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Abstract 
We used Nppa-CreER, Hey2-2A-CreER, and Nppa-GFP transgenic mice with a genetic 
lineage-labeling system to characterize morphological changes in muscular 
interventricular septum development and to assess the cellular contribution of Nppa-
derived cells, Hey2-derived cells and trabecular cells to interventricular septum during 
embryonic heart development. During the onset of the muscular ventricular septum, 
trabeculae in the ventricular cavity are first recruited to the margins of the base of the 
septum. Subsequently, a portion of the recruited trabeculae proliferate along the septal 
surface to form the septal trabecular layer, and a subset of trabecular cells are 
incorporated into the interior of the septum. Trabecular cells and compact myocardium 
comprise the interior of the septum by mixed growth so that the interventricular septum 
of mice does not contain a compact zone solely composed of compact myocardium. Nppa-
derived cells are ventricular distinct, forming the complete left and part of the right 
border of the ventricular septum, and are incorporated into the interior of the 
interventricular septum during the development process; Hey2-derived cells mainly 
form the inner zone and subapical trabecular layer of the septum. The apical trabecular 
layer of the muscular interventricular septum that completes fusion with the 
membranous interventricular septum is composed of Nppa-derived cells, Hey2-derived 
cells and cells of unidentified origin, all of which lose the trabecular marker Nppa. 
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1. Introduction 

The heart is the first organ to develop in the mammalian embryo and its development from a simple 
heart tube to a sophisticated and separated chambered structure is regulated spatially and temporally 
by multiple factors. Any disturbance in the regulation of cardiac development is highly likely to affect 
the formation of normal cardiac structures and the execution of their functions. The cardiac septum 
is divided into myocardial and membranous septum based on its cellular composition[1, 2]. During 
cardiac looping and the formation of the four chambers, the ventricular wall cells at the apex 
proliferate and bulge into the ventricular cavity to form the interventricular septal primordium. The 
septal primordium extends towards the atrioventricular canal but does not connect directly to it, and 
the foramen that communicates between the right and left ventricles is termed the interventricular 
foramen. The endocardial pad of the outflow tract is affected by the proliferation of septal 
cardiomyocytes. It elongates downwards towards the ventricular septum to form a membranous 
septum with connection to the myocardial septum, closing the interventricular foramen for achieving 
complete division of the right and left ventricles[3-5]. 



International Core Journal of Engineering Volume 8 Issue 4, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202204_8(4).0044

 

338 

Incomplete separation of the ventricles during embryonic development is denominated as ventricular 
septal defect. Ventricular septal defect is a typical congenital heart disease lesion with a prevalence 
of 0.6% in neonatal infants and is the most common congenital anomaly in adults except for the mitral 
aortic valve [6-8]. In most cases, the ventricular septal defect does not cause mortality in the neonate 
but leads to cardiac functional impairment. The current standard treatment options for ventricular 
septal defects are percutaneous device closure or thoracotomy. To avoid the severe complications 
associated with metallic devices implantation or thoracotomy, it is essential to investigate the 
mechanisms of the ventricular septum maturity and evaluate alternative therapies. 

Gene knockout and rescue experiments with Meltrin β, hey2, Robo and FRS2α have adequately 
demonstrated the critical role of the proximal outflow tract and atrioventricular canal endocardium-
derived mesenchymal cells in the evolution of the membranous ventricular septum [5, 9-11], however, 
there is a lack of deliberation on such questions as the formation process, lineage contribution, and 
composition of the muscular ventricular septum. Hence we used Nppa-CreER, Hey2-2A-CreER, and 
Nppa-GFP transgenic mice along with a genetic genealogy marker system to characterize the dynamic 
formation of the myocardial septum and to assess the cellular contribution of Nppa-derived cells, 
Hey2-derived cells and trabecular cells to embryonic ventricular septum evolution during embryonic 
cardiac development, providing evidence for a more detailed insight into the occurrence of various 
subtypes of ventricular septal defects. 

2. RESULT 

2.1 Spatiotemporal Distribution of Nppa+ Trabecular Cells Reveals the Pattern of 
Interventricular Septal Trabecular Layer Formation 

Trabecular-associated gene defects lead to ventricular noncompaction and to accompanying 
interventricular septal defects; hence, the normal development of the myocardial portion of the 
interventricular septum (IVS) depends on standard compaction of the trabecular myocardium [12, 13]. 
Since Nppa is a specific marker for trabecular myocardium[14], we first generated a Nppa-GFP 
knock-in mouse line and showed that green fluorescent protein (GFP), as a surrogate for endogenous 
Nppa expression, to track the contribution of trabecular myocardium to the development of the 
interventricular septum. 

By fluorescence stereo images, we found that GFP was expressed in both the right and left ventricles 
of the embryonic heart, and the fluorescence intensity of the left ventricle is more potent than that of 
the right ventricle. Immunofluorescence images of heart sections verified this result [Picture1]. GFP 
was abundantly expressed in the left ventricle from E9.0 and maintained until E14.5. This result is 
consistent with previous studies describing that Nppa is defined in the right and left ventricles during 
early cardiac development. Still, the expression is higher in the left ventricle myocardium due to 
differences in the mechanisms of developmental regulation of the left and right ventricular trabeculae 
[15, 16]. 

The primary muscular interventricular septum was formed at E9.0 and subsequently recruits 
proliferating cardiomyocytes to participate in the ongoing development of the IVS. At E9.0, a septal 
primordium of approximately four-cell thickness is observed, covered by a single layer of GFP-
positive cells, and composed of GFP-negative cardiomyocytes inside. As the muscular septum grew, 
GFP-positive trabecular cells no longer completely covered the surface of the ventricular septum but 
were mainly distributed on both margins of the septum, and we detected sporadically distributed GFP-
positive cells in the compact zone of the IVS described in the previous study. At E14.5, GFP 
expression is observed along with the basal to the near apical length of the IVS, whereas the GFP-
positive trabecular myocardium on the right side could only extend to the middle of the septum; 
therefore, we did not detect GFP-positive cells on the apical surface of the myocardial septum and 
the right upper side. In other words, the expression pattern of GFP-positive cells differed between the 
left and right sides of the septum, with the left septum containing a more significant number of GFP-
positive cells with broader coverage and GFP-positive cells did not constitute the crest and right upper 
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side of the myocardial septum. In sections of embryonic hearts at different stages, we could only 
observe ventricular trabeculae extending from the ventricular wall confined to the middle and base of 
the myocardial septum. Still, some Nppa-GFP cardiomyocytes draw near the upper edge of the 
septum, which suggests that the muscle growth of the septum first recruits myocardial trabeculae to 
the base of the septum on both sides. Then the trabecular cells covering the surface proliferate in the 
direction of septal growth and thus constitute the upper muscular margins of the septum, rather than 
trabecular cells migrating through the ventricular cavity and covering the upper part of the septum 
[Fig. 1]. 

 

 
Fig.1 Nppa expression in embryonic hearts at different developmental stages (E9.0-E14.5). a 

Whole-mount fluorescence views of embryos or hearts collected from the Nppa-GFP mouse line, 
and insets are bright-field views of the embryos or hearts. b Immunostaining images of TNNI3 (the 
myocardial marker, red), GFP (as the surrogate for Nppa, green), and DAPI (blue) on Nppa-GFP 
heart sections show trabecular cells constituted ventricular septal crest loss of trabecular markers 

Nppa. 
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2.2 Trabecular-derived Cells Forming the Septal Crest Lose Nppa Markers During 
Development 

To trace the developmental patterning of early embryonic trabecular myocardium and explore the 
contribution of trabecular-derived cell populations to ventricular septal development, we crossed 
Nppa-CreER with the reporter R26-tdTomato mice permitting inducible lineage tracing of embryonic 
trabecular myocardium by addition of tamoxifen in intragastric administration at E9.0. Embryonic 
hearts were collected at five different developmental time points after gastric feeding and subjected 
to fluorescence examination by stereo fluorescence microscopy and confocal microscopy.  

 

 
Fig.2 E9.0-induced Nppa-derived cells expression in embryonic hearts at different developmental 
stages (E10.5-E14.5). a Whole-mount fluorescence views of embryos or hearts collected from the 
Nppa-CreER; R26-tdTomato mice, and insets are bright-field views of the embryos or hearts. b 
Immunostaining images of tdTomato (red), TNNI3 (the myocardial marker, green), and DAPI 

(blue) on Nppa-CreER; R26-tdTomato mice heart sections show trabecular-derived cells 
continuously invade the interior of the septum during development. 

 

As trabecular myocardium was first present in large numbers in the left ventricular cavity at E9.0, we 
could observe from the whole-mount images that the red fluorescence was mainly concentrated in the 
left ventricle. By inspecting the immunofluorescence images of sections, we found only a small and 
sparse number of tdTomato+ cells at the left edge of the septal primordia at E10.5. As the embryo 
grows, tdTomato+ cells begin to appear on both sides of the ventricular septum and invade the interior 
of the myocardial septum. Currently, a substantial number of tdTomato+ cardiomyocytes are present 
on the left ventricular side of the septum, covering the left margin of the septum in a continuous strip 
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intact. Fewer tdTomato+ cardiomyocytes were present on the right ventricular side, and although the 
tdTomato+ cell mass on that side was also vertically striped, it did not completely cover the right 
edge of the septum. The tdTomato+ cardiomyocytes that invaded the interior of the myocardial 
septum were scattered and sparse compared to the continuous strips of tdTomato+ cells on both sides 
of the septum [Fig.2]. 

The results of the spatiotemporal distribution of these trabecular-derived cells in the ventricular cavity 
further support our elucidation of the growth pattern of the trabecular myocardium recruited to the 
ventricular septum. The trabecular myocardium is first constituted as myocardial bundles on either 
margin of the interventricular septum, and then these cells are admixed into the myocardial septum 
by process of compaction. Notably, the expression pattern of cells derived from trabecular 
myocardium early in septal development varies considerably from that of Nppa-GFP trabecular 
myocytes. Trabecular cardiomyocytes with Nppa marker do not form the apical portion of the 
muscular septum at late stages of ventricular septation [Fig.1]. In contrast, trabecular-derived cells 
are consistently detected at the apical edge of the muscular septum and are abundantly present at the 
crest of ventricle septum at E14.5 [Fig.2]. Differences in the developmental patterns of the two cell 
populations suggest that some of the trabecular cells that make up the septum lose the specific 
trabecular marker Nppa during their migration to the apical part of the muscular ventricular septum. 

2.3 Early Inducible Hey2-derived and Nppa-GFP Myocardium Reveal Heterogeneity in 
Trabecular Myocardium 

While previous reports claimed that Hey2 is a specific marker for dense myocardium [17], Lianjie 
Miao et al. identified a broader region of Hey2 expression in the embryonic heart using a more precise 
assay, RNAscope [18], that Hey2 was enriched in endocardial cells of the outer compact zone, 
atrioventricular canal as well as outflow tract at E9.5, and weakly expressed in the inner compact 
zone, trabecular zone and endocardial cells at the base of the trabeculae, besides Hey2 was also 
expressed in mesenchymal cells derived from the atrioventricular canal and outflow tract 
endocardium. As Hey2 expression in the early embryo (E9.0) is not restricted to the compact layer 
alone but is widely distributed in the ventricular lumen, compact myocardium-derived cells' temporal 
and spatial contribution to the muscular ventricular septum cannot be clearly observed by spectral 
tracing of Hey2-derived cells alone. However, in combination with the expression patterns of Nppa-
GFP cells, trabecular-derived cells together with Hey2-derived cells, the distribution of compact 
myocardium during septal development can be broadly inferred, and it is also possible to draw 
comparisons between the relationship between Hey2-derived and non-Hey2-derived trabeculae from 
the ventricular cavity. 

We therefore next generated Hey2-2A-CreER; R26-tdTomato mouse line to explore the 
compositional contribution of Hey2-derived cardiomyocytes to the ventricular septum. Consistent 
with the treatment of Nppa-CreER with the R26-tdTomato, embryonic hearts were collected on 
alternate days from E10.5 onwards following gastric administration of tamoxifen to pregnant mice at 
E9.0. Detection of the embryos using a stereo fluorescence microscope showed that the red 
fluorescence was expressed in both the right and left ventricles, and that the intensity of the 
fluorescence was high at the periphery of the heart ventricles and the septum, and weak in the 
ventricular cavity. By inspecting frozen sections of embryos, it can be found that tdTomato positive 
cells are not only distributed in the compact myocardium but also present in the trabecular 
myocardium. There was no difference in brightness between the two under immunofluorescence 
treatment, which may be due to the immunofluorescence detection threshold [18]. Hey2-2A-CreER 
labels most of the cells in the ventricular lumen, both compact and trabecular myocardium at E10.5, 
but then, tdTomato- cells are evident in the trabecular region of the ventricle, and a proportion of 
tdTomato- myocardial cells cover the ventricular septal apex at E11.5. At the present time, tdTomato+ 
cells formed the dense myocardial portion of the septum and the trabecular layer that merged on both 
sides during septal development. In combination with this, tdTomato positive cells were clearly 
observed in the endocardial tissue of the outflow tract and the endocardial cushions of the 
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atrioventricular canal. As the development of the embryo increases, tdTomato-positive cells form 
mainly the endocardium surrounding the septum, the compact zone of the muscular ventricular 
septum and the portion of the trabecular layer below the top of the septum, with a sparse and scattered 
distribution at the crest of the muscular septum. During the latter stages of embryonic ventricular 
septal development, the radius of the aorta is transferred to the left ventricle by remodeling of the 
proximal outflow tract, while the mesenchymal cushion of the proximal outflow tract is aligned and 
fused with the upper part of the muscular ventricular septum to form the membranous septum. The 
tdTomato+ cells are widespread in the membranous septum as well as in the muscular septum. 
Considering that the distribution of trabecular-derived cells observed in Nppa-CreER; R26-tdTomato 
mice do not exactly overlap with the pattern of Hey2-derived cells distributed in the septal trabecular 
layer, Hey2 labels most of the trabecular myocardium at E9.0, but not part of the trabecular cells 
capable of forming the interventricular ridge [Fig.3]. 

 

 
Fig.3 E9.0-induced Hey2-derived cells expression in embryonic hearts at different developmental 
stages (E10.5-E14.5). a Whole-mount fluorescence views of embryos or hearts collected from the 

Hey2-2A-CreER; R26-tdTomato mice, and insets are bright-field views of the embryos or hearts. b 
Immunostaining images of tdTomato (red), TNNI3 (the myocardial marker, green), and DAPI 

(blue) on Hey2-2A-CreER; R26-tdTomato heart sections demonstrate that Hey2-2A-CreER label 
trabecular myocardium, compact myocardium, endocardium, and mesenchymal cells. 

 



International Core Journal of Engineering Volume 8 Issue 4, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202204_8(4).0044

 

343 

 
Fig.4 E9.0-induced Hey2-derived and Nppa-GFP cells expression in embryonic hearts at different 
developmental stages (E10.5-E14.5). a Whole-mount tdTomato and green fluorescence views of 

embryos or hearts collected from the Hey2-2A-CreER; R26-tdTomato; Nppa-GFP mice, and insets 
are bright-field views of the embryos or hearts. b Immunostaining images of tdTomato (red), GFP 

(green), TNNI3 (the myocardial marker, white), and DAPI (blue) on Hey2-2A-CreER; R26-
tdTomato; Nppa-GFP heart sections. 

 

To be able to better compare the dynamic contribution of trabecular cells with compact 
cardiomyocytes to myocardial septal growth, we collected developing embryonic hearts from 
generating Hey2-2A-CreER; R26-tdTomato; Nppa-GFP mice after gastric feeding of tamoxifen at 
E9.0. These embryonic hearts at different times showed the same fluorescence expression profile in 
stereo fluorescence microscopy images. tdTomato was strongly expressed in the free wall of the right 
and left ventricles and inside the septum, but weakly expressed in the ventricular lumen. GFP was 
expressed in both ventricles, with stronger fluorescence intensity in the left ventricle than in the right 
ventricle. Fluorescence images of heart sections showed that GFP+ cells covered the outer layer of 
the developing myocardial septum in the early stages, and a small proportion of GFP+ cells were 
gradually incorporated into the inner septum as the heart developed. In contrast, tdTomato+ cells 
were widely distributed early in septal development but were mainly concentrated at the base and 
middle of the septum at later stages, with a scattered distribution at the crest. Fluorescence microscopy 
images and immunofluorescence profiles of these hearts were consistent with the results of 
fluorescence expression in the separate Hey2-2A-CreER; R26-tdTomato mouse line and Nppa-GFP 
mouse line [Fig.2, Fig3, Fig4]. In the septum of Hey2-2A-CreER; R26-tdTomato; Nppa-GFP mice, 
the three predominantly fluorescent cardiomyocytes were tdTomato+ GFP- cells, tdTomato+ GFP+ 
cells, and tdTomato- GFP+ cells. The tdTomato+ GFP- cells were most widely distributed, abundant 
in the trabecular layer of both sides of the septum and the assumed compact zone, but sparse at the 
crest of the septum and not differentiated between the right and left ventricles. The distribution of 
tdTomato- GFP+ cells in the ventricular septum was minimal and concentrated in the trabecular 
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myocardium of the ventricular cavity. This suggests that early embryonic Hey2-2A-CreER is able to 
label most of the trabecular myocardium from the right and left ventricles as well as all of the compact 
myocardium.  Most of the cells labeled by Hey2-2A-CreER at E9.0 that would develop into 
trabeculae form the trabecular layer on the left and right sides of the septum, while the remaining 
unlabeled trabecular cells become the apical part of the septum [Fig4]. According to the prevailing 
view of the myocardial septal model, the apical part of the septum differs from the muscle 
composition below the roof and is composed of trabecular cells only. However, we did not identify 
trabecular cell populations that could completely label the trabecular cell population constituting the 
apical part of the septum by tracing through different lineages, and the results reveal the heterogeneity 
of the trabecular lineage and its molecular characteristics during early embryonic heart development. 

3. Discussion 

Ventricular septal defect is a highly prevalent congenital heart disease in infants and adults [19]. To 
investigate the morphogenetic contribution of cardiomyocytes in the ventricular cavity to the 
interventricular septum, we first generated Nppa-GFP knock-in mouse lines for mapping the spatial 
and temporal distribution of trabecular cells in the interventricular septum. Trabecular cells in 
different ventricular chambers contribute differently to the muscular ventricular septum because of 
the different molecular regulatory mechanisms of left and right ventricular trabeculae. Nppa 
expressing trabecular cells were first seen in large numbers in the left ventricle and appeared to 
contribute more to the myocardial septum. The green fluorescence observed inside the septum reveals 
that trabecular cells from the right and left ventricles cover the sides of the septum and invade the 
compact zone described previously towards the interior of the septum. By comparing the regions of 
trabecular cells in the ventricular cavity, which are limited near the lower and middle part of the 
septum, with trabecular cells in the upper margin of the septum approaching the crest, in conjunction 
with the fact that trabecular cells invade the compact zone of the ventricular septum, we determined 
the growth pattern of the trabecular layer in the muscular ventricular septum: trabeculae in the 
ventricular cavity are first recruited to both sides of the base of the septum, then a portion of the 
recruited trabeculae proliferate along the septal surface to form the septal trabecular layer, and the 
rest of recruited trabecular cells are incorporated into the interior of the septum. 

The mature ventricular free wall is the result of the combined contribution of compact myocardium 
and trabecular myocardium, with a "compact layer-mixed layer-trabecular layer" structure from 
outwards to inwards. The muscular septum is also composed of both compact and trabecular 
myocardium, so it has been assumed that it is composed of a similar structure, with trabecular layers 
on either side and a compact layer inside. However, our analysis of heart sections from Nppa-GFP 
and Nppa-CreER; R26-tdTomato mice showed that both trabecular marker-expressing 
cardiomyocytes and trabecular-derived cells invade the interior of the presumed compact zone of the 
ventricular septum during septation, suggesting that the septum does not have a compact internal 
layer composed solely of compact cardiomyocytes. The contribution of the two cardiomyocyte 
species to the septum is not arranged in a hierarchical fashion as in the ventricular wall, but rather by 
mixed growth together to form the septum. 

The outcome of lineage tracing what constitutes the muscular ventricular septum reveals the various 
origins of the muscular interventricular septum, which will be instructive in delving into the 
mechanisms of the occurrence and formation of ventricular septal defects. The mature ventricular 
septum is composed of both membranous and muscular portions of the septum, yet the 
interconnections and interactions between the membranous and muscular ventricular septum have 
been poorly documented, and the description of the process of their fusion and the molecular 
regulatory events underlying this process have not been disclosed. During the surgical correction of 
infants with so-called "membranous ventricular septal defects", the size of the defect was found to be 
significantly larger than the membranous septum itself, and it was found through the neonatal autopsy 
that the membranous septum does not begin to grow until the completion of the development of the 
muscular septum[20]. It is now generally accepted that the muscular ventricular septum interacts with 
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mesenchymal cells in the outflow tract and atrioventricular canal in an unknown manner after its 
complete development, thereby initiating the growth of the membranous ventricular septum [21, 22]. 
Cardiomyocytes located at the crest of the muscular ventricular septum at a late stage of development 
are most likely to play an essential role in this process. In addition, these cardiomyocytes are 
inextricably linked to the formation of the cardiac conduction system. Research with the antibody 
GlN2 has shown that the developing atrioventricular bundle is located at the apex of the muscular 
ventricular septum, thus explaining the disruption of the ventricular conduction axis that accompanies 
the defective development of the apical muscles of the interventricular septum [23]. Recent studies 
have suggested that the fetal conduction axis originates in the primary interventricular ring, which 
bends to the right as the atrioventricular canal expands to the right, with a portion of the primary ring 
remaining on the crest of the muscular septum after outflow tract remodeling. We have revealed 
heterogeneity of trabecular cells that form the crest part of the muscular ventricular septum, including 
Hey2-derived cells, Nppa-derived cells and some cells of unknown origin, all of which lose 
trabecular-specific Nppa markers after forming the crest part of the muscular septum. However, the 
role of these distinct trabecular cells in the formation of the conduction system or in the activation of 
membranous ventricular septum development remains to be investigated. 

4. Methods 

4.1 Mice 

Nppa-GFP, Nppa-CreER, Hey2-2A-CreER and Rosa26tdTomato/+ mice were described previously 
[17]. All mice were handled according to the guidelines of the Institutional Animal Husbandry and 
Use Committee of the Scientific Committee on Laboratory Animals of Jinan University. Mice were 
maintained on a mixed C129 / C57BL6 / J background. In this study, male and female mice were 
randomized in different experimental groups. Mice were mated overnight by placing one female with 
one male and separated at 8 am the next morning after checking for vaginal plugs. The date of vaginal 
plug detection was designated as embryonic day0.5 (E0.5), and the gestation lasted for 9 to 14 days. 
Mice were maintained on a C129/C57BL6/J mixed background. Tamoxifen (Sigma) was dissolved 
in corn oil (0.1 - 0.15 mg/g). The knock-in mice lines mentioned above were generated by Shanghai 
Biomodel Organism Science & Technology Development Co. Ltd. 

4.2 Genomic PCR 

Genomic DNA was prepared from an embryonic yolk sac or mouse tail. Tissues were lysed by 
incubation with proteinase K overnight at 55˚C, followed by centrifugation for 8 min to obtain 
supernatant with genomic DNA. DNA was precipitated by adding isopropanol and was washed in 
70% ethanol. All embryos and mice were genotyped with specific primers that distinguished the 
knock-in allele from the wild-type allele [24]. 

4.3 Immunostaining 

Immunostaining was performed according to standard protocols [24]. Briefly, embryonic and adult 
hearts were fixed in 4% PFA in PBS for 30 min and 2 h at 4°C, respectively. After washing in PBS, 
hearts were dehydrated in 30% sucrose at 4°C overnight. Specimens were embedded in OCT and 
quickly frozen. Frozen tissues were sectioned at 10 μm thickness. Sections were blocked with 5% 
normal donkey serum in 0.2%Triton X-100 PBS for 30 min at room temperature. The specimens were 
incubated with GFP (Abcam, Invitrogen, Nacalai tesque Inc., 1:500), tdTomato (Rockland, 1:5000), 
TNNI3 (Abcam, 1:200) in a humid chamber at 4°C overnight, and then washed three times in PBS 
for 5 min. Alexa Fluor secondary antibodies (Invitrogen) were added for 30 min at room temperature. 
After a final rinse in PBS, the specimens were counterstained with 4’, 6-diamidino-2-phenylindole 
(DAPI) and coverslipped. Images were acquired using Olympus fluorescence microscope (FV3000) 
and Leica stereomicroscope (M205 FA/DFC 7000T). 
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