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Introduction: Cardiac Progenitors



Myocardial Progenitors

First Heart Field (FHF)          (Nkx2-5)      Atrium, AVC, LV

Secondary Heart Field (SHF)     (Islet1+)     Atrium, OFT, RV

Laugwitz et al.,2008. Development 

(19-21 days)

(22-23 days) (23-26 days)

(28-32 days)

Introduction: Cardiac Progenitors



Chamber Development 
and Valvulogenesis

Metabolic demand 

Heartbeat (11-12ps/E8.5)

Modified from Moorman and Christoffels 2003Modified from Vincent and Buckingham 2010       

Introduction: Cardiac Development



Boogerd et al., 2009. Annals of Anatomy

~19-21 days ~19-21 days ~22-23 days

~23-26 days ~23-26 days ~31-35 days

Introduction: Cardiac Looping



Chamber Development 
and Valvulogenesis

Metabolic demand 

Heartbeat (11-12ps/E8.5)

Modified from Moorman and Christoffels 2003Modified from Vincent and Buckingham 2010       

1) Introduction: Cardiac Development



De Boer et al., 2012. Developmental Biology

(22-23 days) (22-23 days) (23-26 days)

(26-30 days) (31-35 days) (37-42 days)

Introduction: Chamber Development



Early in Development:

- Increase pumping efficiency

- Increase surface for oxygenation and 

nourishment

- Embryonic lethality

Non-Compaction Cardiomyopathy (NCC)

- 3rd most commonly diagnosed 
cardiomyopathy in adults

- Developmental origin
- Variable symptoms. Chronic 

heart failure, life threatening 
ventricular arrhythmias and 
systemic embolic events

Luxan G et al., 2013 Nat Med

LOF of Notch promotes NCC in mice and humans

E18.5

Introduction: Cardiac Trabeculation

Late Development and Adult:

- Purkinje Fiber Development

- Papillary Muscle Development

- Ventricular Septum Formation

E14.5

Trabecular Compaction

Tian et al., 2017. Nat Comms



Focus on myocardial processes: Differentiation - Proliferation.

Introduction: Gaps in Current Trabeculation Models

Endocardium-Myocardium Intercommunication 

Paige et al. Circ Res 2015

Hypo-trabeculation.

Hatano et al., 2012    Camenish et al., 2000

Has2-/- Vcan-/-

Stankunas et al., 2008 Dev Cell

ADAMTS1, 4/5 promote trabecular 
growth arrest by ECM degradation.

- Little attention to processes affecting the endocardium.

- No studies on cardiac jelly dynamics in early trabeculation.

Zhou et al., 2015 Dev Cell

Need for a new trabeculation 
model integrating cellular and 
non-cellular components 



Introduction: Gaps in Current Trabeculation Model

In mice: Trabeculation starts at E9.0.

Cherian et al., PNAS 2016

- Time-course analysis from heart formation stage (E8.0) to trabecular compaction 
stage (E16.5) = cellular behaviors and cardiac jelly dynamics.

- Identification of the stage of phenotypic onset for the different mutants with trabecular 
defects analyzed = Redefine morphological and molecular defects associated to the 
LOF or GOF of these pathways. 

- Integration of vascular biology notions to heart development. 

In zebrafish: cardiomyocyte extrusion 
from the compact layer



- At E8.0: Trabeculation has already started. 

- Chamber specification/trabeculation before the heart tube forms?

- Endocardial sprouting similar to sprouting angiogenesis.

- Thick cardiac jelly between endocardium and myocardium.

- Touchdowns segment the ventricular chamber in distinct ECM-rich areas (ECM Bubbles).

- Trabecular myocardium only grows encapsulated in ECM Bubbles.

- Endocardium is the trabecular myocardium tissue organizer.

- Cardiomyocyte delamination to give rise to laminar trabeculae.

3D

New Trabeculation Model



E8.0

E8.5

*
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E9.5
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Extension Phase:
- Progressive ECM degradation 

from base to tip of the trabeculae
- Myocardium: Trabecular 

extension

Termination Phase:
- Total degradation of ECM bubbles
- Trabecular growth arrest

New Trabeculation Model

Stankunas et al., 2008 Dev Cell



RBPjk-/-

- Excessive ECM
- Reduced Lumen
- Disorganized Trabeculae

- ECM Reduction.
- Increased Lumen.
- No Trabecular-like myocardium.

Opposite morphological phenotype 

New Trabeculation Model



Opposite molecular phenotype 

How important is the dysregulation of these genes for the mutant phenotype?

New Trabeculation Model



ECM dynamics regulation is critical for trabeculation

Rolling Bottle Embryo ex vivo assays

Excessive ECM degradation ECM degradation blockage

New Trabeculation Model



- No proliferation defects at the phenotypic onset stage.
- Reduction in the trabecular CM proportion in Nrg1 mutants.
- Increase in the trabecular CM proportion in Notch1 mutants.
- Closer to lethality both mutants show proliferation defects.

New Trabeculation Model

Are these pathways involved in CM proliferation or in generating the optimal ECM 
environment to allow CM proliferation? 



- Notch pathway controls ECM degradation (Adamts1).

- Nrg1 pathway controls ECM synthesis.

- Nrg1 controls VEGFA-dependent Notch1 activation.

- Control of CM allocation to the trabecular layer

Notch LOF

Notch GOF/Nrg1 LOF

- Touchdown defects
- Excessive ECM
- Disorganized and Excessive Trabeculae

- ECM defects
- Premature Termination
- Hypo-Trabeculation

Touchdown Phase 

New Trabeculation Model



LOF of Rlf (D28/D28) induces Non-
Compaction Cardiomyopathy by inducing
downregulation of Jagged1 and Jagged2
and therefore inhibiting the Notch1 receptor
activation from E11.5.

Implications for Non-Compaction Cardiomyopathy

Reduced ECM degradation and maintenance of
ECM synthesis prevents trabecular termination.



- Blockage of trabecular termination may
prevent the growth of the compact
myocardium during compaction.

- These results suggest a new cause for NCC
associated with incomplete trabecular
termination.

- These results identify a potential cause for
Non-Compaction Cardiomyopathy much
earlier than previously considered.

Implications for Non-Compaction Cardiomyopathy



Summary

- New model for cardiac trabeculation integrating the cellular and extracellular
components of the heart.

- We determined that trabeculation in mice is already ongoing at the heart tube
formation stage suggesting it may start earlier.

- We identified endocardial sprouting as a critical process segmenting the ventricular
chamber in ECM Bubbles and controlling the localization and organization of the
trabecular myocardium.

- We identified new antagonistic roles for the Notch1 and Nrg1 pathways during
trabeculation in the control of ECM dynamics and the control of CM allocation to the
trabecular layer.

- The study also highlights the importance of developing accurate models for the
processes governing heart development in order to generate new insights to better
understand congenital heart disease.


