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Abstract
Cardiovascular disease is the leading cause of death in United States and worldwide. Failure to
properly repair or regenerate damaged cardiac tissues after myocardial infarction is a major cause
of heart failure. In contrast to humans and other mammals, zebrafish hearts regenerate after
substantial injury or tissue damage. Here, we review recent progress in studying zebrafish heart
regeneration, addressing the molecular and cellular responses in the three tissue layers of the heart:
myocardium, epicardium, and endocardium. We also compare different injury models utilized to
study zebrafish heart regeneration, and discuss the differences in responses to injury between
mammalian and zebrafish hearts. By learning how zebrafish hearts regenerate naturally, we can
better design therapeutic strategies for repairing human hearts after myocardial infarction.
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INTRODUCTION
Most tissues and organs in the human body have very limited regenerative capacity after
injury. Many degenerative diseases, including heart disease, are thus a result of tissue
damage without regeneration. Consequently, scar tissues replace the lost cell population and
damaged extracellular matrix and this leads to impaired organ function. Inducing the
regenerative capacity of damaged tissues or organs, therefore, has become one of the major
goals of modern medicine.

Myocardial infarction (MI) is among the leading causes of mortality in the United States and
worldwide (1, 2). It is often a result of coronary heart disease and leads to irreversible loss of
cardiomyocytes by necrosis and apoptosis in the heart after ischemia (3). Most mammalian
cardiomyocytes are terminally differentiated and unable to divide; the hearts respond to
injury by scarring, which results in decreased cardiac function (4, 5). To compensate for
decreased cardiac function, the post-infarct hearts develop hypertrophy or dilation, which
eventually leads to heart failure.
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Several different strategies have been attempted to repair damaged hearts and they include
cell replacement, cytokine and growth factor therapy, and tissue engineering. Stem cells and
cardiac progenitor cells are promising cell sources for cell replacement therapy. Autologous
skeletal myoblasts and bone marrow stem cells have been utilized for randomized, double
blinded clinic trials for cardiac repair. However, transplanting these cells has so far failed to
significantly improve cardiac functions (measured as left ventricular ejection fraction), and
any slight improvement in the test group was attributed to possible paracrine effects of the
implanted cells (6, 7). Cytokine and growth factor therapy is a promising non-invasive
treatment for heart diseases and has been utilized to stimulate angiogenesis, to enhance
cardiomyocyte proliferation and survival, and to recruit stem and progenitor cells to the
damaged hearts (7, 8). Fibroblast growth factor 4 (FGF4) and vascular endothelial growth
factor (VEGF) were among the first to be tested in clinical trials for revascularization. Their
effects, however, were statistically insignificant (8). Furthermore, several cytokines have
been shown to mobilize bone marrow stem cells in animal myocardial infarction models.
Although initial clinical trials with granulocyte colony-stimulating factor (G-CSF) treatment
were promising, subsequent double-blinded trials did not show enhanced left ventricle
ejection fraction or reduced infarct size (7–9). Tissue engineering approaches aim to create
functional cardiac tissue implants with various combinations of cells and matrix scaffolds to
replace damaged cardiac tissues. However, there are still many technical challenges in this
approach; for instance, one must decide which human cell types to use, what cell matrix to
use as a scaffold, and how the engineered grafts can be vascularized such that they could
reach the desired size (7, 10). These considerations may also apply to stem cell or cytokine
based approaches. Therefore, despite the recent progress on stem cells, cytokine and growth
factor therapy (7, 11, 12), and tissue engineering (10, 13, 14), strategies for repairing
diseased or injured hearts are still far from being able to regenerate a perfect heart. A more
thorough understanding of the functional structure and the repair mechanism of cardiac
tissues is required to improve current approaches in repairing and functional restoration of
the injured heart.

Zebrafish as a model for human heart development and diseases
In contrast to the four-chambered human hearts, zebrafish hearts are two-chambered with
one ventricle and one atrium (Fig. 1). Nonetheless, there are many striking similarities
between zebrafish and mammals in terms of heart structure and embryonic morphogenesis.
As in mammals, the zebrafish heart is composed of three layers of tissue called the
myocardium, epicardium and endocardium. The myocardium can be divided into the
compact layer and the trabecular layer (15) (Fig. 1). Embryonic studies and forward genetic
screens using zebrafish contributed greatly to the understanding of both human cardiac
development and disease, e.g. dextrocardia (a congenital defect in which the heart is situated
on the right side of the body), aortic valve stenosis defect, dilated cardiomyopathy, mitral
valve malformation, transposition of the great arteries, double-outlet-right-ventricle and
hypertrophic cardiomyopathy (16). Moreover, adult zebrafish hearts exhibit an amazing
capacity to regenerate after substantial injury and have been used as a model for studies that
might lead to approaches in regenerative repair of human heart injuries.

Adult zebrafish hearts regenerate after ventricular resection
In contrast to humans, many vertebrates can regenerate lost tissues and organs. One well-
known example is the newt. Newts can fully regenerate their limbs after amputation (17).
Zebrafish also have remarkable regenerative abilities and can regenerate many organs and
tissues, such as fin, optic nerve, liver, retina, spinal cord, and heart (18–29). Zebrafish fully
regenerate their myocardium after 20% ventricular resection in 1–2 months (18, 20). After
amputation, a blood clot forms at the site of injury to seal the ventricle and stop bleeding
(Fig. 1). With the disappearance of red blood cells in the clot and an enrichment of the clot
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protein fibrin, the blood clot is turned into a fibrin clot in 2–3 days post amputation (dpa)
(18) (Fig. 1). Gene expression profiling analysis suggests that the early stages of heart
regeneration are similar to a wound healing response (30).

In contrast to the human response after MI, three major regeneration events occur naturally
in the zebrafish hearts. Cardiomyocytes start to proliferate to replace lost myocardium. The
epicardium is activated by re-expressing embryonic markers and can contribute to coronary
vessel formation that vascularize the regenerated tissues. The endocardium is also activated
and starts retinoic acid synthesis, which supports cardiomyocyte proliferation (31). Recent
advances in our understanding of cardiomyocyte proliferation, epicardial activation and
neovascularization, and endocardial activation during zebrafish heart regeneration are
reviewed in the following sections, along with some approaches used in the studies. The
ventricular resection model for heart injury is used in these studies. Other more recently
developed injury models are discussed and compared with the resection model towards the
end of this review.

Zebrafish myocardial regeneration is mainly achieved by existing cardiomyocyte
proliferation

Replacing the damaged or lost cardiomyocytes is the most important step in repairing
injured cardiac muscles of mammalian hearts. Studies have shown that during zebrafish
heart regeneration, cardiomyocytes initiate DNA synthesis and cell proliferation at 7 dpa.
The proliferative activity peaks at 14 dpa (Fig. 2) (18, 20). New cardiomyocytes replace
most of the lost ventricular tissue, and the structure of the heart is fully restored by 30 dpa
(18). Understanding the origin of these proliferating cardiomyocytes is of significant interest
not only because it will provide information on the underlying mechanism of zebrafish heart
regeneration, but also because it will impact the strategies and approaches that will be taken
for regenerative repair of the injured human heart. Two research groups have used the
technique of genetic tracing to clarify whether these cells are from resident or distant stem/
progenitor cells, or if they are from existing cardiomyocytes via de-differentiation and
expansion. This was carried out in one study by permanently labeling the existing
cardiomyocyte population (i.e., cmlc2 positive) in zebrafish embryos using a GFP reporter
gene with a floxed stop cassette. A modified Cre recombinase (CreERt2) that can be induced
with the estrogen analogue 4-hydroxy-tamoxifen (4-OHT) was expressed in cmlc2 positive
cardiomyocytes (32). After transient exposure to 4-OHT, only cmlc2 positive
cardiomyocytes expressed GFP (Fig. 3). These results showed that the cardiomyocytes of
the regenerated adult fish heart are GFP positive and therefore derived from preexisting
cardiomyocytes (32). Nonetheless, these experiments do not address whether
cardiomyocytes are a heterogeneous population of cells and new cardiomyocytes may arise
from a less-differentiated subpopulation and contribute to regeneration.

Kikuchi et al. addressed the origin of proliferating cardiomyocytes using a similar approach,
but induced cmlc2:CreERT2 recombination in adults. They also genetically labeled a
subpopulation of sub-epicardial compact cardiomyocytes using the promoter of gata4, a
gene important for heart development (33). gata4:EGFP and gata4:ERCreER labeled cells in
the amputated heart were found to be both proliferative and to have entered the wound site
by 14 dpa. This study further defined the contribution of these gata4:EGFP labeled
cardiomyocytes in regenerating myocardium, and also suggests that this specific
subpopulation of cardiomyocytes may play a major role for myocardium regeneration in
adult zebrafish (33).

Cardiomyocytes in the regenerating myocardium appear to lose some of their differentiated
cellular features. For instance, the sarcomeric structure in these cardiomyocytes, which is
normally required to generate contractile force, is altered (32). This also indicates that
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dedifferentiation of cardiomyocytes must have occurred in order for the cells to reenter the
cell cycle. Exactly how far the cardiomyocytes have to dedifferentiate down the cardiac
linage to reenter the cell cycle is still unclear. Nonetheless, the electrical coupling of the
injured heart is restored upon regeneration (33). The expression of developmental markers
such as hand2 and nkx2.5 in the regenerative process shown in an earlier study points to
progenitor population involvement in the regenerative process (34). However, new evidence
(32, 33) brings into question the role of stem /progenitor cell involvement in the regenerative
process.

Activation of the epicardium and neovascularization of the regenerating myocardium
Within 1–2 days after amputation, the epicardium of regenerating heart starts to express the
embryonic epicardial markers retinaldehyde dehydrogenase 2 (raldh2) (which encodes the
rate-limiting enzyme for retinoic acid (RA) synthesis) and tbx18 (which encodes a T-box
transcription factor) (34). It indicates a re-activation of embryonic morphogenesis in the
injured epicardium. The injury-induced activation of the epicardium starts throughout the
entire ventricle and gradually becomes localized to the apex (34), although the mechanism
for this is unknown. Proliferation is detected from 3 to 7 dpa in cells of the activated
epicardium (34). Similar to mice and chick heart development where epicardial cells
undergo epithelial-to-mesenchymal transition (EMT) to form coronary vessels, markers of
EMT (i.e., snail and twist genes) were detected in regenerating zebrafish hearts (35). The
epicardial EMT process gives rise to fibroblasts and pericyte-like perivascular mural cells of
the coronary vessels. Indeed, we found that expression of mural cell markers sm22αb/
transgelin (tagln), α smooth muscle actin (αSMA)/acta2 (36, 37) and pdgfrβ is increased at
the wound site (35).

To study the functions of epicardial cells, we established an in vitro primary culture model
of adult zebrafish epicardial cells on a fibrin gel to mimic the in vivo environment (35, 38).
We showed that epicardial cells from sham-operated hearts have strong nuclear staining of
the epicardial marker tcf21 and exhibit a typical epithelial phenotype of close cell-cell
contact with subcortical actin bundles and expression of the tight junction marker ZO1 (35).
Furthermore, PDGF-BB induces epicardial cells to reorganize their subcortical actin into
stress fibers, to lose cell-cell contacts in the cultured epicardial cells, and to form
mesenchymal-like cell types (35).

Previous lineage tracing experiments in mice using the epicardial genes Wt1 and Tbx18
suggested that epicardial cells can give rise to coronary vascular smooth muscle and
cardiomyocytes during mammalian development (39, 40). This in vivo myogenic property
was not reported in earlier fate mapping experiments using avian and other vertebrate
models, wherein it was suggested that epicardium was the primary source of perivascular
and smooth muscle populations in the heart (41–46). In zebrafish it appears that the
expression of both wt1 and tbx18 is not restricted to the epicardium, but is also expressed in
intra-myocardial cells and cardiac muscle (47). This is also the case in mouse, wherein
developmental studies suggested that Tbx18 is also expressed in a subset of cardiomyocytes;
this indicates that Tbx18 may not be ideal for epicardial cell lineage tracing (48). To
determine the fate of epicardium-derived progenitor cells (EPDCs) in vivo during zebrafish
heart regeneration, Kikuchi et al. (2011) carried out genetic lineage tracing of tcf21-positive
cells. tcf21 is expressed in the outer epithelial epicardial layer and in EPDCs of the
subepicardium (47). Following amputation, tcf21-positive cells give rise to EPDC and
perivascular mesenchymal cells. The authors carefully analyzed if any of the tcf21-labeled
population gave rise to cardiomyocytes during zebrafish development and regeneration and
conclusively found that in both cases, cardiomyocytes are not derived from epicardial cells.
This suggests that epicardial cells may not be a major potential source of cardiomyocytes
and do not readily acquire a myocardial phenotype.
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Interestingly, quiescent mammalian epicardium can also be activated after MI, similar to
zebrafish heart after myocardium resection. Embryonic epicardial markers such as Tbx18,
Raldh2 and Wt1 are reexpressed (49–51). However, unlike adult zebrafish and fetal
mammalian epicardium, EPDC of adult mouse hearts after MI largely remain a thickened
layer at the surface of the heart and fail to migrate into the myocardium. These cells mainly
contribute to post MI response by releasing paracrine factors that stimulate angiogenesis
(51). Nonetheless, epicardial cells may still provide an attractive target for therapeutically
inducing cardiac muscle regeneration in situ after acute myocardial infarction. Smart et al.
(2011) demonstrated that epicardial Wt1-expressing cells do have the potential to adopt a
cardiomyocyte fate in vivo in a mouse myocardial infarct model (52). However, it appears
that only a small sub-population of EPDCs may have such potential, and furthermore this
population needs to be directed to adapt the cardiomyocyte fate with Thymosin β4 induction
(52). It remains to be determined as to how effective or efficient such an intervention can be
therapeutically.

Endocardial activation is required for cardiomyocyte proliferation
Within 1–3 hours post amputation (hpa) of zebrafish hearts, the endocardium reacts to the
heart injury by undergoing organ-wide morphological changes (Fig. 2). The endocardial
cells appear rounded and are detached from the myocardium (31). At the same time, the
endothelial cells start to express raldh2. Strong raldh2 expression persists in both the atrium
and ventricle until 6 hpa but becomes localized to the injury site by 1 dpa. This endocardial
expression of raldh2 appears earlier than its expression in the epicardium and is maintained
until 14 dpa. Interestingly, similar organ-wide raldh2 expression can be induced by
lipopolysaccharide (LPS), which can cause systemic inflammation and increased
permeability of endothelial cells. It has been speculated that cardiac injury causes
inflammation and increased permeability of endothelial cells, which triggers raldh2
expression, and leads to RA synthesis as a response to the injury (31). Although retinoic acid
has been implicated in mammalian heart development, Raldh2 expression is confined to the
epicardium (53, 54) and no such response has been observed in injured mammalian hearts.
These results suggest a potential therapeutic intervention strategy to increase the
regenerative capacity of human hearts by modulating nonmyocardial sources of retinoic acid
production.

When RA signaling is inhibited in zebrafish expressing a dominant-negative retinoid acid
receptor alpha (RARα) or the RA degrading enzyme Cyp26, cardiomyocyte proliferation is
severely impaired (31). However, RA or a synthetic retinoid agonist is not sufficient to
induce cardiomyocyte proliferation in adult zebrafish (31). RA signaling has been well
studied in heart development and it is known that RA signaling is important for
cardiomyocyte proliferation and myocardial growth during mid-gestation of embryonic
development (55, 56). However, RXRα does not function cell-autonomously for myocardial
cardiomyocyte proliferation (44, 57, 58). Not until recently was RA action during
development demonstrated to function through the hepatic erythropoietin (EPO) signaling
pathway that activates the expression of IGF2, which in turn activates cardiomyocyte
proliferation through the cardiac IGF receptor (59, 60). It will be interesting to determine
whether a similar mechanism is reactivated during zebrafish heart regeneration.

Different injury models to study zebrafish heart regeneration
Amputation of the ventricular apex, in which 20% of the ventricle is removed by a clean cut,
has been used to induce injury in the zebrafish heart for almost a decade. All the findings
described above were done using the ventricular resection model. Recently, cryoinjury has
been established as an alternative injury model by three groups in Europe (61–63). Although
the methods used by these groups are different, in general the heart cells are all damaged by
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freezing and thawing after coming into contact with dry ice or a probe pre-chilled in liquid
nitrogen. However, depending on whether a cryoprobe or dry ice is used and how severe the
cryoinjury is, zebrafish hearts may form either a collagen scar (61, 62) or a fibrin (63) filled
wound (also our unpublished observations) in the early stages of regeneration. The size of
the wound can vary from to 15–25% of the ventricular volume (Table 1). Furthermore, the
time required to complete regeneration can vary from 60 (62, 63) to 120 days (61). These
results suggest that it takes more time to regenerate after more severe injuries even for
zebrafish. Despite these inconsistencies, the major difference between cryoinjury and
amputation is that dead cells and tissue remain in the heart after cryoinjury, mimicking the
pathogenesis after myocardial infarction. Compared to ventricular amputation, cryoinjury is
probably more clinically relevant and involves tissue and cell death through apoptosis and
necrosis. Many of the post cryoinjury responses are similar to regeneration after ventricular
amputation, including cardiomyocyte proliferation and reactivation of epicardium (Table 1).

Cardiomyocyte death after cryoinjury first elicits an inflammatory response in zebrafish
hearts. The wound area is infiltrated with leukocytes with characteristics of neutrophil
granulocytes at one days post cryoinjury (dpc) (63) (Fig. 2). At 3 and 7 dpc, both neutrophil
and eosinophil granulocytes are found in the wound (63). The inflammatory response
induced after cryoinjury likely triggers the fibrosis that leads to collagen deposition, akin to
what has been described in mammalian wound healing. During regeneration after ventricular
resection, there is little or no collagen scar formation throughout the entire process. By
contrast, a large collagen scar can form after cryoinjury is induced with a probe pre-chilled
in liquid nitrogen (61, 62) (Table 1). During the infarct healing of mammalian hearts
(ischemia-reperfusion model), inflammation occurs during the first 72 hrs when leukocytes
infiltrate the infracted myocardium. Between 72 hrs and 7 days, granulation tissues form in
response to cytokines and growth factors released by macrophages, and fibroblasts and
endothelial cells start to proliferate. Activated myofibroblasts will start to produce
extracellular matrix proteins. A mature collagen-based scar forms during 7–14 days post MI
and (reviewed in (64)). Comparing the time courses of inflammation and fibrosis after
zebrafish heart cryoinjury and mammalian heart after MI suggests that inflammation occurs
during a similar time frame (Fig. 2). The scar tissue in zebrafish heart does not appear as
mature as in mammalian hearts (unpublished data). Interestingly, the scar is later absorbed
or resolved and the zebrafish heart still fully regenerates after cryoinjury (61, 62). However,
it can take almost twice the amount of the time to regenerate after severe cryoinjury
compared to amputation (63). One possibility is that extra time is needed to resolve the scar.
The mechanisms underlying collagen scar resolution are currently unknown.

In addition to mechanical injury such as ventricular amputation and cryoinjury, genetic
ablation has also been used to determine if zebrafish hearts can regenerate after killing
cardiomyocytes specifically (65). There are some caveats to amputation or cryoinjury as an
injury model. For instance, the damage is limited to the apex area; one cannot test whether
internally isolated areas can effectively regenerate. Furthermore, amputation and cryoinjury
removes and/or damages all tissue layers; it is not possible to address how zebrafish respond
to cardiomyocyte-specific damage without tissue disruption and blood clotting (65).
Cardiomyocyte-specific genetic ablation is achieved by expressing the diptheria toxin A
chain (DTA) using a Cre-lox based strategy similar to the one described in the previous
section. This strategy causes 60% of cardiomyocytes to be ablated and results in a
physiological condition similar to heart failure (65). Interestingly, this severe injury can
cause a robust regenerative response of adult zebrafish hearts with 42% of cardiomyocytes
undergoing proliferation ((65) and Table 1). Furthermore, this cardiomyocyte-specific death
is sufficient to induce a strong inflammatory response involving macrophage and/or
neutrophil recruitment independent of blood/fibrin clot formation. This model also
eliminates the need for doing microsurgery, which is challenging to inexperienced
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researchers. Similar strategies could be utilized to ablate different cell populations in the
hearts to determine their roles in heart regeneration.

Future directions
An immediate question raised by the recent report by Kikuchi et al (2010) (33) is whether
the gata4:EGFP positive sub-epicardial cardiomyocyte population is present in mammalian
hearts and whether these cells can be utilized for cardiac repair. If an analogous population
exists in the mammalian heart then they could provide an excellent target for therapeutic
intervention, particularly if we can determine what growth factors and signaling pathways
can stimulate the proliferation of these gata4:EGFP positive cells. As these cells are located
in the sub-epicardium/compact myocardium, are these growth factors stimulating the
proliferation of the gata4:EGFP cells from epicardium? We did not detect gata4 transcript
expression by section in situ hybridization (unpublished observation). It is not clear whether
these sub-epicardial cells really express gata4 or if the gata4 promoter utilized to drive the
GFP expression is an enhancer fragment that happens to mark this population. It is also
possible that the gata4 mRNA is rapidly degraded in these cells while the GFP protein is
much more stable. It will be interesting to determine whether Gata4 protein is expressed in
these sub-epicardial cells.

Neovascularization is required for continued regeneration after the creation of regenerated
muscle. It remains unclear whether the new endothelial cells of the coronary vessels derive
from wound angiogenesis or de novo vasculogenesis during zebrafish regeneration.
Epicardial cells appear to contribute to the majority of perivascular cells during this process
(47). Proepicardial cells had been thought to be the source of endothelial cells of the
coronary vasculature during development, but more recent observations in mice suggest that
the sinus venosus may be the source of such cells during development (66). Consistent with
these more recent developmental studies in mouse, it appears the epicardium is not the
source of such cells during zebrafish heart regeneration. Mammalian hearts also reactivate a
fetal-like state after MI that involves induction of embryonic epicardial marker expression,
proliferation, and EMT (51). The activated epicardium can secrete multiple proangiogenic
factors (51). Conditional medium from cultured mammalian EPDC injected into the heart at
the time of MI was shown to promote angiogenesis, which may then promote myocardial
survival (51). However, unlike zebrafish, growth factors and cytokines secreted from
mammalian EPDC are not sufficient for the mammalian heart to fully regenerate itself
naturally. As these approaches are being investigated, the zebrafish will provide guidance as
to how regenerative therapies for mammalian hearts can be developed.

The inflammation response is closely intertwined with the process of injury repair. It is
fundamentally a protective response to remove damaged tissues or infection that are
consequences of the injury. Acute inflammation lasts for a relatively short duration and is
participated principally by neutrophils. However, in the case of severe injury, inflammation
may last longer and can result in tissue or organ fibrosis. Interestingly, skin injury at early
stages of fetal development heals in a regenerative fashion without scar formation in many
mammals. It may be attributed to a very limited inflammatory response in fetal mammals,
because skin begins to heal with significant inflammation and concurrent scarring as it
becomes more mature (67). Although inflammation does occur in zebrafish heart after
cryoinjury, it is still not clear how severe the inflammatory response is comparing to the
mammalian heart after MI.

Recently, neonatal mouse hearts were shown to regenerate within 21 days after resection of
the apex (68). The regenerative response is highly similar to what occurs in adult zebrafish
hearts. However, this regenerative capacity is lost by postnatal (P) day 7. One obvious
question is whether the regenerative capacity in mouse or mammalian hearts can be
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reactivated in P7 or even in adult hearts. Interestingly, the time point at which decreased
regenerative capacity of neonatal hearts begins correlates with the time point at which
binucleation and hypertrophy of cardiomyocytes occurs (68). Furthermore, the majority of
cardiomyocytes in zebrafish hearts are mononucleated, although the size and shape of
cardiomyocytes vary significantly (23, 30, 69). It is possible that the mononucleated
cardiomyocytes are less differentiated than bi-or multinucleated cardiomyocytes and reenter
cell cycle more readily to contribute to myocardial regeneration. However, the difference in
contractile force between zebrafish and neonatal and adult mouse hearts might also greatly
affect the regenerative capacity. There is still a small population of mononucleated
cardiomyocytes present in adult mouse hearts that can be stimulated to proliferate with
neuregulin-1 which acts through epidermal growth factor receptor family members ErbB2
and ErbB4 (70). This population of mononucleated cardiomyocytes can be a potential target
of therapeutic approaches. However, the localization, differentiation and migration potential
of the mononucleated cardiomyocytes in the mammalian heart is unknown and it is not clear
if their number decreases with age. The studies in zebrafish hearts provide many interesting
candidate genes and factors that might be important for reactivation of the regenerative
capacity in neonatal mice older than P7 or for proliferation and differentiation of
mononucleated cardiomyocytes in adults. These studies will continue to provide valuable
insights and a blueprint for strategies to regenerate human hearts using approaches such as
stem cell replacement, cytokine and growth factor therapy, or tissue engineering.
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Figure 1. Summary of events during zebrafish heart regeneration
The process begins at amputation; time points of 3 hours post amputation (hpa) and 1–3, 7,
14 and 30 days post amputation (dpa) are illustrated. The amputation plane is marked by a
red dashed line. Right after amputation, a blood clot (red) forms. Within hours, the
endocardium (brown) is activated and shows morphological and gene expression changes.
At 1–3 dpa, the blood clot becomes a fibrin clot (yellow). The activated raldh2 expression in
endocardium becomes localized to the injury site (brown). At the same time, the epicardium
(blue) is activated and expresses embryonic markers. At 7 dpa, the epicardium encloses the
apex and starts to invade the fibrin clot while a population of gata4:EGFP positive
cardiomyocytes appears at the sub-epicardium and begins to proliferate. At 14 dpa, the
gata4:EGFP positive cardiomyocytes localize to the apex and newly formed blood vessels
vascularize the newly formed myocardium. By 30 dpa, the myocardium is almost fully
regenerated. The new blood vessels vascularize the new myocardium. A, atrium; V,
ventricle; BA, bulbus arteriosus.
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Figure 2. Summary of the timing of events during zebrafish heart regeneration
dpa, days post amputation; dpc, days post cryoinjury. Time course of events are marked with
horizontal bars. The relative level of activity is shown as a gradient; darker colors indicate
stronger activity. The peak of activity is marked with triangles.
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Figure 3. Strategy for Cre-lox based lineage tracing of the source of newly formed
cardiomyocytes during zebrafish heart regeneration
Cre recombinase coding sequence is fused to the estrogen receptor coding sequence (cre-
ert2) to make an inducible Cre protein (orange), which is then induced using the estrogen
agonist 4-OHT (brown) prior to amputation; this fusion protein is specifically expressed in
pre-existing cardiomyocytes using the cardiacmyosin light chain 2 (cmlc2) promoter.
Expression of a gfp reporter (green) is driven by the constitutive β-actin promoter, but
expression is blocked by a stop sequence (STOP) flanked byloxP sites. A. Expected result if
newly regenerated cardiomyocytes are derived from existing cardiomyocytes. The stop
sequence is specifically excised via Cre-mediated site-specific recombination in the
cardiomyocyte lineage when 4-OHT is added and gfp is therefore expressed in newly
formed cardiomyocytes (this is the result reported in ref (32, 33)), even if the
cardiomyocytes transiently dedifferentiate into a non-cmlc expressing cell. B. Theoretical
result if newly regenerated cardiomyocytes were derived from stem/progenitor cells. Since
these cells would not express cmlc2-driven cre-ert-2 prior to amputation, 4-OHT would have
no effect on the stop sequence, which would therefore remain intact and continue to block
gfp expression in this lineage, even after differentiation to form new cardiomyocytes. The
blue line indicates that there is no expression from the promoter.
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Table 1

Comparison between different injury models for studying zebrafish heart regeneration

Type of injury
Ventricular amputation (18,
20) Cryoinjury (61, 62), (63) Genetic Ablation (65)

Method of damage Removal of cells Cell damage caused by
freezing and thawing

Cardiomyocyte specific cell death
caused by expression of diptheria toxin
A chain (DTA)

Size of injury 20% of the ventricle 15–25% of the ventricle >60% of the myocardium

Mortality after the procedure 10% 5% Dose dependent

Cell death Some apoptosis and necrosis
along the amputation plane

Apoptosis and necrosis
throughout the heart

Apoptosis throughout the ventricle
uniformly at 3 and 5 dpi

Inflammation Yes ((30) and unpublished) Yes Yes

Cardiomyocyte proliferation Yes Yes Yes

Epicardial activation Yes Yes Yes

Initial collagen deposition No Yes (61, 62)
No (63)

No
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