in cardiac devel-
opment.

Three genes code for TnT in striated muscle; fast TnT,
slow TnT and cardiac TnT, each of them generating a
variety of transcripts by alternative splicing [70-73]. The
only TnT gene known to be expressed within the heart is
the cardiac TnT. As holds for the Tnl isoforms, a shift
from the embryonic TnT isoform to the adult isoform goes
concomitantly with a regionalisation of the transcripts.
Sabry and Dhoot [73] reported that expression of cardiac
TnT was higher in the embryonic atrial myocardium than
in the ventricular myocardium during rat development.
Further studies are required to link the expression of
cardiac TnT in relation to cardiac morphology during
embryogenesis.

3.1.8. Calponin

Calponin is exclusively found in the adult smooth mus-
cleand it is also expressed in the myocardium during early
stages of development [74,75]. Three different genes have
been described based on their nucleotide sequences [76—
78]. So far, only calponin-hl mRNA (also referred to as
smooth muscle calponin) has been extensively studied
during cardiac development in mouse [74,75]. The first
expression of calponin mRNA is observed at E9.5 with a
higher expression in the outflow tract myocardium and
lower expression in the rest of the myocardial compart-
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ments. Significant expression was also observed in the
developing smooth muscle cells of the dorsal aorta. At
E14, calponin mRNA has decreased in al cardiac cham-
bers and becomes almost undetectable at E18 [74,75]. Ya
et a. [11] have reported calponin protein expression during
cardiac development with a similar spatio-temporal distri-
bution of its mRNA in rats. The fact that calponin
MRNA /protein is transiently expressed during early stages
of heart development, similar to other smooth muscle
proteins, eg. a-SMA, SM22a [11,79] may reflect the
developmental history of cardiac muscle from the viscera
mesoderm. Other smooth muscle proteins are not ex-
pressed, e.g. smooth muscleeMHC, caldesmon [11,80],
which makes the functiona role of an early transient
expression of smooth muscle proteins in the developing
heart puzzling.

3.1.9. Other sarcomeric proteins

Other sarcomeric proteins, not forming an intrinsic part
of the thick and thin filaments, have been identified, such
as titin, a-actinin and myomesin, athough there is little
information about their topographica distribution in the
developing heart [81,82]. Different isoforms of titin are
expressed in cardiac and skeletal muscle [83] which are
likely to be derived from aternative splicing of the same
gene [84,85]. Titin mRNA is aready expressed in the
cardiac plate mesoderm and remains expressed in both
atrial and ventricular myocardium with no apparent re-
gional differences [85]. No data are available about the
distribution pattern of myomesin [87] or «-actinin [86].

3.2. Calcium handling

3.2.1. Sarcoplasmic reticulum calcium ATPase (SERCA)

In mammals, three different SERCA genes have been
identified; SERCA1 is expressed in fast skeletal muscle
only [88], SERCA?2 gives rise to two different mRNAs by
aternative splicing which are expressed in cardiac, dow
skeletal muscle and some smooth muscle (SERCA2a), and
in smooth muscle and non-muscle cells (SERCA2b)
[89,90]. SERCA3 mRNA is more ubiquitous but a detailed
topographical distribution is still lacking [91].

Within the heart two isoforms are known at present to
be expressed, SERCA2a and SERCA3[91]. Their distribu-
tion patterns have been investigated during rat cardiac
development [91,92]. The first expression of SERCA2a
MRNA is observed as early as the precardiac mesoderm is
formed [92]. At the tubular looping stage, SERCA2a
mMRNA shows a caudocranial gradient of expression, high
in the venous pole and lower in the arterial pole. As the
heart acquires five different segments, expression of
SERCA2a mRNA remains lower in the ventricles than in
the atria, with a drop in expression in the flanking seg-
ments, inflow tract, outflow tract and in particular in the
atrioventricular canal [92]. At E13, the compact my-
ocardium shows higher expression of SERCA2a mRNA

than the trabeculations [92]. In the fetal stages a different
level of expression remains between the atrial and the
ventricular myocardium. The expression pattern of
SERCA3 mRNA has not been studied in detail. Expression
appears in the tubular heart (Carnegie stage ~ 9, rat E10)
and disappears in the septated heart (Carnegie stage 23, rat
E17.5) [91].

In conclusion, the calcium pump encoded by the
SERCA2a gene shows a postero-anterior gradient of gene
expression and displays with further development a seg-
mented pattern of expression. This regionalised distribu-
tion of SERCA2a mRNA is in agreement with the func-
tional properties of fast-contracting segments. short con-
traction duration in the upstream segments and increasing
towards the arterial pole. The flanking segments have the
longest contraction duration as they function as sphincter
to substitute the valves. Differences in the phenotype are
also observed within the ventricular segment. Expression is
lower in the trabecular portion than in the compact my-
ocardium. A functiona interpretation of these differences
may be that relaxation starts in the outer compact my-
ocardium, where expression levels are the highest. Further
analysis is, however required to assess the functional dif-
ferences in phenotype between trabeculations and compact
myocardium as the calcium pump function is mediated by
phospholamban, the action of which depends upon its
phosphorylation.

3.2.2. Phospholamban (PLB)

The sarcoplasmic calcium ATPase activity is regulated
by PLB. PLB is expressed in cardiac, slow-twitch and
smooth muscle but not in fast-twitch muscle tissue [93,94].
PLB is encoded by a single gene directing the synthesis of
the same protein in cardiac and slow-twitch muscle [95,96].
Binding of PLB to the SERCAZ2 protein inhibits its activ-
ity, whereas phosphorylation of PLB prevents binding to
the calcium pump [97,98].

The spatio-temporal distribution of PLB mRNA expres-
sion has been studied during embryonic heart development
in rat [92] and chicken [99]. In rats, the first expression of
PLB mRNA was detected in the segmented heart (Carne-
gie stage 12, rat E12). PLB mRNA expression shows a
craniocaudal gradient of gene expression opposite to that
of SERCA [92]. Similar expression is detectable during
embryonic chicken development (Carnegie stage 12, stage
14 H/H) [99]. In the septated heart, the atrial /inflow tract
shows lower mRNA expression than the ventricular /out-
flow tract region. As the trabeculations and compact my-
ocardium start to develop, regiona differences are ob-
served, the compact myocardium being more heavily
stained that the inner trabeculations [92].

The expression of PLB (and of SERCA, see above)
supports the differences in cardiac function, that is fast
relaxation in the upstream parts of the heart tube owing to
high levels of expression of SERCA2 and low levels of
PLB, and long contraction duration downstream owing to
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slow calcium clearance due to low levels of SERCA2 and
high levels of PLB. It aso supports the notion of a quicker
relaxation of the compact myocardium than in the trabecu-
lations. Nevertheless, athough in genera transcriptional
regulation is the predominant regulatory mechanism, post-
transcriptional control has to be taken in account.

3.2.3. Ryanodine receptor (RyR)
The extrusion of calcium from the sarcoplasmic reticu-
lum into the cytosol is mediated by the RyR [100,101]. At

Fig. 6. Serial sections in four-chamber view of an E14 rat heart (feta
stage) hybridized with cRNA probes against cardiac ryanodine receptor
mMRNA (A) and sodium—cacium exchanger mRNA (B). Expression is
observed in all cardiac chambers with a relative low expression in the
trabeculated portion of the ventricular myocardium. MCK mRNA expres-
sion in an E16 rat heart section (C) is observed in the right atrium (RA),
left atrium (LA), right ventricle (RV), left ventricle (LV) and caval veins
(cv) but not in the pulmonary veins. ANF mRNA expression in an E12
rat heart (D) is observed in the right atrium (RA) and left atrium (LA)
and in the trabeculated portion (tc) of the right (RV) and left ventricle
(LV) but neither in the compact myocardium (cm) nor in the outflow tract
(OFT). Hybridization conditions were performed according to Moorman
et al. [205] with dlight modifications (see e.g. [13]). The cDNAs probes
used are those published in Buskin et al. [241] (MCK), and Seidman et al.
[188] (ANF). The cDNAs probes against ryanodine receptor 2 isoform
and the cardiac NCX were kindly provided by Dr. Kenneth Boheler
(USA). Bar = 250 wm (A, B, D); 300 wm (O).

present three different forms of RyR have been identified
[101-104]. RyR1 is expressed predominantly in skeletal
muscle, RyR2 in cardiac muscle and RyR3 in the brain
(see for a recent review [101]). The pattern of expression
of the three different RyR isoforms has been studied
during rat heart development [105] (our own data).

In the tubular heart, the RyR2 mRNA expression is
evenly detectable along the embryonic cardiac tube,
whereas RyR1 and RyRS3 transcripts are not detectable.

In the embryonic heart, as in the previous stage, only
RyR2 transcript is detectable in the myocardium [105].
RyR2 mRNA is dightly higher in the atrial and ventricular
segments, beautifully demonstrating the development of
fast contracting segments of working myocardium.

In the fetal stage, RyR2 is expressed in all myocardio-
cytes with no clear differences in spatial distribution. The
atrial myocardium tends dlightly to have a higher expres-
sion. At this stage, expression of RyR3 transcripts is
observed for the first time in both atrial and ventricular
cardiomyocytes. Interestingly, RyR2 mRNA is signifi-
cantly lower expressed in the trabeculations than in the
compact myocardium (Fig. 6A). Both transcripts, RyR2
and RyR3, remain expressed in the myocardium until
adulthood. No expression of RyR1 mRNA is observed in
any stage of development [105].

3.2.4. Sodium—calcium exchanger (NCX)

The exchange of calcium ions through the sarcolemma
is mediated by the NCX. Different isoforms of the NCX
are expressed in different tissues which are derived from a
single gene by alternative splicing [106,107].

Within the heart, only one spliced variant has been
detected at present [107] and its topographical expression
has been recently studied during rat development ([107];
our own data). At the tubular stage, NCX mRNA is
homogeneously expressed and remains so during further
development when the different cardiac segments are
formed. Only differences between the trabeculations and
the compact myocardium were observed in the embryonic
and feta stage (Carnegie stage 12-23, rat E12-17.5),
resembling the expression pattern of the cardiac RyR and
SERCA2 mRNAs (Fig. 6B). Thus the NCX seems not to
contribute to the segmental differences in calcium clear-
ance. In the late fetal period and the adult rat heart a
homogeneous expression is observed aong the my-
ocardium.

3.2.5. Sodium—potassium ATPase (NaK-ATPase)

The sodium-potassum ATPase (NaK-ATPase) is a
membrane-bound enzyme responsible for the regulation of
the electrochemical gradient. Molecular characterization of
the NaK-ATPase has identified three a-subunits (a-1, a-2
and «-3) and, at present, two B-subunits (3-1 and B-2), in
mammals. The tissue-specific distribution of the « and B
isoforms has been documented by Northern blotting and
RNAse protection assay analyses during rat devel opment
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[108,109], but only the topographical pattern of gene ex-
pression of the a-isoforms in mice has been reported [110].

In the tubular stage, «-1 transcript is expressed in all
embryonic and extraembryonic tissues but with higher
intensity in the heart. The «-2 transcript is observed also
along all embryonic and extraembryonic tissues but at
lower levels than the «-1 isoform. Both isoforms, «-1 and
a-2, are homogeneously expressed within the myocardium.
The «-3 transcript is not detectable in most of the embry-
onic tissue, including the heart, but positive in the neura
system.

In the segmented heart, the expression of the «-3
transcript is first detectable within the atrial and the ven-
tricular myocardium [110]. No differences in expression
have been observed within the distinct cardiac compart-
ments. The expression of «-2 isoform is, in this stage,
higher than the level of expression of the «-3 isoform.

In the fetal heart, expression of «-3 increases whereas
a-2 expression decreases. Interestingly, Herrera et al. [110]
have observed that the apical ventricular myocytes display
lower expression levels of «-1 transcript than the myocar-
dial cells located at the base of the heart, and that «-1
MRNA is higher expressed in the trabeculations than in the
compact myocardium, whereas a-3 mRNA shows a recip-
rocal expression, high expression in the compact my-
ocardium and low expression in the trabeculations. It is
proposed by the authors that this pattern of expression
contributes to the coordinated myocardial contraction. This
notion can also account for the differences in expression
between trabeculations and compact myocardium.

3.3. Impulse conduction

3.3.1. Connexins

Propagation of the impulse in the heart is mediated by
intercellular channels that aggregate into gap junctions
between cardiomyocytes. These channels are formed by
transmembrane proteins called connexins (Cxs). Fourteen
different connexins have been identified in mammals (see
for a recent review [111]). Among them, Cx40, Cx43 and
Cx45 have been shown to be associated with the myocytes
of the mammalian heart.

The expression patterns of Cx40 and Cx43 have been
studied at the mRNA [112,113] and protein level in rat
[114-116]. Cx40 protein expression has been studied im-
munohistochemically during mouse heart development as
well [112]. Cx45 mRNA has been studied by Northern blot
analysis only [112]. The first expression of Cx40 and Cx43
MRNAS is observed in the atria and the ventricles, but not
in the flanking segments, i.e. inflow tract, atrioventricular
canal and outflow tract in the looped heart in rats. Interest-
ingly, the expression pattern between the trabeculations
and the compact myocardium in the fetal stage of develop-
ment (Carnegie stage 20, rat E16) is different for each Cx.
Cx43 mRNA is strongly positive in the outer compact

myocardium whereas the trabeculations show a lower
staining intensity. On the other hand, Cx40 mMRNA shows
a higher expression in the trabeculations than in the outer
compact myocardium. With further development, Cx40
MRNA disappears first from the right ventricle and later
from the left ventricular myocardium, showing a temporal
right /1eft difference in expression [113]. Van Kempen et
al. [113] have suggested that the temporally separate disap-
pearance of Cx40 mRNA from the fetal ventricles implies
that right and left ventricles mature independently. This
notion is in agreement with recent data from transgenic
mice carrying distinct regulatory sequences of genes ex-
pressed in cardiac muscle (see e.g. [32,117-119]), which
demonstrate different transcriptional specificities in the
right and left ventricles.

None of these two Cx mRNASs are detectable in the
sinoatrial node, atrioventricular node and proximal parts of
the bundle branches during development of the rat heart. In
early stages of development, Cx40 protein shows a similar
expression pattern as its mMRNA. Species-specific differ-
ences are observed in the fetal stage where Cx40 protein is
expressed predominantly in the atrial myocardium and in
the ventricular conduction system in the mouse [112].

Cx43 protein and its mMRNA have been detected during
rat heart development from E13 (Carnegie stage 14) on-
ward, in both atria and ventricles but not in the inflow
tract, atrioventricular canal and outflow tract [116]. Gour-
die et a. [115] reported expression of the protein three
days earlier (Carnegie stage 9, rat E10) possibly due to the
use of fluorescent antibodies which give a higher sensitiv-
ity of detection. As soon as the ventricles become trabecu-
lated, a higher Cx43 protein expression is observed in the
trabeculations compared with the compact myocardium
[115]. In this stage, the subepicardial layer of the ventricles
and the interventricular septum, that is, the compact my-
ocardium, do not react with the antibody against Cx43
protein. Thus, the expression of Cx43 is exclusively con-
fined to the trabeculations, whereas the mRNA is not
[116]. In the fetal stage the levels of Cx43 protein increase
both in the trabeculations and in the interventricular sep-
tum and compact ventricular layers. In the venous pole of
the heart, the myocardium surrounding the caval veins and
the pulmonary veins remains negative as well as the
sinoatrial node. In neonates, Cx43 protein becomes equally
distributed among the ventricular myocardium and its ex-
pression is observed in the caval veins and pulmonary
veins but not in the sinoatrial node [113].

Cxs display a segmented pattern of expression matching
the differences in function of the distinct segments
[10,92,120]. A yet unsolved issue is the fact that Cx43
MRNA is highly expressed in the ventricular compact
myocardium and at just detectable levels in the trabecula
tions, whereas Cx43 protein is highly expressed in the
trabeculations and is less abundant in the compact my-
ocardium. The distribution of Cx43 protein is compatible
with a faster conduction via the trabeculations [120].
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3.4. Energy metabolism

3.4.1. Creatine kinases

In mammals and chicken, two different but related
cytosolic creatine kinases (CK), called MCK (muscle-
specific) and BCK (brain-specific), and one unrelated
mitochondrial gene product (named ‘ Mi’) are found (for a
review see [121-123)).

Both MCK and BCK mRNASs have been studied during
embryonic mouse and chicken development by in situ
hybridization [124]. The first expression of BCK mRNA is
observed in the tubular heart (Carnegie stage ~ 9, mouse
E8) whereas MCK mRNA is first observed in the late
segmented heart (Carnegie stage 16, mouse E12.5). As
MCK becomes expressed in the myocardium, the expres-
sion of BCK decreases to undetectable levels in the sep-
tated heart [124]. BCK mRNA is homogeneously ex-
pressed within the cardiac muscle but MCK mRNA ex-
pression starts exclusively in the right ventricle [3] and
becomes homogeneously distributed one day later. In rat,
such a right—left different patterning is aso transiently
observed later in development (D. Franco, unpublished
data) and becomes homogeneously expressed in the ven-
tricular myocardium in the septated heart (Fig. 6C).

The first expression of MCK protein is observed around
the same developmental cardiac stage, the segmented heart
(Carnegie stage 14-15), in chicken [126], rat [125] and in
man [127]. Regional differencesin protein expression were
observed among the different species. In chicken, the
outflow tract, the ventricular trabeculations, the roof of the
atrial cavities and the interventricular septum stain strongly
with a polyclona antibody against MCK. The possibility
was considered that this pattern could be related to the
conduction system [126]. In rats, MCK protein initialy is
observed in the outflow tract and the trabecules of the right
ventricle (E12—14), and subsequently in the venous valves,
interatrial septum and sinoatrial node. At E18 homoge-
neous expression was observed in the entire myocardium
[125]. In man, the compact myocardium displays a weak
expression compared to the trabeculations. Regional differ-
ences were observed at the venous pole of the heart. Those
areas derived from the primitive sinus venosus, e.g. the
junction of the vena cava superior and the right atrium, the
left aspect of the right venous valve and the proximal part
of the left sinus horns were amost negative whereas
elsawhere the atrial myocardium was positive.

In essence, the expression of creatine kinase isoforms
during development shows a shift in expression from BCK
to MCK in different species. Interestingly, in mice and rats
a transient regionalisation of the expression to the right
ventricle/outflow tract is observed at mRNA and protein
level, illustrating that this constitutes a separate transcrip-
tional domain. Heterogeneity was also observed at the
venous pole of the heart in different species, suggesting a
different origin of the participating components. Further
analysis is required to understand the different cues direct-

ing expression to each region of the venous pole of the
heart.

3.5. Intermediate filaments

3.5.1. Desmin

Desmin is a muscle cytoskeletal protein belonging to
the family of the intermediate filament proteins. Desmin is
derived from a single gene. No data are available about the
spatio-temporal expression of desmin mRNA during em-
bryogenesis [128].

Desmin protein is one of the first muscle-specific pro-
teins detected during embryogenesis and it is expressed
before titin, sarcomeric actin and myosin heavy chain
[83,129]. At mouse E8.5, desmin is detected in the cardiac
primordia; its expression increases with development [130].
In the developing rat heart, desmin is homogeneously
expressed during the tubular stage [11]. As the compact
myocardial layer is formed, desmin expression becomes
very high in the trabeculations whereas the compact my-
ocardium and the interventricular septum display low ex-
pression levels. At fetal stages, desmin starts to disappear
from the ventricular myocardium but expression remains
high in the ventricular conduction system and in the atria
myocardium [11]. A very similar developmental profile is
observed during mouse embryonic and fetal development
(J. Yaand D. Franco, unpublished data). The high expres-
sion of desmin in the trabeculations versus the compact
myocardium confers a ‘ primitive’ phenotype to the trabec-
ulations, the functional significance of which is not clear
yet.

3.6. Cell—cell and cell-matrix contact molecules

3.6.1. Integrins

Integrins are heterodimer receptor molecules formed by
two subunits, « and B. At present 16 « subunits and 8 3
subunits have been described that result in 22 functiona
molecules (for a review see e.g. [131-134]). Cardiac my-
ocytes express several isoforms of integrins, among which
the predominant types are a-1, a-5, a-6 and B-1[135-142].

a-1 integrin is expressed during embryonic chicken
development (Carnegie stage 9-16, stages H/H 12-29),
however no data are available about its distribution in the
developing heart [137]. The expression pattern of «-5
integrin has been studied in two different mammalian
species, macaque and rat [139,140]. Pow and Hendrickx
[139] reported a transient weak expression of o-5 integrin
protein in all myocardia cells during the early stages of
heart development (tubular stage) in the macague. In rat,
similar levels of expression of «-5 integrin are observed in
the atrial and ventricular myocardium whereas the outflow
tract and atrioventricular canal show a lower staining
intensity. Expression is not exclusively restricted to the
myocardium as the endocardial lining of the atrioventricu-
lar cushions and of the outflow tract cushions is aso
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positive. With further development o-5 integrin is higher
expressed in the trabeculations than in the compact my-
ocardium [139]. «-6 integrin MRNA is expressed homoge-
neously during the early stages of development. With
further development a transmural gradient of expression in
the ventricular myocardium is observed at the mRNA level
in mice [138] and at the protein level in chicken [141]. In
both cases a higher expression is observed in the trabecula
tions than in the compact myocardium. Hierck et al. [138]
have reported that «-6 integrin mRNA expression is weak
in the interventricular septum (i.e. the first structure with a
compact myocardia morphology) in the segmented heart.
In the fetal stage, low expression is observed in the
ventricular compact layers and no expression in the inter-
ventricular septum. The expression of B-1 integrin has
been studied during late embryonic/fetal stages in rats.
Carver et al. [136] reported that 8-1 integrin (protein and
mRNA) is more prominent in areas with intense remod-
elling, such as the trabeculations (E11.5). With further
development (E15) a homogeneous expression in the ven-
tricular myocardium is observed. B-1 integrin is not only
expressed in the myocardium but also in the mesenchymal
cells of the developing valves.

Little insight is yet available into the function of inte-
grins which hinders the interpretation of their role during
cardiac morphogenesis. Integrin expression is regionalized
within the heart suggesting that they may play an impor-
tant role in the distinct functioning of each cardiac seg-
ment.

3.6.2. Cadherins

Cadherins are a family of cell surface glycoproteins that
mediate calcium-dependent cell adhesion. They are located
in the adherens junctions where they interact with the actin
cytoskeleton. They have a highly conserved cytoplasmic
domain that acts as binding domain for cytoplasmic pro-
teins called catenins. Cadherins play an important role in
different morphogenetic processes such as gastrulation
[143,144], neurulation [145] and cardiogenesis [146-148].
At present, only N-cadherin (A-CAM) has been reported to
be expressed in the myocardium [146,148—151], in chicken.
In the tubular heart, N-cadherin seems to be homogenous
expressed throughout the myocardium [144]. No data are
available on the expression of N-cadherin in the segmented
and fetal heart.

3.7. Cardiac-specific transcription factors

During the last couple of years increasing information
has become available regarding transcription factors that
play essential roles during heart morphogenesis (see e.g.
[152]), such as members of the transcription factor families
of the homeobox genes (NK family, see for review [153]),
GATA genes (see for review [154]) and MADS genes
(MEF-2 and bHLH; see for review [155]). The role of such
transcription factors seems highly conserved during evolu-

tion, as homologous genes are involved in cardiogenesis of
different species ranging from Drosophila [156—158], ze-
brafish [159,160], Xenopus [161-164], chicken [165] and
mouse [37,166—174].

3.7.1. Homeobox genes

Several homeobox genes of the NK2 subfamily are
expressed within the precardiac mesoderm and, with fur-
ther development, in the myocardial component of the
heart [153]. Nkx2.5 transcript is first observed in the
cardiac crescent; in the tubular heart stage, it is homoge-
neously distributed along the entire heart in both the atrial
and ventricular myocardiocytes and remains expressed dur-
ing fetal and adult stages [242].

Recently, a new member of the NK family has been
cloned from chicken embryos (cNkx2.8) which shows a
regionalised expression within the myocardium [175,176].
First expression of cNkx2.8 transcript is observed in the
precardiac mesoderm. It is homogeneoudly distributed in
the myocardium at the tubular heart (Carnegie stage ~ 9;
mouse E8.5). In the embryonic heart (Carnegie stage 12;
mouse E10.5) expression becomes regionalised to the cra-
nial and caudal pole of the heart and its expression extends
beyond the myocardium, i.e. in the endoderm. In the
crania pole of the heart cNkx2.8 transcripts extend from
the distal outflow tract to the aortic sac and pharyngeal
pouches 2 and 3. In the cauda pole of the heart, expres-
sion of cNkx2.8 mRNA is observed in the sinus venosus
and extends into the septum transversum [175,176]. In |ater
stages, expression in the myocardium is no longer ob-
served [175,176].

3.7.2. GATA family

At present three members of the GATA family have
been described to be expressed in the myocardium (see for
areview [154]). GATA-4 transcript can first be detected in
the precardiac mesoderm and is evenly expressed within
the myocardial component in later stages, as well as in
other embryonic structures [170].

More recently, GATA-5 mRNA has been demonstrated
to have a dynamic pattern of expression during mouse
embryogenesis. First expression of GATA-5 transcript is
observed in the precardiac mesoderm. In the embryonic,
segmented heart (Carnegie stage ~9; mouse ES8.5),
GATA-5 is expressed throughout the myocardium with
higher expression in the outflow tract and inflow tract
regions than in the atrial and ventricular segments. In the
septated heart (Carnegie stage 23, mouse E14.5), GATA-5
is no longer observed in the myocardium but remains
expressed in the atrial endocardium [177].

The developmental pattern of expression of GATA-6
mRNA mostly follows that observed for GATA-4 mRNA.
No differences in expression have been reported within the
myocardial component. In the fetal stage, in addition to the
expression in the myocardium, GATA-6 mMRNA becomes
expressed in the developing aorta and the right and left
caval veins as well [171].
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3.7.3. Myocyte enhancer factor (MEF)-2 family

Three different members (MEF2A, 2C, 2D) of the MEF
family are expressed in the developing heart, however no
differential expression is observed within the different
cardiac compartments [173]. MEF2C can first be detected
in the precardiac mesoderm at approximately E7.5
(Carnegie stage ~ 9) in mice. The expression of MEF2A
and MEF2D has been observed for the first time one day
later within the developing myocardium as well as in a
number of other embryonic tissues.

3.7.4. Basic helix—loop—helix (bHLH) family

The bHLH family of transcription factors includes
skeletal muscle-specific genes as MyoD, Myf-5, Mrf-4 and
myogenin, which play an essential role in skeletal-muscle
specific sarcomeric gene expression, but none of them are
expressed in the developing myocardium (see for a review
[178)).

Recently, two novel bHLH members, now named
dHAND and eHAND, were found to be expressed in the
developing heart [155,179,180]. In chicken, both tran-
scripts are firstly expressed in the precardiac mesoderm. In
the tubular heart stage, dHAND and eHAND are evenly
expressed within the myocardium [155].

In contrast to the avian condition, the homologous
dHAND and eHAND transcripts in mouse show a very
dynamic pattern of expression during heart morphogenesis
[169,179-181]. dHAND and eHAND transcripts are firstly
observed in the precardial mesoderm, in mice. Both HAND
genes are expressed in the early tubular heart (Carnegie
stage ~ 9; mouse E8.5) but dHAND shows an anteropos-
terior gradient of expression whereas eHAND is homoge-
neously expressed. In the embryonic heart, expression of
eHAND is no longer detectable in the presumptive right
ventricle. On the other hand, dHAND becomes confined to
the presumptive right ventricle and the outflow tract
[169,181]. In the fetal stage, expression of eHAND re-
mains detectable at low levelsin the myocardium. dHAND
mMRNA is not detectable in the fetal stage in the my-
ocardium and its expression becomes confined to neura
crest derivates [169,181].

3.7.5. Other transcription factors

Transcription factors as the serum response factor (SRF),
the cardiac ankyrin repeat protein (CARP) and a novel
gene named pCMF1, are also involved in cardiac muscle-
specific gene expression in vitro [182—-184].

The SRF seems to have a homogeneous expression
within the myocardium in the tubular stage (Carnegie stage
~ 9, chicken H/H 11). No data are available from later
stages of development [185]. CARP expression has been
studied during mouse embryogenesis. CARP mRNA is
first expressed evenly in the tubular heart (Carnegie stage
~ 9; mouse E8.5) and, with further development (Carnegie
stage 12; mouse E10.5), expression decreases in the ventri-

cle but remains higher in the outflow tract and atria
Expression of pCMF1 is firstly observed throughout the
myocardium in the fusing cardiac plates (Carnegie stage
~ 9; chicken H/H 9) and remains evenly expressed in the
myocardium until the embryonic stage (Carnegie stage 12;
chicken (H /H20) [184].

3.8. Miscellanea

Atria natriuretic factor (ANF) is a peptide hormone
with natriuretic and vasoactive properties which is ex-
pressed in the developing and adult mammalian heart
[186,187]. ANF is encoded by a single gene [188]. The
first expression is observed in the tubular stage (Carnegie
stage ~ 9, mouse E8) in the developing mouse heart with
a postero-anterior gradient. At E9 a regionalised expres-
sion was observed in the looped heart, the presumptive left
ventricle and right atrium showed consistently higher ex-
pression of ANF mRNA than the presumptive right ventri-
cle [187]. The flanking segments, that is outflow tract,
atrioventricular canal and inflow tract do not show ANF
expression (D. Franco, unpublished data). With further
development, as the heart has become septated (Carnegie
stage 16, rat E14), the trabeculated portion of the left
ventricle expresses similar amounts of ANF transcript as
the atrial myocardium [187]. In contrast, the right and Ieft
ventricular free walls (compact myocardium) and the inter-
ventricular septum show amost no expression of ANF
mRNA (Fig. 6D). At the protein level, no differences in
expression are observed between right and left components
in the fetal rat ventricles but more stained cells were
located in the trabeculations than in the compact layer
[189]. Moreover, heterogeneous expression is observed in
the venous pole of the heart, structures such as the caval
veins, interatrial septum and coronary sinus do not express
ANF whereas the atrial myocardium does express it (own
observations).

Acetylcholinesterase is a key enzyme in the cholinergic
signal transduction pathway encoded by a single gene
[190]. Acetylcholinesterase activity has been demonstrated
in the developing chicken [191] and rat heart [192,193],
particularly in the developing outflow tract myocardium
and the ventricular trabeculations. Its expression declines
in the fetal period and disappears shortly after birth. AChE
activity was initially hypothesised to constitute an early
marker for the development of the conduction system [192]
but recently it was shown that AChE did not colocalise
with the HNK-1 epitope [193] which has been correlated
with the ventricular conduction system [194,195]. More
recently, it has been shown that neither AChE, nor
choline-acetyltransferase mMRNAs (the enzyme that synthe-
sises acetylcholine) are observed in the developing rat
heart [196] leaving up an open question of how AChE
activity can be present in the ventricular trabeculations and
outflow tract myocardium.
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4. Patterns of transgene expression

The objective of studies on the regulatory cues of gene
expression is to understand how a certain gene becomes
expressed in a distinct spatio-temporal fashion. The identi-
fication of cis-acting regulatory DNA elements in flanking
sequences of the transcription initiation site by transgenic
mice (in vivo assay) has increased our understanding about
the molecular mechanisms of gene regulation. Within the
heart, certain genes are expressed along the entire cardiac
tube (e.g. actins) whereas others become restricted to
certain segments (e.g. MHCs and MLCs). In the present
section we summarise the current knowledge of the differ-
ent patterns of expression in transgenic mice. We do not
go into the different transcriptional activators (see for a
recent review [197]) unless they are relevant for the under-
standing of the regionalised expression of the transgenes.
Table 2 summarizes the genes reviewed and Fig. 7 shows
the different expression patterns reported until now, in
schematic cartoons of a heart corresponding to approxi-
mately mouse E10.5 (Carnegie stage 12).

4.1. Contractile proteins

4.1.1. Myosin heavy chains

Subramanian et a. [198] have reported that a sequence
of 5.5 kilobases (kb) upstream of the transcription starting
site of the «-MHC gene is capable of conferring expres-
sion of the chloramphenicol acetyltransferase (CAT) re-
porter gene to the adult atrial and ventricular myocardium.
No differences in expression between atrial and ventricular
myocardium have been observed. These data are in agree-
ment with the adult expression pattern of the o-MHC
endogenous mMRNA. Palermo et a. [199] using a 5.5 kb
o-MHC promoter transgene coupled to the lacZ reporter
gene demonstrated that expression of the transgene be-
comes confined to the atrial myocardium in the segmented
heart (Carnegie stage 12; mouse E10.5) and remains ex-
pressed in the atrial myocardium as well as it becomes
up-regulated in the ventricular myocardium postnatally.

Rindt et al. [200] have shown that 5kb of the upstream
sequences of the B-MHC gene are able to confer cardiac-
specific expression but 2.5 kb or less upstream sequences
failed to confer transgene expression in the adult heart.
Knotts et a. [201] have shown that the onset of expression
of the B-MHC transgene (with 5.5 kb upstream sequence)
is similar to the endogenous gene and restricted to the
heart. Expression of the transgene is not restricted to the
ventricular myocardium at E12 and extended into the atria.
Knotts et al. [201] suggest therefore that additional ele-
ments, not present in the 5.5 kb upstream sequence, are
required for the down-regulation of the B-MHC gene in
the atrial part of the developing heart. We note, however,
that low levels of B-MHC mRNA are normally observed
in the atrial myocardium in embryonic and fetal stages

(Fig. 3A). Hence, the pattern of transgene expression
described by Knotts et al. [201] may reflect precisely the
expression of the endogenous gene.

4.1.2. Myosin light chains

The regulatory elements of two myosin light chain
genes have been studied in detail regarding the regulation
of gene expression, i.e. the mouse MLC3f and the rat
MLC2v genes. Recently, Franco et al. [13] have shown
that 9 kb upstream sequences of the MLC3f gene confer
expression to both atria and ventricles in adult hearts
except in right ventricular outlet, i.e. the former outflow
tract. The analysis of the early stages of development
showed expression in the atrial and ventricular my-
ocardium but neither in the outflow tract nor in the inflow
tract myocardium. Kelly et al. [32] reported that 2 kb
upstream of the transcription start site of the MLC1f /3f
gene coupled to the MLCI1f/3f 3 muscle-specific en-
hancer, is sufficient to confer expression of the B-galacto-
sidase reporter gene to the adult right atrium and left
ventricle. Analysis of early stages of development indi-
cates that initially the entire cardiogenic mesoderm ex-
presses the transgene and that regionalised expression of
the transgene was first observed in the tubular heart
(Carnegie stage ~ 9, mouse E8.5). A comparative analysis
of transgene expression in the tubular heart stage in both
MLC3f transgenic mice revealed a symmetrical expression
in the early looping heart after which regionalised expres-
sion becomes apparent [13]. McGrew et a. [33] have
reported that 628 bp promoter sequence of the rat MLC3f
gene confers higher CAT reporter gene expression in atria
myocardium than in the ventricular myocardium. They do
not mention whether differences between right and left
components are observed. Two putative cis-acting ele-
ments, a MEF-2 site and a GATA-4 site were found to be
important for MLC3f gene expression in vitro.

The rat MLC2v gene has been extensively studied in
vitro and in vivo using different reporter genes [202—
204,206]. Lee et al. [204] showed that transgenic mice
carrying a 250 bp fragment of the MLC2v promoter,
display expression in the ventricular myocardium. The
authors reported that the left ventricle expressed 10-fold
higher luciferase activity than the right ventricle. More
recently, Ross et a. [118] have reported that the same 250
bp MLC2v promoter sequence driving the B-galactosidase
gene as reporter gene confers expression to the right
ventricle and outflow tract but not to the left ventricular
and atrial myocardium. The difference with the study of
Lee et al. [204] remains unaccounted for. Expression of
B-galactosidase activity was first observed in the precar-
diac mesoderm. With further development expression is
homogeneous in the tubular heart and the first heteroge-
neous expression arises in the looped heart, when the right
and left ventricular portion become morphologically differ-
ent. Chimeric sequences of a 28 bp fragment containing
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binding sites of HF-la/HF-1b/MEF-2 factors directed
expression of the transgene in a similar fashion than the
250 bp MLC2v endogenous promoter [118]. The use of the
two-hybrid system with the 28 bp MLC2V minimal pro-
moter has led to the identification of a novel cardiac-
specific transcription factor, the cardiac ankyrin repeat
protein (CARP). Although the CARP transcript shows a
regionalised pattern of expression during heart morphogen-
esis, no role in right—left specification has been established
[183].

The study of the regulatory sequences of the MLC
genes demonstrates that distinct transcriptional specificities
exist not only for the right and left components of atrial
and ventricular segments but also for the flanking seg-
ments. Moreover, the right—left differences in the heart
develop far beyond the time that bilateral symmetry devel-
ops in the body and develop according to the antero-post-
erior axis of the heart.

4.1.3. Actins

At present, only cardiac «-actin gene has been studied
in transgenic mice. The combinatorial effect of two distinct
enhancers (distal enhancer and proximal enhancer) and the
promoter were studied regarding the ability to confer
cardiac expression. Biben et a. [117] have shown that the
cardiac «-actin promoter alone or in combination with a
distal enhancer is not sufficient to confer cardiac expres-
sion. However, the combination of promoter and proximal
enhancer gave expression in the atria and the ventricles
with the exception of the outflow tract. The combination of
both enhancers (distal and proximal) plus the promoter
gives rise to a regionalised expression pattern in the left
ventricle and right atria similar to that described by Kelly
et a. [32].

From the analysis of the regulation of actin genesit can
be deduced that different mechanisms are operative for the
cardiac and skeletal gene expression. Most importantly,
these transgenic mice illustrate that different transcrip-
tional specificity is present in the distinct cardiac compart-
ments that should be the result from the interaction of
discrete regulatory elements of the flanking sequences and
available transcription factors.

4.1.4. Troponins

The regulation of the human slow troponin | gene has
been studied using transgenic mice. The 4.2 kb upstream
sequence of the transcription initiation site is sufficient to

confer CAT transgene expression to the cardiac muscle
during development. However, an aberrant topographic
CAT expression was observed as compared with the en-
dogenous gene. Expression of CAT reporter gene was very
low in the outflow tract and ventricles, whereas it was high
in the inflow tract [68]. Levitt et a. [207] have shown that
the promoter of the human slow skeletal Tnl gene is not
sufficient to confer cardiac expression of the reporter gene
in adult mice. However, no data are given regarding the
development of the heart, thus it might be that expression
is present in the early stages of development. Similar
studies using regulatory sequences of the rat slow skeletal
Tnl gene [208] and the fast skeletal Tnl gene [209] failed
to confer expression of the reporter gene to the heart.
However, no data are available about transgene expression
in the developing heart.

4.2. Intermediate filaments

The regulatory sequences conferring skeletal expression
of the human desmin gene have been analyzed in trans-
genic mice carrying B-galactosidase as reporter gene. The
1 kb upstream sequence of the transcription start site of the
human desmin gene confers expression to skeletal muscle
but not to the atrial or ventricular working myocardium. Li
et al. [210] suggested that transgene expression was con-
fined, topographically, to the same area that Viragh and
Challice [211] reported as the early ventricular conduction
system using electron microscopy. These data are derived
from whole-mount histochemical analysis in which the
conduction system is not recognisable. Thus, further analy-
ses are required to verify this assumption. Kuisk et al.
[119] have shown that 1 kb upstream sequence of the
mouse desmin gene is able to drive expression of the
reporter gene to the working myocardium in the develop-
ing heart. The earliest expression was observed at mouse
embryonic day 8 (cardiac crescent), and becomes restricted
to the right ventricle and outflow tract myocardium in the
looped heart (Carnegie stage 12). Point mutation analysis
of MEF-2 and/or E-box consensus of the desmin pro-
moter region sequences revealed in transgenic mice that
[B-galactosidase expression is dependent on MEF-2 binding
but is not affected by E-box sites. Thus, it could be that
members of the MEF-2 family of transcription factors are
involved in the regionalised specification of gene expres-
sion in the developing heart. However, MEF-2 (MEF2A,
MEF2C and MEF2D) mRNAs have been reported to be

Fig. 7. Transgene expression of distinct promoter /enhancers constructs during embryonic cardiac development alows to distinguish seven transcriptional
domains (myocardium in different colours: OFT, outflow tract; RV, right ventricle; LV, left ventricle; AVC, atrioventricular canal; RA, right atrium; LA,
left atrium; IFT, inflow tract) asillustrated in panel A. The yellow colouring indicates the endocardial cushions. Expression is conferred either to: (B) RA,
LA, RV, LV and AVC (e.g. MLC3f, [13]); (C) the LV, AVC and RA (MLC3f, cardiac a-actin [32,117]); (D) the RV and outflow tract (OFT) (e.g. desmin,
MLC2v, SM22«, dystrophin [79,118,119,216)]); (E) the RV, LV, RA, LA but not in the OFT, AVC nor inflow tract (IFT) (e.g. slow skeletal troponin [;
[207]). Note that none of the transgenes are expressed in the inflow tract myocardium and atrial septum.
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homogeneously expressed along the cardiac tube [173]
arguing against a primary role in the regionalisation of
gene expression, although deletion of the MEF2C gene
leads to aberrant heart morphogenesis mainly caused by
the absence of the right ventricular chamber formation
[168]. Further analysis at the protein level will be crucial to
our understanding of transcriptional specificity during car-
diac development.

4.3. Other genes

The regulation of ANF and MCK has been studied
during cardiac development by transgenic mice. However,
no data are available as to their expression during cardiac
development [212]. Transgenic mice carrying regulatory
sequences of the SM22«, a smooth-muscle protein aso
expressed in the heart [79], show transgene expression in
the developing heart [213]. Expression of the B-galacto-
sidase reporter gene is restricted to right ventricle and
outflow tract myocardium. The earliest expression is ob-
served in the cardiac crescent [213,214]. A similar pattern
of expression has been reported in transgenic mice carry-
ing 4 kb of the flanking sequence of the «-B
crystalline/small heat shock protein coupled to B-galacto-
sidase [215]. The expression of the lacZ reporter gene in
transgenic mice carrying a 900 bp promoter region of the
mouse dystrophin gene reveals expression confined to the
right ventricle and the outflow tract. First expression of the
reporter gene is observed in the looped heart confined to
the right ventricle and outflow tract (Carnegie stage ~ 9;
mouse E8.5) and remains unchanged until adulthood [216].

In summary, the analysis of transgenic mice has re-
vedled that cardiac and skeletal gene expression programs
are directed by separate cis-acting elements. Furthermore,
they illustrate that more than merely atrial and ventricular
myocardial transcriptional domains are present within the

heart, as the embryonic flanking segments display a unique
transcriptional specificity (see Fig. 7) that is maintained in
the adult heart.

5. Cardiac function during development

Differential expression has been illustrated for many
genes within the atrial and the ventricular compartments
during cardiac embryogenesis. In many cases, the expres-
sion in the flanking segments, i.e. outflow tract, atrioven-
tricular canal and inflow tract, has been overlooked. Com-
parison of Table 1 and Fig. 2 convincingly shows that
these segments have a unique pattern of expression. The
flanking segments often have retained the molecular phe-
notype of the original ‘ primary myocardium’ [10,120,217].
We have pointed out recently that in the segmented heart,
the dow-conducting flanking segments function as valves
[10]. This notion was based on electrophysiological mea-
surements and patterns of gene expression [10]. We now
will elaborate on the development of the trabeculations and
compact myocardium in the ventricular component.

The distinct molecular phenotype of the trabeculations
versus the compact myocardial component of the ventricu-
lar compartment is seen in different species from very
early in development onward. The analysis is based on a
wide set of proteins/mRNAs involved in a variety of
cardiac functions and is summarised in Fig. 8. The distinct
phenotype is no longer detectable in the late fetal period,
suggesting that the trabeculations play a critical function
during early cardiac development only, which subse-
quently is taken over by the compact myocardial compo-
nent.

The molecular phenotype of the ventricular compart-
ments suggests that the trabeculations have a faster con-
traction, based upon a-MHC expression (see e.g. [22]),

Tr < CM

e.g. MLClv, MLC2v, cardiac
Tnl, slow skeletal Tnl,
SERCA2, PLB, RyR2, NCX,
Cx43mRNA, cardiac o-actin
and NaK-ATPase o3.

Tr > CM

e.g. a-MHC, MLCla,
MLC2a, MLC3f, Cx40, Cx43
protein, o-SMA, MCK,
desmin, @5, o6 and B1
integrins, ANF and NaK-
ATPase al.

Tr=CM

e.g. B-MHC, MCK, BCK
and NaK- ATPase 0.2.

Fig. 8. Gene expression in the developing ventricular myocardium. Many genes show an transient heterogeneous expression in the ventricular myocardium;
three main patterns can be distinguished: (A) Lower expression in the trabeculations and higher in the developing compact myocardium (e.g. MLClv,
MLC2v, cardiac Tnl, slow skeletal Tnl, SERCA2, PLB, RyR2, NCX, Cx43 mRNA, cardiac a-actin and NaK-ATPase a3). (B) Other genes/proteins
show the opposite pattern, i.e. lower expression in the compact myocardium than in the trabeculations (e.g. a-MHC, MLC1a, MLC2a, MLC3f, Cx40,
Cx43 protein, «-SMA, MCK, desmin, o5, a6 and B1 integrins, ANF and NaK-ATPase «1). (C) Only few genes are homogeneously expressed (e.g.
B-MHC, MCK, BCK and NaK-ATPase a 2). Tr, trabeculations; CM, compact layer.
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and faster impulse conduction, based upon connexind3
protein expression [116] and cell —cell interaction molecules
(see e.g. [140,141]), than the surrounding compact my-
ocardium during the embryonic and fetal period. Further-
more, a higher expression of MCK is observed in the
trabeculations as compared to the surrounding compact
myocardium [125]. The high expression of creatine kinase
during the late embryonic and fetal stages of cardiac
development in the trabeculations is consistent with a
higher energetic requirement, reminiscent to fast-twitch
fibres as reported for skeletal muscle [218—220].

The distinct pattern of expression within the trabecula
tions versus the compact myocardium is reflected at both
the protein and at the mRNA level for most of the gene
products analyzed, e.g. myosin isoforms. In some cases,
the same level of MRNA expression within the entire
ventricular compartment is observed whereas an increased
expression of protein is found in the trabeculations, e.g.
MCK. This difference is apparently a consequence of
post-transcriptional regulation. Remarkably, connexin 43
MRNA is highly expressed in the compact myocardium
whereas its protein is almost absent [113,116]. The reason
of this peculiar distribution (connexin 43 mMRNA /protein)
is enigmatic. However, the distribution of the protein is
compatible with its function and electrophysiological ob-
servations [120,221], suggesting that the impulse is con-
ducted via the interiorly located trabecular component and
to the compact myocardium.

Based on the patterns of expression of mMRNA encoding
for proteins involved in calcium handling, one might spec-
ulate that the highest calcium pump activity is present in
the exteriorly localised compact myocardium. However,
calcium pump activity relies on the state of phosphoryla-
tion of phospholamban [222,223]. Therefore additional
analyses are required using appropriate antibodies to assess
the distribution of the different phosphorylation forms of
phospholamban.

It is noteworthy that transmural gradients of expression
between the inner and outer side of the adult ventricles
have been reported in literature also [224]. It is well
documented that in the adult heart differences between the
electrophysiological characteristics of the subendocardial
and subepicardial myocytes exist [97,225—-228]. The exis-
tence of a regional heterogeneity in the pattern of expres-
sion of the proteins involved in contraction—relaxation
coupling is indicative of the fact that such discrete electro-
physiological behaviour might also occur in the embryonic
heart.

The analysis of other contractile proteins as a-SMA
and intermediate filaments such as desmin, suggest that the
trabeculations retain some characteristics of the ‘ primary
myocardium’. On the other hand, the spatio-temporal ex-
pression of a5 integrin and o-SMA [140] suggests that the
trabeculations are more differentiated than the ventricular
compartment. Similar differences in integrin expression
have been reported for other isoforms [136,138,141]. The

heterogeneity in cell—cell and cell-matrix interactions sup-
port the notion that the trabeculations display a more
efficient intracellular coupling (viz. faster impulse conduc-
tion and contraction) than the compact ventricular my-
ocardium.

Our hypothesis on the function of the trabecular compo-
nent is underscored by two independent studies in trans-
genic mice with a targeted loss-of-function mutation in the
retinoid X receptor a (RXRa) and the neuregulin signal-
transduction pathway. RXRa mutant mice show hypoplas-
tic ventricular development with thinned compact ventricu-
lar walls and aberrant expression of MLC2a mRNA [229—
231]. Homozygous embryos die between E13 and EI16.
Cardiac failure has been demonstrated as the responsible
cause of death [229]. More recently, it has been reported
that mutant mice lacking neuregulin show a primary car-
diac malformation characterized by an arrest of the forma-
tion of the ventricular trabeculations [232]. Homozygous
embryos die in utero around E11 showing an anomalous
cardiac contraction pattern. Furthermore, the generation of
targeted mutant mice lacking the neuregulin cell-surface
receptors, erbB2 and erbB4, showed similar cardiac mal-
formations, i.e. the absence of ventricular trabeculations at
E11 [233,234]. These data show that the trabeculations
exert a pivotal role in the early stages of cardiac function,
as the embryos lacking trabeculations die in utero at E11.
The compact myocardium becomes vital to cardiac func-
tion in the early fetal stage, since embryos lacking a
thickening of the ventricular free walls die between E13
and 16.

6. Transcriptional regulation in the developing heart

In this section we will try to summarize the data in a
simplistic model of patterns of transcription factors along
the cardiac tube. We do realize that amost no distribution
patterns of transcription factors have been reported yet. Of
necessity, the model will be therefore speculative. Taking
together the different patterns of expression of the endoge-
nous genes, and reporter genes in transgenic mice, one can
conclude that in the early tubular heart (or even before, in
the cardiac crescent), certain genes are expressed homoge-
neously along the antero-posterior axis of the cardiac tube,
whereas others show gradients of expression along this
axis. At present several different cis-acting elements and
their DNA-binding proteins (transcription factors) have
been identified in the mammalian heart (see for recent
reviews, [197,235]). MEF-2 and GATA-4 transcription
factor families have been revealed to play acritical role in
cardiac expression both in vitro and in vivo. However,
none of these transcription factors have been demonstrated
to show a regionalised pattern of expression in the devel-
oping heart. The available data indicate that they are
equally expressed in all cardiac segments. The patterns of
gene expression in opposite gradients along the anteropos-
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terior axis of the tubular heart imply, however, that tran-
scription factors controlling gene expression should be
expressed in gradients also. This hypothesis is underscored
by recent reports on the expression of MEF-2 family
members in gradients during the early stages of cardiac
morphogenesis in Xenopus [236]. It has been recently
shown that dHAND, a member of the bHLH transcription
factor family, is expressed in a cranio-caudal gradient
along the tubular heart [181]. Thus we propose that in the
straight cardiac tube, opposite gradients of transcription
factors are present (Fig. 9A).

In the looped heart (Carnegie stage 12), five function-
ally different segments can be distinguished, i.e. the inflow
tract, the atria, the atrioventricular cana, the ventricles and
the outflow tract. At this stage, many contractile genes
become restricted to either the atrial /inflow tract or the
ventricular /outflow tract myocardium, having the border
line at the transition between the ventricle and the atri-
oventricular canal. Interestingly, some genes maintain their
origina pattern of expression. Thus, atrial-specific genes,
as a-MHC and MLC2a remain expressed in the arteria
pole of the heart, whereas ventricular-specific genes, as
MLC2v mRNA /protein are observed in the venous pole
of the heart. The atrioventricular canal shows co-expres-
sion of both isoforms. In the ventricle, the atrial isoforms
are no longer expressed (or at low levels); in the atrium,
ventricular isoforms are no longer expressed (or at low
levels). These observations may imply that in each of the
domains (i.e. atrial domain and ventricular domain) a
negative (repressor) domain-specific transcription factor is
present (see Fig. 9B). This hypothetical model of transcrip-
tion provides a simple explanation for the single
atrial /ventricular isoforms expression in the
atria/ventricles, and the co-expression of both isoformsin
the flanking segments, i.e. inflow tract, atrioventricular
cana and outflow tract (Fig. 9C). This hypothesis is
underscored by the expression pattern of several transcrip-
tion factors. GATA-5 mRNA s first homogeneously ex-
pressed along the tubular heart but becomes down-regu-
lated in the ventricular myocardium with development
[177]. More interestingly, eHAND and dHAND, members
of the bHLH transcription factor family, show amost a
complementary pattern of expression in the ventricular
region of the developing heart [169,181]. dHAND is re-
stricted to the outflow tract and the right ventricular free
wall myocardium whereas eHAND is expressed mostly in
the left ventricular free wall myocardium and transiently in
the distal region of the outflow tract, where the expression
expands into the aortic sac and branchia arches. Deletion
of dHAND gene causes cardiac arrest soon after looping
because of the apparent absence of a right ventricular
chamber [169].

In the third stage of development, the heart becomes
septated and, hence, distinct morphological right and left
atrial and ventricular components can be recognised. It has
been shown in transgenic mice that the right and left

-—-A+ P+-——
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Fig. 9. A model of cardiac transcription. Panel A illustrates the hypotheti-
cal distribution of transcription factors (A*, anterior; P*, posterior) in
anteroposterior (A*) or posteroanterior (P*) gradients of expression
along the tubular heart. Both transcription factors are supposed to activate
gene transcription resulting in gradients of expression of cardiac-specific
genes (e.g. a-MHC, SERCAZ2a, cardiac Tnl, cardiac «-actin). With the
acquirement of five different cardiac segments, we think that at least two
new transcription factors should become expressed (panel B) that would
act as compartment-specific repressors (A~ and V™), to account for the
selective down-regulation of ‘ ventricular’ -specific genesin the atria (V)
or ‘atrial’ -specific genes in the ventricles (A~ ). Examples that support
this notion are the developmental expression of o«-MHC and B-MHC
mRNA that eventually become restricted to the atrial or ventricular
domains [3,23]. This hypothesis predicts co-expression of « and § MHC
in the outflow tract, atrioventricular canal and inflow tract, which indeed
is observed. This pattern of expression is in fact also observed at the
embryonic stage for the regulatory myosin light chains (depicted in panel
0.

components are also transcriptionally different (see e.g.
[32,117,118]). The combination of the studies of MLC3f
and MLC2v transgenic mice suggest that the transcrip-
tional specification of the right and left ventricles is not
acquired before these components are morphologicaly
identifiable. This is far later than the establishment of
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left—right sidedness in the embryo. These data support the
notion that right—left myocardial specification does not
depend on the right—left body axis but on the formation of
the cardiac segments along the antero-posterior axis of the
heart. Most interestingly these data beautifully demonstrate
the presence of flanking segments as separate transcrip-
tional domains as functionally demonstrated by De Jong et
al. [120]. A possible model of right—left transcriptional
specification could be reminiscent to the segmentation in
Drosophila [237,238]. Combinatorial distribution of
atrial /ventricular-‘ specific’ activators and repressors could
delimit seven transcriptional components, namely, inflow
tract, right atrium, left atrium, atrioventricular canal, left
ventricle, right ventricle and outflow tract. At present
experimental evidence to support this model is rudimen-

tary.

7. Per spectives

We have presented an overview of the complex of the
patterns of cardiac gene expression during embryonic de-
velopment. We have proposed a model to explain how the
expression of different genes becomes restricted to mor-
phologically identifiable compartments of the heart, remi-
niscent to the development of segments in Drosophila. As
stated before, few patterns of expression of factors (i.e.
transcription factors) have been described to support this
model. At present, members of the bHLH family of tran-
scription factors have been reported to become transiently
expressed in distinct morphologically identifiable cardiac
segments, alowing the possibility of a ‘compartment-
specific’ regulation of gene expression (see [169,181,239)).
Further search to find new transcription factors with a
regionalised pattern of gene expression along the my-
ocardium will provide insight into the understanding of
regulation of gene expression within the developing heart.
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