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ABSTRACT Trabeculation and the formation of the leaflets of the mitral and tricuspid valves both
involve remodeling of the embryonic myocardium. The nature and possible connection of these
myocardial remodeling processes, however, are unclear. Therefore, we examined the morphogenesis
of the early ventricular and atrioventricular (AV) myocardium and report for the first time that the
formation of the early trabeculae and the positioning of the valve primordia (endocardial cushions)
into the ventricularlumen are part of one continuous myocardial remodeling process, which involves
the dissociation of the myocardial layers. For the endocardial cushions, this process results in de-
lamination from the AV myocardium.The AV myocardium that will harbor the right lateral cushion
is the exception and becomes positioned in the ventricular lumen by folding of the right ventricle.
As a consequence, remodeling of the left and right AV myocardium occurs differently with implica-
tions for the formation of the mural leaflets and annulus fibrosis. At both the right and left side,
the valvular myocardium harbors a distinct molecular phenotype and its removal from the cardiac
leaflets involves a second wave of delamination. Interestingly, in the TGF32-KO mouse, which is a
known model for cushion and valve defects, remodeling of the early myocardium is disturbed as
indicated by defective trabeculae formation, persistence of valvular myocardium, disturbed myo-
cardial phenotypes and differential defects at left and right side of the AV canal. Based on these
results we propose a new model clarifying early trabeculae formation and AV valve formation and

provide new inroads for an enhanced understanding of congenital heart defects.
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Introduction

Cardiac disease is the leading cause of death and ithas become
clear that so-called acquired defects have a developmental origin.
Congenital heart disease is the most common congenital defect
and occurs at an estimated rate of 5% (Pierpont et al., 2007).
Heart development is characterized by complex morphogenetic
processes and although atremendous increase in understanding of
the molecular mechanism has been achieved, many fundamental
guestions remain to be answered about the establishment of major
structures including the trabeculae and the valves.

Trabeculae are sheets of myocardium that protrude into the
ventricular lumen and provide most of the contractile force in the

embryonic heart (Sedmera and Thomas, 1996). Trabeculation
starts with the formation of early trabeculae that is thought to be
initiated by endocardial outpockets (Chen et al., 2004). These
early trabeculae extend and subsequently fuse contributing to
the compact ventricular wall, papillary muscles, interventricular
septum and conduction system. Defects in trabeculation and
compaction can lead to the congenital disorder noncompaction of
the ventricular wall (Jenni et al., 1999), which is closely related to
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hypertrabeculation (Chen et al., 2009). Although the morphology
of the developing trabeculae has been described (Ben-Shachar et
al., 1985; Challice and Viragh, 1974; Icardo and Fernandez-Teran,
1987; Sedmera et al., 2000), and the first clues about the early
formation of trabeculae in zebrafish are emerging (Liu et al., 2010),
it is not known how the initial early trabeculae form in mammals.

The atrioventricular (AV) valves of the heart (mitral and tricuspid)
consist of leaflets that are attached to the outer myocardial wall (the
mural leaflets) or to the ventricular septum (septal leaflets). The
septal leaflets derive from the central cushions and the mural leaflets
from the lateral cushions. These (mesenchymal) cushions develop
inthe AV canal (AVC). In adults, however, the valves are situated in
the ventricularlumen, anchored to the annulus fibrosis and attached
to the papillary muscle in the ventricle. Several issues regarding
the mechanism underlying the remodeling process from cushions
attached to the myocardial wall of the AVC to free-moveable leaflets
in the ventricular lumen remain. 1) Previous studies report about
the delamination of the valves from the ventricular wall (Lamers et
al., 1995; Oosthoek et al., 1998), which raises the question how
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the valve primordia became relocated from the AVC myocardium
to the ventricular myocardium. On the other hand, the study by
De Lange et al.,(de Lange et al., 2004) indicates that the lateral
cushions do not delaminate from ventricular myocardium but form
on AV myocardium that protrudes into the ventricular lumen. 2) The
initially formed leaflet harbors a myocardial sheet at its ventricular
side. Several mechanisms, however, have been suggested to be
responsible for the removal of this myocardial sheet, being the
retraction towards the annulus and papillary muscle (Oosthoek et
al., 1998), transformation into fibroblasts (Lamers et al., 1995), or
apoptosis (de Lange et al., 2004). 3) The formation of the mural
leaflets of the mitral and tricuspid valves is reported not to be in-
trinsically different (de Lange et al., 2004). Recently, it has been
shown, however, that the left AV myocardium contributes to the left
ventricle, whereas the right AV myocardium does not contribute to
the right ventricle (Aanhaanen et al., 2009) This is likely to have
consequences for the morphogenetic processes during remodel-
ing of the left and right AV myocardium. The annulus fibrosis is
a fibrous sheet separating the atrial and ventricular myocardium

Fig. 1.The early trabeculae formation
and the protrusion of the atrioven-
tricular cushions into the ventricular
lumen involve the dissociation of the
myocardium. Embryonic mouse hearts
are stained for cardiac troponin | (red)
and nuclear marker DAPI (blue; AF) to
show the gradual dissociation of the
myocardium leading to the formation of
the primitive trabeculae (A-E) and protru-
sion of AV cushions into the ventricular
lumen (E,F). The graph in G shows the
diameter of the lumen of the ventricle
(blue line measured as seen in A, E, F),
which remains the same from E8.5 to
E10.5, and the length of the trabeculae
(redline). Section in(H) is stained forTbx3
(green), MIF20 (red) and DAPI (blue). (1) A
schematic drawing indicating the gradual
process of trabeculae formation which
continues in the AVC to achieve protru-
sionof the AV cushion into the ventricular
lumen. Blue is ventricular myocardium,
whereas green is AV myocardium. For
arrows see text. LA, left atrium; LV, left
ventricle; OFT, outflow tract; PV, primitive
ventricle. Scalebar: 100um.



blocking the conduction of the electrical impulse. Disrupted forma-
tion of the annulus fibrosis results in accessory pathways of AV
conductance, which can lead to pre-excitation of the ventricles
(Wessels et al., 1996). The development of annulus fibrosis is
tightly connected with the development of the AVC myocardium
and the lateral leaflets and therefore might also be different at
right and left side of the heart.

Inorderto get more insightinthe formation of the early trabeculae
and in the remodeling of the AV valve primordia, we examined the
morphogenesis of the early ventricular and the AV myocardium.
We propose a new model clarifying early trabeculae formation and
AV valve formation, unifying apparent contradictory views on the
establishment of free-moveable cardiac leaflets.

Results

Dissociation of the myocardium underlies formation of the
early trabeculae

By immunofluorescent labeling of the myocardial cells we
investigated the earliest trabeculae formation. At E8.5, the wall
of the primitive heart consists mostly of 2 myocardial cell layers
(green arrowhead in Fig. 1A’). Along the ventricular wall, par-
ticularly in the apical region of the primitive ventricle, spaces are
observed in between these 2 myocardial layers (orange arrows
in Fig. 1A’,B’,C’). In addition, protrusions of myocardial cells from
the inner layer that disconnected from neighboring cells are ob-
served into the cardiac jelly (blue arrows in Fig. 1C’), resulting in
a 1-cell layered myocardial wall (red arrowhead in Fig. 1 B-D’).
These observations indicate that the inner and outer myocardial
cell layers have dissociated (Fig. 1 A-D). At E9.0, the dissociation
of the myocardial layers has expanded towards the basal level
of the ventricle (orange arrows in Fig. 1D), although connections
remain at regular intervals (orange arrowheads in Fig. 1D). The
inner myocardial layer bordering the intermyocardial spaces ap-
pears also to disconnect (red arrow in Fig. 1D), which is likely to
contribute to the formation of the trabecular-like protrusions as
found in the apical region of the ventricle (white arrow in Fig. 1D).
These trabecular structures are surrounded by endocardial cells
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(pink arrows in Fig. 1D). The trabecular-like protrusions form con-
nections with each other in subsequent stages creating complex
networks (white arrows in Fig. 1 D-F). Interestingly, whereas the
trabecular layer of the ventricle increases from E8.5 to E10.5 (Fig.
1G), the diameter of the lumen of the ventricle hardly changes
(blue line in Fig. 1 A,E,F,G), indicating that there is outward re-
modeling of the outer myocardial layer (Fig. 1G). Together these
results show that dissociation of the inner and outer layers of the
myocardial wall from E8.5 onwards underlies the earliest forma-
tion of the trabeculae (Fig. 11).

Delamination underlies positioning of central atrioventricular
cushions into the ventricular lumen

The dissociation of the inner and outer myocardial layers that
started in the primitive ventricle continues into the AVC (Fig. 1
E,F,H,l). Incontrastto the ventricle, the dissociated inner myocardial
layer of the AVC (green arrow in Fig. 1 E,F,l) remains intact and
does not maintain connections with the outer myocardial layer
(Yellow arrow in Fig. 1 E,F,I). This results in a split AV myocardium
with a luminal AV myocardial sheet (green arrow in Fig. 1 E,F,H,I)
mostly supporting the endocardial cushion, that has delaminated
from the outer AV myocardial sheet (yellow arrow in Fig. 1 E,F,H,I),
which is continuous with the left ventricular wall. Interestingly,
analyzing the expression of the AVC marker Tbx3 (de Lange et
al., 2004; Hoogaars et al., 2004) showed that Tbx3 is expressed
in both parts of the split AV myocardium at E10.5 (Fig. 1H). The
outer AV myocardial sheet becomes part of the ventricular wall,
and as aconsequence the luminal sheet supporting the AV cushion
becomes positioned into the ventricular lumen (Fig. 11).

Formation of the lateral leaflets; distinct morphogical
characteristics

To be able to follow the morphological changes of the left
(mitral) and right (tricuspid) AV myocardium in more detail, we
specifically marked the morphological ventricular (MF20+(=high
expression)/cardiac Troponin | (cTnl)+; yellow in Fig. 2,3) and AV
(MF20-(=low expression)/cTnl+; green in Fig. 2,3) myocardium
(see supplemental Fig. 1 for overview pictures of Fig. 2). By spe-
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Fig. 2. Morphological changes of the left atrioventricular myocardium during valve development. MF20 (red) and cTnl (green) staining to show the
MF20- (green) and MIF20+ (orange/yellow) myocardium (A-F). The AV myocardium splits (white arrows panels C1,2), resulting in protrusion of cushion (C)
into the ventricular lumen (VL; panels D1,2). The valvular myocardium (blue arrow) is removed from E13.5-E18.5 (D-F). Blue is DAPI. Scalebar, 100 um.



856 B.P.T. Kruithof et al.

Ventral/
Free edge

E15.5

E18.5

Wt1/cTnl

Fig. 3. Morphological changes of the right atrioventricular myocardium during valve development MF20 (red) and cTnl (green) staining to show
the MF20- (green) and MF20+ (orange/yellow) myocardium (A-G). Wt1 (green) and cTnl (red) staining in panel (H). The right ventricular wall folds against
AV myocardium (A,B), creating a loop of MF20- and MF20+ myocardium (B,C). Protrusions of MF20+ (red arrow) and MF20- (yellow arrow) enclose
non-myocardial cells (C1,D02,G), that are Wt1+ (H). The valvular myocardium (blue arrow) at level of the free edge is removed from E13.5-E18.5 (D-F).
MF20- AV myocardium changes orientation and becomes roof of annulus fibrosis (AF, red line in B-F). Blue is DAPI. Scalebar, 100 um.

cifically marking these areas, we observed clear morphological
differences between left and right AV myocardium. At the left side,
the angle between AV (green) and ventricular (yellow) myocardium
is dynamic between E10.5 and E13.5, with a wider angle at E10.5
and E12.5, and a narrow angle at E11.5 and E13.5 (Fig. 2 A-D).
At E12.5, the left AV myocardium is shorter and thicker compared
with E11.5 (Fig. 2 B,C) and harbors small spaces (arrows in Fig.
2C) near the border between the MF20+ and MF20- myocardium
up to the cranial border of the lateral cushion, which at this stage
is positioned mostly in the AVC (Fig. 2C). At E13.5, the cushion
is positioned in the ventricular lumen (Fig. 2D) and the space

left

between the luminal sheet supporting the cushion (blue arrow
in Fig. 2 C,D) and the ventricular wall (red arrow in Fig. 2 C,D)
has expanded (red star in Fig. 2D), suggesting that similar to the
endocardial cushions, delamination of the AV inner myocardial
layer (blue arrow in Fig. 2 C,D) from the outer layer (red arrow in
Fig. 2 C,D) positions the lateral cushion in the ventricular lumen.
Since at E13.5 virtually no spaces are present anymore in the
MF20- AV myocardium (asterix; Fig. 2D), the delamination of the
AV myocardium has ceased, resulting in a more dense and struc-
tured AV myocardium. The shoulder of the left ventricle becomes
located more cranially (red arrow in Fig. 2D) directing the lateral

right

Fig. 4. Lateral cushions form
on 2 distinct types of atrio-
ventricular myocardium. Tbx3
(green), MF20 (red) and DAPI
(blue) stainings show the pres-
ence of Tbx3+/MF20- (red ar
row) and Tbx3+/MF20+ (white
arrow) AV myocardium at both
left and right side of embryonic
andneonatalmouse heart. Tbx3
expression is present in left
ventricular wall, but absent in
right ventricular wall (yellow
arrow A-F). Scalebar, 50 um.
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cushion even further into the ventricular lumen, resembling more
the adult configuration (compare Fig. 2C with 2D).

Attheright side, the ventricular myocardium has folded against
the AV myocardium between E10.5 and E11.5 (compare Fig. 3A1
with 3B1-2) forming a loop consisting of MF20- (green) and MF20*
(yellow) myocardium (Fig. 3 B1-2,C1-2). At E12.5, the MF20" and
MF20* myocardia of this loop are separated by non-myocardial
tissue, which can be clearly observed at the right dorsal side of the
heart (arrow in Fig. 3C2). At E13.5, MF20+ myocardial protrusions
into the MF20- myocardium (red arrow in Fig. 3D2’) are present
at the luminal side of this loop, whereas MF20- myocardial protru-
sions through the subepicardium towards the MF20+ ventricular
myocardium are present at the sulcus side of this loop (yellow
arrow in Fig. 3D2’), thereby enclosing non-myocardial cells (white
arrow in Fig. 3 D2’,G,H). At the more ventral side of the heart
similar features are observed at E12.5 (Fig. 3C1’). Wilm’s tumor-1
(Wt1) staining, marking epicardium-derived cells (EPDCs; (Bax et
al., 2011; Perez-Pomares et al., 2002; Zhou et al., 2008)), shows
that EPDCs are enclosed by these protrusions (Fig. 3H). In ad-
dition, connections of these protrusions with the right ventricular

E14.5
Thx3/MF20

aSMA Tbx3/MF20

Versican

0: Tbx3-, MF20-, aSMA+, versican-
1: Tbx3+, MF20-, aSMA+, versican-
2: Tbx3+, MF20+, aSMA-, versican+
3: Tbx3+, MF20+, aSMA-, versican-
4: Tbx3-, MF20+, aSMA+, versican-

Fig. 5. Molecular characterization of myocardium in atrioventricular region. Tbx3 (green) and MF20 (red) (A),
aSMA (red, B) and versican (red, C) stainings identify moleculardistinct regions. DAPI is blue. Scalebar, 100 um.
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myocardium are found (yellow arrow in Fig. 3G). The protrusions
of the MF20- myocardium towards the MF20+ myocardium create
a shift in orientation of the MF20- part of the loop (yellow arrow in
Fig. 3D2’). During development, the loop becomes repositioned
on top of the right ventricular wall (red line in Fig. 3 D1-F1, 3 D2-
F2), thereby changing the initial cranial-caudal orientation of the
AV myocardium, to a luminal-AV sulcus orientation (follow red
line in Fig. 3). The MF20- part of the loop becomes the ‘roof’ of
the forming annulus fibrosis, whereas the MF20+ part of the loop
becomes the ‘floor’.

Left and right lateral cushions form on 2 distinct types of
atrioventricular myocardium

Previously, it was suggested that lateral cushions form on
AV myocardium (de Lange et al., 2004). We showed in figures
2 and 3 that the lateral cushions form on and remain hinged to
at least two distinct types of myocardium, MF20* and MF20". To
determine whether these types of myocardium express the AVC
marker TBX3, we performed double immunostaining for Tbx3 and
MF20. At both the right and the left side, relative high expression
of Tbx3 (green) was present in the MF20
AVC myocardium (red arrows in Fig. 4) and
a gradient of relative low expression of Tbx3
in the neighboring MF20* myocardium (red)
at all stages examined before birth (white
arrows in Fig. 4), including the myocardial
cells of the valvular myocardium and papillary
muscle (Fig. 4C). After birth, Tbx3-expressing
cells are still found at both sides of the formed
annulus fibrosis (Fig. 4H,J). This shows that
Tbx3+*AV myocardium can be divided in MF20-
and MF20* myocardium. Tbx3 expression is
also observed in the MF20* left ventricular
wall neighboring the AVC myocardium (yel-
low arrow in Fig. 3 A,B), but not in the right
ventricular wall (yellow arrow in Fig. 3 D-F).

MF20, TBX3, aSMA and versican expres-

sion define the valvular myocardium
The myocardium surrounding the lateral

cushions is subdivided based on spatial ex-

pression of Tbx3 and MF20
(Fig. 5). At E14.5, Tbx3 is
highly expressed in MF20
AV myocardium (region 1)
and has lower expression
in MF20+ valvular myocar-
dium (region 2) and in the
base of the left ventricular
wall (region 3; Fig. 5A). The
right ventricular wall does not
express Tbx3 and therefore,
region 3is specific for the left
side. The atrial myocardium
bordering the AV myocar-
diumdoes notexpress MF20
or Tbx3 (region 0) while the
remainder of the ventricular
myocardial wall expresses
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MF20, but is Tbx3-neg (regions 4). To further characterize the val-
vular myocardium molecularly, we additionally stained for aSMA
and the extracellular matrix proteoglycan versican. Till E12.5 aSMA
staining is found throughout the myocardium (not shown). After
E12.5, the MF20+ Tbx3+ myocardium (regions 2 and 3) including
the Tbx3* part of the left ventricular wall is characterized by lower
aSMA expression (Fig. 5B). Concomitant with the decrease in the
number of Tbx3+ cells during subsequent development, the aSMA-
negative area decreases (not shown). The MF20- myocardium
and most of the remaining MF20+ myocardium has higher aSMA
expression (regions 0,1,4). Versican is expressed in the cushion
of the lateral leaflet but also in the Tbx3+ valvular myocardium
(region 2; Fig. 5C). Versican is not expressed in Tbx3+ ventricular
myocardium (region 3; Fig. 4C). These expression patterns show
that the AV myocardium can be divided in distinct regions with a
specific molecular identity.

Removal of valvular myocardium

The removal of the MF20* myocardial sheets from both the
mitral (blue arrow in Fig. 2D) and tricuspid (blue arrow in Fig. 3D)
lateral leaflets is first observed at E13.5 at the forming free edge
(Fig. 2D,3D). This is complete at E15.5 for the mitral lateral leaflet
(Fig. 2 D1,E1), but only at E18.5 for the tricuspid lateral leaflet
(Fig. 3 D1-F1), resulting in free moveable mesenchymal leaflets.
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The removal of myocardium from the tricuspid lateral leaflet is
preceded by MF20+ protrusions into the mesenchyme (white arrow
in Fig. 3 D1,E1). At E12.5, reminiscent myocardial protrusions are
found in the left lateral cushion, prior to the removal of left valvular
myocardium (blue arrow in Fig. 2C1). At the level of the papillary
muscles, the myocardial sleeve of the mitral lateral leaflet disap-
pears between E15.5 and E18.5 (Fig. 2 E2,F2 and supplemental
Fig. 2 C-D). The valvular myocardium at the level of the papillary
muscle of tricuspid lateral leaflet, on the other hand, is still present
at E18.5 (Fig. 3F2) and is removed after birth (not shown). The
MF20- myocardium at the atrial side of the tricuspid lateral leaflet
is repositioned from E13.5 to E18.5 as described above (red lines
in Fig. 3 B1-F1,B2-F2).

Removal of myocardium can be achieved by cell death or reloca-
tion of the valvular myocardium. Relocation could be realized by
the growth of the leaflets thereby relatively relocating the valvular
myocardium to the distal ends of the leaflets or by detachment/
delamination of the myocardial sleeve. Relocation of the myo-
cardium by growth of the leaflet is not likely to be involved in the
removal of valvular myocardium as the growth of the leaflets is
only limited (see panels in Fig. 2, supplemental Fig. 2 and the
panels A1-F1 and B2-F2 in Fig. 3; note that these panels are of
same magnification). The gradual lumen-to-base removal of the
myocardial sleeve at the level of the free edge (white arrow in Fig.
2D1-E1and3D1-F1)suggestthe
involvement of delamination. The
myocardial sleeve differs from the
trabecular myocardium by the
absence of aSMA staining (Fig.
5B). At E15.5, when the myo-
cardial sleeve has been mostly
removed from the lateral leaflets,
aSMA-negative, trabecula-like
myocardium is found at the ven-
tricular side of both lateral leaflets
(Fig. BA). This suggests that this
myocardium was previously at-
tached to the leaflets, supporting
the hypothesis that delamination
contributes to the removal of the
myocardial sleeve. Apoptosis is
observed in the non-myocardial
cells adjacent to the myocardial
sleeve (Fig. 6 B,C,D), which might
be required for the detachment of
the myocardial sleeve, and in the
myocardial cells atthe connection
of MF20-and MF20+ myocardium
at the tricuspid lateral leaflet (Fig.

Fig. 6. Removal of valvular myocardium by de-
lamination and apoptosis. Neighboring sections
stained for aSMA (red) or MF20 (red) (A) show
absence of aSMA in myocardial sleeves adjacent
to mural leaflets. TUNEL (white), MF20 (red), cTnl
(green)(B,E,G,H) and cleaved caspase-3 (cCasp3;
green), MF20 (red) (C,D,Fl) staining showing cell
death in and surrounding valvular myocardium.
DAPIis blue. mml, mitral mural leaflet; tml, tricuspid
mural leaflet. Scalebar, 100 um.



6 E,F), suggesting that apoptosis of myocardial cells contribute
to the formation of the annulus fibrosis. Furthermore, apoptosis is
found in between the trabecularized valvular myocardium and the
ventricular wall (Fig. 6G) and the myocardial sleeves at the level
of the papillary muscle (Fig. 6 H,I), supporting a role for apoptosis
in the removal of the valvular myocardium.

Myocardial remodeling defects in TGFp2-deficient mice
TGFp2 is important for cushion formation (reviewed in (Kruithof
et al., 2012)). Based on the model described in this study, we hy-
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pothesized that the cushion and valve defects seen in the TGFp2-
deficientmice (Bartrametal., 2001; Sanford etal., 1997) are related
to aspects of myocardial remodeling. We observed trabeculation
defects in an E9.5 TGFp2-deficient embryos (Fig. 7 A,B), among
them a lack of formation of spaces between the inner and outer
myocardial layer (arrow in Fig. 7B’). In the left AV myocardium of
TGFp2-deficient mice of E11.5, on the other hand, many spaces
are present between the inner and outer myocardial layers (Fig.
7D) as compared with the wt (Fig. 7C), Morphologically, both right
and left AV myocardium are longer and less compact in TGFp2-
deficient mice at E12.5 (Fig. 7 E,F).
The valvular myocardium is too thick
at the left side (Fig. 7F1, suppl Fig. 3
B’,3D’) and remains present at both
therightand leftside (Fig. 7 M,N; suppl
Fig.3B’,3D’). AtE14.5, the protrusion
of AV myocardium through the AV
sulcustotheright ventricular wall (Fig.
7G1) is affected in TGFp2—deficient
mice (Fig. 7H1), resulting at E18.5in
a narrow roof of the annulus fibrosis
(compare Fig. 7J with 71). In another
TGFp2-deficient embryo the annulus
fibrosis has not formed at the left side
(Fig. 7L1). Analysis of the molecular
phenotype of the AV region showed
that at the left side the MF20 staining
extended too far in AV myocardium
(open arrow in Fig. 7E1; suppl. Fig. 3
B’,3D’). At the right side at E12.5, the
AV opening is very small and a Tbx3
positive gully covers most of the right
AVjunction (Fig. 7 E2,F2). The MF20+
valvular myocardium does not
show downregulation of Tbx3
on the left side (closed arrow in
Fig. 7F1, 7N1 (inset)). On the
other hand, the extensive val-
vular myocardium of the tricus-
pid valve that remains, hardly

Fig. 7. Myocardial remodeling
defects in TGFB2-deficient mice.
cTnl staining (red) at E9.5 shows
defective trabeculae formation in a
TGFp2-deficient mouse (A,B). Tbx3
(green)/MF20 (red) staining show an increased number
of spaces between inner and outer layers of AV myo-
cardium at E£11.5(C,D) and defective myocardial phe-
notypes at E12.5 in TGFB2-deficient mice (E,F). cTn/
(red) staining shows absence of myocardial protrusion
attheright AV sulcus at E14.5(G,H) resulting at E18.5
in disrupted morphology of the right AV myocardium
(1J; cTnl is green). cTnl staining shows defective
annulus fibrosis formation at the left AV myocardium
in a TGFpB2-deficient mouse (K,L) and persistence of
valvular myocardium (M,N). Tbx3 (green)/MF20 (red)
staining show expression of Tbx3 in the left valvular
myocardium and absence of Tbx3 expression in the
left MF20- myocardium of a TGFp2-deficient mouse
(M1;N1). Scalebar, 100 um.

tricuspid
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Fig. 8. Schematic representation
depicting the differential morpho-
logical changes of the left and
right atrioventricular myocardium.
The clearest difference between the
mophological processes of the left
andright AV myocardium are seen be-
tween the left ventral side and the right
dorsal sides of the AV myocardium.
Blue: MF20-myocardium, red: MF20+
myocardium; purple: lateral cushion.
The left AV myocardium splits result-
ing in the positioning of the lateral
cushion in the ventricular lumen (VL)
and shortening of the morphological
AVC. The right AV myocardium, which
will harbor the right lateral cushion,
becomes positionedin the ventricular

lumen by folding of the right ventricular myocardium. Protrusion of the MF20- myocardium (arrow) through the subepicardium towards the right ventricle
results in reorientation of the MF20- AV myocardium, which becomes the roof of the forming annulus fibrosis (AF).

expresses Tbx3 (open arrow in Fig. 7N2). In a TGFp2-deficient
embryo of E18.5, the Tbx3 expression in MF20- AV myocardium
is downregulated at the left side (arrow in Fig. 7N1), but not at
the right side (arrow in Fig. 7N2). Together these observations
implemented into our model reveal side specific defects including
morphological defects related to myocardial remodeling, disruption
of the specific molecular phenotypes of the distinct AV regions,
defective removal of valvular myocardium and disrupted forma-
tion of the annulus fibrosis, suggesting a role for TGFf2 in the
remodeling of the early myocardium.

Discussion

In this study, we show for the first time that the formation of
spaces between the inner and outer myocardial layers sets the
stage for the formation of the trabeculae and the positioning of
endocardial and left lateral cushions into the ventricular lumen.
By delamination from AV and not from ventricular myocardium
the positioning of the cushions into the ventricular lumen is
achieved. For the tricuspid lateral cushion this is achieved not
by delamination, but by folding of the right ventricular wall. We
show that the remodeling of the right AV myocardium shows
previously not reported differences with the left AV myocardium
(Fig. 8). Removal of valvular myocardium, which harbors a distinct
molecular phenotype, involves a second wave of delamination.

Trabeculation

The formation of the trabeculae in mice is initiated around E9.0
(Chen et al., 2004) and suggested to be the result of buckling of
the myocardium in response to compression along its longitudinal
axis (Sedmera et al., 2000). We show that trabeculation starts at
E8.5 with the formation of spaces between the inner and outer
myocardial layer similar to chicken (Icardo and Fernandez-Teran,
1987). The subsequent disengagement of the inner myocardial

layer appears to be achieved by invasion of endocardial cells
(Fig. 1D, 1). In the zebrafish, the ventricular wall myocardium
is mono-layered and therefore, no spaces can be formed in
this myocardial layer. Trabeculation is initiated by protrusion
of myocardial cells out of this mono-layered myocardium (Liu
et al., 2010), which might also contribute to trabeculae forma-
tion in mouse (blue arrowhead in Fig. 1C’). We observed that
during the first days of trabeculae formation (E8.5-E10.5) the
diameter of the ventricular lumen does not change, whereas the
trabeculae become longer, indicating that the outward growth of
the outer myocardial layer directs the lengthening of the early
trabeculae. We observed abnormal formation of trabeculae in a
TGFp2-deficient embryo of E9.5, indicating a role for TGFf2 in
this process. Several other mutant mice also show differential
trabeculation defects, supporting the presence of several stages
intrabeculae formation. In some mouse mutants trabeculae form,
but their growth is defective (Chen et al., 2004; Grego-Bessa et
al., 2007; Lee et al., 1995; Stankunas et al., 2008) whereas in
other mouse mutants (Gassmann etal., 1995; Lickert etal., 2004;
Meyer and Birchmeier, 1995; Tanaka et al., 1999) no trabeculae
are formed at all due to failure of the inner layer to dissociate
from the outer layer and, as a consequence, a thicker myocardial
layer is formed. Mice with trabecular defects often have cushion
defects as well (Chen et al., 2004; Lickert et al., 2004; Lyons et
al., 1995; Tanaka et al., 1999), supporting our observation that
these 2 processes are closely related.

Formation of free-moveable mural leaflets

Previous studies have proposed delamination from the ventricu-
lar wall (Lamers et al., 1995; Oosthoek et al., 1998) or protrusion
of the AV myocardium (de Lange et al., 2004) as a means for the
AV cushions to become free-movable leaflets in the ventricular
lumen. We show here that the AV cushions delaminate from the
AV wall. The left AV myocardium splits into two layers with sub-



sequent ventricularization of the outer sheet, whereas the inner
(luminal) sheet, supporting the cushions, becomes positioned
in the ventricular lumen. Initially, many connections consist be-
tween the luminal sheet and the ventricularized AV myocardium
(outer sheet), which gives the appearance of delamination from
the ventricular wall (Lamers et al., 1995; Oosthoek et al., 1998).
In contrast, the right AV myocardium does not contribute to and
no delamination from the right ventricular wall takes place. The
ventricularization of left but not right AV myocardium is supported
by expression of Tbx3 in left ventricular wall (this study) and
lineage analysis (Aanhaanen et al., 2009).

Removal of valvular myocardium occurs by delamination
and apoptosis

Removal of the valvular myocardium has been suggested to oc-
cur by several mechanismsincluding myocardium-to-mesenchyme
transformation (Lamers et al., 1995; Oosthoek et al., 1998).,
retraction (Oosthoek et al., 1998), and apoptosis (de Lange et
al., 2004). Lineage analysis shows that myocardium does not
contribute to valve mesenchyme (de Lange et al., 2004), negating
myocardium-to-mesenchyme transformation. Our data suggest
that the removal of valvular myocardium exclusively by apoptosis
does not occur. The lumen-to-base removal of the myocardial
sleeve atthe level of the free edge and the presence of one strand
of aSMA-negative trabeculae-like myocardium, characteristic
for valvular myocardium, suggest that delamination of valvular
myocardium plays a role as well. Near the attachment to the
dorsal papillary muscle an interruption is seen in the myocardial
sleeve of the mitral mural leaflet (see supplemental Fig. 2 B-D),
similar to what is observed in human (Oosthoek et al., 1998). At
E18.5, afew myocardial cells can still be found (see supplemental
Fig. 2D). Although the myocardial sleeve of the tricuspid mural
leaflet is thicker and remains till after birth, a similar mechanism
accounts for the removal of the valvular myocardium.

Molecularly distinctatrioventricular myocardial subdomains

We have shown that the valvular myocardium is distinct from
the AV myocardium by its lower expression of Tbx3, higher
MF20 staining and higher versican expression. The myocardial
expression of aSMA is dynamic. Whereas before E12.5 aSMA is
expressed throughout the myocardium, after E12.5 the valvular
(and Tbx3+ left ventricular) myocardium loses its aSMA expres-
sion. The sustained expression of Tbhx3 in left ventricular wall
after birth indicates active expression of Tbx3 in these cells rather
than being the result of prolonged half life as AV myocardium
ventricularizes, which would indicate a specific function for Tbx3
inthese cells. Tbx3 expression is correlated with non-dissociation
of cells. The most distal part of the valvular myocardium that
delaminates earliest from mesenchyme expresses the lowest
level of Tbx3. Furthermore, in TGFB2-deficient mice, the valvular
myocardium retains high Tbx3 expression and remains attached
to valve mesenchyme. Relative high Tbx3 expression in AV
myocardium, therefore, might explain the difference between the
disengagement and the absence of disengagement of the inner
myocardial layers of the ventricle and AVC, respectively, during
initial remodeling stages.

Formation of the Annulus Fibrosis
The annulus fibrosis is formed by EPDCs that migrate through
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the myocardium and secrete ECM components to separate the
myocardium (Kolditz et al., 2008; Wessels et al., 2012; Zhou et al.,
2010). EPDCs also migrate at other levels into the myocardium,
but the annulus fibrosis is formed only between the Tbx3+/aSMA+/
MF20- and Tbx3+/aSMA-/MF20+ myocardium. This indicates the
presence of specific signals emanating from the two myocardia
regulating annulus fibrosis formation. Disruption of the molecular
phenotype of these myocardia is likely to result in defective an-
nulus fibrosis formation, as we observed in TGFB2-deficient mice.

The differential left/right development of the AVC myocardium
and leaflets suggests differential mechanisms underlying annulus
fibrosis formation. At the left side the annulus fibrosis is formed
completely by the invasion of EPDCs. During the invasion of
EPDCs, the cardiomyocytes bordering the future annulus fibrosis
separate and change orientation (unpublished observations) and
lose or lower Tbx3 expression. Only the myocardium neighboring
directly the valve mesenchyme maintains Tbx3 expression (Fig.
4H). At the right side, the roof and bottom of the annulus fibrosis
are formed by a myocardial loop. As a consequence, only the most
luminal part (connecting part of the loop) has to be separated. The
latter involves apoptosis (Fig. 6E).

Accessory pathways

Accessory pathways of AV conductance have been postulated
to result in an incomplete fusion of the AV sulcus and cushion
mesenchyme (Wessels et al., 1996), due to a lack of migration of
EPDCs (Kolditz et al., 2007) or to abnormal differentiation of AV
myocardium (Aanhaanen et al., 2011). The accessory pathways
found more distant from the annulus fibrosis, are acquired during
fetal and/or postnatal life (Wessels et al., 1996). We show that
at the outer border of the right annulus fibrosis, especially in the
posterolateral region, MF20- myocardial cells protrude through the
epicardial mesenchyme of the AV sulcus towards the ventricular
myocardium enclosing EPDCs (Fig. 8). Whereas myocardial cells
have been shown to protrude into endocardial cushions (Kruithof et
al., 2003), protrusion of myocardial cells into epicardial mesenchyme
during normal development has notbeen reported yet. Connections
between the MF20- cells and the right ventricular myocardium are
present (Fig. 3H). We postulate that ectopic migration of cardio-
myocytes through the AV sulcus through a mechanism similar as
seen during development s responsible for formation of accessory
pathways during fetal and/or postnatal life. In addition to valvular
myocardium and left ventricle, the AV myocardium contributes also
to the lower rim of the atria (Wessels et al., 1996). Atrial cells that
retained their ability to cross the AV sulcus might connect with the
ventricular myocardium ectopically.

Conclusions

We propose a new model in which disintegration of myocardial
layers forms the basis for the formation of trabeculae, a process
that is continued during the repositioning of the endocardial cush-
ions and the mitral mural leaflet in the ventricular lumen (Fig. 11).
Moreover, we show that the development of left AV myocardium
differs from the right AV myocardium (Fig. 8) explaining why spe-
cific gene disruptions only causes right sided defects (Epstein’s
anomaly), or different defects at left compared to right side, as
relevant for TGFp2-deficient mice.

These new insights in development of trabeculae and valve
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formation can have major implications for the interpretations of
congenital heartdefects in human and in genetically modified mice.

Materials and Methods

Animals

Wild type FVB mice and Transforming Growth Factor-$2 (TGFB2)-defi-
cient mice (Sanford et al., 1997) were used. All procedures were approved
by the Institutional Animal Care and Use Committee of the University of
Medicine and Dentistry of New Jersey. Embryos are staged by number of
days after vaginal plug, with day of plug considered as day 0.5.

Histology

Hearts were fixed overnight in 4% paraformaldehyde/PBS, dehydrated
in graded ethanol series, embedded in paraffin and sectioned at 6-um.
Sections were deparaffinized, hydrated in graded alcohol series and boiled
for 20-40 minutes in Antigen Unmasking Solution (Vector Labs, H-3300)
using the pressure cooker. After rinsing in H20, the sections were blocked
with 5% serum in 0.1%Tween-20/PBS, followed by primary antibody incu-
bation in blocking solution overnight in humidified chamber. The sections
stained using antibodies directed against a-smooth muscle actin (aSMA,
Dakocytomation), cardiac Troponin | (HyTest), sarcomeric myofilaments
(MF20, Developmental Studies Hybridoma Bank, University of lowa), and
Versican B (Chemicon) are incubated with Alexa-conjugated secondary
antibodies (Molecular Probes) diluted in PBS for visualization. The sections
stained using antibodies directed against Wilm’s tumor-1 (DAKO) or Tbx3
(Santa Cruz) are subsequentially incubated with biotinylated secondary
antibodies, the AB solution of the Vectastain Elite ABC Kit, the biotinylated
Tyramide Signal AmplificationTM (TSA) solution of the TSA™Biotin System
(PerkinElmer), and alexa-conjugated streptavidin (Molecular Probes) for
detection. Sections were mounted with ProlOng Gold antifade reagent with
Dapi (Invitrogen) to visualize the nuclei.

Morphometric measurements

The diameter of the lumen of the ventricle and the length of the trabeculae
were measured in the center of the ventricle on sagittal sections. The lu-
men of the ventricle is defined by the absence of trabeculae. The diameter
of the AVC was measured in the center of the AVC on frontal sections. A
minimum of 3 animals per group were used. Results were compared using
the two-tailed t test and a significance level of P<0.05.
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