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            Abstract
In vertebrate hearts, the ventricular trabecular myocardium develops as a sponge-like network of cardiomyocytes that is critical for contraction and conduction, ventricular septation, papillary muscle formation and wall thickening through the process of compaction1. Defective trabeculation leads to embryonic lethality2,3,4 or non-compaction cardiomyopathy (NCC)5. There are divergent views on when and how trabeculation is initiated in different species. In zebrafish, trabecular cardiomyocytes extrude from compact myocardium6, whereas in chicks, chamber wall thickening occurs before overt trabeculation7. In mice, the onset of trabeculation has not been described, but is proposed to begin at embryonic day 9.0, when cardiomyocytes form radially oriented ribs2. Endocardium–myocardium communication is essential for trabeculation, and numerous signalling pathways have been identified, including Notch2,8 and Neuregulin (NRG)4. Late disruption of the Notch pathway causes NCC5. Whereas it has been shown that mutations in the extracellular matrix (ECM) genes Has2 and Vcan prevent the formation of trabeculae in mice9,10 and the matrix metalloprotease ADAMTS1 promotes trabecular termination3, the pathways involved in ECM dynamics and the molecular regulation of trabeculation during its early phases remain unexplored. Here we present a model of trabeculation in mice that integrates dynamic endocardial and myocardial cell behaviours and ECM remodelling, and reveal new epistatic relationships between the involved signalling pathways. NOTCH1 signalling promotes ECM degradation during the formation of endocardial projections that are critical for individualization of trabecular units, whereas NRG1 promotes myocardial ECM synthesis, which is necessary for trabecular rearrangement and growth. These systems interconnect through NRG1 control of Vegfa, but act antagonistically to establish trabecular architecture. These insights enabled the prediction of persistent ECM and cardiomyocyte growth in a mouse NCC model, providing new insights into the pathophysiology of congenital heart disease.
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                    Fig. 1: Cardiac trabeculation stages.[image: ]


Fig. 2: NRG1 and NOTCH1 pathways promote ECM synthesis and degradation, respectively.[image: ]


Fig. 3: NRG1-dependent VEGFA signalling promotes N1ICD restriction, late trabeculation phases and implications of the model for NCC.[image: ]


Fig. 4: Models of normal and abnormal trabeculation.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Analysis of trabeculation by 3D morphological time course reconstructions and electron microscopy.
Related to Fig. 1. a–g, Time-course of left ventricle 3D reconstructions (see Supplementary Figs. 1–7) of wild-type mice (a–c, e, f), Tie2creNotch1fl/fl mice at E8.5 (d) and Nrg1tm/tm mice at E9.0 (g). In all panels: endocardium (green), myocardium (red, transparent red in a–g (left)), ECM (blue, transparent blue in the right panels of a, c, d). Lateral view of the whole heart (a–g, left) or endocardium only (a–g, second left) showing that the endocardial behaviours described in the study occur exclusively in the ventricular outer curvature (white arrows) and not in the inner curvature (arrowheads), and the progressive ECM reduction seen as the distance between the endocardium and the ventricular outer layer as trabeculation proceeds (black arrows). This distance is greater in Tie2creNotch1fl/fl (d) and smaller in Nrg1tm/tm (g) hearts. a–g, Second from the right, view towards the endocardium from the outer curvature. a–d, Second from the right, note the formation of endocardial ridges between the leading touchdowns (white arrows) generating endocardial domes (white asterisks). d, Second from the right, incomplete touchdown formation and lack of endocardial domes in Tie2creNotch1fl/fl hearts. e–g, Second from the right, outer curvature view showing the contact points between endocardium and myocardium (green, white arrow) without ECM, and ECM bubbles (blue, black arrow) in wild-type (e, f), and the increased endocardial contacts and decreased ECM in Nrg1tm/tm (g) hearts. a–g, Right, luminal view of whole heart (a) or bisected hearts (b–g) showing ventricular chamber segmentation by endocardial domes/ECM bubbles (asterisks) in wild-type hearts (a–c, e, f) and its defects in Tie2creNotch1fl/fl (d) and Nrg1tm/tm (g) hearts. h–j, Electron microscopy images of wild-type ventricles at E9.0 showing endocardium (endoc) and compact myocardium interaction at the trabecular base. h, Desmosomes (arrow). i, Endocardial cell in close apposition to a cardiomyocyte (CM). j, Cellular projections originating from both cell types. k–m, Area quantifications on wild-type left ventricle showing trabecular myocardium area normalized to chamber perimeter (k), total ECM area (l) and ECM area of apical and basal trabecular regions (m) normalized to trabecular myocardium. n–p, ISH of Hopx (n), Gja5 (o) and Bmp10 (p) in heart sections of wild-type embryos at E8.0. Marker expression (arrow), no marker expression (arrowhead). q, r, Quantification of touchdown numbers in Nrg1tm/tm (q) and Tie2creNotch1fl/fl (r) compared to wild-type embryos at E8.5 and E8.5–E9.0. a–r, n = 3 independent embryos per genotype, except for k, l, n = 4 E8.0 (8–9 ps) and E8.5 (13–15 ps). Quantitative data are shown as mean ± s.e.m. Two-sided Student’s t-tests (without corrections for multiple comparisons) were used. Significant comparisons are indicated by numbers as follows. k, 1, P = 0.035; 2, P = 0.025; 3, P = 0.046 4, P = 0.023; 5, P = 0.037; 6, P = 0.041. l, 1, P = 0.046; 2, P = 0.046; 3, P = 0.0003; 4, P = 0.013; 5, P = 0.0025; 6, P = 0.026; 7, P = 0.005. m, 1, P = 0.038; 2, P = 0.013; 3, P = 0.0048; 4, P = 0.041; 5, P = 0.012; 6, P = 0.0024. r, 1, P = 0.018; 2, P = 0.0048. Scale bars, as indicated (h–j) and 20 μm in n–p. 
Source Data.


Extended Data Fig. 2 Time course expression analysis of ECM synthesis markers.
Related to Figs. 1, 2. a–m, Detailed time-course analysis of marker expression using ISH and immunofluorescence in embryonic left ventricle at E8.0, E8.5, E9.0, E9.5, E10.5, E11.5, E13.5 and E16.5 in wild-type embryos (a, c, e, g–m) as well as in Nrg1tm/tm mutants (b, d, f) relative to somite-matched wild-type embryos at E8.0, E8.5, E9.0 and E9.5. a, b, e, f, Analysis of Has2 (a, b) and Vcan (e, f) by ISH in wild-type (a, e) and Nrg1tm/tm embryos (b, f). c, d, Immunofluorescence analysis of HABP in wild-type (c) and Nrg1tm/tm (d) embryos. g–m, Immunofluorescence analysis of CD44 (g), fibronectin (h), perlecan (i), aggrecan (j), laminin (k), collagen type I (l) and collagen type IV (m) in wild-type embryos. Perlecan showed a similar pattern of enrichment in trabecular myocardium and endocardium as HABP and fibronectin, although expression persisted after termination. Aggrecan was expressed in both compact and trabecular myocardium and only became restricted to trabeculae after termination. Laminin and collagen types I and IV did not show restriction. In all panels showing gene/protein expression: marker expression (arrow), reduced marker expression (arrowhead), increased marker expression (thick arrow). In all immunofluorescence images: markers associated with endocardium or ECM (red); markers associated with myocardium (orange); myocardium is stained for SMA (green dulled mask); nuclei (DAPI, blue). a–m, n = 3 independent embryos were used per genotype. Scale bars, 20 μm (E8.0), 25 μm (E8.5), 30 μm (E9.0, E9.5), 50 μm (E10.5), 60 μm (E11.5), 120 μm (E13.5) and 200 μm (E16.5).


Extended Data Fig. 3 Time course expression analysis of ECM degradation, NOTCH, NRG1 and VEGFA pathway markers.
Related to Figs. 1–3. a–m, Detailed time-course analysis of marker expression using ISH and immunofluorescence in embryonic left ventricle at E8.0, E8.5, E9.0, E9.5, E10.5, E11.5, E13.5 and E16.5 in wild-type embryos (a–e, g, i, k–m) as well as in Tie2creNotch1fl/fl (f, h) and Nrg1tm/tm (j) embryos relative to somite-matched wild-type embryos at E8.0, E8.5, E9.0 and E9.5. Data are organized according to respective ECM degradation, Notch, neuregulin-1 (NRG1) and VEGFA pathways. a–d, Analysis of ECM degradation markers Adamts1 (a), Mmp2 (b) and Hyal2 (c) by ISH and neoversican (d) by immunofluorescence. e–h, NRG1 pathway analysis of Nrg1 by RNA-scope (e, f) and pERBB2 (g, h) by immunofluorescence in wild-type (e, g) and Tie2creNotch1fl/fl (f, h) embryos. i–k, Notch pathway analysis of N1ICD (i, j) in wild-type (i) and Nrg1tm/tm (j) embryos, and DLL4 in wild-type embryos (k) by immunofluorescence. l, m, VEGFA pathway analysis of Vegfa by ISH (l) and VEGFR2 by immunofluorescence (m). In all panels showing gene/protein expression: marker expression (arrow), reduced marker expression (arrowhead), increased marker expression (thick arrow). In all immunofluorescence images: markers associated with endocardium or ECM (red); markers associated with myocardium (orange); myocardium is stained for SMA (green dulled mask); nuclei (DAPI, blue). a–m, n = 3 independent embryos were used for each genotype. Scale bars, 20 μm (E8.0), 25 μm (E8.5), 30 μm (E9.0, E9.5), 50 μm (E10.5), 60 μm (E11.5), 120 μm (E13.5) and 200 μm (E16.5).


Extended Data Fig. 4 Morphological and molecular analysis of mutants with trabeculation defects.
Related to Figs. 1–3. Histological and marker analysis of left ventricle in mutant embryos and somite-matched wild-type control embryos at indicated stages. a–d, Analysis of wild-type and Erbb2−/− mutants showing histology (a), normalized trabecular and ECM area quantifications (b), immunofluorescence for N1ICD (c) and fold change in number of N1ICD+ cells (d). e, f, Immunofluorescence analysis of pERBB2 in Erbb2−/− (e (right)) and Nrg1tm/tm (f (right)) mutant embryos compared to wild-type (e, f). g–j, Analysis of wild-type and Tie1creVEGFR2fl/fl mutants showing histology (g), normalized tissue area quantifications (h) and immunofluorescence of VEGFR2 (i) and pAKT (j). k–p, Analysis of wild-type and mutant histology and normalized tissue area quantifications for the following strains: Tie2creRbpjfl/fl (k, l), Efnb2gfp/gfp (m, n) and Bmp10−/− (o, p). q–u, Time-course analysis of histology using Alcian blue staining of Nrg1tm/tm (q–u (middle)) and Tie2creNotch1fl/fl (q–u (right)) embryos relative to somite-matched wild-type (q–u (left)) at indicated stages. In all H&E panels, trabecular myocardium (black arrows), ECM (white arrows). In all panels showing molecular expression: marker expression (arrows), reduced marker expression (arrowheads). In all immunofluorescence images: markers associated with endocardium or ECM (red); markers associated with myocardium (orange); myocardium is stained for SMA (green dulled mask); nuclei (DAPI, blue).The cardiac lumen is indicated by ‘l’. Trabecular myocardium (black arrows), ECM (white arrows). a–u, n = 3 independent embryos per genotype. Quantitative data are shown as mean ± s.e.m. Two-sided Student’s t-tests (without corrections for multiple comparisons) were used. Significant comparisons are indicated by numbers as follows. b, 1, P = 0.018; 2, P = 0.047. d, 1, P = 0.034. h, 1, P = 0.04; 2, P = 0.033. l, 1, P = 0.035. Scale bars, 20 μm (q), 25 μm (r), 30 μm (a, c, e–g, i–k, m, o, s) and 35 μm (t, u). 
Source Data.


Extended Data Fig. 5 Marker analysis in Nrg1tm/tm and Tie2creNotch1fl/fl mutant strains.
Related to Fig. 2. a–i, Analysis of markers in left ventricle sections by ISH, immunofluorescence and qPCR in Nrg1tm/tm (a–i (second left)), Tie2-Notch1fl/fl (a–i (right)) mutant embryos and somite-matched wild-type embryo (a–h (left, second from the right)) at indicated optimal time points. Data are organized around markers for chamber myocardium (Mest, Nppa), trabecular myocardium (Bmp10, Gja5, Hopx) and compact myocardium (Hey2, Mycn) as indicated. ISH (a–h); qPCR (i). i, Panels show qPCR analysis of the genes described in a–h in Nrg1tm/tm mutants at E9.0 and E10.0 (i (left column)) and in Tie2creNotch1fl/fl mutants at E8.5 and E9.5 (i (right column)), the latter time points in each case being beyond the phenotypic onset stages for each mutant. In all panels showing gene/protein expression: marker expression (arrow), reduced marker expression (arrowhead), increased marker expression (thick arrow). a–h, n = 3 independent embryos per genotype. i, n = 3 biological replicates each evaluated for three experimental replicates. Quantitative data are shown as mean ± s.e.m. Two-sided Student’s t-tests (without corrections for multiple comparisons) were used. Significant comparisons are indicated by numbers as follows. i, Top left, 1, P = 0.013; bottom left, 1, P = 0.0015; 2, P = 0.018; 3, P = 0.002; 4, P = 0.0027; 5, P = 0.048; 6, P = 0.0044; bottom right, 1, P = 0.04; 2, P = 0.0098; 3, P = 0.047; 4, P = 0.012; 5, P = 0.022; 6, P = 0.0029; 7, P = 0.02. Scale bars, 30 μm (a–h). 
Source Data.


Extended Data Fig. 6 Analysis of ECM synthesis and degradation markers, and proliferation, in Nrg1tm/tm and Tie2creNotch1fl/fl mutants.
Related to Fig. 2. a–k, m, o–q, Analysis of ECM synthesis (a–h) and degradation (i–k) markers, BRG1 (m), Notch pathway (o–p) and VEGFA pathway (q) in left ventricle of Nrg1tm/tm mutants at E9.0 (a–q (second left)) and Tie2creNotch1fl/fl mutants at E8.5 (a–q (right)) relative to wild-type embryos (a–q (left, second from the right)) showing immunofluorescence analysis of HABP (a), CD44 (b), fibronectin (c), perlecan (d), aggrecan (e), laminin (f), collagen type I (g), collagen type IV (h), BRG1 (m), DLL4 (o) and VEGFR2 (q); ISH for Mmp2 (i), Adamts5 (j), Hyal2 (k) and Efnb2 (p); and qPCR (l). n, Percentage of BRG1 positive cells compared to the total number of cells in the left ventricle endocardium and myocardium of Nrg1tm/tm(n (left)) and Tie2creNotch1fl/fl (n (right)) mutants. r–u, Proliferation analysis by Ki-67 immunofluorescence of Nrg1tm/tm mutants at E9.0 (r (second left)) and E9.5–E10.0 (t (second left)); Tie2creNotch1fl/fl mutants at E8.5 (r (right)) and E9.5 (t (right)), relative to wild-type embryos (r, t, (left, second from the right); and the related quantifications of total myocardium proliferation and the proportion of trabecular cardiomyocytes compared to the total cardiomyocytes (s, u). Gene/protein expression panels: expression (arrow), reduced expression (arrowhead). In all immunofluorescence: markers associated with endocardium or ECM (red); markers associated with myocardium (orange); myocardium is stained for SMA (green dulled mask); nuclei (DAPI, blue). a–u, n = 3 independent embryos per genotype. l, n = 3 biological replicates each evaluated for three experimental replicates. Quantitative data are shown as mean ± s.e.m. Two-sided Student’s t-tests (without corrections for multiple comparisons) were used. Significant comparisons are indicated by numbers as follows. l, Left, 1, P = 0.0066; 2, P = 0.0038; 3, P = 0.017, 4, P = 0.035; 5, P = 0.036; right, 1, P = 0.0039; 2, P = 0.039; 3, P = 0.00053; 4, P = 0.0074; 5, P = 0.022. n, 1, P = 0.006. s, Left, 1, P = 0.029; right, 1, P = 0.012. u, Left, 1, P = 0.045; 2, P = 0.017; right, 1, P = 0.04; 2, P = 0.0031. Scale bars, 55 μm (a–k, m, o–r) and 40 μm (t). 
Source Data.


Extended Data Fig. 7 Manipulation of ECM dynamics in RBEC assays and marker analysis of Tie2creNotch1GOF mutant embryos.
Related to Fig. 2. a–d, H&E analysis of wild-type and Tie2creNotch1fl/fl embryos treated with 20 turbidity reducing units (TRU) of hyaluronidase (HYAL) or PBS as control (a, b) or wild-type and Nrg1tm/tm embryos treated with 20 μM GM6001 or DMSO (c, d) in RBECs for 24 h, and accompanying ECM and trabecular area quantifications normalized to chamber perimeter (b, d). e–g, H&E of Tie2creNotchGOF embryos (e, f (right)) compared to wild-type embryos (e, f (left)) at E8.5 and E10.0 with morphological quantification of ECM and trabecular areas normalized to chamber perimeter (g). h–q, Molecular analysis of Tie2creNotchGOF embryos relative to wild-type embryos at E8.5 (h–l) and E9.5 (m–q): ISH of Adamts1 (h, m) and Has2 (l, p); immunofluorescence analysis of neoversican (i, n) and pERBB2 (k); RNA-scope of Nrg1 (o); qPCR analysis of the respective markers (j, q). Gene/protein expression panels: expression (arrow), reduced expression (arrowhead), increased expression (thick arrow). In all immunofluorescence images: markers associated with endocardium or ECM (red); markers associated with myocardium (orange); myocardium is stained for SMA (green dulled mask); nuclei (DAPI, blue). e–i, k–p, n = 3 independent embryos were used; a–d, n = 5, except in d, n = 6 wild-type embryos treated with GM6001. j, q, n = 3 biological replicates each evaluated for three experimental replicates. Quantitative data are shown as mean ± s.e.m. Two-sided Student’s t-tests (without corrections for multiple comparisons) were used. Significant comparisons are indicated by numbers as follows. b, 1, P = 1.99 × 10−6; 2, P = 0.025; 3, P = 9.28 × 10−6; 4, P = 0.00085; 5 = 2.83 × 10−5; 6, P = 0.00067; 7, P = 0.026; 8, P = 0.00014. d, 1, P = 0.024; 2, P = 0.0024; 3, P = 0.018; 4, P = 0.000021; 5, P = 0.016; 6, P = 0.022; 7, P = 0.028. g, Top, 1, P = 0.018; 2, P = 0.017; bottom, 1, P = 0.0071; 2, P = 0.03. j, 1, P = 0.03; 2, P = 0.041. q, 1, P = 0.034; 2, P = 0.00026; 3, P = 0.025; 4 = 0.038. Scale bars, 55 μm (a, c), 30 μm (e, h–l) and 40 μm (m–p). 
Source Data.


Extended Data Fig. 8 Genetic and chemical mutant rescue assays.
Related to Figs. 2, 3. a–d, Analysis of wild-type, Nrg1tm/tm, Tie2creRbpjfl/fl and Tie2creRbpjfl/flNrg1tm/tm mutant embryos showing histology (a), normalized ECM and trabecular area quantifications (b), immunofluorescence of N1ICD (c) and fold change in the number of N1ICD+ cells (d). e–g, Analysis of wild-type, Nrg1tm/tm, Tie2creNotch1fl/fl and Tie2creNotch1fl/flNrg1tm/tm mutant embryos showing histology (e), normalized ECM and trabecular area quantifications (f) and immunofluorescence of N1ICD (g). Note the persistent N1ICD staining in the Tie2creRbpjfl/flNrg1tm/tm mutant due to mosaic Cre-mediated deletion of Notch1. Here, N1ICD appears to nucleate touchdowns. Cre-mediated deletion was complete in Tie2creNotch1fl/flNrg1tm/tm mutants at E9.0, although mosaicism in Cre-recombination at an earlier time point may allow N1ICD restriction and nucleation of touchdowns. h, i, H&E of Nrg1tm/tm and wild-type embryos treated with 25 nM NRG1 or PBS as control for 24 h (h) with associated area quantifications (i). j–l, Immunofluorescence of N1ICD (j) and DLL4 (k) with quantification the number of N1ICD+ cells (l). m–q, Analysis of wild-type and Tie2creNotch1fl/fl embryos treated with 10 μM SU5416 or DMSO control for 24 h, showing histology (m), ECM and trabecular area quantifications (n) and immunofluorescence in SU5416- and control-treated wild-type embryos of N1ICD (o) and DLL4 (p), with fold change in the number of N1ICD+ cells (q). In H&E panels: trabecular myocardium (black arrows), ECM (white arrows). In all panels showing molecular expression: expression (arrows), reduced expression (arrowheads), increased expression (thick arrows). In all immunofluorescence images: markers associated with endocardium or ECM (red); markers associated with myocardium (orange); myocardium is stained for SMA (green dulled mask); nuclei (DAPI, blue). a–f, j–l, o–q, n = 3 independent embryos were used; h, i, m, n, n = 5, except in h, i, n = 6 wild-type embryos treated with NRG1. Quantitative data are shown as mean ± s.e.m. Two-sided Student’s t-tests (without corrections for multiple comparisons) were used. Significant comparisons are indicated by numbers as follows. b, 1, P = 0.013; 2, P = 0.0003; 3, P = 0.012; 4, P = 0.009; 5, P = 0.009; 6, P = 0.029; 7, P = 0.033. d, 1, P = 0.024; 2, P = 0.03. f, 1, P = 0.039; 2, P = 0.023; 3, P = 0.034; 4, P = 0.012; 5, P = 0.009; 6, P = 0.045; 7, P = 0.034. i, 1, P = 0.0014; 2, P = 0.0006; 3, P = 0.03; 4, P = 0.0004; 5, P = 0.0046; 6, P = 0.022. l, 1, P = 0.02; 2, P = 0.0042. n, 1, P = 0.0025; 2, P = 0.024; 3, P = 0.016; 4, P = 0.0033; 5, P = 0.00015; 6, P = 0.0017. q, 1, P = 0.022. Scale bars, 50 μm (a, c, e, g, h, j, k, m, o, p). 
Source Data.


Extended Data Fig. 9 Analysis of deletion efficiency of the R26R-LacZ Cre-reporter using Tie2cre and Nfatc1cre driver lines and quantification analysis of late NOTCH1 loss-of-function and gain-of-function mutants.
Related to Figs. 1–3. a–h, Time-course analysis of staining of β-galactosidase in whole-mount embryos and representative sections from Tie2creR26R-LacZ and Nfatc1creR26R-LacZ embryos at indicated stages. i–l, Immunofluorescence analysis of N1ICD in Tie2creNotch1fl/fl embryos at 8 ps and 14 ps, and in Nfatc1creNotch1fl/fl embryos at 14 ps and 20 ps, compared to wild-type embryos, as indicated. m–p, Quantification of normalized ECM and trabecular myocardium areas measuring the total, apical or basal trabecular regions in Nfatc1creNotch1fl/fl (m, n) and Nfatc1creNotch1GOF (o, p) mutant embryos. In all panels showing gene/protein expression: marker (arrow), reduced expression (arrowhead), increased expression (thick arrow). In all immunofluorescence images: markers associated with endocardium or ECM (red); markers associated with myocardium (orange); myocardium stained for SMA (green dulled mask); nuclei (DAPI, blue). a–p, n = 3 independent embryos were used. Quantitative data are shown as mean ± s.e.m. Two-sided Student’s t-tests (without corrections for multiple comparisons) were used. Significant comparisons are indicated by numbers as follows. m, Top, 1, P = 0.0057; 2, P = 0.021; middle, 1, P = 0.048; 2, P = 0.045; 3, P = 0.046; bottom, 1, P = 0.018; 2, P = 0.041. n, Top, 1, P = 0.0099; 2, P = 0.043; 3, P = 0.025; 4, P = 0.012; middle, 1, P = 0.03; bottom, 1, P = 0.036; 2, P = 0.030. o, Top, 1, P = 0.032; 2, P = 0.035; middle, 1, P = 0.025; 2, P = 0.0048; bottom, 1, P = 0.042. p, Top, 1, P = 0.014; middle, 1, P = 0.049; bottom, 1, P = 0.048; 2, P = 0.034. Scale bars, 250 μm (a, b (left)), 50 μm (a, b (right)), 340 μm (c, d (left)), 65 μm (c, d (right)), 360 μm (e, f (left)), 70 μm (e, f (right)), 430 μm (g, h (left)), 80 μm (g, h (right), i–k) and 100 μm (l). 
Source Data.


Extended Data Fig. 10 Marker analysis in Nfatc1creNotch1fl/fl, Nfatc1creNotch1GOF and RlfD28/D28 mutant strains.
Related to Fig. 3. a–p, Analysis of markers in left ventricle sections of Nfatc1creNotch1fl/fl (a–p (second left)) and Nfatc1creNotch1GOF (a–p (right)) mutant embryos and somite-matched wild-type embryos (a–p (left, second from the right)). Data are organized around markers for chamber myocardium (Mest, Nppa), trabecular myocardium (Bmp10, Gja5, Hopx), compact myocardium (Hey2, Mycn), ECM synthesis (CD44, Vcan), ECM degradation (Adamts1), NRG1 pathway (Nrg1) and VEGFA pathway (Vegfa, VEGFR2, pAKT), and proliferation (Ki-67) as indicated. ISH (a–h, j, l); RNA-scope (k); immunofluorescence (i, m, n, p). o, qPCR analysis of the genes described in a–n in Nfatc1creNotch1fl/fl mutants at E10.0 (left) and Nfatc1creNotch1GOF mutants at E10.5 (right). q, Quantification of myocardial proliferation as the ratio of the number of Ki-67 positive cardiomyocytes versus the total number of cardiomyocytes and the proportion of trabecular cardiomyocytes out of the total number of cardiomyocytes in left ventricle from Nfatc1creNotch1fl/fl mutants at E10.0 (left two panels) and Nfatc1creNotch1GOF mutants at E10.5 (right two panels). r–v, Analysis of wild-type and RlfD28/D28 mutants showing right ventricle (RV) histology at E14.5 (r), normalized ECM area quantification in both ventricles (s), immunofluorescence of neoversican in the right ventricle (t) and pERBB2 in both ventricles (v), and ISH of Has2 in the right ventricle (u) at E13.5. In all panels showing gene/protein expression: expression (arrow), reduced expression (arrowhead), increased expression (thick arrow). In all immunofluorescence images: markers associated with endocardium or ECM (red); markers associated with myocardium (orange); myocardium is stained for SMA (green dulled mask); nuclei (DAPI, blue). a–n, p–q, t–v, n = 3 independent embryos were used; s, n = 4 E11.5 and wild-type E14.5, n = 5 E13.5, n = 6 RlfD28/D28 E14.5. o, n = 3 biological replicates each evaluated for three experimental replicates. Quantitative data are shown as mean ± s.e.m. Two-sided Student’s t-tests (without corrections for multiple comparisons) were used. Significant comparisons are indicated by numbers as follows. o, Left, 1, P = 0.047; 2, P = 0.04; 3, P = 0.0029; 4, P = 0.044; 5, P = 0.041; 6, P = 0.017; right, 1, P = 0.0037; 2, P = 0.025; 3, P = 0.036; 4, P = 0.017; 5, P = 0.00057; 6, P = 0.017. s, 1, P = 0.045; 2, P = 0.026; 3, P = 0.042; 4 = 0.0033. Scale bars, 50 μm (a–n, p, unless otherwise indicated), 60 μm (h–n, right two panels) 85 μm (t–v) and 150 μm (r). 
Source Data.
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