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Abstract

The heart is a pump that is comprised of cardiac myocytes and other cell types and whose proper
function is critical to quality of life. The ability to trigger regeneration of heart muscle following
injury eludes adult mammals, a deficiency of great clinical impact. Major research efforts are
attempting to change this through advancesin cell therapy or activating endogenous regenerative
mechanisms that exist only early in life. By contrast with mammals, lower vertebrates like
zebrafish demonstrate an impressive natural capacity for cardiac regeneration throughout life. This
review will cover recent progressin the field of heart regeneration with afocus on endogenous
regenerative capacity and its potential manipulation.

1. Introduction

As more nations have become devel oped, heart failure has come to be aleading cause of
death worldwide. This condition, in which the heart is unable to supply sufficient blood flow
to other vital organs, is most often triggered by an ischemic event like myocardial infarction
(M1) or non-ischemic events also causing myocardial loss. After cardiomyocyte death, there
is no significant replacement of old muscle with new, and a collagen-rich scar is generated
by fibroblasts concomitant with removal of cell debris. While scarring is essential as a quick
fix, anon-contractile scar cannot restore cardiac output and can cause arrhythmia. In many
cases, heart failure signs can be medically managed, while other cases require cardiac
transplantation. Undoubtedly, regenerative strategies that improve cardiac function by
restoring electrically coupled cardiomyocytes to injured or diseased hearts would be manna
from heaven to cardiologists and their patients. In this review, we will focus on the efforts
that have been made to uncover, understand, and enhance regenerative capacity after
cardiomyocyte loss.

One option for replenishing a depleted cardiomyocyte population is transplantation of
exogenous cells (Figure 1A). Recent studies of embryogenesis and stem cell biology have
improved our understanding of cardiomyocyte differentiation from progenitor cells.
Drawing from these advances, various cell types from embryonic stem (ES) cellsto
differentiated cardiomyocytes have been injected into injured mammalian hearts and
examined for their potential to engraft and generate new cardiomyocytes. While progress
has been made, there remain technical and biological hurdles that limit current success of
these approaches. Most notably, while functional improvements have been reported, there
exists no consensus agreement on a cell type and delivery strategy that provides faithful
incorporation and electrical coupling of the transplanted cells and/or their progeny.

Complementary regenerative strategies to cell transplantation are simultaneously being
pursued by the field. A seemingly lessinvasive option to cell therapy isto stimulate growth
of new cardiomyocytes from within the milieu of the cardiac muscle spared by injury,
regenerating new heart tissue from endogenous players (Figure 1B). While there are
currently few clues on how to unlock the regenerative capacity of the mammalian heart, this
notion is not far-fetched. Regeneration is an ancestral trait of animals that is selectively
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distributed among species and their organ systems (Poss, 2010). While certain organisms are
able to re-grow missing body parts like heads and appendages, the regenerative capabilities
of mammals are relatively modest. In humans, skin, blood, skeletal muscle, and liver
regenerate efficiently following injury. In fact, evidence from studiesin zebrafish and
neonatal mammalians have stoked the idea that the regenerative capacity can be provoked
after an injury to the adult mammalian heart.

2. Cell Therapy and Heart Regeneration

Cardiomyocyte proliferation is the dominant mechanism for cardiac growth throughout the
first several days of lifein rodent model systems, while cardiomyocyte hypertrophy and
limited cell division isthe hallmark of juvenile and adult hearts (discussed later) (Adler and
Costabel, 1975; Li et al., 1996). Given the relative scarcity of natural cardiomyocyte
hyperplasiain mature animals, significant effort has been invested in identifying cells that
might differentiate into cardiomyocytes upon transplantation into an injured heart. The
burgeoning field of stem cell biology has driven this quest, providing opportunity to
investigate and direct cardiomyocyte differentiation from undifferentiated cellsisolated from
the heart or other tissues. One goal of these studies has been to identify markersto allow
prospective isolation of cardiac stem and progenitor cell populations from embryonic and
adult tissue. There are multiple sources, techniques, and markers used by different groups
for isolating progenitor cells, asis the case with any tissue stem cell(s). In addition, there are
new paradigms for generating cardiomyocytes in vitro from pluripotent stem cells, advances
that are relevant to potential cellular therapies. Here, we will provide an overview with
descriptions of afew of these promising cell populations, and we refer readers to other
reviews with more extensive coverage (Hansson et a., 2009; Laflamme and Murry, 2011;
Laflamme et a., 2007b; Seidel et al., 2009; Wu et al., 2008).

2.1. Adult cardiac progenitor cells

Studies of heart development in embryos have yielded a wealth of information about
embryonic progenitors of cardiomyocytes, as described earlier in thisissue. Logically, there
isvalue in determining the presence and nature of analogous cardiac progenitor cells that
might exist in the adult heart, as they would represent a natural source of regenerating
cardiomyocytes and perhaps other important cell types. These investigations have revealed
multiple distinct cell populations that can be isolated from the adult murine heart; e.g.
defined by surface expression of the markers c-kit, Scal, or the ATP-binding cassette
transporter (Beltrami et al., 2003; Martin et a., 2004; Oh et al., 2003). Such cells comprise
less than 1% of thetotal cell population in the mouse heart, and when cultured in vitro are
ableto differentiate into cells expressing contractile genes.

While these adult cell populations may be related to each other, their origins and potential
relationship to embryonic cardiac progenitor cells remain unclear. Also, the success of these
cardiac progenitor cells, particularly the population expressing the surface marker c-kit, in
generating mature cardiomyocytes in vivo has varied in the literature. A population of cells
expressing c-kit was isolated from the human heart and showed similar abilitiesto giverise
to cardiomyocytesin vivo (Bearzi et al., 2007), prompting cell therapy studies. While some
work indicated significant formation of new myocardium and blood vessels after addition of
c-kit+ cellsto arodent M1 (Bearzi et al., 2007), other results suggested modest gains (Tang
et al., 2010). Some reports have been unable to detect adult myogenesis from transplanted c-
kit+ cells or derivation of cardiomyocytes from adult c-kit+ cellsin culture (Talini et al.,
2009; Zaruba et al., 2010). Further characterization of these cardiac cell populationsis
necessary both to understand their endogenous rolesin healthy and injured hearts and to
optimize their use in cell therapy.

Curr Top Dev Biol. Author manuscript; availablein PMC 2012 July 01.
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2.2. Pluripotent stem cells

While cardiac progenitor cells have relatively limited lineage potential, embryonic stem
(ES) cells and induced pluripotent stem (iPS) cells have the capacity to develop into almost
any cell type. The key to harnessing these potentially unlimited sources of cardiomyocytes
liesin the ability to consistently initiate differentiation into functional, mature cells. Using
traditional differentiation protocols, embryonic stem cells give rise to approximately 1%
cardiomyocytes in embryoid body cultures (Kehat et a., 2001). Guided by principles of
developmental biology, multiple groups have optimized these protocols for cardiogenic
purposes with reported yields of ~30—-60% human embryonic stem cell-derived
cardiomyocytes (Laflamme et al., 2007a; Zhu et al., 2010). These derived cells express
cardiac transcription factors such as Nkx2.5 and Idllet1 and structural proteins characteristic
of developing cardiomyocytes. However, these cells are still distinct from adult
cardiomyocytes in morphology, function, and expression profiles. Thereis also interest in
differentiating pluripotent cells to amesodermal or cardiovascular progenitor cell state as
they may be able to self-renew and proliferate upon transplantation (Bu et a., 2009;
Kattman et al., 2011).

Progress has been made in cardiomyocyte derivation protocols, but challenges remain before
ES cell- or iPS cell-derived cardiomyocytes can be used for therapeutic purposes. Human
ES cell use remains controversial and any cells derived from these lineages will require
immunosuppression upon transplantation. iPS cells eliminate the need for
immunosuppression, but the methods used to deliver reprogramming factors have
occasionally been tumorigenic, raising questions about their subsequent use in cell therapy.
While these issues are being addressed, murine or human ES cell-derived cardiomyocytes
have been injected into various infarcted animal hearts. These cardiomyocytes have been
shown to engraft and proliferate within the scar zone with reported short-term improvements
in overal heart function (Caspi et a., 2007; Fernandes et al., 2010; Laflamme et a., 2005).
However, cardiomyocytes of different species have important differences (e.g. they contract
at different rates), that in combination with non-contractile scar tissue obstructs successful
coupling of transplanted and host cardiomyocytes.

2.3. Non-cardiac tissue stem cells

Severd cell types of non-cardiac lineages have also been tested for therapeutic effects, some
based on reports that they might transdifferentiate into cardiomyocytes in the heart. For
instance, both haematopoietic stem cells and stromal cells derived from the bone marrow
were initially reported to transdifferentiate into cardiomyocytes (Orlic et a., 2001; Toma et
al., 2002), although subsequent studies have argued against these interpretations (Balsam et
al., 2004; Murry et al., 2004). Interestingly, infarcted hearts that were injected with cells of
either lineage have shown functional improvement in multiple studies, suggesting that they
provide beneficia paracrine effects (Hatzistergos et a., 2010; Mirotsou et a., 2007). In
marrow stromal cells, the release of antagonists of the Wnt pathway, among other secreted
proteins, are likely contributors to these effects (Mirotsou et al., 2007). Such paracrine
effects continue past the death of the injected marrow stromal cells, which only survivein
the infarcted hearts for afew days or weeks (Murry et a., 2004). Skeletal muscle cells have
also been examined as a potential source of cardiomyocytes for the injured heart. Similarly
to bone marrow-derived cells, skeletal myoblasts engraft at least temporarily and can lead to
improvements in heart function. Close examination of the transplanted cells in these studies
have confirmed that transdifferentiation does not occur, as the myaoblasts do not express
typical cardiac markers or the cell junction proteins required for coupling to endogenous
cardiomyocytes (Reinecke et al., 2002). As with bone marrow-derived cells, the majority of
engrafted myoblasts that survive transplantation die within weeks, and their mechanism of
action remains unclear (Seidel et al., 2009).

Curr Top Dev Biol. Author manuscript; availablein PMC 2012 July 01.
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3. Natural Cardiac Regeneration

While the various approaches towards cell therapy provide hope for cardiac repair in
mammalian models, significant steps are required to optimize their survival and functional
incorporation into an injured heart. Continued fate-mapping experiments are necessary to
definitively determine the outcome of the transplanted cells, asis explanation and extension
of short-term beneficial effects toward possible long-term healing. Notably, any
improvement observed from paracrine effects indicates that there might be valuein
examining and enhancing the regenerative potential of endogenous heart cells, aline of
investigation relevant to the study of naturally occurring heart regeneration (Figure 1B).

In fact, natural cardiac regeneration is now well-documented in multiple non-mammalian
species. Initial experiments performed in the 1960's and 1970's probed amphibians like frogs
and salamanders for the ability to heal mechanical injuriesto the cardiac ventricle
(Rumyantsev, 1973; Rumyantsev, 1977). These studies were inspired by the discoveries that
salamanders like newts regenerate many tissues that adult mammals cannot, include major
appendages, tail, spinal cord, lens, jaws, portions of intestine, and retina (Tsonis, 1996). The
extent of regeneration after cardiac injury varied among the reports on the topic, but a
synthesis of these and more recent findings highlights a sharp contrast with responses by
mammals. Markers of cell proliferation such as 3H-thymidine and BrdU incorporation were
detected in cardiomyocytes, as were presence of mitotic figures (Flink, 2002; Oberpriller
and Oberpriller, 1974). Removal of ~25% of the ventricle at the apex typically resulted in
cardiac scarring, although minced ventricular muscle transplanted to the injury site
displayed a more vigorous response of cardiomyocyte proliferation and reorganization
(Bader and Oberpriller, 1979; Bader and Oberpriller, 1978; Oberpriller and Oberpriller,
1974). A recent report indicated that newts show more robust regeneration when the injury
isinflicted at the base of the ventricle (Witman et a., 2011). Bolstering these in vivo results
is demonstrable proliferation by adult newt cardiomyocytes cultured in vitro (Oberpriller et
al., 1995), eventsthat are rare in cultured adult mammalian cardiomyocytes (Engdl et al.,
2005). Thus, early studies in leopard frogs, newts, and axolotls laid the foundation for
developing and understanding additional models of natural heart regeneration.

4. Heart Regeneration in Zebrafish

4.1. Injury models

The examination of heart regeneration in lower vertebrates has continued in zebrafish, a
popular vertebrate model organism with embryologists for the past 20 years. Zebrafish have
been a particularly tractable system with low maintenance costs, relatively short generation
times, easy breeding and large clutch sizes, and transparency during early development. A
large collection of mutant and transgenic strains exists, as does a growing body molecular
genetic tools. An increasing number of groups have become interested in the regenerative
potential of adult zebrafish, which compare to salamandersin that transected spinal cords,
damaged retinae, and amputated fins regenerate (Becker et a., 1997; Otteson and Hitchcock,
2003; Poss et al., 2003; Vihtelic and Hyde, 2000). Moreover, amost 10 years ago, it was
discovered that zebrafish have arobust capacity for cardiac muscle regeneration.

Initial studies of heart regeneration in zebrafish employed a resection model as had been
performed in amphibians (Poss et al., 2002b). In these studies, approximately 20% of their
single ventricle was removed with iridectomy scissors — alarge injury that penetrates the
lumen and causes massive bleeding. Wounds clotted quickly, become filled with mature
fibrin within one week, and then with cardiac muscle over the next severa days to weeks.
Adult zebrafish cardiomyocytes showed indices of elevated proliferation, beginning at the
end of the first week after injury. Cardiomyocyte proliferation was highest within the first 2
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weeks of resection, but could be observed for weeks beyond this. By 60 days post-
amputation (dpa), the ventricular wall had recovered approximately the amount of tissue that
was removed (Figure 2A). The zebrafish ventricle is comprised of two main types of cardiac
muscle: 1) inner myofibers organized into long, elaborate trabecul ae separated from the
lumen by the endocardial layer; and 2) athin wall of compact muscle enveloped by the
epicardial layer. The regenerated muscle returned largely in the form of athickened compact
myocardial wall (Poss et al., 2002b).

Resection provides a major, complex injury, and stimul ates a dramatic regenerative response
akin to that which regenerates an amputated limb. Because an Ml is characterized by local
death of cardiac muscle rather than physical removal, there was considerable interest in
probing whether high regenerative capacity asin the case of zebrafish can function in the
setting of an infarct. In mouse and rat, thisis achieved by occluding a coronary artery.
However, it is unclear the extent to which one could create an ischemic M1 in zebrafish, due
to the small ventricular size (~ one microliter) and the fact that the coronary vascul ature
perfuses only arelatively small proportion of the ventricular muscle. Therefore, multiple
groups recently used a cryoinjury model, creating alarge region of necrotic myocardium
through application of dry ice or aliquid nitrogen-cooled probe directly to the ventricle
(Chablais et a., 2011; Gonzalez-Rosa et al., 2011; Schnabel et al., 2011). Like the resection
model, cryoinjury killed atarget region of ~25% of the ventricular muscle without
impacting animal survival (Figure 2B). Moreover, while taking slightly longer to compl ete,
the dead tissue was cleared and replaced by a contiguous myocardial wall. Vigorous
cardiomyocyte proliferation accompanied these events, clear evidence for heart
regeneration.

Finally, another recent study employed an inducible, genetic ablation technique for
producing major cardiac injuries in zebrafish (Wang et a., 2011). Here, adouble transgenic
system was generated consisting of atamoxifen-inducible CreER recombinase driven
specificaly in cardiac muscle cells viathe cardiac myosin light chain 2 (cmic2) promoter,
combined with a transgene enabling release of expression of cytotoxic diptheriatoxin A
chain (DTA) by Cre-mediated recombination. After tamoxifen application, cardiomyocyte
cell death was triggered diffusely throughout both cardiac chambers over the course of the
next 5 to 7 days. The amount of ablation was tunable by tamoxifen administration, with
histological analysis indicating that more than 60% of the ventricular myocardium can be
ablated without effects on animal survival (Figure 2C). Robust cardiomyocyte proliferation
and muscle recovery followed, with almost half of the ventricular cardiomyocytes replaced
within aweek after initial assessment (14 days post-tamoxifen treatment), and full muscular
recovery by 30 days post-treatment. Thisinjury model presents certain advantages. First,
because of the extreme severity of the injuries versus other models, zebrafish showed clear,
outward signs of heart failure after injury, including lethargy, reduced exercise tolerance,
and stress sensitivity, that were ameliorated during regeneration. Thisreversal of heart
failure is a striking example of the impact of high cardiac regenerative capacity. Second, as a
non-surgical model, the procedure for injury is simple and offers the potential for more
consistent cardiomyocyte loss and recovery among different animals. Third, genetic ablation
directly injures only one of the major cardiac cell types, providing specificity that could also
be employed with similar tools to ablate other cardiac cell types, and suggesting that
cardiomyocyte cell death is sufficient to stimulate regeneration.

Overdl, the similarities between the regenerative events after the three cardiac injury models
are greater than their differences, and several themes of heart regeneration can be
highlighted from this work.

Curr Top Dev Biol. Author manuscript; availablein PMC 2012 July 01.
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4.2. Cellular hallmarks of heart regeneration

Lack of scarring—Scarring is amajor obstacle to functional recovery in theinfarcted
mammalian heart. By contrast, scarring isaminimal component of repair in the injured
zebrafish heart. Theinitia fibrin clot that fills a resection injury accumulates low levels of
collagen, but there is typically no significant accumulation after an injury (Posset a.,
2002b). Cardiomyocyte ablation injuries also show very little collagen deposition (Wang et
al., 2011). Importantly, thisis not to say that zebrafish hearts cannot repair through scarring.
Thiswas first deduced from experiments using mutants in the mitotic checkpoint gene,
mps1, which fail to regenerate heart muscle after ventricular resection. Instead of filling the
wound with cardiac muscle, injured mutants healed injuries with large, collagen-rich scars
(Poss et al., 2002b). Similar results were obtained when cardiac regeneration was inhibited
by transgenic blockade of Fgf receptors (see below) (Lepilinaet al., 2006). Thus, zebrafish
have the capacity to repair cardiac injuries by scarring, but this mechanism is typically
overridden by arobust regenerative process. Recovery from cryoablation injuries includes
collagen deposition to greater extents, yet the majority of this collagen is cleared during the
regenerative process (Gonzalez-Rosa et al., 2011). Therefore, while some collagen
deposition occurs after resection injury and moreso after cryoinjury, a mature scar forms
ostensibly only when muscle regenerative mechanisms are disabled.

Cardiac regenerative capacity would potentially have its greatest impact in humansiif it were
effective in MI survivors with existing ventricular scars. To test whether the zebrafish heart
mounts a regenerative response in the presence of mature scar tissue, Kikuchi et al.
performed resection surgery and arrested regeneration by Fgfr inhibition to create a scar
(Kikuchi et a., 2010). After restoring Fgf signaling, many animals built a new, contiguous
wall of muscle around the scar. These findings indicated that even in the presence of
established scars, zebrafish cardiomyocytes retain regenerative capacity.

A cardiomyocyte source—Arguably the most important initial goal in investigating a
regenerative processis to identify the cellular source(s) of new tissue (Tanaka and Reddien,
2011); in this case, new cardiomyocytes. In zebrafish, asin amphibians, it is clear that adult
cardiomyocytes proliferate to replace new muscle, but there are several mechanisms by
which these cardiomyocytes might initially arise. These include: 1) a stem or progenitor cell
as during embryonic development; 2) direct proliferation by cardiomyocytes; and/or 3)
reduction of the contractile program in mature myocytes, or dedifferentiation, to facilitate
cell proliferation. Early studies suggested that undifferentiated progenitor cells might give
rise to the regenerating cardiomyocytes, based on the induction of embryonic cardiogenic
markers and the indication of cells activating the contractile gene ¢m/c2de novo (Lepilina et
al., 2006).

More recently, genetic fate-mapping was applied in attempts to conclusively assess existing
cardiomyocytes as a source tissue (Jopling et a., 2010; Kikuchi et al., 2010). Using

inducible fate-mapping techniques that employ Cre recombinase (Buckingham and Meilhac,
2011), two groups independently labeled crm/c2-expressing cardiomyocytes prior to injury.
Both found that most, if not al, newly regenerated cardiomyocytes were derived from
existing cardiomyocytes (Figure 3A). Similar results were found when cardiac muscle
regeneration after genetic ablation injury was assessed by this method (Wang et al., 2011),
suggesting a common source mechanism that is likely to also apply to the cryoinjury model.

Kikuchi et al. additionally found using a transgenic reporter line that regulatory sequences of
the cardiogenic transcription factor gafad are activated throughout the peripheral compact
muscle by 7 dpa (Figure 4A), and appears to label most of the regenerated ventricular wall
by 14 and 30 dpa (Kikuchi et a., 2010). At 7 and 14 dpa, many of these cells co-label with
BrdU, suggesting that they have recently undergone DNA synthesis. While it is known that

Curr Top Dev Biol. Author manuscript; availablein PMC 2012 July 01.
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galadis necessary for embryonic heart development and vascularization (Heicklen-Klein
and Evans, 2004; Holtzinger and Evans, 2005), its role in heart regeneration is not yet
determined. That gata4induction marks regenerating cardiac muscle suggests that the tissue
has activated an embryonic program. Thisis consistent with results of transmission electron
microscopy and sarcomere stains, which indicated that regenerating cardiomyocytes acquire
aless organized sarcomeric structure during regeneration (Jopling et al., 2010; Kikuchi et
al., 2010; Wang et ., 2011). Thus, the current thinking in the field is that dedifferentiation
of existing cardiomyocytes is the dominant source mechanism for heart regeneration in
zebrafish.

The re-entry of resident cardiomyocytes into the cell cycleisacrucial aspect of replacing
the injured cardiomyocyte population. Equally important is that these new cardiomyocytes
incorporate functionally with existing cardiac muscle and do not generate arrhythmias. This
was investigated using optical voltage mapping of surface myocardium at various stages of
regeneration following resection surgery (Kikuchi et al., 2010). At 7 dpa, when
cardiomyocytes begin to proliferate, muscle at the regenerating apex was uncoupled. A
week later, coupling was evident, and by 30 dpa, electrical conduction through the apex
occurred at normal velocities. Loss, and recovery, of conduction velocities was also evident
after diffuse genetic ablation, and then regeneration, of cardiomyocytes (Wang et a., 2011).
Thus, in addition to replacing lost tissue, the newly regenerated cardiomyocytes show
evidence of functional integration.

Epicardial and endocardial activation—Another characteristic of the regenerative
process in zebrafish is the activation and participation of two other major cardiac cell types,
the epicardium and the endocardium, mentioned briefly earlier. These cell layersthat line
the cardiac muscle appear to play important structural and signaling roles during heart
regeneration.

The epicardium covers the periphery of the chambers the heart and interacts closely with the
myocardium during development, both as a source of fibroblasts and vascular support cells
aswell as cardiomyocyte mitogens. In all three injury models, trauma stimulates the
epicardium to proliferate and upregulate several genes that mark the embryonic epicardium.
Theseinclude wtZband tbx18genes that are markers of epicardium in the developing
embryo (Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Kikuchi et al., 2011a; Lepilinaet
al., 2006; Schnabel et al., 2011; Wang et al., 2011). Additionally, expression of raldhZ, an
enzyme involved in the synthesis of retinoic acid (RA), is strongly induced in epicardial
cells throughout the chambers within the first 1-3 days of injury (Lepilinaet al., 2006)
(Figure 4B). These markers localize to cells within the injury site within the first week,
where they subsequently incorporate into the regenerate. Various reports have suggested that
epicardia cells might have the capacity to transdifferentiate and give rise to cardiomyocytes
inmice (Cai et al., 2008; Smart et al., 2011; Zhou et a., 2008a). However, lineage-tracing
experiments in zebrafish using atamoxifen-inducible Cre driven by the epicardial specific
tef21 promoter indicated that thisis not the case during heart development or regeneration in
zebrafish. Rather, epicardia cells play a supporting role for neovascularization that occurs
during the process (Kikuchi et al., 2011a). Additionally, these cells appear to promote
cardiomyocyte proliferation, at least partially through the upregulation of the RA signaling
pathway (described further below) (Kikuchi et al., 2011b).

The endocardial cell layer lining the inside of the cardiac chambers also plays an important
role in development of the myocardium (Smith and Bader, 2007), suggesting that it may also
facilitate adult heart regeneration. Following ventricular resection injury, endocardial cells
not only adjacent to the injury site, but throughout the ventricle, undergo rapid
morphological changes (Kikuchi et al., 2011b). Additionally, within hours, endocardial cells

Curr Top Dev Biol. Author manuscript; availablein PMC 2012 July 01.
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throughout the ventricle upregulate developmenta genesincluding raldh2and heart of glass
(Figure 4C). This developmental activation of the endocardium completes a trifecta of
chamber-wide cellular responses: the compact myocardium (gafa4), the epicardium (raldh2
and others), and the endocardium each respond to alocal injury in arapid, global manner
(Figure 4). How the appropriate signals are transmitted throughout the chamber, and just
how much the response underlies regenerative capacity, are key issues being pursued.

This early endocardial response istransient, as by 1 dpa, endocardial cells away from the
wound recover their uninjured appearance. By contrast, the morphologica changes and
raldh2 expression persist near the injury site at least through 7 dpa. This suggests that
paracrine RA signaling from the endocardium, and presumably also from the epicardium,
play arolein localizing cardiomyocyte proliferation to the injury site. Indeed, the use of
transgenic lines that inhibited RA signaling had very strong inhibitory effects on
proliferation during regeneration (Kikuchi et a., 2011b). Thus, both the epicardium and
endocardium appear to be important cell layers for regenerating cardiac muscle, asthey are
for building embryonic myocardium.

4.3. Molecular factors controlling heart regeneration

The primary goal of most heart regeneration research is to identify molecules and

mani pulations that block or enhance the process. These discoveriesin turn can be considered
in the context of the poorly regenerative mammalian heart. RA signaling mentioned aboveis
an intriguing pathway whose manipulation impacts heart regeneration. While expression
analyses have identified many possible candidates (Lien et a., 2006; Raya et a., 2003), only
asmall list of additional developmental signaling pathways have a so been functionally
implicated in zebrafish heart regeneration. For example, members of the Fgf signaling
pathway are upregulated following resection injury (Lepilinaet a., 2006). Expression of the
ligand fgr17bis activated in injured myocardium, corresponding with upregulation of the
receptors fgfr2and fgfr4in epicardial cells within the regenerate. Pathway inhibition using a
dominant-negative Fgfr transgene prevented completion of regeneration and led to the
formation of a scar, as mentioned earlier. During Fgfr inhibition, epicardial cell integration
and neovascularization of regenerating myocardium was decreased, suggesting that Fgfs
recruit epicardial cellsinto the regenerate to enable its vascularization during cardiomyocyte
proliferation. Lien and colleagues performed a microarray to compare gene expression at 3,
7, and 17 dpa and identified two members of the Platelet derived growth factor (Pdgf)
family as exhibiting increased expression in the regenerating heart. Pdgf was demonstrated
to promote DNA synthesis in cultured cardiomyocytes, suggesting a possiblerolein
activating proliferation (Lien et a., 2006). Follow-up studies determined that Pdgf signaling
involved the epicardium, and reveal ed that the likely primary role of Pdgf signaling during
heart regeneration involves reactivating vascular devel opment within the injury site (Kim et
al., 2010).

As heart regeneration is driven by cardiomyocyte proliferation, manipulation of genes
associated with the cell cycle can impact regeneration. In mps1 mutants, mentioned earlier,
the injured heart retains collagen and fibrin in the place of a new, regenerated myocardial
wall. On an interesting note, the /mps? mutation was identified through aforward genetic
screen (in this case designed towards identifying genesinvolved in caudal fin regeneration),
highlighting one of the advantages of studying regeneration in a genetic model organism
where screens are common practice (Poss et al., 2002a). Pharmacologic inhibition of Polo-
like kinase 1, aregulator of cell-cycle progression, reduced cardiomyocyte proliferation and
slowed regeneration (Jopling et al., 2010). With agrowing number of highly specific
pharmacologic agents, this approach is quick and might translate more easily for comparing
responses and requirements in mammalian tissues.

Curr Top Dev Biol. Author manuscript; availablein PMC 2012 July 01.
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5. Endogenous Regenerative Capacity of Mice

The existence of high regenerative capacity in lower vertebrates is a unigue vantage point,
but key differencesin cardiac and cardiomyocyte biology from mammalians model system
must be taken into consideration. The four-chambered human heart is several thousand times
larger and functions at much higher pressure than the two-chambered zebrafish heart.
Notwithstanding, the heart rate of adult zebrafish (~120 beats/minute) is much closer than
mouse (300-600) to the human resting heart rate (60-90). The majority of fish
cardiomyocytes remain diploid and mononucleated into adulthood and lack the T-tubule
system characteristic of mammalian cardiomyocytes (Poss, 2007). By contrast, a high
percentage of mammalian cardiomyocytes increase their DNA in a stage-dependent manner.
In mouse, this occurs as most cardiomyocytes withdraw from the cell cycle during the first
week after birth, with the majority of these cells undergoing a final round of DNA
replication followed by nuclear division to generate binucleated cardiomyocytes (Li et al.,
1996). In humans, cardiomyocyte proliferation continues for several months after birth
before withdrawal from the cell cycle, when cardiomyocytes undergo DNA replication
without nuclear or cell division resulting in mononucleated cells with tetraploid (or higher)
DNA content (Adler and Costabel, 1975; Bergmann et a., 2009). Because of available
genetic tools, mice are especially attractive mammalian models for interpreting and
potentially influencing human cardiac regenerative capacity.

5.1. Fetal and neonatal capacity

The paucity of cardiomyocyte proliferation in adult mammalian hearts has been well
documented (detailed below), but, as mentioned earlier, cardiomyocytes in developing
embryos proliferate to build muscle. To investigate whether this proliferation might be able
to compensate for injury in the fetal heart, Drenckhahn et al. used a conditional X-linked
knockout mouse to disrupt half of the cardiomyocytesin afetal female mouse heart
(Drenckhahn et al., 2008). The deleted gene, Holocytochrome ¢ synthase (Hcecs), is required
for energy generation in cardiomyocytes, and cells lacking the gene can no longer function
appropriately. Interestingly, in spite of the loss of roughly half the cardiomyocytes at 12.5
dpc, the heterozygous knockout females survived until birth. At this stage, lineage-tracing
studies demonstrated that the hearts are composed of only ~10% Hccs-deficient cells, with
the change in proportion being driven by an increase in the number of wild-type cells. While
the precise source of the new cells was not determined by this study, these results suggested
that the fetal mouse heart possesses high regenerative capacity following cardiomyocyte
loss.

Intriguingly, it was recently reported that mice into the neonatal period are able to regenerate
cardiac muscle following injury (Porrello et a., 2011). When the ventricular apex of a1-
day-old mouse was resected, an initial blood clot was replaced by regenerating
cardiomyocytes over the following weeks. Most new cardiomyocytes were derived from
existing cardiomyocytes, as determined by a My#6-Cre lineage tracing experiment (Figure
3B), and proliferation was accompanied by sarcomere disassembly. This regenerative
capacity waslost by 7 days after birth, when resection surgery led to the formation of a
fibrotic scar (Figure 5). It will be critical to explore the differencesin gene expression
between cardiac tissues at these two developmental stages to perhaps uncover cues that
enable cardiomyocyte regeneration. Neonatal mouse heart regeneration appears similar to
adult zebrafish heart regeneration in many mechanistic ways, like muscle source and
epicardial activation (Porrello et al., 2011). Different from the phenomenon in zebrafish is
that the mouse heart is rapidly increasing its size during its window of regenerative
potential, and that baseline cardiomyocyte is quite high both near to and away from the
resection injury. Thus, the regenerated myocardium is likely to be a product of an interesting
compensatory proliferation response away from the injury in addition to local proliferation.
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It is exciting to have anew model for natural cardiac regeneration in mammals, and its
commonalities and differences with respect to eventsin zebrafish can inform the biology of
required and flexible mechanisms for regenerative success.

5.2. Adult capacity

Cardiomyocyte cell cycle entry is extremely rare in adult mammals, with one study

identifying just one murine ventricular cardiomyocyte in 180,000 undergoing DNA
synthesis (0.0006%) over the course of 36 hours (Soonpaa and Field, 1997). Cardiomyocyte
DNA synthesis was measured after focal cauterization of the myocardium in the same study,
and a slightly higher proliferation index of 0.0083% was observed. Even after
cardiomyocyte cell cycle entry, an additional event of cytokinesis would be necessary to
generate new contractile cells. Thisisahurdle indeed, given that unlike zebrafish
cardiomyocytes, a high percentage (~75%) of adult mouse cardiomyocytes are binucleate
(Li et al., 1996). However, even that rare cell cycle entry events occur suggests that thereis
opportunity for enhancing a naturally occurring process.

Many studies have attempted to override the roadblocks to adult mammalian cardiomyocyte
proliferation in vitro or in vivo by experimental introduction of potential cell-autonomous or
paracrine effectors. A recent study examined the effects of continuous transgenic expression
of the cell cycle activator cyclin D2 specifically in cardiomyocytes (Hassink et al., 2008).
This manipulation contributed to improved cardiac function after Ml, an effect attributed to
more myocardium and less scar tissue in the transgenic hearts. The result suggests, asin
zebrafish, that cardiomyocyte proliferation may be sufficient outcompete the scarring
processin mammals. In a second study, Bersell and colleagues found that neuregulinl
(NRGL1) promotes proliferation of differentiated mononucleated cardiomyocytesin cell
culture (Bersell et al., 2009). Following MI injury in mouse, injection of NRGL1 for 12 weeks
improved cardiac function as measured by €jection fraction, and decreased scar size by 46%.
Thisimproved function was correlated with a4.4-fold increase in cardiomyocyte
proliferation indices, expected to result in approximately 700,000 new cardiomyocytes after
15 weeks of treatment. This group also visualized proliferating cardiomyocytes and found
evidence that they disassemble their sarcomeres to facilitate cytokinesis. That a secreted
factor could be added systemically to bolster a cardiac regenerative response is an attractive
idea. It will be important to understand which cardiomyocytes respond favorably to NRG1,
and to reconcile its apparent hyperplastic effects with its reported hypertrophic effects
(Baligaet al., 1999).

5.3. Possible non-myocyte sources

Thereisgreat interest in determining the cell types with potential to giverise to new
cardiomyocytesin adult mice. To this end, a fate-mapping experiment similar to those
described above was performed in injured and uninjured animals (Hsieh et al., 2007). In this
study, transgenic mice carrying a tamoxifen-inducible Cre under the control of the
cardiomyocyte-specific a-myosin heavy chain (Myh6) promoter were used along with a
lineage labeling strain. The researchers found that during normal aging, the percentage of
labeled cardiomyocytes did not change, suggesting that any new cardiomyocytes that arise
during homeostasis are not contributed by non-myocytes. Interestingly, following injury, the
percentage of labeled cardiomyocytes decreased, a result that could be interpreted as dilution
with cardiomyocytes derived from unlabeled cardiac progenitors. Because the Myh6-Cre
initially labeled only 80% of the cardiomyocyte population, it could not be ruled out that the
new cardiomyocytes might also arise from existing, unlabeled cardiomyocytes.

In afollow-up study, this system was used to examine the effects of injecting bone marrow-
derived c-kit+ cellsinto the infarcted heart (Loffredo et a., 2011). Lineage tracing reveal ed
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that upon cell injection, the percentage of labeled cardiomyocytes was further decreased
compared to sham or injections with bone marrow-derived mesenchymal stem cells. These
results suggest that the addition of c-kit+ cells to the injured heart stimulates greater
amounts of cardiomyocyte regeneration from an endogenous progenitor or unlabeled
cardiomyocyte source than in hearts without added c-kit+ cells. Additionally, by reversing
the system and transplanting c-kit+ cells of the lineage-tracing line into sex-mismatched
wild-type recipients, Loffredo and colleagues could exclude transdifferentiation with a high
degree of certainty. The sex-mismatched aspect of the experiment also allowed the group to
examine and argue against cell fusion of the c-kit+ cellswith host cells as a possible source
of new cardiomyocytes. Taken together, the results point to paracrine effects from a yet-
uncharacterized effector signal(s) from the transplanted cells that stimulate de novo
cardiomyocyte creation.

Because of their abundance, epicardial cells and fibroblasts represent potential sources of
cardiomyocytes for the injured mammalian heart. As mentioned earlier, fate-mapping
experiments performed afew years ago with regulatory sequences of the epicardial markers
Wit1and Thx18suggested that embryonic cells of this lineage contribute significantly to
ventricular myocardium (Cai et al., 2008; Zhou et al., 2008a). Conclusive interpretation of
these data requires that W¥Z and ThxI8regulatory sequences are inactive in embryonic
cardiomyocytes, yet subsequent findings revealed 7hx18expression in these cells
(Christoffels et al., 2009). Although zebrafish wr1 sequences drive expression in embryonic
zebrafish cardiomyocytes in addition to epicardium (Kikuchi et al., 2011a), the parallel in
mice has not yet been reported. Interestingly, Wtl is upregulated in epicardial cellsin the
adult mouse heart following M1, where lineage-tracing evidence indicates Wt1-expressing
cells normally contribute to the canonical epicardial lineage (epicardium, fibroblasts,
perivascular cells) (Zhou et al., 2011). Y et, arecent study indicates that these cells might at
low freguencies differentiate into mature cardiomyocytes in the presence of injury and
exogenously added Thymosin beta-4 (Smart et a., 2011). These are intriguing results with
major implications, and advancing these observations with additional markers and
mechanistic exploration is anticipated. This finding might explain in part the reported effects
of Thymosin beta 4 on improving cardiac function in rodents after M1 (Bock-Marquette et
al., 2004).

While the extent to which transdifferentiation between cardiac lineages occurs naturaly is
debated, recent studies indicate that overexpression of certain cardiogenic genes can
facilitate this process. This line of research is based on successes in fibroblast
reprogramming to iPS cells (Takahashi and Y amanaka, 2006) or neurons (Vierbuchen et al.,
2010), and direct reprogramming of pancreatic exocrine cells to beta cells (Zhou et al.,
2008b). Aninitial study along these lines uncovered that aminimal combination of factors
(Gatad, Thx5, and BAF60C) are necessary to differentiate mouse mesoderm into beating
cardiomyocytes (Takeuchi and Bruneau, 2009). Building on this research, a cocktail of three
overexpressed transcription factors (Mef2C, Gatad, and Thx5) was found to transform
cardiac or skin fibroblasts into beating cardiomyocytes at low frequency (ledaet al., 2010).
A similar study reprogrammed mouse embryonic fibroblasts to cardiomyocytes, but in this
case the cellswere initially directed towards an induced pluripotent stem cell state with the
transcription factors Oct4, Sox2, KIf4, and c-Myc before provocation to a cardiogenic fate
by Bmp4 addition (Efe et a., 2011). Thus far, these studies have been performed in vitro,
but the idea of reprogramming scar-forming fibroblasts into cardiomyocytes within the
infarcted heart is undeniably attractive.
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6. The regenerative capacity of human hearts

The consensus of the majority in the field is that adult human hearts have little or no
significant regenerative capacity after injury. The detection of cardiomyocyte proliferation
itself has historically been challenging, given reliance on pathology samples. Several groups
have attempted to count cardiomyocyte numbers at different life stages with varying results
(Adler, 1975; Adler and Costabel, 1975; Herget et al., 1997). To address this problem in a
lineage-tracing paradigm, a recent study took advantage of the residual 14C left in the
atmosphere from the testing of nuclear weapons in the 1950s (Bergmann et a., 2009).
Following the agreement of the Limited Nuclear Test Ban Treaty in 1963, the levels of
atmospheric 14C dropped sharply. These conditions enabled an elegant pulse-chase
experiment where people alive during that time could be evaluated posthumously for the age
of their cardiomyocytes versus actual birthdate. This was achieved by sorting cardiomyocyte
nuclei from non-cardiomyocytes (using a specific marker, cardiac troponin T) and dating
them according to 14C concentration. These experiments indicated that cardiomyocyte DNA
was synthesized many years after birth in this population, an indication of cell turnover.
Interestingly, the rate of turnover appeared to decrease with age, as ~1% of cardiomyocytes
are estimated to turn over annually at age 25, and only 0.45% at age 75. Thus, over the
course of an average lifetime, aimost half of the cardiomyocyte population is replaced,
suggesting existence of an endogenous mechanism of low-frequency, homeostatic
regeneration. Importantly, it is unclear whether the cellular origin of new muscleisa
progenitor cell or differentiated cardiomyocyte, or both. Asthere are large communities
attempting to define mechanisms of regeneration and identify how to stimulate regeneration
from both types of source, there is reason to be optimistic that either source mechanism
could be accommodated and activated.

7. Perspectives

Cardiac regeneration is a fascinating biological phenomenon that is distributed unequally
among species. As a potential panacea for common human heart diseases, there is urgency
to secure the blueprint. While various strategies may appeal differently to developmental
biologists, stem cell biologists, cardiologists, or pathologists in the field, stimulating human
heart regeneration is the shared goal. Thiswill ultimately occur via successin cell therapy
and/or stimulating endogenous regenerative mechanisms. For the former, continued searches
for sources, and systematic tracking of transplanted cells, is needed to improve our
understanding of beneficial effects and guide the development of consistently successful
therapies. For the latter, it iskey to interpret examples of high regenerative capacity and to
use these systems to identify the cells and molecules that drive successful heart regeneration.

From zebrafish and early studiesin neonatal mice, we know that regenerative capacity isa
product of at least two major components. These are: 1) a cardiomyocyte source that can be
activated for regeneration; and 2) a dynamic cardiac environment comprised of non-
myocardial tissue that facilitates regeneration from this source. Future studies anticipate
procurement of molecular strategies for stimulating regeneration, and may inform cell
therapy approaches by suggesting optimal combinations of cardiac cell types and/or
cofactors, or inhibitory responses to be suppressed after cell delivery. The heart regeneration
research community has gained momentum and become multi-faceted in the past 10-15
years, and it is exciting to consider what interventions will arise in the near future from a
synthesis of findings.
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Figurel.

Approaches to stimulating heart regeneration. (A) One strategy for heart regeneration
involves the injection of exogenous cells into the infarcted area of the heart. These
transplanted cells could proliferate and repopulate the injured area with myocardium, or may
signal to endogenous cardiac cells and promote their proliferation. (B) A second
fundamental approach relies on the regenerative capacity of uninjured progenitor cells or
cardiomyocytes adjacent to the infarcted area. These cells proliferate and/or differentiate in

situ to build new cardiac muscle.
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Figure 2.

Injury and regeneration in zebrafish. (A) In the resection model, 20% of the ventricular apex
issurgically removed. Within two months, the resected tissue is replaced through local
cardiomyocyte proliferation. (B) In the cryoablation model, a cooled probeis applied
directly to the heart to induce localized cell death affecting up to 25% of the ventricle. The
lesions can remain detectable past 60 days post-injury, but the majority of collagenis
eventually cleared coincident with local cardiomyocyte proliferation. (C) Using a
conditional genetic approach, over 60% of the ventricular (and atrial) myocardium is
destroyed throughout the heart. Regeneration is particularly rapid and robust, with full
recovery within one month after ablation.
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Figure 3.

Cellular source of regenerating cardiomyocytes. (A) Genetic fate-mapping to determine the
source of new cardiomyocytes during zebrafish heart regeneration. Treatment with
tamoxifen leads to fluorescent EGFP marking of nearly all cardiomyocytes. Following
resection, new cardiomyocytes expressed EGFP, indicating derivation from existing
cardiomyocytes rather than a different unmarked cell source. (B) A similar fate-mapping
experiment was performed in the neonatal mouse heart, in this case with an inducible LacZ
reporter. Although the labeling of cardiomyocytes with this system was ~60%, the ratio of
labeled cells was maintained between the regenerate and uninjured myocardium. This result
indicates that the new cardiomyocytes are derived from existing cardiomyocytes rather than
aprogenitor cell.

Curr Top Dev Biol. Author manuscript; availablein PMC 2012 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Choi and Poss

Page 20

No injury
gatad:EGFP

Figure 4.

Three major cardiac cell types activate developmental gene expression in a chamber-wide
manner after resection injury. (A) Myocardial activation, represented by the activation of a
gala4. EGFP reporter, isfirst detected throughout the compact layer of the myocardium by 7
days post-amputation (dpa) and becomes localized to the regenerating myocardium by 14—
30 dpa (arrowheads). Dotted lines indicate amputation planes. (B) Ostensibly the entire
epicardium activates developmental genes such as ra/dh2 (violet) within several days
following injury. Enhanced gene expression localizes to the wound area by two weeks post-
injury (arrowheads). (C) Endocardia cells undergo structural remodeling following injury
and upregulate raldh2 (violet) within hours of amputation. Modified from Lepilinaet a.,
2006, Kikuchi et a., 2010, and Kikuchi et al., 2011b.
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Figureb.

Transient regenerative capacity of the neonatal mouse heart after ventricular resection. (A)
Rather than inducing fibrosis, resection injuries to the 1-day neonate stimulate replacement
with new cardiomyocytes, as assessed 21 days |ater. Cardiomyocyte proliferation stimulated
away from theinjury isalso likely to be akey component of this regenerative potential. (B)
By contrast, fibrosisis the dominant response after resection of ventricular muscle in the 7-
day neonate.
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