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Opinion statement

Myocardial infarction is the most common cause of cardiac injury in humans and results in acute
loss of large numbers of myocardial cells. Unfortunately, the mammalian heart is unable to
replenish the cells that are lost following a myocardial infarction and an eventual progression to
heart failure can often occur as a result. Regenerative medicine based approaches are actively
being developed; however, a complete blueprint on how mammalian hearts can regenerate is still
missing. Knowledge gained from studying animal models, such as zebrafish, newt, and neonatal
mice, that can naturally regenerate their hearts after injury have provided an understanding of the
molecular mechanisms involved in heart repair and regeneration. This research offers novel
strategies to overcome the limited regenerative response observed in human patients.
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Introduction

Ischemic heart disease is the leading cause of death worldwide and a major burden on the
health care resources of industrialized nations [1, 2]. Myocardial infarction (M) typically
leads to the death of about 25 % of the left ventricular cardiomyocytes (approximately one
billion cells) and the irreversible formation of fibrotic scar tissue [3]. The human heart is an
organ with very low regenerative capacity and homeostatically cardiomyocytes renew at an
estimated rate of 1 % annually at the age of 25 to 0.45 % at the age of 75 [4]. This suggests
that although the human heart has the potential for limited self-renewal, it cannot
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sufficiently replace the large numbers of cardiomyocytes lost after MI. For some time, heart
transplant has been the only widely successful cure for heart failure, but the lack of available
organs and the demanding nature of the surgery and anti-rejection treatments have driven the
pursuit of alternative treatments. Several attempts of cardiac repair are under investigation in
ongoing clinical trials (reviewed in [5-8]); however, long term beneficial effects have yet to
be seen. Studies on animal models that can regenerate hearts naturally have revealed cellular
and molecular mechanisms that are missing in the nonregenerative mammals and provide a
blueprint for better designed therapeutic approaches to repair the human hearts. In this
review we will focus on the description and comparison of heart regeneration in zebrafish,
newt, and mouse, and we will discuss about how the knowledge brought about by these
model organisms may be used to induce heart regeneration in the adult mammalian heart.

The zebrafish as a model of heart regeneration

The zebrafish (danio rerio) is a teleost (bony fish) of the Cyprinidae family and is able to
regenerate its heart after ventricle amputation [9, 10, 11e, 12]. The injury induces the
formation of an initial fibrin clot that lasts 7-9 days postamputation (dpa), followed by
progressive replacement of the fibrin clot by cardiomyocytes. At 60 dpa the size and shape
of the ventricle as well as the contractile properties of beating hearts appear grossly normal
[11e, 13¢].

Myocardial regeneration

Using cre-lox lineage tracing technology, two studies showed that the newly regenerated
cardiomyocytes are derived mainly from the dedifferentiation and proliferation of pre-
existing cardiomyocytes at the injury site ([13¢, 14¢] and reviewed in [9, 10]). This
regeneration mechanism involves the disassembly of the sarcomeric structure and the
upregulation of the mitotic checkpoint kinase mpsl and the regulator of cell-cycle
progression plk1, as well as reactivation of the expression of the embryonic cardiogenic
gene gata4 [13e, 14¢]. One recent study, using a combination of genetic fate-mapping
strategies and a ventricle-specific genetic ablation system, showed that after genetic ablation
of the ventricle, atrial cardiomyocytes undergo a transdifferentiation into ventricular
cardiomyocytes to participate to the ventricular regeneration [15¢]. Endocardial Notch
signaling may be essential for this transdifferentiation and contributes to ventricular
regeneration non-cell autonomously [15¢]. However, contribution of these
transdifferentiated atrial cardiomyocytes to injured ventricles is greatly diminished in four-
month old adult fish [15¢], raising the question of whether transdifferentiation could have a
role in adult fish heart regeneration.

At the molecular level, a recent study using a transgenic reporter line (cmlc2: FUCCI
zebrafish) and an in vivo chemical screen of modulators of the cardiomyocyte cell cycle
identified a number of compounds regulating insulin like growth factor 2, transforming
growth factor-B (TGF-B) and sonic hedgehog signaling, that can modulate cardiomyocyte
proliferation during heart development and regeneration [16]. Consistent with this report,
several TGF-f ligands and receptors were found to be upregulated in response to cryoinjury
(see below) of the zebrafish heart. Pharmacologically blocking these receptors resulted in a
reduction in cardiomyocyte proliferation and a bulging infarct at the wound site [17]. We
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independently identified igf2 as a candidate gene enriched during zebrafish heart
regeneration via a microarray gene expression study [18]. We further demonstrated that igf2
is expressed in both endocardium and epicardium during heart regeneration after ventricular
resection. Blocking Igf signaling using a chemical inhibitor (NVP-AEW-541) or via a
dominant-negative 1gflr [19] inhibited DNA synthesis in cardiomyocytes and heart
regeneration [20]. Igf signaling specifically regulates proliferation and contribution of the
gatad-positive subpopulation of cardiomyocytes [20].

Another key pathway that regulates post-injury cardiomyocyte proliferation is Jak1/Stat3
signaling [21]. Translation profiling of the cardiomyocytes after heart injury revealed
dynamic modulation of a number of components of the Jak1/Stat3 pathway. Gain and loss of
function approaches demonstrate that this pathway positively regulates cardiomyocyte
proliferation and is required for heart regeneration [21]. Cardiomyocyte proliferation is also
regulated by p38a MAPK [22]. Using a transgenic line where the cardiomyocytes express a
constitutively active (ca)MKK®6 (the upstream activator of p38a MAPK), it was shown that
p38a MAPK signaling inhibits the cardiomyocyte proliferation during cardiogenesis in
embryos and after ventricular amputation in adults [22]. During regeneration zebrafish
ventricular cardiomyocytes are able to switch off p38a MAPK signaling allowing
proliferation to proceed after injury [22].

Cardiomyocyte proliferation is responsive to external cues such as hypoxia. In zebrafish,
drug-induced anemia can cause hypoxia, which leads to elevated levels of HIF1a throughout
the heart, which in turn promotes heart regeneration, cardiomyocyte dedifferentiation and
proliferation [23]. Conversely, hyperoxia or inhibition of HIFa prevents heart regeneration
after ventricular amputation in embryos and adult zebrafish. In rats, hypoxic conditions and
cardiac ischemia-induced hypoxia also results in increased of HIFa levels as well [24], but
this is not followed by heart regeneration, indicating that the heart regeneration pathways are
downstream of the hypoxic response, as suggested by Jopling et al [23]. Microarray studies
showed that hypoxia induces the expression of components of the Jak-STAT pathway,
which is involved in post-injury cardiomyocyte proliferation [21]. MicroRNAs (miRs) also
regulate zebrafish heart regeneration. Levels of the cardiomyocyte specific miR-133
decrease during heart regeneration and ectopic overexpression of miR-133 inhibits
cardiomyocyte proliferation and heart regeneration in adult zebrafish by blocking cell cycle
genes, including mpsl [25].

Epicardial activation and coronary vessel neovascularization

The non cardiomyocytes cells of the heart also regenerate after amputation and play a
crucial role in supporting myocardial regeneration. During regeneration, the epicardial cells
undergo a FGF signaling-induced epithelial mesenchymal transition and proliferate [26].
PDGF signaling is activated in epicardial-derived cells (EPDCs) after injury, which allows
the EPDC:s to proliferate and contribute to new coronary blood vessel formation [27].

Consistent with these findings, lineage tracing of epicardial cells shows that their fates are
limited to non myocardial cell types closely associated with the regenerating vasculature
[28]. The activated epicardium also directs myocardial regeneration via the expression of
diffusible factors and the modulation of the extracellular environment. Proliferating
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cardiomyocytes are then guided to the wound site by the release of the diffusible cytokine
ligand Cxcl12a from the regenerating epicardium [29]. Using an inhibitor that blocks
Cxcrdb (the receptor of Cxcl12a), changes in the migration of the proliferating
cardiomyocytes into the wound site were observed [29].

activation

Similar to the epicardium, the endocardium is in direct contact with the myocardium and
actively signals to cardiomyocytes during zebrafish heart regeneration. Following resection
the endocardium undergoes rapid and dramatic transcriptional and morphological changes
[30]. Immediately following resection endocardial cells detach from the myocardium and
appear more rounded than their usual elongated morphology [30]. The endocardium also
expresses retinoic acid (RA) synthesizing enzyme, raldh2 from an early stage. Initially
raldh2 is expressed throughout the heart, then later localized to the wound site [30]. This
RA-signaling is required for cardiomyocyte proliferation and the endocardial source is later
supplemented by expression from the epicardium [30]. Another key factor required in
promoting cardiomyocyte proliferation is igf2. Like RA, igf2b is also strongly induced in the
endocardium and to a lesser extent in the epicardium following resection and is required for
cardiomyocyte proliferation during regeneration [16, 20] (see above).

Heart regeneration in newt and regulation of the extracellular matrix (ECM)

As observed with teolost fish species, adult urodele amphibians such as the newt,
Notophthalmus viridescens, display remarkable regenerative capacity of multiple organs and
appendages [31]. This regenerative response extends to the heart following ventricular apex
resection or a mechanically induced crush injury such that the lost or damaged myocardium
is replaced within 3 months [32, 33]. One of the limitations of the newt model is the
relatively underdeveloped modes with which to investigate the molecular basis of this
process, in part due to difficulties associated with sequencing the complex newt genome
[34]. However, more recent application of transcriptional and proteomic approaches have
been used to gain valuable insight into the molecular regulation of newt regeneration
[33-35]. As opposed to the response of inflammation and metabolic gene expression that is
observed in mammals, one of the most robust gene expression changes in the newt are of
genes associated with the ECM [35]. The ECM is largely comprised of fibrous proteins and
polysaccharides and is required to provide the structural framework for regenerating
cardiomyocytes. Components of the ECM (such as collagen and keratin) and molecules that
remodel the ECM (such as matrix metalloproteinases) are expressed immediately after
injury of the ventricular apex [35, 36]. As well as providing extracellular support to the
regenerating myocardium, dynamic changes in the composition of the regenerating ECM
could have an important role in signaling to the regenerating myocardium, coordinating the
regenerative response. Consistent with this one component of ECM that is expressed in
response to injury, Tenascin C, promotes cell cycle reentry of newt cardiomyocytes in vitro
[35]. In addition, miR-128 has been found to be important in the regulation of
cardiomyocyte proliferative response in the newt [33]. Blockade of this miRNA results in
arrest of cardiomyocytes proliferation in response to injury and also results in the deposition
and persistence of fibrin and collagen at the wound site suggesting that blocking
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cardiomyocyte proliferation can affect the remodeling of ECM or that the two share
regulatory components [33].

The potential for such a role in heart regeneration of ECM signaling is not a specific newt
regenerative response. In the zebrafish, following resection of the apex and formation of a
blood clot, an extracellular matrix that is conducive to regeneration has been found to be
important for heart regeneration to proceed. A major component of this matrix is the
fibronectin that is laid down at the wound site predominantly by the adjacent epicardium
following injury [37]. In zebrafish lacking functional fibronectin, regenerating
cardiomyocytes fail to integrate into the injury site such that the apex of the heart forms a
collagen scar rather than a regenerated myocardium [37].

Heart regeneration in rodents

Several studies in rodents suggest that mammals share a low rate of cardiomyocyte
proliferation [38]. For example, the monitoring of tritiated thymidine incorporation to assess
DNA synthesis of normal cardiomyocytes from adult mice showed that only one
cardiomyocyte in 180,000 incorporates tritiated thymidine (0.0005 %). In cardiomyocytes
from hearts injured by focal cauterization of the left ventricular free wall, three
cardiomyocytes in 36,000 showed tritiated thymidine incorporation (0.0083 %) [38]. Using
genetic fate mapping where the cardiomyocytes express GFP after Cre induced
recombination, the percentage of GFP positive cardiomyocytes does not change and remains
at about 80 % of all the cardiomyocytes. This suggests that cardiomyocytes are maintained
by division of existing cardiomyocytes during normal homeostasis [39]. However, after
infarction, this percentage of GFP decreases to about 65%, suggesting that the main
contributor of the limited number of newly regenerated cardiomyocytes is progenitor cells.
However, the same group recently used genetic fate mapping with stable isotope labeling
and multi-isotope imaging mass spectrometry and demonstrated that pre-existing
cardiomyocytes are still the dominant source of cardiomyocyte replacement after MI [40].
This cell cycle activity will lead to polyploidy, multinucleation, and new diploid,
mononucleated cardiomyocytes [40]. If the generation of new diploid, mononucleated
cardiomyocytes can be enhanced after cardiac injury, perhaps heart repair and regeneration
can be achieved.

Unlike adult mice, it was recently shown that the heart of 1-day old neonatal mice
regenerates completely after partial surgical resection [41¢] or ligation of left anterior
descending artery (LAD ligation) [42]. Injured heart appears histologically normal at 21 dpa
compared with control mice, and the systolic function is normal 2 months postamputation.
Genetic fate mapping showed that the new cardiomyocytes come mainly from pre-existing
cardiomyocytes rather than from an unspecified stem cell population [41e, 42]. However,
ventricular amputation or LAD ligation of 7-day old mice fails to induce heart regeneration,
which coincides with a time point of proliferative arrest in rodents [43], indicating that the
regenerative ability of the neonatal mouse heart is lost when cardiomyocytes stop to
proliferate. Interestingly, a recent study showed that this postnatal proliferative window of
cardiomyocytes coincides with the expression of the homeodomain transcription factor
MEISL1, already known to regulate normal embryonic heart development [44]. Meisl is
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expressed in 1-day old postnatal mouse (P1) cardiomyocytes and its expression increases
from P7 to adulthood. The deletion of Meisl in knock-out (KO) mice extends the
proliferation window of cardiomyocytes, as visualized by the increase in the number of
phospho-histone-3 labeled cardiomyocytes at P14. Moreover, in adult KO mice, the number
of cardiomyocytes is significantly higher than in control mice, although smaller in size. The
conditional deletion of Meisl specifically in the cardiomyocytes of adult hearts, using cre-
lox technology, induces cardiomyocyte cell cycle re-entry after tamoxifen administration.
On the other hand, the overexpression of Meisl inhibits heart regeneration in neonatal mice
by reducing the cardiomyocyte proliferative ability. Taken together, these data show that the
regenerative ability of neonatal mouse after heart injury depends of the regulation of the
cardiomyocyte proliferation by MEIS1.

Cardiomyocyte proliferation is also regulated by miRs. Multiple members of miR-15 are
upregulated in neonatal stage and contribute to cardiomyocyte mitotic arrest [42].
Overexpression of miR-195 (one of the miR-15 family members) inhibits neonatal heart
regeneration, while inhibition of the miR-15 family induces cardiomyocyte proliferation and
improves cardiac functions after MI in mice [42]. A high throughput functional screen for
human miRs that promote neonatal cardiomyocyte proliferation identified hsa-miR-590-3p
or hsa-miR-199-3p as candidates. Injection of viral vectors expressing hsa-miR-590 or hsa-
miR-199 in neonatal mouse hearts increased sarcomere disassembly and cell cycle re-entry
of cardiomyocytes and the injection at the peri-infarcted area, following Ml resulted in
reduction of the infarct size and cardiomyocyte proliferation and preserved cardiac functions
over time [45]. The miR-17-92 is also necessary and sufficient to promote cardiomyocyte
proliferation in vivo in embryonic and neonatal mice, and the overexpression of miR-17-92
enhances cardiomyocyte proliferation in response to heart injury in adults [46].

During embryonic development, organ size control is very important, especially for the
heart. In mice, the conditional deletion of the Salv gene induces an increase of
cardiomyocyte proliferation and cardiomegaly [47]. Salv encodes an effector of the Hippo
signaling, a pathway involved in the control of the size of the imaginal discs in Drosophila
by inhibiting cell proliferation and promoting apoptosis. Consistent with this, YAP1 (Yes-
associated Protein 1) is a protein negatively regulated by Hippo signaling and its inactivation
in KO mice impairs cardiomyocyte proliferation during the embryonic development,
whereas its overexpression promotes cardiomyocyte proliferation [48, 49]. YAP1 was
shown to increase the activity of the pro-growth IGF and canonical Wnt signaling [48].
Besides this role in cardiac development, YAP1 is also involved in the neonatal mouse heart
regeneration after MI [50, 51]. The deletion of the YAPL gene specifically in the heart
impairs cardiac regeneration of neonatal mice after Ml, resulting in a deficiency of healthy
myocardial tissue throughout the left ventricular free wall at 26 days after M1 and an
extensive fibrotic infarct. Furthermore, in 7-days old neonatal transgenic mice expressing a
constitutively active YAP1 under the control of the cardiomyocyte-specific a-MHC
promoter, Ml is followed by a complete regeneration of the heart with no fibrosis at P28,
compared with the wild-type mice. Thus, overexpression of the YAP1 gene extends the
temporal window of regeneration in mice [50].
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Neonatal heart regeneration in mice proves that mammals have the potential to regenerate
their hearts. The study of the genetic and cellular mechanisms of heart regeneration in
neonatal mice should help us to understand why adult mammals lose this ability and allow
us to restore this ability in injured hearts from adult mammals. The direct comparison
between neonates and adults will reveal the cellular and molecular mechanisms necessary
for cardiac regeneration and why these capability are lost in adult mouse compared with the
neonatal mouse.

Injury models to study heart regeneration

Treatment

Different heart injury models have been used to study regeneration in adult zebrafish and
neonatal mice (Table 1).

Ventricular resection of zebrafish and neonatal mouse hearts removes 10 %—-20 % of healthy
heart tissues, but the injury displays a different pathogenesis compared with Mls. Cryoinjury
makes use of a probe that has been pre-chilled in liquid nitrogen to damage the hearts by
freezing and thawing. This induces the loss of cardiac tissue by apoptosis and necrosis and
the appearance of a collagen-rich scar, exactly like after MI in mammals, in adult zebrafish
[52-54]. Interestingly, different results are reported by these three papers. Fibrin clots but
minimal to no collagen scars form in the early stages of cryoinjury as reported by Schnabel
et al [54]. Collagen scars form at 7 days postcryoinjury (dpc) then gradually are resolved by
30 dpc as cardiomyocyte proliferation starts from 4 dpc and lasts until 21 dpc (Fig. 1) [52].
Fibrotic scar formation reaches the maximum level by 21 dpc in the report by Gonzalez-
Rosa et al [53], and then gets resolved by 130 dpc (Fig. 1). Nevertheless, unlike mammals
where the fibrotic scar remains, in zebrafish the scar is either progressively removed and
replaced by new heart tissue [52, 53] or does not form [54]. These reports suggested that
perhaps different responses might be activated by injuries of different severities. To further
investigate the differential regeneration responses, we established a cryoinjury model in
neonatal mouse hearts where the severity of injuries can be better controlled (Darehzereshki
et al., unpublished data). Indeed, we observed differential levels of scarring at 21, 60, and
120 dpc after nontransmural and transmural injuries done on 1-day old neonatal mice
(Darehzereshki et al., unpublished data). Our results suggest that the nature of heart injuries
is an important factor to evaluate when considering different strategies of heart repair.

Developing potential regenerative medicine based treatment for coronary heart diseases and
heart failure is still at its infancy. Enhancing neovascularization is important since it allows
the injured heart to maintain its remaining cardiac functions. However, heart failure cannot
be cured without the replacement of lost cardiomyocytes. Three different strategies have
been used to replace lost cardiomyocytes, inducing cardiomyocyte proliferation and
enhancing endogenous cardiac regenerative capacity of mammalian hearts; transplanting
ectopic cells and direct differentiation of fibroblasts to cardiomyocytes [55-59]. The cell-
based and transdifferentiation strategies will be discussed elsewhere.

Curr Treat Options Cardiovasc Med. Author manuscript; available in PMC 2015 March 01.
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Inducing cardiomyocyte proliferation and enhancing endogenous capacity
of heart regeneration

Cross species comparison has revealed differences in cardiomyocyte responses between
zebrafish, neonatal mice, and adult mice after heart injuries. Based on what we have learned
from models organisms that can regenerate their hearts naturally after cardiac injuries, a
blueprint can be drawn for designing therapeutic strategies via heart regeneration. However,
several issues should be kept in mind when considering heart regeneration in model
organisms.

Many zebrafish organs have an outstanding capacity to regenerate following injury [60].
Zebrafish retain their ability to regenerate hearts after different kinds of injuries from the
embryo to adult. The question is: why do zebrafish retain this regenerative ability until
adulthood while mammals appear to lose it after the postnatal stages?

Zebrafish continue to grow throughout their life [61], at first quickly until they reach sexual
maturation age (about 2—-3 months), and then much more slowly but constantly from adult to
death. Thus, the mechanisms involving rapid cell proliferation (such as regeneration) can be
reactivated throughout the lifetime of the zebrafish, unlike in mammals wherein growth ends
at the adulthood. Interestingly, zebrafish grows faster in low fish density tanks, and under
these conditions, cardiomyocyte proliferation is also increased [62]. This fast growth
induces expressions of embryonic epicardial markers raldh2 (aldhla2)and tbx18 in adult
epicardial tissue [62]. Another study from the same group showed that the mechanical stress
during juvenile heart growth induces expressions of the cardiac stress and injury markers
nppa and nppb [63]. This suggests that zebrafish hearts use the same mechanisms for fast
heart growth in juveniles and responses to heart injury.

A considerable number of genes and pathways are shared by zebrafish and neonatal mice
during embryonic cardiogenesis and regeneration after injury and notably those involved in
cardiomyocyte proliferation, the critical step of heart regeneration (Table 2). The main
difference between the two models, which makes the comparison relevant between each
other, is that the mouse loses its regenerative ability quickly after birth, whereas zebrafish
does not. So the effort should be brought to study and understand the mechanisms
inactivating this regenerative ability in mice and how it may be reversed. For example, the
p38 MAPK pathway regulates negatively the cardiomyocyte proliferation in both normal
adult zebrafish and mouse [22, 64]. However, after injury this pathway is switched off only
in zebrafish, allowing heart regeneration to proceed [22]. Similarly, the cardiomyocyte
proliferation inhibitor miR-133 is downregulated during injury in zebrafish [25]. In mice,
miR-133 is involved in the heart size control [65] and its suppression promotes cardiac
hypertrophy [65] and cardiomyocyte proliferation [66], indicating that miR-133 negatively
regulates cardiomyocyte proliferation like in zebrafish. It remains to be investigated if,
unlike in the zebrafish, the expression of miR-133 is maintained in mouse heart following
injury and if this prevents these cardiomyocytes from proliferating.

Curr Treat Options Cardiovasc Med. Author manuscript; available in PMC 2015 March 01.
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Conclusions

The study of heart regeneration in zebrafish and rodents taught us three main lessons: (1)
cardiomyocyte proliferation is the key element; (2) zebrafish and neonatal mouse share a lot
of similar molecular and cellular mechanisms; and (3) regeneration involves the re-
expression of cardiac developmental genes. The data collected has given us a better
understanding of the molecular and cellular mechanisms of heart regeneration and it is now
possible to induce and promote heart regeneration in infarcted adult rodents. A promising
research field is reprogramming cardiac fibroblasts into cardiomyocyte like cells. Using
cardiogenic markers identified in studies of zebrafish and neonatal mouse models, cardiac
fibroblasts reprogramming into cardiomyocytes can be induced in vivo in infarcted heart
from adult mice to enhance cardiac functions. Unfortunately it is not possible to promote a
full and permanent recovery of cardiac function yet and this remains the continuing aim of
the regenerative medicine field. Perhaps strategies combining reprogramming and enhancing
endogenous regenerative capacity using factors identified from zebrafish, newt and neonatal
mice can further improve the cardiac regeneration in mammals.
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Figure 1.
Summary of events during regeneration following cryoinjury in zebrafish. In Chablais et al.

[52] cryoinjury of about 20 % of the ventricle induces massive cardiac cell death in the
injury area and inflammation at 1-day postcryoinjury (dpc). At 4 dpc myocardium is
activated and cardiomyocytes proliferate. At 7 dpc, the dead cells are replaced by a
collagen-rich fibrotic scar and a fibrin layer takes place along the inner side of the injury
area. At 14 dpc the fibrosis resolves gradually as the cardiomyocytes renewal. At 21 dpc the
fibrin layer is strongly reduced. At 30 dpc the fibrosis is almost resolved and at 60 dpc the
ventricle is completely regenerated with a normal systolic function. In Gonzalez-Rosa et al.
[53] the processes from 1-14 dpc are similar to what are described in Chablais et al.
Cryoinjury induces a massive cell death at 1 dpc. At 3 dpc the myocardium is activated and
proliferating and a collagen-rich fibrotic scar replaced the dead cells at 7 dpc. At 21 dpc only
a few cells remain proliferating in myocardium and the scar is at a more luminal position.
However, unlike Chablais’ model, the fibrosis starts resolving from 21 dpc and still persists
at 90 dpc. At 130 dpc the heart has fully regenerated, although adopted a rounder shape,
leading to limited contractility of the ventral part of the ventricle. A atrium, BA bulbus
arteriosus, V ventricle.
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Table 1

Comparison of heart injury techniques in adult zebrafish and neonatal mouse

Technique of injury Ventricular resection

Animal model Zebrafish [11., Neonatal mouse [41¢]
12, 13¢, 14¢]

Cell death Some apoptosis and  No data available

necrosis along the
amputation plane

Inflammation Yes Yes
Collagen deposition No No
Cardiomyocyte proliferation  Yes Yes
Epicardial activation Yes Yes
Neovascularisation Yes Yes

cryoinjury

Zebrafish [52-54]

Apoptosis and
necrosis

throughout
the heart

Yes
Yes
Yes
Yes
Yes

Coronary artery ligation

Neonatal mouse [42]

necrosis

Yes
Yes
Yes
Yes
Yes
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Table 2

Factors and pathways activating or inhibiting cardiomyocyte proliferation in zebrafish and mouse

Adult zebrafish Mouse
Activating factors - IGF pathway [16, 20] - miR-199 [45]
-TGF-B [17] - MiR-590 [45]
- Jak/STAT pathway [21] - miR-17-92 [46]
- HIF1a [23] - YAP [48-51]
- Retinoic Acid [30] - IGF1 [49]
Inhibiting factors - p38a-MAPK pathway [22] - miR-15 family [42]
- MiR-133 [25] - MEIS1 [44]
- p38a-MAPK pathway [64]
- miR-133 [66]
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