
What about mammals?







• Hearts of 1-day-old neonatal mice can 
regenerate after partial surgical 
resection, but this capacity is lost by 7 
days of age. 

• The regenerative response was 
characterized by cardiomyocyte 
proliferation with minimal hypertrophy 
or fibrosis. 

• The majority of cardiomyocytes within 
the regenerated tissue originated from 
preexisting cardiomyocytes.



Apical resection surgical model

(Mahmoud et al., 2014)
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(Porrello et al., 2011)

Which cells do they derive from ?



How does adult 
cardiomyocyte renewal 

occur?



Is the heart really a 
post-mitotic organ?



After the Second World War, tests of nuclear bombs 
spewed carbon-14 pollution into the atmosphere. This 
isotope was incorporated into plants and the people who 
consumed them. After above-ground tests were stopped in 
1963, levels of the isotope started to fall. The 14C in a cell's 
DNA corresponds to the amount of the isotope in the 
atmosphere at the time it was dividing, providing a way to 
date a cell's birth. 

People born before 1955  had levels of 14C in their 
cardiomyocytes that were higher than was present in the 
atmosphere at the time of their birth, so some of these cells 
must have arisen later on in their lives. Further work and 
mathematical modelling allowed to calculate that a 50-year-
old heart still contains more than half the cells it had at birth 
and that the turnover slows down with time. A 25-year-old 
heart replaces about 1% of all cardiomyocytes over a year; 
a 75-year-old about half that.

Although extensive regeneration is unlikely to occur in most of 
mammalian tissues, evidence has accumulated in recent years 
suggesting that mammalian cardiac myocytes do retain the 
capacity to divide. Carbon dating of cardiomyocytes in human 
hearts has been suggested to indicate a lifetime turnover rate 
of 50%.

Nevertheless, the ability of adult mammalian myocytes to 
regenerate injured tissue is limited. Perhaps during the course of 
evolution, mammalian hearts have simply lost the capacity for 
regeneration because it wasn't needed. After all, heart disease 
occurs later in life after we have reproduced. In addition, repair 
became more important. The mammalian heart works at high 
pressure, whereas the fish heart doesn't.

Carbon dating of human tissues

The vertical bar indicates the date of 

birth of each individual, and the 

similarly colored dots represent the 

14C data for the same individual.





Proliferating neonatal 
cardiomyocytes express 
Notch1



• Loss of cardiomyocyte 
proliferation after birth in vivo 
parallels loss of Notch 
signaling

• Neonatal cardiomyocyte 
proliferation in vitro requires 
activated Notch ICD

• Cardiomyocyte proliferation in 
vitro can be stimulated by 
Notch pathway stimulation

• In vivo, AAV9-N1ICD
transduction induces the 
infiltration of the myocardium 
with BrdU+, proliferating cells.





What about adult cardiomyocytes?
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Loss of cardiomyocyte proliferative potential correlates 
with downregulation of Notch1 and its target genes

Giulia Felician



Methylation of promoters of Notch target genes 
impairs AAV9-sJagged1 and AAV9-N1ICD effect
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Felician G. et al., Circ. Res., 2014



Cardiac resident stem cells?



Cardiac stem cells 
(CSCs):

do they exist?

Adult cardiac stem cells are multipotent and support myocardial regeneration.
Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S, Kasahara H, Rota M, Musso E, Urbanek K, Leri A, Kajstura J, Nadal-Ginard 
B, Anversa P.







GFP-labeled CSCs delivered to the coronary 
arteries 4 hr after ischemia-reperfusion

Ventricular function monitored by 
echocardiography

Myocardial regeneration by histology



Adult cardiac stem cells are multipotent and support myocardial regeneration.
Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S, Kasahara H, Rota M, Musso E, Urbanek K, Leri A, Kajstura J, 
Nadal-Ginard B, Anversa P.
Cardiovascular Research Institute, Department of Medicine, New York Medical College, Valhalla, NY 10595, USA

The notion of the adult heart as terminally differentiated organ without self-renewal potential has been undermined 
by the existence of a subpopulation of replicating myocytes in normal and pathological states. The origin and 
significance of these cells has remained obscure for lack of a proper biological context. We report the existence of 
Lin(-) c-kit(POS) cells with the properties of cardiac stem cells. They are self-renewing, clonogenic, and 
multipotent, giving rise to myocytes, smooth muscle, and endothelial cells. When injected into an ischemic heart, 
these cells or their clonal progeny reconstitute well-differentiated myocardium, formed by blood-carrying new 
vessels and myocytes with the characteristics of young cells, encompassing approximately 70% of the ventricle. 
Thus, the adult heart, like the brain, is mainly composed of terminally differentiated cells, but is not a terminally 
differentiated organ because it contains stem cells supporting its regeneration. The existence of these cells opens 
new opportunities for myocardial repair.
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c-Kit+ cells (Anversa)
Sca-1 cells (Schneider)
Side population cells (Liao)
Islet-1 cells (Chien)
Cardiosphere-forming cells (Messina/Marban)
SSea-4+ cells (Taylor)

Resident cardiac stem cells 

One of the least regenerative organ in the body has 
multiple non-overlapping populations of 
cardiomyocyte progenitors??





• Cardiac progenitor cells (CPCs) in the niches 
express Notch1 receptor, and the supporting cells 
exhibit the Notch ligand Jagged1.

• N1ICD and RBP-Jk form a protein complex, which in 
turn binds to the Nkx2.5 promoter initiating 
transcription and myocyte differentiation.

• Notch1 favors the early 
specification of CPCs to 
the myocyte phenotype 
but maintains the newly 
formed cells in a highly 
proliferative state. 



"Stem cells" from bone marrow
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Is it true plasticity? It might be, 
but there are other possibilities…





Transgenic mice in which the cardiac-specific MHC promoter drives the 
expression of a nuclear beta-gal

A rare GFP cardiomyocyte in the peri-infarct region, after BMT (MHC staining) 
and a single rod-shaped enzymatically dispersed cardiomyocyte



The biological toolbox for cardiac 
regeneration
Stem cells

Embryonic stem cells (from embryos, through cloning)
iPs cells
Bone marrow stem cells (?)
Mesenchymal stem cells (?)
Adult cardiac stem cells
Cardiospheres

Direct transdifferentiation of fibroblasts 
to cardiomyocytes

Transcription factors

Stimulation of adult cardiomyocyte 
proliferation

microRNAs


