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Abstract

Certain fish and amphibians retain a robust capacity for cardiac regeneration throughout life, but
the same is not true of the adult mammalian heart. Whether the capacity for cardiac regeneration is
absent in mammals or whether it exists and is switched off early after birth has been unclear. We
found that the hearts of 1-day-old neonatal mice can regenerate after partial surgical resection, but
this capacity is lost by 7 days of age. This regenerative response in 1-day-old mice was
characterized by cardiomyocyte proliferation with minimal hypertrophy or fibrosis, thereby
distinguishing it from repair processes. Genetic fate mapping indicated that the majority of
cardiomyocytes within the regenerated tissue originated from preexisting cardiomyocytes.
Echocardiography performed 2 months after surgery revealed that the regenerated ventricular apex
had normal systolic function. Thus, for a brief period after birth, the mammalian heart appears to
have the capacity to regenerate.

Urodele amphibians and teleost fish retain a remarkable capacity for cardiac regeneration
throughout life (1, 2). Adult zebrafish, for example, can undergo complete cardiac
regeneration without scar formation after resection of up to 20% of the ventricle (2), a

response thought to occur primarily through cardiomyocyte proliferation (3, 4). Similarly, a
recent study demonstrated that the embryonic mammalian heart is capable of mounting a
hyperplastic response to injury (5), which suggests that the mammalian heart may retain
regenerative capacity during early life. A number of studies have shown that the adult
mammalian heart also possesses a measurable capacity for cardiomyocyte renewal (6-9),
albeit not sufficient to restore contractile function after substantial cardiac injury.

There are numerous fundamental differences between mammalian and fish cardiac biology.
The four-chambered, double-circulation mammalian heart works at high pressure and is
anatomically distinct from the two-chambered, single-circulation fish heart. In this regard,
the adult zebrafish heart is anatomically similar to the embryonic mammalian heart before
septation. In contrast to mammalian cardiomyocytes, which withdraw from the cell cycle
and become bi-nucleate shortly after birth (10, 11), zebrafish cardiomyocytes are small, are
mononucleated, and retain proliferative potential throughout life (12).
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Given the similarities between the adult zebrafish heart and the immature mammalian heart,
we hypothesized that the mechanisms underlying cardiac regeneration in fish might be
conserved in the neonatal mammalian heart. To examine at a histological level how the heart
of neonatal mice responds to injury, we surgically resected the left ventricular apex (~15%
of the ventricular myocardium) from 1-day-old mice (13). Serial histological analysis
revealed progressive regeneration of the apex, with full restoration of the resected
myocardium within 21 days (Fig. 1, A to H and M). At 1 day post-resection (dpr), the
resection plane was characterized by a large blood clot that sealed the entire apex (Fig. 1, E
and F) and, similar to the zebrafish model, was associated with a robust inflammatory
response (fig. S1). Later time points revealed gradual resorption of the apical blood clot and
its replacement by normal myocardial tissue (Fig. 1, E to H). By 21 dpr, the entire apical
defect was replaced by cardiomyocytes, as detected by morphological analysis (Fig. 1H) and
cardiac troponin T staining (fig. S5). In addition, many blood vessels were observed in the
regenerated ventricular apex at 21 dpr (fig. S2, A to D). Thus, at least histologically, injury-
induced heart regeneration in zebrafish (2) and in neonatal mice appears to be similar.

Restoration of normal contractile function is a crucial aspect of myocardial regeneration.
Therefore, we assessed left ventricular ejection fraction by echocardiography 2 months after
apical resection and confirmed that the newly formed apex had normal systolic function,
similar to sham-operated hearts (Fig. 1N).

Given the capacity of neonatal mouse cardiomyocytes to divide (14), we examined whether
apical resection stimulates cardiomyocyte proliferation. Cardiomyocyte mitosis and
cytokinesis were assessed by colocalization of phosphohistone H3 (pH3) and aurora B
kinase, respectively, with cardiac troponin T. We found a significantly higher number of
pH3-positive, and aurora B kinase—positive, cardiomyocytes in resected hearts relative to
sham-operated hearts at 7 dpr (Fig. 2, Ato C, fig. S3, F, H, and J, and fig. S4).

Cardiomyocyte proliferation is also characterized by sarcomere disassembly—specifically,
by marginalization of sarcomeric structures to the periphery of the cells during mitosis (15,
16). A significantly higher number of cardiomyocytes in resected hearts displayed
disorganized sarcomeric structures relative to sham-operated hearts at 7 dpr (Fig. 2, A, B,
and D, and fig. S3, E, G, and I). This proliferative response peaked at 7 dpr and was
activated in the entire heart, not just at the regenerating apex (fig. S3). These findings are
consistent with the idea that the regenerative potential of heart tissue in neonatal mice
involves widespread dedifferentiation and proliferation of cardiomyocytes.

To establish whether the regenerated apex contains newly formed cardiomyocytes, we used
5-bromo-2-deoxyuridine (BrdU) in a pulse-chase experiment after apical resection. BrdU-
positive cardiomyocytes were identified within the newly formed apex at 21 dpr after three
BrDU pulses (at 1, 7, and 14 dpr) (Fig. 3A and fig. S5). Relative to sham-operated controls,
the number of BrdU-positive cardiomyocyte nuclei was higher in the apex and border zone
regions of resected hearts by a factor of ~7 (Fig. 3A). These data suggest that these
myocytes are newly formed and had undergone at least one round of DNA replication.

We next used a genetic fate mapping approach to determine the lineage of origin of
cardiomyocytes within the regenerated apex. Rosa26-lacZ reporter mice were crossed with
aMHC-MerCreMer (tamoxifen-inducible Cre recombinase under control of aMHC
promoter) mice, and neonates were given a single subcutaneous dose of tamoxifen at birth to
label the cardiomyocyte population (fig. S6). Histological analysis revealed no differences in
the percentage of lacZ-positive myocardium between sham and resected hearts. The
majority of cardiomyocytes within the newly formed apex at 21 dpr stained positive for
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lacZ, indicating that these myocytes arose from an aMHC-positive cardiac lineage (Fig. 3, B
and C) rather than from an unspecified stem cell population.

Apical resection was not associated with induction of myocyte hypertrophy (fig. S7, A to C),
or a robust fibrotic response (Fig. 1, | to L, and fig. S7D), thereby distinguishing the
regenerative response from the repair process in the adult heart. One of the hallmarks of the
zebrafish cardiac regenerative response is epicardial activation, characterized by up-
regulation of epicardial-enriched genes (17). Apical resection of the neonatal mouse heart
was also associated with epicardial activation (fig. S8).

To determine whether the regenerative potential of the neonatal mouse heart is lost when
cardiomyocytes withdraw from the cell cycle, we performed apical resection on 7-day-old
(P7) mice, a time point coinciding with cardiomyocyte proliferative arrest in rodents (10).
Because of higher rates of surgical mortality in P7 pups relative to P1 pups, a smaller
proportion of the apex was resected, with minimal chamber exposition (Fig. 4A). In contrast
to 1-day-old mice, 7-day-old mice failed to regenerate their myocardium after apical
resection (Fig. 4, A to C) and developed significant fibrosis (Fig. 4, D to F). No evidence of
sarcomere disassembly or cardiomyocyte proliferation was noted at 7 dpr (fig. S9).
Collectively, these results indicate that the regenerative capacity of the neonatal mouse heart
is lost within the first week of postnatal life.

Our results show that surgical resection of the ventricular apex in 1-day-old mice stimulates
a regenerative response that appears to restore the damaged heart to its normal anatomy and
function. The mouse heart loses this regenerative potential within the first week of postnatal
life, which coincides with the developmental window when cardiomyocytes become
binucleate and withdraw from the cell cycle (10). It is unclear whether the loss of this
regenerative potential in the adult heart is due to an intrinsic cell cycle block in adult
cardiomyocytes, or to loss of mitogenic stimuli as the heart ages (or both). Our lineage-
tracing data support a role for myocyte proliferation in the neonatal heart’s regenerative
potential, but we cannot exclude the possibility that stem or progenitor cells also contribute
to this process. It will be important to determine the mechanisms by which the mammalian
heart switches off this regenerative capacity in the week after birth.
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Fig. 1.

Regeneration of the ventricular myocardium of neonatal mice (A to D) Hematoxylin and
eosin (H&E) staining of the mouse heart at 1, 2, 7, and 21 days post-resection (dpr). Arrow
denotes injury site. (E to H) H&E-stained sections at higher magnification. The asterisk
marks a large blood clot adjacent to the left ventricular chamber (arrow) at 1 and 2 dpr.
Dashed line indicates the resection plane. Scale bars, 200 um. (I to L) Trichrome-stained
serial sections showing early deposition of epicardial extracellular matrix (blue staining) at 7
dpr, with minimal evidence of cardiac fibrosis by day 21. Scale bars, 200 um. (M)
Quantification of surgical reproducibility and regeneration. Ventricle weights and sagittal
section surface area are presented as percentages of sham-operated controls. Numbers of
samples analyzed are indicated within the bars. Values are presented as means + SEM; *P <
0.05. (N) Images of 2D echocardiogram in the parasternal long axis view. Yellow line
indicates motion (M) mode plane. Lower panel shows left ventricular (LV) dimensions and
function of sham-operated and resected hearts at 60 dpr. Left ventricular internal diameter at
end systole (LVIDs) and end diastole (LVIDd) were used for calculating fractional
shortening (FS) and ejection fraction (EF). Values are presented as means + SEM; n = 3 per

group.
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Fig. 2.

Cardiomyocyte proliferation accompanies regeneration of the neonatal mouse heart. (A and
B) Cardiomyocyte mitoses were identified by staining for pH3 (green), troponin T (red), and
nuclei (blue) in sham-operated (A) and resected (B) hearts. Arrowheads denote
cardiomyocytes with disassembled sarcomeres; arrows show cardiomyocytes positive for
pH3. Scale bars, 200 um. The inset is a high-magnification image of a cardiomyocyte with
disassembled sarcomeres positively stained for pH3. (C and D) Quantification of pH3
staining (C) and sarcomere disassembly (D) at 7 dpr. Quantitative analysis represents counts
per field from four independent samples per group.
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Fig. 3.

The majority of newly formed cardiomyocytes within the regenerated apex are derived from
preexisting cardiomyocytes. (A) Quantitative analysis of BrdU/Nkx2.5% nuclei at 21 dpr in
sham-operated and resected hearts, after three BrdU pulses (at 1, 7, and 14 dpr). Quantitative
analysis represents counting of multiple fields from three independent samples per group
(~12 fields per group). Values are presented as means + SEM; *P < 0.05. (B) -
Galactosidase enzymatic staining of aMHC-MerCreMer; Rosa26-lacZ reporter mouse heart
at 21 dpr after a single dose of tamoxifen at birth. Scale bars, 1 mm (upper panel), 100 um
(lower panel). (C) Quantification of the percentage of lacZ-positive myocardium showing
no difference between sham-operated and resected hearts at 21 dpr. Quantitative analysis
represents counting of multiple fields from three independent samples per group (~18 fields
per group). Values are presented as means + SEM.
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Fig. 4.

Lack of regeneration after apical resection of 7-day-old mice. (A to C) H&E staining at 1, 7,
and 21 dpr, respectively. (D to F) Trichrome staining at 1, 7, and 21 dpr. Note fibrotic scar
(blue staining) surrounding resected ventricular chamber at 7 and 21 dpr [(E) and (F)]. Scale
bars, 200 pum.
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