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ABSTRACT
CARDIOMYOCYTE PROLIFERATION IN THE LIZARD HEART:
EXPLORING CRITERIA FOR SPONTANEOUS SELF-REPAIR

Kathy Jacyniak
University of Guelph, 2016

Advisor:
Dr. M.K. Vickaryous

Cardiac self-repair varies across vertebrates. Whereas mammals demonstrate a
poor cardiac reparative capacity, species such as zebrafish and urodeles can completely
regenerate lost or damaged portions of the heart. A number of features are associated
with this regenerative potential, including a cardiomyocyte population capable of
postnatal proliferation, a trabeculated myocardium, and the presence of a reservoir of
normally quiescent, possibly stem-like cells. Here we explore these criteria in an
emerging model of multi-tissue regeneration, the leopard gecko (Eublepharis
macularius). Using multiple methods, we determined that cardiac cells proliferate in the
homeostatic heart, including ~10% of the cardiomyocyte population. Our findings
confirm that the myocardium is trabeculated, and constitutively expresses a number of
growth factors. Moreover, we identify a reservoir of slow-cycling cells, some of which
co-localize with the stem/progenitor cell marker c-kit. These findings demonstrate that
the gecko is an appropriate model to study spontaneous cardiac regeneration.
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CHAPTER 1

LITERATURE REVIEW

Across vertebrates, non-lethal injuries undergo one of two alternative reparation
processes: scar formation or tissue regeneration. Scarification is a non-specific response
that results in the formation of a fibrotic scar. Although scar tissue may assist in the reestablishment of homeostasis, scars are structurally and functionally imperfect
replacements (Chen and Frangogiannis, 2013). In contrast, regeneration is a tissuespecific wound healing response that restores both architecture and function. Despite the
obvious advantages of regenerative self-repair, many organs appear to be essentially
incapable of restoring tissue structure and function. A classic example of a regenerationincompetent organ is the mammalian heart. Among mammals, injuries to the heart
typically heal with the formation of a scar, thus replacing cardiomyocytes with fibrous
tissue (Dobaczewski et al., 2010). Scar formation then induces hypertrophic cardiac
remodelling of remaining cells, leading to diminished cardiac function and the potential
for heart failure (Ertl and Frantz, 2005). Remarkably, the scarification mode of cardiac
healing is not conserved across all vertebrates. It is now well understood that some
species – including zebrafish, urodeles and possibly neonatal mice – are capable of
regenerating damaged or lost heart tissue, including fully functional cardiomyocytes
(Poss et al., 2002; Witman et al., 2011; Chablais and Jazwinska, 2012; Itou et al., 2014;
Sallin et al., 2014; see also Jazwinska and Sallin, 2016). Not surprisingly, there is
widespread interest in these naturally evolved examples of cardiac regeneration as unique
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opportunities to investigate the mechanisms and conditions required for successful tissue
restoration and functional recovery.

1.1 Cardiac scar formation in mammals

The stereotypical response of the mammalian heart to injury is the formation of a
permanent, fibrotic scar (Mizutani et al., 2016). A brief summary of cardiac scar
formation following myocardial ischemia follows. As a result of impaired blood flow and
the lack of gas exchange, cardiomyocytes become necrotic (Dobaczewski et al., 2010).
This in turn initiates a cascade of events, beginning with an acute inflammatory response
and the release of multiple pro-inflammatory cytokines and chemokines (Holmes et al.,
2005; Dobaczewski et al., 2011). These inflammatory signals mediate the infiltration of
macrophages, leukocytes and neutrophils to the necrotic lesion/infarct (Ertl and Frantz,
2005; Holmes et al., 2005). As inflammation is resolved, resident cardiac fibroblasts are
induced to proliferate and begin depositing fibrous tissue. A proportion of fibroblasts
acquire contractile properties, including the upregulation of α-smooth muscle actin (αSMA), thus transdifferentiating into myofibroblasts (Ertl and Frantz, 2005; Chen and
Frangogiannis, 2013). Myofibroblasts are both contractile and secrete extracellular matrix
(ECM) components (specifically collagen) into the infarct (Holmes et al., 2005;
Dobaczewski et al., 2010). However, the contractile properties of myofibroblasts exhibit
hypocontractile properties compared to the cardiomyocytes they have replaced (van den
Borne et al., 2010). In addition, endothelial cells from the adjacent uninjured tissues
migrate to the infarct to promote blood vessel formation, creating a temporary
hypervascularized tissue known as granulation tissue (Frangogiannis, 2006; Cochain et
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al., 2012). Over the next several months, granulation tissue is gradually transformed into
a nearly acellular scar as resident populations of leukocytes, vascular cells and
myofibroblasts undergo apoptosis (Dobaczewski et al., 2010). The scar continues to
mature as intrinsic collagen fibres acquire a crosslinked configuration (Ertl and Frantz,
2005; Dobaczewski et al., 2010; Chen and Frangogiannis, 2013). The final outcome is a
permanent, avascular scar with a number of functional impairments, including reduced
electrical conductance and tensile strength in addition to the creation of a mechanical
load (Mukherjee et al., 2010; Dobaczewski et al., 2010).

1.1.1 Cardiomyocyte proliferation in the heart: development, homeostasis, and injuryinduced

The inability of the mammalian heart to self-repair is clearly multifactorial, but
one of the most commonly explored issues is the failure to replace lost/damaged
cardiomyocytes. Historically, the heart was viewed as a post-mitotic organ, incapable of
any cell proliferation or turnover (Karsner et al., 1925; Carvalho and de Carvalho, 2010;
Walsh et al., 2010). Although various studies had identified evidence of DNA synthesis
and cardiomyocyte proliferation, these findings were often overlooked or dismissed
(Lindzbach, 1960; Sasaki et al., 1968). In part, these findings were often ignored because
the amount of proliferation occurring was clinically insignificant (i.e., injured hearts do
not self-repair; Carvalho and de Carvalho, 2010) and that a majority of mature
mammalian cardiomyocytes are either polyploid (having multiple homologous
chromosomes) or polynucleated (having multiple sets of nuclei; Brodsky et al., 1994;
Soonpaa et al., 1996; Herget et al., 1997). Hence, it was viewed that successful cell
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division by cardiomyocytes was nearly impossible to achieve. More recently however,
the development of new approaches and methods has lead to a dramatic change in the
prevailing view of the endogenous capacity of cardiomyocytes to proliferate (see
Bergmann and Jovinge, 2014). The revised general consensus now is that new
cardiomyocytes are generated in the adult mammalian heart (Soonpaa and Field, 1997;
Bergmann et al., 2009; Mollova et al., 2013; Bergmann et al., 2015). Unexpectedly, this
revised interpretation spawned a new debate about the number of cardiac cells
proliferating. At one extreme, cardiomyocyte turnover rates have been estimated as high
as 40% in the adult human heart (implying that the entire cardiomyocyte population of
the heart could be completely replaced every 5 years; Kajstura et al., 2010; Bergmann
and Jovinge, 2014). More commonly however, multiple studies conducted in both rodents
and humans point towards a much lower rate of cardiomyocyte proliferation, ~1% per
year, which declines with age (Soonpaa et al., 1996; Soonpaa and Field, 1997; Bergmann
et al., 2009; Senyo et al., 2013; Mollova et al., 2013; Bergmann et al., 2015).

Although there remains disagreement about the magnitude of each contribution,
abundant evidence indicates that postnatal cardiac growth in mammals is a function of
both cardiomyocyte hypertrophy (Adler, 1975; Soonpaa et al., 1996; Li et al., 1996;
Mayhew et al., 1997; Maillet et al., 2013; Bergmann et al., 2015) and proliferation
(Mollova et al., 2013; Naqvi et al., 2014; Bergmann et al., 2015). Central to the
discussion is that shortly after birth, cell cycling by mammalian cardiomyocytes often
fails to progress through to cell division. As a result, there is a significant increase in
cardiomyocyte polyploidy and polynucleation (Brodsky et al., 1994; Soonpaa et al.,
1996; Herget et al., 1997). This in turn confuses the issue of how many proliferating
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cardiomyocytes are actually present. For example, using stereology and cardiomyocyte
markers, Mollova and colleagues (2013) predicted an increase from 1.1 to 3.7 billion
cardiomyocytes during a 20 year period starting at birth. Similarly, work by Naqvi et al.
(2014) identified a proliferative burst of cardiomyocytes in mice, increasing the number
of total cells by 40%. In contrast, Bergmann et al. (2009; 2015) determined that the
number of cardiomyocytes in the adult heart is almost equivalent to that of an infant, thus
advancing the view that the mammalian heart is relatively static. These studies employed
carbon14 dating (the result of pre-1960’s nuclear weapon testing), and developed an
approach that accounted for both the heterogeneity of cardiac tissue (composed of
cardiomyocytes, fibroblasts, endothelial cells and smooth muscle cells) and the failure of
many cells to divide (i.e., polyploidy and polynucleation; Parmacek and Epstein, 2009,
Bergmann and Jovinge, 2014). Other investigations employing different methods (e.g.,
nuclear incorporation of the nitrogen isotope [15N] thymidine; Senyo et al., 2013) have
reached similar conclusions, thus supporting the hypothesis that cardiomyocyte
proliferation does occur, albeit at low rates, into adulthood.

Cardiomyocyte proliferation following injury in the adult heart

Despite the ongoing controversy over the exact contribution of newly generated
cardiomyocytes to postnatal cardiac growth, the notion that these cells are capable of
constitutive proliferation is now widely accepted. In addition, cardiomyocyte
proliferation also occurs in response to injury. In adult mammals, this proliferative
response is primarily concentrated near the vicinity of lesion and diminishes in more
distal locations (Beltrami et al., 2001; Senyo et al., 2013; Hesse et al., 2012). Perhaps not
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surprisingly, the magnitude of this injury-mediated proliferative response is a subject of
ongoing debate. While some reports propose a 10-fold increase in cell cycle activity
following an injury (Beltrami et al., 2001; Senyo et al., 2013, 2014), others have
suggested that cardiomyocyte proliferation remains a rare event (Rumyantsev and
Carlson, 1991; Olivetti et al., 1996; Laflamme and Murray, 2011). Regardless, given that
functional recovery following injury is limited at best, the proportion and contribution of
new cardiomyocytes remains insufficient to restore lost or damaged tissue.

1.1.2 Sources for new cardiomyocytes in the heart

Three main sources of new cardiomyocytes in the adult mammalian heart have
been proposed: pre-existing cardiomyocytes; resident (cardiac) stem/progenitor cell
(SPC) populations; and circulating cells (Beltrami et al., 2003; Bergmann et al., 2009;
Laflamme and Murray, 2011; Choi and Poss, 2012; Senyo et al., 2014; Wu et al., 2014).
Recent studies involving parabiosis – surgical conjoining of circulatory systems from two
individuals – provides evidence that circulating cells from bone marrow participate in
cardiac cell replenishment following injury (Wu et al., 2014). However, unlike the
previously mentioned reservoirs, circulating cells appear to be limited to fusing with
existing resident cardiomyocytes or transdifferentiating into myocyte or vascular fates.

Endogenous cardiac SPCs

Emerging evidence indicates that most adult tissues include endogenous
populations of SPCs that are capable of self-renewal and cell replenishment during both
homeostasis and following injury (Fuchs, 2009). Endogenous cardiac SPCs appear to be
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widely distributed throughout the adult mammalian heart, including the epicardium (e.g.,
Schlueter and Brand, 2012), but are typically rare, making up less than 1% of the entire
cardiac cell population (Choi and Poss, 2012). First identified in the early 2000s, cardiac
SPCs were originally identified on the basis of various in vitro characteristics common to
other stem cells, such as being clonogenic, self-renewing, and being able to differentiate
into multiple distinct cell types (e.g. cardiomyocytes, smooth muscle cells, and
endothelial cells; Beltrami et al., 2003; Laflamme and Murry, 2011). In vivo, cardiac
SPCs are distinguished on the basis of: cell surface antigens (such as c-kit and stem cell
antigen 1 [sca-1], also known as LY6A; Beltrami et al., 2003; Oh et al., 2003);
developmental transcription factors (typically islet-1; Cai et al., 2003; Laugwitz et al.,
2007; Laugwitz et al., 2008; Serradifalco et al., 2011); and certain physiological
properties such as the ability to efflux dyes or to remain quiescent for prolonged periods
of time (Martin et al., 2004; Fuchs, 2009; Laflamme and Murry, 2011; Meinhardt et al.,
2011; Porrello and Olson, 2014).

To date, the in vivo contribution of cardiac SPCs to injury-mediated repair
remains controversial. While evidence shows that these cell populations do participate in
cardiomyocyte renewal during homeostasis and following injury (Hsieh et al., 2007;
Loffredo et al., 2011; Ellison et al., 2013), their contribution has been described as
functionally insignificant (Senyo et al., 2013; van Berlo et al., 2014). For example, van
Berlo and colleagues (2014) found that following injury, the percentage of
cardiomyocytes derived from c-kit immunopositive (+) cardiac SPCs was between 0.03
and 0.008%, or possibly fewer. More recently, it has been determined that c-kit+ SPCs
originate from the cardiac neural crest, and that the limited abundance of the c-kit+
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population in mammals is a reflection of the minimal contribution of cardiac neural crest
to the developing heart (Hatzistergos et al., 2015). Taken together, these data strongly
suggest that the endogenous reservoir of cardiac SPCs is insufficient to promote
functional recovery following injury.

1.1.3 Cardiac regeneration in mammals: MRL, neonatal, and fetal mice

Although the most common response to cardiac injury in mammals is scar
formation, several controversial examples of spontaneous regeneration have been
reported (Leferovich et al., 2001; Drenckhahn et al., 2008; Porrello et al., 2011). One of
the most famous involves the Murphy Roths Large (MRL) strain of mouse. MRL mice
were initially characterized as being able to rapidly regenerate excisional wounds to the
ear (through-and-through hole punches; Clark et al., 1998). Although some investigators
have reported that they are also able to fully regenerate a portion of their heart following
a cryoinjury (Leferovich et al., 2001; Leferovich and Heber-Katz, 2002; Heber-Katz et
al., 2004), other groups have been unable to reproduce the experimental findings
(Naseem et al., 2007; Grisel et al., 2008; Robey & Murry, 2008). It is worth noting,
however, that the MRL mouse does appear to demonstrate an augmented regenerative
response to superficial (non-transmural) injuries when compared to control mice (Naseem
et al., 2007).

Similar contentious findings have also been reported for neonatal mice less than 7
days old. In one series of experiments, neonatal mice were described as being able to
successfully regenerate a functional myocardium within 21 days following the resection
of 10% of the ventricle (Porrello et al., 2011). However, these results were not
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reproduced during a more recent investigation (Andersen et al., 2014). Instead of
cardiomyocyte proliferation and structural restoration, these authors observed the
proliferation of fibroblasts that resulted in a permanent fibrotic scar. Interestingly, if the
ventricular wall was only superficially injured (using a non-transmural cryoinjury),
myocardial restoration was complete, while if the entire thickness of the ventricle was
damaged (using a transmural cryoinjury) a scar ensued (Drahzereshki et al., 2015).

A final example of murine cardiac regeneration comes from the study of a mutant
strain with a deletion of the x-linked Holocytochrome c synthase (Hccs; Drenckhahn et
al., 2008). This deletion is embryonically lethal in males and results in a depletion of 50%
of cardiomyocytes in female embryos. Surprisingly, the remaining cardiomyocytes
compensated through increased proliferation rates, contributing to the complete
functional restoration of the myocardium by birth.

1.2 Cardiac regeneration across vertebrates

The most extensively studied models for multi-tissue regeneration are teleost fish
(more specifically the zebrafish) and urodeles (newts and axolotls). Both zebrafish and
urodeles are capable of regenerating portions of limbs/fins, the spinal cord, brain, retina
and heart (Lo et al., 1993; Gemberling et al., 2013; Maden et al., 2013; Schmidt et al.,
2014; Rajaram et al., 2014; McCusker et al., 2015; Strand et al., 2016).

1.2.1 Cardiac regeneration in teleost fish

Various injury models have been used to study cardiac regeneration amongst
teleost fish. Zebrafish (Danio rerio) have a well-documented ability to regenerate cardiac
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tissues following multiple forms of injury, ranging from ventricular puncture to
ventricular resection and cryoinjury (Jopling et al., 2010; Chablais and Jazwinska, 2011;
Itou et al., 2014). Whereas cardiac regeneration has been documented in other closely
related species (e.g., the giant danio; Lafontant et al., 2012), it is not conserved among all
teleosts. For example, injuries to the heart of the medaka, another common model teleost,
heal with a fibrotic scar (Ito et al., 2014).

Zebrafish

Although adult zebrafish hearts demonstrate low to modest levels of homeostatic
cardiomyocyte proliferation (ranging from 1 to 10%, depending on the population density
of fish/tank; Wills et al., 2008; Sallin et al., 2014), they are capable of dramatic feats of
regeneration. As has been repeatedly demonstrated, zebrafish can replace up to 20% of
the ventricle within 60-90 days following either resection or cryoinjury, with complete
function returning back to homeostatic levels (e.g., Poss et al., 2002; Chablais et al.,
2011; Gonzalez-Rosa et al., 2011; Itou et al., 2014). To briefly summarize, cardiac
regeneration post-resection begins with contraction of the wound site and rapid formation
of a clot (Poss et al., 2002). Cardiac fibroblasts are then recruited to the injury and begin
to secrete collagen in a manner similar to that of mammalian fibrotic scar formation
(Lepilina et al., 2006; Jazwinska and Sallin, 2016). A subset of the fibroblast population
then transdifferentiate into myofibroblasts to assist in the creation of fibrous tissue (Poss
et al., 2002; Itou et al., 2014). Concurrently, there is a dramatic increase in the proportion
of proliferating cardiomyocytes throughout the heart, with a more concentrated response
closest to the wound (Poss et al., 2002; Jopling et al., 2010; Sallin et al., 2014). While
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cardiomyocytes in adjacent regions migrate towards the lesion (Itou et al., 2012),
cardiomyocytes at the wound margins de-differentiate and begin expressing a sarcomeric
protein otherwise characteristic of the developing heart (Sallin et al., 2014). Dedifferentiated cardiomyocytes then proliferate and gradually re-differentiate back into
mature cardiomyocytes (Jopling et al., 2010; Chablais et al., 2011). Cardiomyocyte
proliferation is influenced by both epicardial and endocardial cells, which secrete
aldh1a2 to stimulate retinoic acid production, a known mitogen of cardiomyocytes
(Lepilina et al., 2006; Kikuchi et al., 2011; Itou et al., 2014). In addition, a subset of
epicardial cells also undergo an epithelial-to-mesenchymal transition (EMT), which along
with proliferating endothelial cells, contributes to neo-vascularization of the replacement
myocardium (Lepilina et al., 2006; Wills et al., 2008). Over time, the fibrotic scar is
eliminated and replaced by cardiomyocytes, leading to a complete reconstitution of the
myocardium. It is interesting to note that ventricular puncture wounds elicit a comparable
regenerative response to a ventricular resection, albeit at a smaller scale (Itou et al.,
2014).

Whereas a ventricular resection involves the removal (amputation) of a portion of
the heart, a cryoinjury induces localized cell necrosis, and thus requires the removal of
dead cells prior to tissue restoration (Chablais et al., 2011; Gonzalez-Rosa et al., 2011).
Compared to ventricular resection, cryoinjuries result in a significant increase in
apoptosis and robust recruitment of leukocytes and fibroblasts into the infarct (Chablais
and Jazwinska, 2012). Once the dead cells are cleared, collagen deposition begins, albeit
at a larger scale compared to ventricular section, and a fibrotic scar is created (Chablais et
al., 2011; Gonzalez-Rosa et al., 2011; Chablais and Jazwinska, 2012). Similar to
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resection wounds, this fibrotic scar is gradually replaced by cardiomyocytes to
completely restore the myocardium, both structurally and functionally, within 60-90 days
(Chablais et al., 2011).

An alternative form of a cardiac injury model is the genetic ablation of
cardiomyocytes (Wang et al., 2011; Gemberling et al., 2013). Using an approach that
eliminated up to 60% of cardiomyocytes in the ventricle, surviving zebrafish
demonstrated signs of cardiac failure (Wang et al., 2011). Surprisingly however,
following an initial inflammatory response, neovascularization and cardiomyocyte
proliferation were observed that completely restored the cardiomyocyte population within
30 days (Wang et al., 2011).

Giant danio

Similar to zebrafish, the giant danio (Devario aequipinnatus) is also able to
regenerate a portion of the ventricle. Using a cauterization approach (burning the apex of
the ventricle), an injury is induced that leads to cardiomyocyte cell death comparable to
that of a cryoinjury (Lafontant et al., 2012). After an initial inflammatory response that
results in the elimination of dead cells, resident fibroblasts begin to deposit collagen,
creating a transient scar (Lafontant et al., 2012). Gradually, the scar regresses and is
replaced by functional cardiomyocytes and blood vessels (Lafontant et al., 2012).
Although the timeframe for regeneration is longer than that of the zebrafish (180 days in
the giant danio, 60-90 in zebrafish), the end result is the same (Lafontant et al., 2012).
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Medaka

Unlike zebrafish, medaka (Japanese rice fish, Oryzias latipes) are incapable of
regenerating functional cardiac tissue following a ventricular resection (Ito et al., 2014).
Similar to zebrafish, cardiac repair begins with the accumulation of collagen, although
the fibrotic scar produced is considerably more extensive than that observed in zebrafish
(Ito et al., 2014). Other differences include a diminished proliferative response by
cardiomyocytes and the failure of blood vessels to invade the infarct region (Ito et al.,
2014). Ultimately, the fibrotic scar is retained (Ito et al., 2014).

1.2.2 Cardiac regeneration in urodeles

It has long been understood that various urodeles, including the eastern newt
(Notophthalmus viridescens) and the axolotl (Ambystoma mexicanum), are able to selfrepair the heart following injury (Oberpriller and Oberpriller, 1974; Bader and
Oberpriller, 1978; Laube et al., 2006; Flink, 2002; Cano-Martinez et al., 2010; Witman et
al., 2011; Piatkowski et al., 2013). Curiously, whereas axolotls are able to regenerate
resection injuries to the ventricular apex, newts are not (Oberpriller and Oberpriller,
1974; Flink, 2002). Newts can regenerate functional myocardial tissue following
resection injuries that are created closer to the base of the heart, or following mechanical
injury to the ventricle (Bader and Oberpriller, 1978; Witman et al., 2011).

The urodele heart is characterized by an abrupt transition from low levels of
cardiomyocyte proliferation prior to injury, to abundant rates of proliferation following
wounding (Flink, 2002; Oberpriller and Oberpriller, 1974; Cano-Martinez et al., 2010;
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Cano-Martinez et al., 2010; Witman et al., 2011). The predominant source of cells
appears to be pre-existing cardiomyocytes (Flink et al., 2002; Laube et al., 2006),
although putative cardiac SPCs [non-cardiomyocytes that express the developmental
transcription factors islet-1 and GATA4 (GATA-binding protein 4)] have also been
implicated (Witman et al., 2011).

Similar to zebrafish, complete restoration of both structure and function of the
ventricular myocardium (following resection) occurs within 90 days (Flink, 2002;
Witman et al., 2011). The reparative program begins with the rapid formation of a blood
clot, followed by the migration of fibroblasts towards the lesion and the formation of a
temporary fibrin and collagen scar (Witman et al., 2011; Piatkowski et al., 2013).
Cardiomyocyte de-differentiation and proliferation gradually replaces the scar with
functional musculature (Flink et al., 2002; Laube et al., 2006; Cano-Martinez et al.,
2010). Based on the localized expression of the stem/progenitor markers GATA4 and
islet-1 within the replacement myocardium, it has been hypothesized that resident cardiac
SPCs may also play a role in re-populating the wound site (Witman et al., 2011).

1.3 Criteria for cardiac regeneration

All species capable of unequivocal cardiac regeneration, such as zebrafish and
urodeles, demonstrate a number of shared features (Poss et al., 2002; Witman et al., 2011;
Porrello et al., 2011; Jazwinska and Sallin, 2016). These features include: a
cardiomyocyte population capable of postnatal self-renewal/proliferation; a trabeculated
myocardium/diminished reliance on coronary circulation; low blood pressure and
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metabolic rate; and, possibly, an endogenous reservoir of SPCs (or stem/progenitor-like
cells).

It is well established that postnatal cardiomyocytes in regeneration-competent
species can re-enter the cell cycle and proliferate under homeostatic and injury-mediated
conditions (Bergmann et al., 2009; Jopling et al., 2010; Porrello et al., 2011; Witman et
al., 2011; Kikuchi and Poss, 2012; Sallin et al., 2015; Bergmann et al., 2015). Recent
work has determined that, at least in zebrafish, cardiac regeneration involves both a
global (heart-wide) and localized (adjacent to the wound) proliferative response by
cardiomyocytes (Laube et al., 2006; Jopling et al., 2010; Porrello et al., 2011; Sallin et
al., 2015). The global response is a compensatory mode, increasing mass but not
morphology, and may assist in maintaining physiological function during the reparative
process (Sallin et al., 2015). The localized response is an epimorphic mode, resulting in
the specific replacement of lost/damaged tissue (Sallin et al., 2015). It would be
interesting to see if these findings extend to other taxa capable of cardiac self-repair.

Another feature associated with cardiac regeneration-competence is a trabeculated
myocardium (Poss et al., 2002; Piatkowski et al., 2013). Trabeculation facilitates gas
exchange between cardiac cells and blood within the ventricular lumen by diminishing
the diffusion distance and increasing the endocardial surface area (Ostadal et al., 1999).
As a result, the myocardium is less reliant on (and perhaps even independent from) the
coronary circulation (Jensen et al., 2013a, 2013b; Burggren et al., 2014; Jazwinska and
Sallin, 2016). In the context of cardiac regeneration, this direct form of gas exchange
participates in preventing ischemia (Dobaczewski et al., 2010). Trabeculation of the
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myocardium is also associated with ectothermy (thermoregulation driven primarily by
ambient temperature) and reduced physiological parameters, including blood pressure
and metabolic rate (Jensen et al., 2013a; Jazwinska and Sallin, 2016). It is hypothesized
that this combination of features and physiological parameters permits continued cardiac
function during repair and regeneration (Jazwinska and Sallin, 2016).

To date, the identity and contribution of endogenous cardiac SPC populations
remains controversial, although it is often suggested that they may play a role in
maintaining homeostasis and facilitating regeneration (Kikuchi and Poss, 2012;
Bergmann and Jovine, 2014). Alternatively, the role of cardiac SPCs may be indirect and
associated with regulating the microenvironment.

1.4 Growth factors and the homeostatic heart

Growth factors are pleiotropic, multifunctional proteins with important roles
during development, homeostasis and tissue repair (Taimor et al., 1999; Lavine et al.,
2005; Bujak and Frangogiannis, 2007; Lee et al., 2007; Dobaczewski et al., 2010). To
date, most research has focused on understanding the roles of growth factors during either
development or pathological conditions; homeostatic functions are less commonly
reported. Here we focus on three major classes, each with known roles in cardiac
development, homeostasis, and wound repair: vascular endothelial growth factor
(VEGF); fibroblast growth factor (FGF); and transforming growth factor β (TGFβ)
(Kardami and Fandrich, 1989; Detillieux et al., 2003; Bujak and Frangogiannis, 2007;
Lee et al., 2007; Dobaczewski et al., 2010; Zhao et al., 2013).
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The VEGF family of signalling molecules includes a number of different
isoforms, each with different affinities for heparin (Ferrara et al., 2003; Koch and
Claesson-Welsh, 2012). Typically recognized as a potent pro-angiogenic molecule
(Giordano et al., 2001; Ferrara et al., 2003; Maharaj et al., 2006; Zhao et al., 2013;
Domigan et al., 2015), VEGF signals through two tyrosine receptor kinases, VEGF
receptor 1 (VEGFR1, also known as Flt-1) and VEGFR2 (Flk-1). These receptors are
primarily located on endothelial cells, as well as cardiomyocytes (Giordano et al., 2001;
Maharaj et al., 2006; Lee et al., 2007; Zhao et al., 2013; Domigan et al., 2015). VEGF
signals primarily through VEGFR2 to promote blood vessel formation, whereas the role
for VEGFR1 has not been fully elucidated but appears to act as a “decoy receptor”,
sequestering endogenous VEGF levels to regulate signalling through VEGFR2 (Lee et
al., 2007).

In cardiac tissue, VEGF participates in the homeostatic maintenance of
endothelial cells and cardiomyocytes, and has a direct role in regulating overall cardiac
function (Giordano et al., 2001; Maharaj et al., 2006; Lee et al., 2007; Zhao et al., 2013;
Domigan et al., 2015). In cardiac endothelial cells, VEGF acts in an autocrine manner to
maintain blood vessel integrity and survival (Lee et al., 2007; Zhao et al., 2013; Domigan
et al., 2015). VEGF knockout (KO) mice demonstrate impaired cardiomyocyte
contractility, however the reasons to why this occurs are currently unknown (Giordano et
al., 2001; Maharaj et al., 2006). Following ischemic injuries to the mammalian heart,
VEGF becomes upregulated to promote neovascularization, thus enabling myocardial
reperfusion (Luo et al., 1997; Guzman et al., 2008; Smart and Riley, 2012). Furthermore,
VEGF also promotes neovascularization during cardiac regeneration, working
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synchronously with proliferating cardiomyocytes in the injured region to gradually
restore both structure and function of the myocardium (Itou et al., 2012).

Similar to VEGF, FGF2 (basic FGF) is also a potent pro-angiogenic factor with
important roles in cardiomyocyte maintenance during homeostasis (Zhou et al., 1998;
Clarke et al., 1995; Wills et al., 2008; Sakurai et al., 2013). The FGF family consists of
22 other members and signals through four tyrosine kinase receptors: FGF receptor 1
(FGFR1), FGFR2, FGFR3 and FGFR4 (Ornitz and Itoh, 2015). Although many members
of the FGF family are involved in cardiac development and pathology, FGF2 is the best
studied (Padua et al., 1995; Detillieux et al., 2003; Itoh and Ohta, 2013; Oladipupo et al.,
2013; Sakurai et al., 2013; Ornitz and Itoh, 2015). In mammals, FGF2 is expressed by
multiple cardiac cell types (including cardiomyocytes, fibroblasts, endothelial cells and
epicardial cells) and signals primarily through FGFR1 (Kardami and Fandrich, 1989;
Schneider and Parker, 1991; Clarke et al., 1995; Ku and D’Amore, 1995; Detillieux et al.,
2003; Levine et al., 2005; Masters and Riley, 2014).

FGF2 functions in cardiomyocyte survival and regulates cardiomyocyte turnover
in the uninjured heart (Soonpaa et al., 1994; Clarke et al., 1995; Wills et al., 2008;
Saukrai et al., 2013). In particular, it is critical in maintaining gap junctions between
cardiomyocytes and remodelling the plasma membrane following disruptions mediated
by normal contraction (Clarke et al., 1995; Saukrai et al., 2013). In urodeles, FGF2 also
acts as a mitogen, stimulating DNA synthesis in vitro, while in mammals it has been
shown to modulate vascular tone to regulate blood pressure in the uninjured heart (Zhou
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et al., 1998). FGF2 expression is upregulated to promote blood vessel formation
following ischemia (Kazama et al., 2000; Lepilina et al., 2006).
The TGFβ superfamily contributes to a variety of cellular functions including
proliferation, migration, and dedifferentiation (Attisano et al., 2002; Bujak and
Frangogiannis, 2007; Moustakas and Heldin, 2009; Dobaczewski et al., 2011). There are
33 members, including the prototypical TGFβ isoforms (TGFβ1, TGFβ2, and TGFβ3),
the Activins (Activin A, Activin B, and Activin AB), growth and differentiation factors
(GDFs), bone morphogenic proteins (BMPs), nodal and myostatin (Derynck and
Miyazono, 2008; Moustakas and Heldin, 2009). Broadly stated, prototypic TGFβ and
Activin (combined as TGFβ/Activin) signalling occurs through two pathways: canonical
and non-canonical. Canonical signalling is mediated through cytoplasmic proteins known
as SMADs (Small body and mothers against decapentaplegic homolog), specifically
SMAD2 and SMAD3 (Itoh et al., 2000; Shi and Massague, 2003), and is understood to
participate in cardiovascular wound healing, remodelling and pathologenesis (Yndestad
et al., 2004; Verrecchia and Mauviel, 2007; Dobaczewski et al., 2011; Chablais and
Jazwinska, 2012).
In vitro, TGFβ1 has been shown to regulate mammalian cardiomyocyte
contractility and growth, whereas among urodele cardiomyocytes it has an inhibitory
effect on DNA synthesis (MacLellan et al., 1993; Taimor et al., 1999). TGFβ1 has also
been shown to regulate fibroblast replication and collagen deposition, providing
structural support for the myocardium (Eghbali et al., 1991; Butt et al., 1995). Following
injury to the mammalian heart, TGFβ1 and TGFβ2 are upregulated during early wound
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healing, whereas TGFβ3 demonstrates a delayed onset of expression (Deten et al., 2001;
Dewald et al., 2004; Rosenkranz, 2004).

The roles of Activins, particularly its homeostatic function(s), are not wellunderstood (Johansoon et al., 1995; Ladd et al., 1998; Yndestad et al., 2004). Under
pathological conditions, cardiomyocytes demonstrate an increased expression of ActivinβA (Yndestad et al., 2004). Moreover, Activin-βA promotes cardiomyocyte survival in
vitro by inhibiting apoptosis (Oshima et al., 2009). The TGFβ/Activin signalling pathway
also participates throughout cardiac regeneration in zebrafish, regulating inflammation,
ECM deposition by fibroblasts, and cardiomyocyte proliferation (Chablais and
Jazwinska, 2012).

1.5 The leopard gecko as a model for multi-tissue regeneration

The leopard gecko (Eublepharis macularius) is an emerging amniote model for
spontaneous tissue replacement and regeneration. Geckos, as for many lizards, have
evolved the ability to spontaneously drop their tails in a process known as autotomy
(McLean and Vickaryous, 2011). Following tail autotomy, geckos regenerate multiple
tissues within the tail, including nervous tissue and skeletal muscle, with a complete
functional replacement within 30 days (McLean and Vickaryous, 2011). Furthermore,
regeneration occurs following surgical amputation of tail, demonstrating that wound
healing is a property of the tail and occurs independently of autotomy (Delorme et al.,
2012). Geckos also have the capacity to regenerate full-thickness cutaneous wounds
(involving both epidermis and dermis) to both the body and tail without the formation of
scar tissue (Peacock et al., 2015). Although less is known about the gecko’s ability to
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self-repair other tissues and organs such as the heart, several observations indicate this
may be possible. Geckos have a three-chambered heart, consisting of two atria and one
ventricle, similar to urodeles (Jensen et al., 2013a; Piatkowski et al., 2013). The ventricle
is partially divided into three subchambers: the cavum pulmonale, cavum venosum, and
the cavum arteriosum (Jensen et al., 2013a). Similar to zebrafish and urodeles but unlike
mammals, geckos are ectotherms with comparatively low metabolic rates, and are able to
spontaneous regenerate (at least in the tail) multiple tissue types, including skeletal
muscle. Also distinct from mammals (but comparable to zebrafish and urodeles), injurymediated inflammation – which is often correlated with increased fibrosis and scarring –
is limited, at least following tail loss and excisional cutaneous wounds (McLean and
Vickaryous, 2011; Delorme et al., 2012; Peacock et al., 2015). Finally, as evidenced by
the use of cardiocentesis (cardiac puncture) as a mode of blood collection, geckos readily
tolerate and survive direct penetrating injuries to the heart (Tousignant and Crews, 1995).
Cardiocentesis is also employed in clinical settings, typically for the collection of blood
from snakes (Divers, 1999). Taken together, these observations indicate that geckos may
also be capable of spontaneous cardiac self-repair.
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Rationale

Among vertebrates, the capacity for cardiac self-repair varies across species.
Although mammals are essentially incapable of cardiac regeneration, taxa such as
zebrafish and urodeles are able to fully regenerate, both structurally and functionally,
large lesions and portions of missing tissues. For most species however, less is known. A
number of criteria common to all cardiac-regenerating species have been identified,
providing a powerful predictive tool to evaluate the potential for self-repair in the
absence of direct experimentation. These criteria include a constitutively proliferating
cardiomyocyte population, a trabeculated myocardium, and the presence of a reservoir of
cells that are capable of responding to an injury. The goal of my research is to explore
these criteria in an emerging amniote model of multi-tissue regeneration, the leopard
gecko (Eublepharis macularius).

I hypothesize that the postnatal gecko heart has structural and cellular features
correlated with regenerative competence.

The objectives of my study are to:

1) Characterize the histology of the ventricle
2) Identify and quantify constitutively proliferating ventricular cardiomyocytes
3) Investigate whether an endogenous reservoir of stem/progenitor-like cells is
present in the postnatal gecko heart
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CHAPTER 2

CARDIOMYOCYTE PROLIFERATION IN THE GECKO HEART:
EXPLORING CRITERIA FOR SPONTANEOUS SELF-REPAIR

2.1 Introduction

Across vertebrates, the capacity to regenerate portions of the heart following
injury is highly variable. In adult mammals, wounds are primarily resolved with the
formation of scar tissue, leading to diminished function and the incomplete restoration of
lost or damaged tissues (Konfino et al., 2015). In contrast, complete structural and
functional regeneration of cardiac tissue has been well demonstrated in zebrafish and
various urodeles. Cardiac regeneration in zebrafish has now been documented following
several different forms of heart injury, including resection (up to 20%) of the ventricle,
cryoinjury, and genetic ablation (up to 60%) of ventricular cardiomyocytes (Poss et al.,
2002; Chablais et al., 2011; Wang et al., 2011). Similarly, urodeles can also regenerate
following ventricular resection (Witman et al., 2011).

To date, a number of features common to all species capable of cardiac
regeneration have been identified (Jazwinska and Sallin, 2016). Central among these is a
cardiomyocyte population capable of postnatal proliferation. Although historically
considered to be mitotically inactive, cardiomyocytes are now widely viewed as being
capable of at least low levels of homeostatic renewal throughout adulthood (e.g., Wills et
al., 2008; Bergmann et al., 2009; Senyo et al., 2013; van Berlo et al., 2014; Bergmann et
al., 2015; Sallin et al., 2015; see also Leone et al., 2015). In zebrafish, following injury
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there is both a global (compensatory) and localized (epimorphic) increase in
cardiomyocyte proliferation (Sallin et al., 2014). This dual mode of proliferation is
interpreted as permitting localized wound repair while maintaining total organ
physiological function (Sallin et al., 2014).

Another common feature of regeneration-competent hearts is a bilayered
ventricular myocardium (Jazwinska and Sallin, 2016). The outer layer is a thin, compact
compartment often supplied by coronary vessels. The inner compartment is highly
trabeculated or spongy and lacks an intrinsic blood supply (Ostadal et al., 1999;
Jazwinska and Sallin, 2016). Trabeculation increases the endocardial surface area, and is
hypothesized to facilitate gas exchange between luminal blood and the myocardium
(Ostadal et al., 1999; Jazwinska and Sallin, 2016). As a result, a trabeculated myocardium
is adapted to minimize ischemia following injury (Jazwinska and Sallin, 2016). In
contrast, in an entirely compact myocardium, such as that of mammals, any disruption in
coronary supply (e.g., following a myocardial infarction) can lead to cell necrosis.

Although controversial, it has also been suggested that a population of
endogenous cardiac stem/progenitor cells (SPCs) may also contribute to successful
cardiac regeneration (Beltrami et al., 2003; Lepilina et al., 2006; Ellison et al., 2013).
Various studies have determined that resident cardiac cells with stem/progenitor-like
properties, including slow-cycling and SPC marker expression, are often present (e.g.,
Witman et al., 2011; van Berlo et al., 2014). While evidence suggests these cardiac SPCs
may not necessarily play a major role in re-populating lost/damaged tissue (van Berlo et
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al., 2014), they may play indirect roles (e.g., establishing a pro-regenerative
microenvironment; Kikuchi and Poss, 2012; Bergmann and Jovine, 2014).

Taken together, these features arguably represent a predictive tool for correlating
morphology and cellular composition with regenerative potential. With this in mind, we
investigate these criteria in an emerging amniote model of multi-tissue regeneration, the
leopard gecko (Eublepharis macularius). Similar to zebrafish and urodeles, geckos (as
for many other lizards) are able to regenerate the tail following loss of the appendage.
Geckos employ a naturally evolved mechanism of tail detachment, known as autotomy,
to escape predation (McLean and Vickaryous, 2011). Once detached, the tail then
undergoes a spontaneous regenerative program that results in the functional replacement
of skeletal muscle, cartilage, adipose tissue and a spinal cord, within 30 days (McLean
and Vickaryous, 2011; Delorme et al., 2012). More recently, it has been established that
geckos are able to regenerate skin following full-thickness (including both epidermis and
dermis) excisional biopsy wounds (Peacock et al., 2015). While the regenerative capacity
of the gecko heart is presently unknown, the use of cardiocentesis (cardiac puncture) for
blood collection is well tolerated by geckos (Tousignant and Crews, 1995; Divers, 1999),
suggesting they are capable of some degree of cardiac self-repair.

2.2 Material and Methods

2.2.1 Animal Care

Captive-bred juvenile Eublepharis macularius (leopard geckos; hereafter
‘geckos’) were obtained from a commercial supplier (Global Exotic Pets, Kitchener,
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Ontario, Canada). The University of Guelph Animal Care Committee approved the
Animal Utilization Protocol (AUP; Protocol Number 1954) that complies with the
procedures and policies of the Canadian Council on Animal Care. Animal husbandry
requirements followed the protocol described in McLean and Vickaryous (2011). Briefly,
geckos were housed individually in 5-gallon plastic tanks inside a temperature-controlled
environmental chamber at the Hagen Aqualab at the University of Guelph. The
environmental chamber had a 12:12 photoperiod and was set to have an ambient
temperature of ~27°C. To establish a temperature gradient, a heat cable (Hagen Inc., Baie
d’Urfé, Québec, Canada) set at 32°C was placed on one end of the tank. Each tank
consisted of two hide boxes and a water dish that was changed twice weekly. Geckos
were fed 2-3 gut-loaded mealworms (larval Tenebrio spp.) daily, dusted with a powdered
calcium and vitamin D3 (cholecalciferol) supplement (Zoo Med Laboratories Inc., San
Luis Obispo, California, USA). Geckos were weighed and measured weekly [weight,
snout-to-vent length (S-V length), tail length, regenerate tail length] to assess health
status. A total of 20 geckos with an average body mass of ~10g were used in both pulsechase experiments; to characterize the basal levels of cell proliferation; and to determine
the expression profiles of endogenous growth factors in the ventricle.

2.2.2 Experimental Design

For objectives 2 and 3, experimental geckos were treated with 5-bromo-2deoxyuridine (BrdU) at a dose of 50 mg/kg [diluted to 5 mg/mL in sterile injectable
phosphate buffered saline (PBS)].
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To determine if slow-cycling cells were present in the gecko cardiac tissue for
objective 3, we conducted a long duration BrdU pulse-chase experiment. BrdU is a
thymidine analog that is incorporated into the cell during the synthesis phase (S phase) of
the cell cycle. Therefore, any cell that cycles during the time of its administration will
take up this analog and its incorporation can be detected using immunofluorescence.
Original tailed geckos were randomly divided into three groups: one week pulse (7 days;
n=2); one week pulse plus 20 week chase (140 days; n=3); and sentinel controls (n=2,
without BrdU treatment). During the pulse, BrdU was injected intraperitoneally (using a
0.5cc insulin syringe; Abbott Laboratories, Saint-Laurent, Quebec, Canada) into each
experimental gecko twice daily for seven days. During the 140 day chase, BrdU was not
administered.

Next, a short duration pulse-chase experiment was performed to determine if
cardiac cells constitutively proliferate and if proliferation is influenced by tail loss.
Therefore, two conditions were tested: constitutive (endogenous) proliferation (original
tails, no additional experimental manipulation) and proliferative activation in response to
tail loss. Geckos were randomly divided into three groups: original tails (n=3),
regenerating tails (9 days post-tail loss; n=3); and sentinel controls (n=2). Geckos from
the regenerating tail group were induced to autotomize (=day 0) and then 24 hours later
both original tail and regenerating tail groups were administered BrdU. The short
duration pulse-chase involved four intraperitoneal BrdU injections at 12-hour intervals (a
two day pulse). All gecko tissues were collected at day 9 of the experiment.
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2.2.3 Tail autotomy

Tail loss, or autotomy, is a naturally evolved anti-predation mechanism that
allows lizards to voluntarily detach a portion of their tails when encountered by a
predator. To initiate autotomy for objective 2, geckos were manually restrained with only
the tail exposed. Autotomy was achieved by applying a firm pinch to the tail using the
thumb and index finger. Following autotomy, geckos were returned to their enclosures
and given 9 days to undergo wound healing and regeneration. By day 9 post-tail loss, reepithelialization was completed (equivalent to stage III of tail regeneration; see McLean
and Vickaryous, 2011).

2.2.4 Histological Tissue Preparation

Geckos were euthanized at select time points with an intraabdominal injection of
250-500mg ethyl 3-aminobenzoate methanesulfonic acid (MS222; tricaine
methansulfonate). Tissues of interest were then fixed using either a transcardial perfusion
protocol [perfused with saline followed by 10% neutral buffered formalin (NBF; Fisher
Scientific, Waltham, Massachusetts, USA), followed by removal of the cardiac tissue and
then immersion of the tissue in NBF for ~22 hours] or dissection of the cardiac tissue
followed by immersion (~22 hours). Once fixed, cardiac tissues were then stored in 70%
ethanol before processing. Tissue processing involved dehydrating the tissue with 100%
isopropanol, followed by clearing in xylene and embedding in paraffin wax using an
automated processor (Fisher Scientific, Waltham, Massachusetts, USA). Tissues were
then sectioned at 5µm using a rotary microtome (HM 355S Automatic Microtome;
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Thermo Scientific; Ottawa, Canada) and mounted on charged slides (Surgipath X-tra;
Leica Microsystems; Ontario, Canada) before being baked overnight in the 60°C oven.

2.2.5 Hematoxylin and Eosin

To investigate heart structure and tissue architecture, representative sections were
stained with Hematoxylin and Eosin. Briefly, sections were deparaffinized in three
changes of xylene (2 minutes each), followed by three changes of 100% isopropanol (2
minutes each), and one (2 minute) change in 70% isopropanol, before being brought into
deionized water. Sections were stained with modified Harris hematoxylin for 10 minutes
(Fischer Scientific, Waltham, Massachusetts, USA), and then rinsed with deionized water
before being dipped (6-10 times) in acid alcohol (1% hydrochloric acid in 70%
isopropanol). Sections were then rinsed again in deionized water, blued in ammonia
water (~10 seconds), followed by a rinse in running warm water. Next, sections were
dipped 6 times in 70% isopropanol before being stained in eosin (1 minute). Sections
were passed through four changes of 100% isopropanol (2 minutes each), cleared in three
changes of xylene (2 minutes each), and then coverslipped using Cytoseal (Fischer
Scientific, Waltham, Massachusetts, USA).
2.2.6 Masson’s Trichrome

To distinguish fibrous connective tissue from muscle, hearts were stained with a
modified Masson’s trichrome (McLean and Vickaryous, 2011). Once deparaffinized and
rehydrated (see above), sections were stained with Mayer’s hematoxylin (Sigma-Aldrich,
Oakville, Ontario, Canada) for 10 minutes before being rinsed with deionized water.
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Sections were blued in ammonia water (~10 seconds) before being stained with 0.5%
ponceau xylidine/0.5% acid fuchsin in 1% acetic acid solution (2 minutes). Sections were
then rinsed with deionized water and incubated in 1% phosphomolybdic acid (10
minutes). Sections were rinsed (deionized water), stained with 2% light green (90
seconds), rinsed (deionized water), and dehydrated with 95% isopropanol (2 minutes).
Sections went through three changes of 100% isopropanol (2 minutes) and three changes
of xylene (2 minutes) before being coverslipped using Cytoseal (Fischer Scientific,
Waltham, Massachusetts, USA).

2.2.7 Immunohistochemistry
Immunohistochemistry was used to visualize the proteins pSMAD2, TGFβ1, and
Activin-βA. Unless otherwise noted, all immunohistochemical protocols were similar
(see Table 1). Sections were rehydrated to water (see above), quenched (20 minutes; 30
minutes for Activin-βA) in 3% hydrogen peroxide diluted in deionized water, and rinsed
in three changes (2 minutes each) of PBS for 2 minutes (pSMAD2, TGFβ1) or Tris
buffered saline with Tween-20 (TBST; Sigma-Aldrich, Oakville, Ontario, Canada) for 5
minutes for Activin-βA. For Activin-βA, sections underwent antigen retrieval in citrate
buffer (heated to 95°C for 12 minutes, then allow it to cool at room temperature for 20
minutes). Sections were rinsed three times in PBS (2 minutes each) for pSMAD2 and
TGFβ1, or TBST (5 minutes each) for Activin- βA, then blocked (one hour) at room
temperature in either 3% normal goat serum (NGS; Vector Laboratories, Burlingame,
California, USA) diluted in PBS (pSMAD2, TGFβ1) or a blocking buffer of 3% bovine
serum albumin (BSA; Santa Cruz BioTechnology, Santa Cruz, California, USA) and 10%
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NGS diluted in TBST (Activin-βA). Next, sections were incubated with the primary
antibody (see Table 1) overnight at 4°C, with one section on each slide serving as the
omission control (no primary antibody). Sections were rinsed in three changes of PBS
(pSMAD2, TGFβ1) for two minutes each or TBST (Activin- βA) for 5 minutes each, and
a biotinylated secondary antibody was applied to all sections at room temperature for
either one hour (pSMAD2, TGFβ1) or 30 minutes (Activin- βA). Sections were then
rinsed three times with PBS for 2 minutes each (pSMAD2, TGFβ1) or TBST for 5
minutes each (Activin- βA), and incubated with horseradish peroxidise-conjugated
streptavidin (SA-HRP) for 1 hour at room temperature prior to undergoing three changes
of PBS (pSMAD2, TGFβ1) for two minutes each or TBST (Activin- βA) for 5 minutes
each. Next, sections were stained with 3,3'-diaminobenzidine (DAB) (see Table 1), then
rinsed in deionized water, counterstained in Mayer’s hematoxylin (for 1.5 minutes), and
then rinsed again in deionized water. Sections were blued in ammonia water and rinsed in
deionized water. Sections underwent three changes of 100% isopropanol (2 minutes
each), were cleared in three changes of xylene (2 minutes each), and then were
coverslipped with Cytoseal (Fischer Scientific, Waltham, Massachusetts, USA).

2.2.8 Immunofluorescence

Standard immunofluorescence protocol

Immunofluorescence was used to visualize the proteins VEGF, VEGFR1 (Flt-1),
VEGFR2 (Flk-1), FGF2, c-kit, vimentin (Vim), and von Willibrand Factor (vWF). Unless
otherwise noted, all immunofluorescence protocols were similar (see Table 1). Sections
were rehydrated to water (see above), followed by three changes in PBS (2 minutes each)
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and then antigen retrieval (citrate buffer heated to 95°C for 12 minutes, then allow it to
cool at room temperature for 20 minutes), except for vWF (for which retrieval was not
necessary). Next, sections were rinsed three times with PBS (2 minutes each), blocked
with 3% NGS diluted in PBS (one hour) at room temperature, and then incubated with
the primary antibody (diluted in sterile PBS) overnight at 4°C (one section per slide
served as the omission control). Sections were then rinsed in three changes of PBS (2
minutes each), and incubated with the secondary antibody (Cy3 labeled Goat anti-Rabbit,
Jackson Immuno Research Laboratories 111-165-144, West Grove Pennsylvania, USA,
or Alexa Fluor-488 labeled Goat anti-Mouse, Life Technologies A-11001, diluted in
sterile PBS). Sections were then rinsed three times with PBS (2 minutes each) before
being incubated with 6-Diamidino-2-Phenylindole (DAPI; Life Technologies,
ThermoFisher Scientific, D1306, Waltham, Massachusetts, USA) diluted 1:10 000 in
sterile PBS (2 minutes). Sections were rinsed three times in PBS (2 minutes each) and
were cover slipped with Dako Fluorescent Mounting Medium (Dako Canada S3023,
Burlington, Ontario, Canada).

Modified one-day immunofluorescence protocol

A modified one-day immunofluorescence protocol was used to visualize BrdU
and the co-localization of BrdU with c-kit, motor protein myosin heavy chain (MHC)
with proliferation marker proliferating cell nuclear antigen (PCNA), and MHC with
mitotic marker phosphorylated histone H3 (pHH3) in cardiac tissue. Sections were
rehydrated to deionized water, and were incubated in PBS (15 minutes) before
undergoing a citrate buffer retrieval step (12 minutes heated at 95°C, 20 minutes cooled).

32

Alternatively, for the co-localization of BrdU and c-kit (nuclear expression), sections
were incubated in 2N hydrochloric acid (HCl; Sigma Aldrich, Oakville, Ontario, Canada)
for 30 minutes at 37°C. Following three rinses in PBS (2 minutes each), sections were
treated with 0.1% trypsin diluted in PBS (20 minutes) at 37°C (Sigma Aldrich, Oakville,
Ontario, Canada). Sections were rinsed once in PBS (2 minutes) and then blocked in 5%
normal goat serum in diluent (1% BSA, 0.5% Tween20, 0.1% sodium azide; sodium
azide - Fischer Scientific, Waltham, Massachusetts, USA) for 30 minutes at 37°C.
Primary antibody diluted in diluent was applied for 2 hours at 37°C on sections with the
negative control being incubated with diluent only. Sections underwent three changes in
PBS (2 minutes) and then were incubated for one hour in secondary antibody (Cy3
labeled Goat anti-Rabbit, Jackson Immuno Research Laboratories 111-165-144, West
Grove Pennsylvania, USA or Alexa Fluor-488 labeled Goat anti-Mouse, Life
Technologies A-11001) diluted in sterile PBS. Sections were rinsed three times in PBS (2
minutes each), incubated for 5 minutes in DAPI (Life Technologies D1306, Carlsbad,
California, USA) diluted 1:10 000 in sterile PBS, and underwent three changes in PBS (2
minutes each) before being cover slipped using Dako Fluorescent Mounting Medium
(Dako Canada S3023, Burlington, Ontario, Canada).

2.2.9 Cell proliferation analysis and quantification

To quantify the proportion of proliferating cardiomyocytes, hearts were collected
from original tailed (n=4) and regenerating tailed (9 days post-tail loss; n=3) geckos and
sectioned in the transverse plane. From each ventricle five random sections (at least
80µm apart) were selected (= 20 original tailed sections; 15 tail regenerating sections; see
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Figure 1 for summary). Each section was double immunostained for the cardiomyocyte
motor protein MHC and the proliferation (S phase) marker PCNA. From each section,
three regions of interest (representing the ventricular wall, including trabeculae and the
compact cortex) were imaged at 40x objective using an Axio Imager D1 Microscope
(Carl Zeiss Canada Ltd; Toronto, Canada) with an Axiocam MRc 5 camera (Carl Zeiss
Canada Ltd; Toronto, Canada). ImageJ software was used to perform the image analysis.
The total number of nuclei in each image (as indicated by the nuclear counterstain DAPI)
were counted automatically using the ImageJ program, while the number of proliferating
cardiomyocytes (indicated by MHC+/PCNA+ co-localization) were counted manually.

2.2.10 Statistical Analysis

The proportion of proliferating cardiomyocytes in the original tail group and the
regenerating tail group are reported as the mean with a 95% confidence interval. Results
are considered statistically significant when the probability (p) value is less than 0.05
(p<0.05). All analyses were performed using SAS 9.2 software (SAS Institute Inc.; Cary,
North Carolina, USA). Residual analyses were performed to assess normality and
homogeneity variance for an analysis of variance (ANOVA). The tests used to assess
normality in the SAS software included the Shapiro-Wilk, Kolmogorov-Smirnov,
Cramer-von Mises, and Anderson-Darling. The analysis revealed that the dataset was
fundamentally normal but two formal outliers were present. Both outliers detected were
inconsequential to the dataset and were thus included in the analysis. A logit
transformation (via the odds ratio) was performed with a bias correction term of 0.25 to
determine if a statistically significant difference in proliferating cardiomyocytes was

34

detected between groups. To analyze the number of proliferating cardiomyocytes, a
general linear mixed model was used. The response was binary because there either was
or was not a proliferating cardiomyocyte in each region sampled. This statistical model
considered both fixed (the tail type: original or regenerating) and random (the gecko
nested within the fixed effect, and the region of the ventricle nested within the gecko and
the fixed effect) effects (see Appendix 1). Furthermore, the residuals were plotted against
explanatory variables and the predicted values used in the model. The reportable p-values
for the variance in the first random effect (the gecko nested within the fixed effect) was
statistically significant (p<0.0001. However, the p-values for the variance in the fixed
effect and the second random effect (the region nested within the gecko and fixed effect)
were not significant (p=0.8894 and p=0.0913, respectively).

2.3 Results

2.3.1 Gross morphology and histology of the heart

In geckos, the heart is located near the midline of the body, within the cranial
portion of the thoracic cavity (Figure 2A). As for other squamates (lizards + snakes), the
heart has three chambers: left and right atria and a single ventricle (Figure 2B). In
section, the myocardial contribution to the ventricular wall includes both an inner
trabeculated compartment (sometimes referred to as ‘spongy’ myocardium; Jensen et al.,
2013a), and a thin (approximately three cells thick) compact cortical layer (Figure 2C,
D). Surrounding the heart is a fibrous pericardium and a thin layer of serosal cells that
make up the epicardium (Figure 3A, B). The myocardium is dominated by
cardiomyocytes expressing the motor protein myosin heavy chain (MHC) (Figure 3C, D).
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To visualize non-cardiomyocytes, I immunostained for the intermediate filament
vimentin to identify cardiac fibroblasts and the glycoprotein von Willibrand Factor
(vWF) to distinguish endothelial cells. Vimentin+ cardiac fibroblasts were primarily
located within the cortical layer of the ventricle, although isolated cells were also
observed throughout trabeculae and the epicardium (Figure 3E, F). vWF labels the
endocardium, along with the endothelium of the coronary vessels (Figure 3G, H) and the
inflow and outflow tracts (data not shown).

Growth factor expression profile in the ventricle

Previous investigations have identified a number of growth factors as playing key
roles in the dynamic remodelling of cardiac tissues in the context of normal physiological
maintenance, pathogenesis, and regeneration (Azhar et al., 2003; Chablais and Jazwinska,
2012). To determine if transforming growth factor  (TGF)/Activin signalling was
involved in cardiac homeostasis in geckos, I performed immunohistochemistry focusing
on the intracellular mediator of canonical TGF signalling, phosphorylated SMAD2
(pSMAD2), and the ligands TGF1 and Activin-A (Figure 4). I observed abundant
pSMAD2 expression by cells of the epicardium and myocardium (including cells in both
the compact and trabeculated compartments; Figure 4A, B), indicating that the pathway is
actively signalling. Matching this pattern of expression, cells immunoreactive for TGF1
(Figure 4C, D) were observed throughout the myocardium and epicardium, whereas
Activin-A (Figure 4E, F) expression was only observed throughout the myocardium.

Next, I characterized the expression patterns of the soluble growth factors basic
fibroblast growth factor 2 (FGF2) and vascular endothelial growth factor A (VEGF;
36

Figure 5). FGF2 is a potent pro-angiogenic molecule, and is known to participate in
cardiomyocyte differentiation and proliferation (Rosenblatt-Velin et al., 2005). In gecko
hearts, FGF2 demonstrates widespread expression throughout the epicardium, and
compact and trabeculated myocardium (Figure 5A, B).

VEGF is also a potent pro-angiogenic molecule that is expressed by normal and
infarcted cardiac tissue in mammals (Li et al., 1996). VEGF immunostaining reveals a
similar pattern of expression to that of FGF2 throughout the ventricular wall and
trabeculae (Figure 5C, D). To further characterize VEGF signalling, we examined the
expression of two VEGF receptors: VEGFR1 (Flt-1) and VEGFR2 (Flk-1). Both
VEGFR1 and VEGFR2 have demonstrated roles in neovascularization and endothelium
maintenance during homeostasis (Fong et al., 1995; Rose et al., 2010). VEGFR1 and
VEGFR2 expression closely matches that of VEGF, revealing robust immunoreactivity
throughout the epicardium and both compact and trabeculated myocardium (Figure 5EH). Furthermore, VEGFR1 and VEGFR2 expression patterns appeared to co-localize in
the epicardium and throughout the myocardium (Figure 5I, J).

2.3.2 Endogenous reservoir of slow-cycling cells

Among species capable of cardiac regeneration, two potential cellular sources of
new tissue have been identified: mature, self-replicating cardiomyocytes and an
endogenous SPC population (Lepilina et al., 2006; Jopling et al., 2010). To test for the
presence of endogenous SPC populations in vivo, we first sought to determine if slowcycling or quiescent populations existed within the myocardium. I performed a long
duration BrdU 7 day pulse, 140 day chase experiment (Figure 6A). BrdU is a thymidine
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analog that becomes incorporated into DNA during the S phase of the cell cycle
(Nowakowski et al., 1989). At the end of the 7 day pulse, I observed abundant BrdU+
cells throughout the epicardium, compact myocardium and trabeculae (Figure 6B, C),
although the number of labeled cells was far fewer than 100%, indicating that many did
not cycle during the one week period. Following the 140 day chase period, I detected
BrdU+ cells in the compact myocardium and trabeculae. However, BrdU was no longer
detected in the epicardium (Figure 6D, E). Although not quantified, the number of BrdU+
cells remaining at the end of the chase period appears to be reduced when compared to
the day 7 pulse population.

Next, I sought to identify if this quiescent cell population expresses cardiac
stem/progenitor cell markers: c-kit (CD117), islet-1, and stage-specific embryonic
antigen 1 (SSEA-1). c-kit is a receptor tyrosine kinase that has been implicated in
stem/progenitor cell differentiation, proliferation, and migration (Nigro et al., 2014).
Using immunofluorescence (Figure 7), I identified populations of c-kit+ cells that
exhibited both perinuclear (Figure 7A) and nuclear (Figure 7B) expression. Curiously,
these populations were not widely distributed throughout the compact and trabeculated
myocardium, but instead were localized into discrete clusters each consisting of multiple
labeled cells. To test if c-kit+ cells were slow-cycling, I performed double
immunofluorescence on sections from the BrdU-injected 140 day chase hearts. I
determined that isolated c-kit+/BrdU+ cells were present within the myocardium at 140
days post-pulse (Figure 7C, D). Although islet-1 and SSEA-1 are known to label cardiac
progenitor cells across a variety of species (Witman et al., 2010; Pandur et al., 2013), I
was unable to detect positive cells in gecko cardiac tissues using the commercially
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available antibodies from Developmental Studies Hybridoma Bank (islet-1: 39.3F7,
39.4D5, and 40.2D6; SSEA-1: MC-480; data not shown).

2.3.3 Cardiac cell proliferation

To establish if cardiac cells constitutively proliferate, I performed a short duration
BrdU pulse-chase experiment. Geckos were pulsed with BrdU for 2 days, and then
chased for 6 days (Figure 8A). At the end of the 6 day chase, BrdU+ cells were observed
throughout the epicardium and myocardium (Figure 8B, C). Next, I used the 6 day chase
tissue to perform double immunofluorescence for BrdU and the S phase marker PCNA.
PCNA+ cells were present throughout the cardiac tissue, but did not co-localized with
BrdU, suggesting that the analog-incorporated cells were no longer cycling, or in S phase
(Figure 8D).

Next I asked if cardiac cell proliferation was suspended following a traumatic
injury to the body. In order to avoid predation, geckos (as for many species of lizard)
have evolved the ability to self-detach (or autotomize) their tails and then regenerate a
replacement. Previous work has determined that tail regeneration is a priority for leopard
geckos, and will even occur when their diet is heavily rationed (Lynn et al., 2013). In
order to compensate for diminished dietary resources, geckos reduced somatic growth (as
measured by body length; see Lynn et al., 2013). In order to explore if cardiac cell
proliferation was influenced by tail loss, I added a second experimental group to the short
duration (2 day pulse, 6 day chase) pulse-chase experiment. In this experiment, I first
induced tail detachment 24 hours prior to the pulse (n=3 geckos). At the end of the 6 day
chase period, all three geckos had initiated wound healing to the point that
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re-epithelialization of the wound site was complete (morphological stage III of tail
regeneration; McLean and Vickaryous, 2011). As with the original-tailed geckos, BrdU+
cardiac cells were observed throughout the epicardium, and compact and trabeculated
myocardium in the regenerating tail group (Figure 8E, F). I did not observe any obvious
differences in the proportion of BrdU+ cells present in the cardiac tissue of tail
regenerating geckos as compared to original-tailed geckos, although these results were
not quantified (but see below). Similarly, BrdU did not co-localize with any PCNA+ cells
in the regenerating tail group as in the original tail group (Figure 8G).

2.3.4 Cardiomyocyte proliferation in the ventricle

Whereas my pulse-chase experiments clearly demonstrated that cell proliferation
occurs within the postnatal gecko heart, I was unable to co-localize BrdU with a
cardiomyocyte marker. To confirm that the proliferating cells were cardiomyocytes (as
opposed to cardiac fibroblasts or endothelial cells), I used double immunofluorescence
for the cardiomyocyte motor protein MHC and one of two alternate cell proliferation
markers: the mitotic marker phosphorylated histone H3 (pHH3) or the S phase marker
PCNA (Figure 9). Both markers demonstrate co-localization with MHC+, thus
confirming that cardiomyocytes proliferate in postnatal geckos. Curiously, while
pHH3+/MHC+ cells are present throughout the ventricle, they appear to be organized
into discrete pockets (of 1-3 cells) rather than being homogenously distributed throughout
the myocardium (Figure 9A, B). In contrast, PCNA+/MHC+ cells demonstrate a more
dispersed pattern of expression (i.e., no discrete clustering of immunoreactive
cardiomyocytes; Figure 9 C, D). In addition, the pHH3 and PCNA data also reveals that
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proliferating populations of MHC- cardiac cells, possibly including cardiac fibroblasts
and endothelial cells, are also present.

2.3.5 Cardiomyocyte proliferation analysis

To quantify the population of cardiomyocytes undergoing proliferation in the
gecko ventricle, I investigated two conditions: geckos with original tails and geckos
actively regenerating their tails (9 days post-tail loss; refer to Figure 1). For these
analyses I employed serial cross-sections of multiple ventricles (four from original tailed
geckos, three at 9 days post-tail loss), double immunostained with the proliferation
marker PCNA and cardiomyocyte marker MHC. The data set includes five randomly
selected sections (at least 80µm apart) from each ventricle, with three fields of view
imaged from each section. The number of proliferating cardiomyocytes (PCNA+/
MHC+) was compared to the total amount of cells (using the nuclear marker DAPI) per
field of interest. Using a general linear mixed model, the proportion of proliferating
cardiomyocytes was 10.32% (with a 95% confidence interval [lower confidence limit=
7.13%, upper confidence limit= 14.71%]) in the original tailed geckos. In the 9 day posttail loss geckos, the proportion was 10.00% (with a 95% confidence interval [lower
confidence limit= 6.52%, upper confidence limit= 15.05%]). No significant difference in
the proportion of proliferating cardiomyocytes was detected using the odds ratio (OR)
between the two groups (p= 0.889; OR= 1.03575).
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2.4 Discussion

Regenerative potential of the heart is often associated with the persistent capacity
of cardiomyocytes to proliferate postnatally; a trabeculated ventricular myocardium; and
the presence of a reservoir of cells capable of responding to injury (Poss et al., 2002;
Witman et al., 2011; Porrello et al., 2011; Jazwinska and Sallin, 2016). We investigated
these criteria in an emerging model of spontaneous multi-tissue regeneration, the leopard
gecko. Using multiple assays, we demonstrate that cardiac cells of the (postnatal) gecko
heart constitutively proliferate, including a large proportion (~10%) of cardiomyocytes.
Similar to other reptiles, the ventricle of the gecko is characterized by a trabeculated,
spongy lumen, providing an increased surface area for diffusion and hence a decreased
reliance on coronary circulation. Finally, we demonstrate the presence of a slow-cycling
reserve of cells, some of which co-localize with the stem/progenitor cell marker c-kit.
Taken together, our data provides compelling support that the gecko is capable of injurymediated cardiac self-repair and regeneration.

2.4.1 Cardiomyocytes constitutively proliferate in the postnatal gecko heart

The ability for cardiomyocytes to spontaneously re-enter the cell cycle and
proliferate is a hallmark feature of cardiac regeneration (Oberpriller and Oberpriller,
1971, 1974; Jopling et al., 2010; Porrello et al., 2011; Witman et al., 2011; Sallin et al.,
2015). Various methodological approaches have been employed to test for cardiomyocyte
proliferation, including cell counts, fluorescent activated cell sorting, nucleotide analogue
incorporation assays, and immunostaining for various proliferative markers (Leone et al.,
2015). To assess cardiac cell proliferation, we employed a short duration BrdU pulse-
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chase experiment and immunostained for the mitotic marker pHH3 and S phase marker
PCNA. We determined that cardiac cells of the gecko heart continually proliferate, even
into adulthood. Nucleotide incorporation using BrdU is widely acknowledged as a
reliable measure of cell cycle re-entry and proliferation (Nowakowski et al., 1989; van
Amerongen and Engel, 2008). Once incorporated (during the S phase of the cell cycle),
BrdU can be detected for multiple (~3-4) rounds of cell division before the label is
diluted below the threshold of detection (Barker 2014; Leone et al., 2015). Therefore,
BrdU expression is passed down to daughter cells. Corroborating our BrdU data, we also
observed that myocardial and epicardial cells constitutively expressed the proliferation
markers pHH3 and PCNA. Strictly speaking, pHH3 (phosphorylation of histone H3 at
serine 10) labels cells during the mitotic phase (M phase), while PCNA marks cells that
are actively in S phase (Poss et al., 2002; Leung et al., 2005; Porrello et al., 2011;
Witman et al., 2011; Sallin et al., 2015). Taken together, our data provides powerful
evidence that cardiac cells undergo cell division in the postnatal gecko heart.

Despite the overwhelming evidence in support of constitutive cell proliferation,
we acknowledge that the actual number of cycling cells is likely overestimated by each
method. Fundamentally, none of the assays employed exclusively report cell proliferation
(Leone et al., 2015). For example, the incorporation of BrdU [as well as other nucleotide
analogues such as 5-ethynyl-2’-deoxyuridine (EdU) and tritiated thymidine], as well as
PCNA expression, can also take place as a result of DNA repair (van Amerongen and
Engel, 2008; Leone et al., 2015). Furthermore, labeled cells do not always complete the
cell cycle, resulting in polynucleation (multiple nuclei in one cell), polyploidy (greater
than two sets of homologous chromosomes in one cell), or G2/M cell cycle arrest (van
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Amerongen and Engel, 2008; Leone et al., 2015). Similarly, incomplete mitosis (resulting
in binucleation or polyploidy; Meckert et al., 2005; Engel et al., 2006; Leone et al., 2015)
also yields a false estimate of pHH3+ cells. Notwithstanding each method’s
shortcomings, our combined results offer compelling evidence that a proportion of gecko
cardiac cells constitutively proliferate.

One of our most striking findings came from the quantitative analysis. We
determined that an unexpectedly large proportion of MHC+ cardiomyocytes are also
PCNA+ (~10%). Comparable analyses performed on zebrafish estimate the rate of
cardiomyocyte proliferation to be 10x lower (~1%; Sallin et al., 2015), and in mammals,
it is estimated that less than 1% of cardiomyocytes proliferate each year, with this
number declining with age (Bergmann et al., 2009, Bergmann et al., 2015; Alkass, 2015).
By way of explanation we note that our experimental geckos were subadults at the time
of the experiment (body length (S-V length)= 75mm; adult size= 125mm), and therefore
the elevated rate observed is, at least in part, a function of ontogenetic growth. Although
the topic remains unexplored in reptiles, cardiac growth in zebrafish and urodeles is the
result of cardiac proliferation and an increase in cell number over time (Jazwinska and
Sallin, 2016). In contrast, amongst mammals, postnatal cardiac growth shortly after birth
occurs through both cardiomyocyte hypertrophy and proliferation (Soonpaa et al., 1996;
Engel et al., 2006; Walsh et al., 2010; Rana et al., 2013; Naqvi et al., 2014; Alkass et al.,
2015). Curiously, if zebrafish are raised in low population densities (3 fish/10L compared
with the standard of 15 fish/3L) they demonstrate a dramatic increase in both body mass
(~208% vs. 13% for standard density) and ventricular size (~221% vs. ~48%; Wills et al.,
2008). Furthermore, low-density zebrafish also demonstrate a high rate of BrdU
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incorporation in cardiomyocytes (10%), essentially matching our gecko data. Once the
zebrafish heart is fully grown (i.e., adult-sized), cardiomyocyte proliferation rates decline
to low levels (Wills et al., 2008), likely reflecting a switch to homeostatic maintenance
and not growth (Jazwinska and Sallin, 2016; Wills et al., 2008).

Although not the focus of the current investigation, another mechanism involved
in cardiac growth and homeostasis is apoptosis. As presently understood, there is a close
balance between cardiac cell proliferation and programmed cell death (Anversa et al.,
2006). Consequently, apoptosis (paralleling cell proliferation) is generally viewed as an
uncommon contributor to cardiac homeostasis (Palojoki et al., 2001; Wills et al., 2008;
Kikuchi et al., 2010). Given the larger proportion of proliferating cardiomyocytes
observed in geckos, it seems entirely possible that gecko hearts also demonstrate a greater
abundance of cells undergoing apoptosis.

Tail loss and regeneration does not alter the rate of cardiomyocyte proliferation

The ability to self-detach (autotomize) the tail to avoid predation and then
regenerate a replacement is a key adaptation of many lizards, including geckos. Previous
work has demonstrated that geckos will prioritize tail regeneration over somatic growth
when dietary resources are rationed (Lynn et al., 2013; see also Congdon et al., 1974; Vitt
et al., 1977; Naya et al., 2007). We were interested to know if tail-regenerating geckos
would preferentially re-allocate available resources away from uninjured organs/tissues,
thus leading to a quantifiable decrease in cardiomyocyte proliferation. We found no
significant differences in proliferation rates between original (intact) and tail regenerating
geckos, suggesting that the energetic investment to cardiomyocytes was not compromised
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by tail regeneration. One possible explanation is that prior to and throughout the
experiment, geckos were maintained on sufficient rations such that the demands of
continued growth and tissue regeneration were never in conflict. Alternatively, cardiac
homeostasis and growth may represent a ‘higher’ biological priority, and is therefore
unlikely to be negatively impacted during tail regeneration. Of particular interest for
future investigations would be to explore whether tail loss/regeneration results in
modulation of cardiac function.

2.4.2 Other criteria present in cardiac regeneration-competent species

Trabeculation may be a key anatomical feature for successful cardiac regeneration

In reptiles, the ventricular myocardium is organized into a compact outer cortex
and a trabeculated inner compartment. As a result of the spongy morphology, the
endocardium has an enlarged surface area thus enhancing the potential for gas and
nutrient exchange (Ostadal et al., 1999; Hagensen et al., 2008). Indeed, among various
species it is reported that the trabeculated compartment is avascular and entirely reliant
on diffusion from the ventricular lumen (Ostadal et al., 1999) while the compact
compartment demonstrates evidence of a coronary circulatory supply. A similar
trabeculated myocardium is also characteristic of species known to be capable of cardiac
regeneration, including zebrafish and urodeles (Poss et al., 2002; Piatkowski et al., 2013).
The spongy architecture, and its associated physiological role in the direct oxygen
delivery from the ventricular lumen, is interpreted as an important adaptation permitting
cardiac regeneration (Jensen et al., 2013a, 2013b; Jazwinska and Sallin, 2016). The
entirely compact myocardium of mammals requires a well-developed coronary
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circulation for gas exchange (Burggren et al., 2014). Injuries to this compact,
vascularized tissue often lead to a destructive cascade of events including the rupture or
occlusion of coronary vessels, ischemia and cell death. In contrast, the primarily
trabeculated architecture of regeneration-competent species (and possibly reptiles)
permits cardiac cells of the inner compartment to continue receiving sufficient gas
exchange to prevent necrosis, even when coronary vessel function becomes impaired.

In addition to differences in cardiac vasculature, regenerative-competent species
are also characterized by comparative lower physiological parameters of heart function,
including blood pressure, metabolism, and cardiac workload (Jensen et al., 2013b;
Burggren et al., 2014). Although these properties are well understood to be associated
with/heavily influenced by ectothermy (Nagy, 1987, 2005; Lillywhite et al., 1999), they
have also been implicated in the capacity for cardiac self-repair (Kikuchi and Poss, 2012;
Jazwinska and Sallin, 2016). In turn, this may help explain why cardiocentesis can be
performed on reptiles (particularly snakes and tail-autotomizing lizards) as a non-lethal
method of blood collection (Tousignant and Crews, 1995; Divers, 1999).

Slow cycling cells are present in the gecko heart

Unexpectedly, we observed slow cycling (long-term label-retaining) cells in the
gecko heart. Although the identity of these cells could not be confirmed, they were
distributed throughout the trabeculated and compact myocardium, and may represent
more than one cell type. One possibility is that at least some are quiescent
stem/progenitor cells (SPCs). Under normal physiological conditions, SPCs are often
reported as being ‘dormant’, essentially inactive until recruited in response to injury (e.g.,
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Fuchs, 2009; Meinhardt et al., 2011). In support of this prediction, we observed that
isolated label-retaining cells also expressed the marker c-kit. In rodents, c-kit+ cells are
constitutively present at low densities throughout the myocardium (Beltrami et al., 2003;
Ellison et al., 2013; van Berlo et al., 2014). Following cardiac injury, these populations
were reported to directly contribute new cardiomyocytes and endothelial cells, although
the numbers generated were functionally insufficient to restore heart function (Ellison et
al., 2013; van Berlo et al., 2014). Therefore, it is important to note that while c-kit may
label some cardiac cells with SPC properties, their exact roles remain controversial (van
Berlo et al., 2014). Confusingly, we detected both perinuclear and nuclear c-kit
expression in gecko heart cells, although only nuclear c-kit+ co-localized with BrdU at 20
weeks [although similar c-kit expression profiles have been reported by Hong et al.
(2007)].

Alternatively, these slow cycling populations may represent essentially dormant
but differentiated cardiac cell types such as cardiomyocytes. Although most mammalian
cardiomyocytes are characterized as post-mitotic, available evidence does support the
presence of small populations of proliferating cells (Bergmann et al., 2009 Bergmann et
al., 2015). In contrast, we observed abundant proliferating gecko cardiomyocytes and
comparatively rare quiescent cells. However, in the absence of co-localized markers, the
identity of our label-retaining populations remains uncertain.

2.4.3 Growth factor expression in the postnatal gecko heart

This investigation marks the first effort to characterize growth factor expression
in the lizard heart. Of note, we observed constitutive expression of TGF1, Activin-A,
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FGF2, VEGF, VEGFR1 and VEGFR2 by gecko cardiac cells. Although not entirely
unexpected, these findings indicate a homeostatic role that is conserved across amniotes
(reptiles + mammals) and possibly even more widely among vertebrates. Canonical
TGF/Activin signalling is involved in multiple context and cell-type dependent roles
including cell proliferation, cell migration, tissue differentiation, and tissue/organ growth
(Attisano et al., 2002; Bujak and Frangogiannis, 2007; Moustakas and Heldin, 2009;
Dobaczewski et al., 2011; Gilbert et al., 2016). In geckos, TGF1 is constitutively
expressed by epidermal keratinocytes prior to injury, and dynamically expressed by
keratinocytes and blastema cells during tail regeneration (Gilbert et al., 2013). In
mammals, TGF1 is best understood as a pro-inflammatory cytokine that participates in
regulating collagen deposition by resident fibroblasts following injury (Eghbali et al.,
1991; Lijnen et al., 2000; Leask and Abraham, 2004; Dobaczewski et al., 2010).
Although its role(s) in cardiac homeostasis remain poorly understood (Bujak and
Frangogiannis, 2007), TGF1 is widely expressed by mammalian cardiomyocytes (prior
to injury; Thompson et al., 1989) and, at least in vitro, regulates cardiomyocyte
contractility (MacLellan et al., 1993). For Activin-A, less is known. Similar to TGF1,
Activin-A is expressed by gecko keratinocytes prior to injury and throughout wound
healing (Subramaniam, 2016, unpublished), and Activin-A transcripts are significantly
upregulated during tail regeneration (Gilbert et al., 2013). Curiously, while Activin-A is
required for zebrafish tail regeneration (Jazwinska et al., 2007), transcripts of this
cytokine were not detected in heart tissue prior to or even following cryoinjury (Chablais
and Jazwinska, 2012).
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Similar to TGF1, FGF2 is a pleiotrophic growth factor involved in various
homeostatic, developmental, and injury-mediated processes and, as revealed by our data,
is expressed in the postnatal gecko heart. Previous investigations have revealed that
FGF2 has a highly conserved pattern of expression among heart cells across a range of
vertebrate species (e.g., Kardami and Fandrich, 1989; Detillieux et al., 2003; Lavine et
al., 2005). In mammals, FGF2 has been detected in all cardiac cell types, including
cardiomyocytes, endothelial cells, smooth muscle cells, epicardial cells and fibroblast
cells (Schneider and Parker, 1991; Kardami and Fandrich, 1989; Ku and D’Amore, 1995;
Clarke et al., 1995; Detillieux et al., 2003; Levine et al., 2005; Masters and Riley, 2014).
In the adult heart, FGF2 is necessary for maintaining cardiomyocyte gap junctions
(Sakurai et al., 2013) and remodelling of transient disruptions in the cardiomyocyte
plasma membrane following normal contractile activity (Clarke et al., 1995). Moreover,
FGF2 is released from the epicardium to regulate cardiomyocyte turnover in the
uninjured zebrafish heart (Wills et al., 2008), while in urodeles the exogenous application
of FGF2 to cultured cardiomyocytes results in an increase in DNA synthesis (Soonpaa et
al., 1994). FGF2 has also been associated with regulating blood pressure by maintaining
vascular tone (Zhou et al., 1998). Although similar homeostatic roles are hypothesized
for gecko cardiac cells, it would be interesting to determine which FGF receptors are
being simultaneously expressed, and what, if any, roles these factors have during cardiac
self-repair and regeneration.

VEGF is a potent pro-angiogenic growth factor known to participate in vascular
(endothelial) homeostasis (Lee et al., 2007; Zhao et al., 2013; Domigan et al., 2015). As
evidenced by knocking out cardiomyocyte-derived VEGF in postnatal mice, VEGF may
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also participate in cardiac homeostasis; knock-outs demonstrate impaired cardiomyocyte
contraction, hypovascularity, and an overall reduction in body mass (Giordano et al.,
2001). In line with our findings, VEGF expression appeared ubiquitously throughout the
myocardium, with VEGFR1 and VEGFR2 co-localizing and demonstrating similar
expression patterns. Although VEGF expression has not been investigated in zebrafish or
urodeles, it does play a role during zebrafish cardiac development, which suggests that it
may still be present in the adult homeostatic heart (Lee et al., 2006; Gore et al., 2012).

In summary, we determined that cardiac cells, including a proportion of
cardiomyocytes, continue to proliferate in the postnatal gecko heart. Interestingly, while
geckos normally prioritize tail regeneration over somatic growth, the proportion of
proliferating cardiomyocytes did not significantly change following tail loss. Our
histological investigation confirmed the ventricular myocardium of geckos is trabeculated
and cells of the epicardium and myocardium constitutively express VEGF and FGF2.
Furthermore, we found that the TGFβ/Activin signalling pathway is activated prior to
injury. We also identified, for the first time, a population of slow-cycling cells that
express the cardiac stem/progenitor cell marker c-kit. Taken together, our data provides
compelling evidence that the gecko is an excellent model for the study of cardiac selfrepair and regeneration.
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Chapter 2 Tables
Table 1: Summary table of the optimized immunohistochemistry and immunofluorescence protocols for proteins of interest
(Activin-βA, BrdU, c-kit, FGF2, MHC, PCNA, pHH3, pSMAD2, TGFβ1, VEGF, VEGFR1 (Flt-1), VEGFR2 (Flk-1), vimentin, and
vWF).
Antigen
Activin-βA

Type
IHC

Retrieval
citrate buffer
12 mins

Block
Blocking buffer
1 hour RT

Primary
Rabbit antiActivin-βA
1:500
(Kind donation
from Dr. Paul
Sawchenko; Salk
Institute for
Biological Studies,
La Jolla, CA,
PBL#207-234)

Secondary
Biotinylated Goat
anti-Rabbit 1:200
(Vector
Laboratories
BA-9200)

BrdU

IF

citrate buffer
12 mins
OR
2N HCl for
30 mins at
37°C

5% NGS diluted
in diluent for 30
mins at 37°C

Mouse anti-BrdU
1:100
(Sigma-Aldrich,
B8434)

Goat anti-Mouse
AlexaFluor-488
1:250
(Life technologies,
A-11001)

c-kit

IF

citrate buffer
12 mins
OR
2N HCl for
30 mins at
37°C

5% NGS diluted
in diluent for 30
mins at 37°C

Rabbit anti-ckit
1:400
(Cell Signaling
technology, 3472)

Cy3 Goat antiRabbit 1:250
(Jackson
ImmunoResearch
Laboratories, Inc.
111-165-144)
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SA-HRP
1:50 (Jackson
ImmunoResearch
Laboratories, Inc.
016-030-084)

DAB
45 sec

FGF2

IF

citrate buffer
12 mins

3% NGS diluted
in 1X sterile PBS
1 hour RT

Rabbit anti-FGF2
1:100
(Santa Cruz
Biotechnology, Inc.
sc-79)

Cy3 Goat antiRabbit 1:200
(Jackson
ImmunoResearch
Laboratories, Inc.
111-165-144)

MHC

IF

citrate buffer
12 mins

5% NGS diluted
in diluent for 30
mins at 37°C

Mouse anti-MHC
1:20
(Developmental
Studies Hybridoma
Bank, MF 20)

Goat anti-Mouse
AlexaFluor-488 1:500
(Life technologies,
A-11001)

PCNA

IF

citrate buffer
12 mins

3% NGS diluted
in 1X sterile PBS
1 hour RT

Rabbit anti-PCNA
1:100
(Santa Cruz
Biotechnology, Inc.
sc-7907)

Cy3 Goat antiRabbit 1:200
(Jackson
ImmunoResearch
Laboratories, Inc.
111-165-144)

pHH3

IF

citrate buffer
12 mins

3% NGS diluted
in 1X sterile PBS
1 hour RT

Rabbit anti-pHH3
1:500
(Cell Signaling
Technology,
#3377)

Cy3 Goat antiRabbit 1:250
(Jackson
ImmunoResearch
Laboratories, Inc.
111-165-144)

pSMAD2

IHC

no retrieval

3% NGS diluted
in sterile 1X PBS
1 hour RT

Rabbit antipSMAD2 1:800
(Cell Signaling
Technology,
ser465/467, #3101)

Biotinylated Goat
anti-Rabbit 1:200
(Vector
Laboratories
BA-9200)
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1:200 (Jackson
ImmunoResearch
Laboratories, Inc.
016-030-084)

40 sec

TGFβ1

IHC

no retrieval

3% NGS diluted
in sterile 1X PBS
1 hour RT

Rabbit anti-TGFβ1
1:500
(Santa Cruz
Biotechnology, Inc.
sc-146

Biotinylated Goat
anti-Rabbit 1:500
(Vector
Laboratories
BA-9200)

VEGF

IF

citrate buffer
12 mins

3% NGS diluted
in 1X sterile PBS
1 hour RT

Rabbit anti-VEGF
1:100
(Santa Cruz
Biotechnology, Inc.
sc-152)

Cy3 Goat antiRabbit 1:500
(Jackson
ImmunoResearch
Laboratories, Inc.
111-165-144)

VEGFR1
(flt-1)

IF

citrate buffer
12 mins

3% NGS diluted
in 1X sterile PBS
1 hour RT

Rabbit anti-Flt-1
1:200
(Santa Cruz
Biotechnology, Inc.
sc-316)

Cy3 Goat antiRabbit 1:200
(Jackson
ImmunoResearch
Laboratories, Inc.
111-165-144)

VEGFR2
(flk-1)

IF

citrate buffer
12 mins

3% NGS diluted
in 1X sterile PBS
1 hour RT

Mouse anti-Flk-1
1:100 (Santa Cruz
Biotechnology, Inc.
sc-6251)

Goat anti-Mouse
AlexaFluor-488 1:100
(Life technologies,
A-11001)

Vimentin

IF

citrate buffer
12 mins

3% NGS diluted
in 1X sterile PBS
1 hour RT

Mouse antivimentin 1:50
(Developmental
Studies Hybridoma
Bank, H5)

Goat anti-Mouse
AlexaFluor-488 1:200
(Life technologies,
A-11001)
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1:200 (Jackson
ImmunoResearch
Laboratories, Inc.
016-030-084)

30 sec

vWF

IF

None

3% NGS diluted
in 1X sterile PBS
1 hour RT

Rabbit anti-vWF
1:500
(Dako Canada,
A0082)
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Cy3 Goat antiRabbit 1:400
(Jackson
ImmunoResearch
Laboratories, Inc.
111-165-144)

Chapter 2 Figures

Figure 1: Experimental design summary. (A) A total of seven hearts (n=4 from
original tailed geckos; n=3 from regenerating tailed geckos) were collected and sectioned
in the transverse plane. (B) Five random sections at least 80µm apart were
immunostained for the motor protein myosin heavy chain (MHC) and proliferation (S
phase) marker proliferating cell nuclear antigen (PCNA). (C) Three fields of interest per
section were imaged. (D) The proportion of PCNA+/MHC+ cells per field across each
group was collected using ImageJ and statistically analyzed (Proc mixed, SAS 9.2, Cary,
NC).
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Figure 2: Anatomy of the postnatal gecko heart. Ventral view of the heart in situ (A,
B), with the ventricle and great vessels (left and right aortae and pulmonary trunk)
outlined (hatched lines). Serial sections of the ventricle in longitudinal (C) and transverse
(D) planes, stained with Hematoxylin and Eosin. Note that the myocardium consists of an
inner trabeculated compartment (‘spongy lumen’) surrounded by a thin (approximately 3
cells layers thick) compact cortical layer. GV= great vessels; A=atrium (right); V=
ventricle. Scale bars= 100µm
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Figure 3: Histology of the ventricle. The heart is enveloped by a fibrous pericardium
and a thin layer of serosal cells making up the epicardium (A, B; white arrow heads=
pericardium, black arrow heads= epicardium). The myocardium is dominated by MHC+
cardiomyocytes. Structurally, two layers are recognized: an inner trabeculated
compartment (C) and an outer compact compartment (D). Vimentin (Vim)
immunopositive cardiac fibroblasts are sparsely distributed throughout trabeculae (E) but
appear to be more abundant in compact wall and the epicardium (F). Von Willebrand
Factor (vWF) label cells of the endocardium lining the trabeculae (G-H) and lining the
endothelial lumen of the coronary vessels (H; asterisks). Note: coronary vessels are only
present within the compact later of the myocardium. (A-B) Masson’s Trichrome. (C-H)
Nuclei stained with DAPI. Scale bars: A=100µm; B-H=10µm
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Figure 4: The canonical TGFβ/Activin signalling pathway is activated in the heart.
Cells of the epicardium and myocardium express phosphorylated SMAD2 (pSMAD2)
(A,B; arrow heads) and transforming growth factor 1 (TGF1) (C, D). Activin-A
expression was only detected in the myocardium; the epicardium is conspicuously
immunonegative (E-F). Immunohistochemistry visualized with DAB and hematoxylin
counterstaining. Insets are omission (negative) controls. Scale bar = 10m
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Figure 5: Expression of FGF2, VEGF, VEGFR1 and VEGFR2 in the heart. The
epicardium and myocardium demonstrate widespread expression of the soluble growth
factor basic fibroblast growth factor (FGF) 2 (A-B), vascular endothelial growth factor A
(VEGF) (C-D), and the VEGF receptors VEGFR1 and VEGFR2 (E-H). Note that
VEGFR1 and VEGFR2 are co-localized throughout the ventricle (I-J). Nuclei are stained
with DAPI. Scale bar = 10m
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Figure 6: A subset of cardiac cells are slow-cycling. (A) Schematic representation of
the experimental design. Original tailed geckos received intraperitoneal
bromodeoxyuridine (BrdU) injections twice daily for seven days at a dose of 50mg/kg.
Cardiac tissues were collected at day 7 (= pulse) and day 140 (= chase). Abundant BrdU+
cells (arrow heads) were observed throughout the epicardium, compact myocardium and
trabeculae at the pulse (B-C). At the end of the chase, a smaller population of BrdU+
cells remained localized within the compact myocardium and trabeculae (D-E). Nuclei
are stained with DAPI. Scale bar = 10m
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Figure 7: A subset of cardiac cells express c-kit. Cardiac cells demonstrating either perinuclear (A) or nuclear (B) c-kit+ expression
were observed within the myocardium of the ventricle (arrow heads). Often these c-kit+ cells were organized into localized clusters.
Isolated nuclear c-kit+ expressing cells co-localized with BrdU at the 140 day chase time point (C-D). Nuclei are stained with DAPI.
Scale bar = 10m
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Figure 8: Cardiac cell proliferation. (A) Schematic representation of the short-duration
bromodeoxyuridine (BrdU) experiment. Tail detachment (n=3) was induced 24 hours
prior to the BrdU pulse. Both original tailed geckos and regenerating tail geckos received
intraperitoneal injections of BrdU twice daily for two days at a dose of 50mg/kg. Cardiac
tissues from both experimental groups were subsequently collected at experimental day 9,
once the site of tail loss had completely re-epithelialized in the regenerating tail group. In
the original tailed geckos, BrdU+ cells (white arrow heads) were expressed throughout
the epicardium, compact myocardium (B), and trabeculae (C). None of the BrdU+ cells
co-localized with the proliferation (S phase) marker PCNA (D; PCNA= yellow arrow
heads). Similarly in the regenerating tail group, BrdU+ cells were also identified in the
epicardium, compact myocardium (E) and trabeculae (F), and BrdU did not co-localize
with PCNA (G). Nuclei are stained with DAPI. Scale bar = 10m
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A

MHC pHH3

B

MHC pHH3

C

MHC PCNA D

MHC PCNA

Figure 9: Cardiomyocyte proliferation. Discrete groups of 1-3 MHC+ cardiomyocytes
in the compact and trabeculated myocardium co-localize with the mitotic marker
phosphorylated histone H3 (pHH3; A-B). Using the S phase marker Proliferating Cell
Nuclear Antigen (PCNA), a more dispersed pattern of MHC+ proliferating
cardiomyocytes is observed (C-D). Arrow heads represent Nuclei are stained with DAPI.
Scale bar = 10m
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CHAPTER 3
CONCLUDING STATEMENTS

This study sought to investigate whether the leopard gecko heart demonstrates
features associated with a regenerative-competent heart, including constitutively
proliferating cardiomyocytes, a trabeculated myocardium, and the presence of a reservoir
of cells that are capable of responding to an injury (Jazwinska and Sallin, 2016). Using
multiple approaches, we determined that a large proportion of cardiac cells in the
postnatal gecko heart proliferate under normal, homeostatic conditions. We confirmed
that in geckos, as in other reptiles, the ventricular myocardium is trabeculated, allowing
for efficient gas exchange between cardiac cells and luminal blood with a low reliance for
coronary artery perfusion. Furthermore, we revealed the presence of slow-cycling cells,
some of which co-localize with the cardiac stem/progenitor cell marker c-kit. Taken
together, our findings demonstrate that the leopard gecko is an excellent candidate to
study injury-mediated cardiac self-repair and regeneration.

3.1 Do cardiomyocytes proliferate in the postnatal leopard gecko heart?

Based on our short duration BrdU pulse-chase experiment, we determined that
cardiac cells are constitutively proliferating in the postnatal gecko heart. Although we
could not co-localize this expression pattern with a cardiomyocyte marker, our findings
reveal that cardiac cells are cycling during homeostasis. Furthermore, our data reveals the
presence of proliferating cardiomyocytes through the co-localization of the motor protein
MHC with the mitotic marker pHH3 and the proliferation marker (S phase marker)
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PCNA. While these methodologies do not exclusively report on cell proliferation and
may overestimate the amount of true proliferating cells, our combined results using these
three methods provide compelling evidence for proliferating cardiac cells in the postnatal
gecko heart (Leone et al., 2015).

Our quantitative analysis using the MHC/PCNA data revealed that ~10% of
cardiomyocytes are constitutively proliferating. Constitutive cardiomyocyte proliferation
has been identified across vertebrate species, but typically with lower levels of
proliferation demonstrated by both zebrafish and mammals (Sallin et al., 2015; Bergmann
et al., 2009; Alkass, 2015; Bergmann et al., 2014; although see Wills et al., 2008). As the
experimental geckos used in our study were subadults, the elevated cardiomyocyte
proliferation rate that we determined may partially reflect ontogenetic growth. It is also
worth noting that zebrafish raised in low population density conditions demonstrate a
comparable rate of cardiomyocyte proliferation to that found in our study (Wills et al.
2008).

3.2 Are cardiomyocyte proliferation rates altered in response to autotomy?

We were also interested in determining if tail detachment (or autotomy) would
decrease cardiomyocyte proliferation rates following subsequent tail regeneration.
Previous work has demonstrated that geckos prioritize tail regeneration over somatic
growth (Lynn et al., 2013). Our analysis revealed that cardiomyocyte proliferation rates
are not altered during tail regeneration, which may reflect that somatic cardiac growth is
not compromised during regeneration. Alternatively, as our experimental geckos were
sufficiently fed during this experiment, there was no demand for the re-allocation of
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resources. It would be interesting to explore if tail loss will transiently affect cardiac
function prior to subsequent regeneration.

3.3 Do leopard geckos have a trabeculated myocardium?

Our histological data confirms that geckos, as for other reptiles, demonstrate a
trabeculated myocardium. A trabeculated myocardium permits oxygen diffusion to
cardiac cells from the ventricular lumen without relying heavily on coronary vasculature,
as is the case for species with a compact myocardium (Jensen et al., 2013a, 2013b;
Burggren et al., 2014; Jazwinska and Sallin, 2016). A trabeculated myocardium is also
characteristic for species capable of cardiac regeneration, including zebrafish and
urodeles (Poss et al., 2002; Witman et al., 2011). This trabeculated architecture prevents
cell necrosis and sustains cardiac cell survival following injury as sufficient gas exchange
can occur even when global cardiac function is impaired. In contrast, injuries to a
compact myocardium result in the destruction of the myocardial architecture as cardiac
cells undergo necrosis because of insufficient oxygen delivery (Burggren et al., 2014).
Furthermore, cardiac regeneration-competent species demonstrate lower cardiac
physiological parameters including blood pressure and metabolism, which appear to be
characteristic of ectoderms (Jensen et al., 2013b; Burggren et al., 2014). These low
cardiac physiological parameters may also contribute to the ability for snakes and lizards
to undergo cardiocentesis for blood collection in clinics without any adverse effects
(Divers, 1999).
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3.4 Are slow-cycling cells present in the postnatal leopard gecko heart?

Our long-duration BrdU pulse-chase experiment reveals that slow-cycling cells
are present in the leopard gecko heart. These findings may reflect a population of
quiescent cardiac SPCs that remain essentially “dormant” prior to becoming activated in
response to injury (Fuchs, 2009). Isolated slow-cycling cells also co-localize with the
marker c-kit, further supporting this idea. However, it should be noted that the role of ckit is controversial, and although it has been demonstrated to become activated in
response to injury, its exact contribution requires further investigation (Beltrami et al.,
2003; Ellison et al., 2013; van Berlo et al., 2014). Alternatively, these cells may reflect a
population of differentiated but quiescent cardiac cell types in the postnatal gecko heart.

3.5 Are growth factors involved in maintaining homeostasis in the postnatal gecko
heart?

Based on the expression of TGF1, Activin-A, FGF2, VEGF, VEGFR1 and
VEGFR2 by gecko cardiac cells, we determined that multiple growth factors are involved
in the homeostatic maintenance of the gecko heart. Although the roles of these growth
factors under normal physiological conditions have not been extensively explored, they
have been demonstrated to play important roles during wound healing and regeneration
(Kardami and Fandrich, 1989; Giordano et al., 2001; Lavine et al., 2005; Bujak and
Frangogiannis, 2007; Dobaczewski et al., 2010; Chablais and Jazwinska, 2012).
Cardiomyocytes express TGF1 in the mammalian homeostatic heart and has been
shown to regulate cardiomyocyte contractility in vitro, whereas the role for Activin-A in
the homeostatic heart has not been fully elucidated (Thompson et al., 1988; MacLellan et
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al., 1993). Moreover, FGF2 has demonstrated regulatory and maintenance roles in
cardiomyocytes in both mammals and zebrafish (Clarke et al., 1995; Wills et al., 2008;
Sakurai et al., 2013). In mammals, FGF2 may also be implicated in regulating blood
pressure and vascular tone (Zhou et al., 1998). In addition, VEGF has been implicated in
endothelial and cardiomyocyte homeostasis, primarily signalling through VEGFR2
(Giordano et al., 2001; Lee et al., 2007; Domigan et al., 2015).

3.6 Conclusions and future directions

This study provides compelling evidence to support that the leopard gecko is an
excellent candidate to study cardiac self-repair and regeneration. The gecko heart
demonstrates cardiac features that are often associated with a regenerative potential in the
heart, including postnatal cardiomyocyte proliferation, a trabeculated ventricle, and a
reservoir of slow-cycling cells that may contribute to self-repair following injury. Along
with its capacity to undergo multi-tissue regeneration following injury to the tail and skin,
the gecko also demonstrates the ability to undergo cardiocentesis during routine clinical
visits. Our findings reveal that the gecko is a novel model for injury-mediated cardiac
self-repair. Future work will aim to induce a direct injury to the leopard gecko heart to
elucidate the factors and mechanisms involved in cardiac self-repair and regeneration.
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APPENDICES

Appendix 1: Raw data for statistical analysis

The GLM Procedure (SAS 9.2 software (SAS Institute Inc.; Cary, North Carolina, USA)

Dependent Variable: logit
Source

DF

Sum of Squares

Mean Square

Model

34

11.37884897

0.33467203

Error

70

6.59764799

0.09425211

Corrected Total

104

17.97649696

F Value
3.55

R-Square

Coeff Var

Root MSE

logit Mean

0.632985

-14.10237

0.307005

-2.176975

Source

Type III Expected Mean Square

Lizard(status)

Var(Error) + 3 Var(Regio(status*Lizard)) +

Pr > F
<.0001

15 Var(Lizard(status))
Region(status*Lizard)

Var(Error) + 3 Var(Regio(status*Lizard))

Status

Var(Error) + 3 Var(Regio(status*Lizard)) + 15
Var(Lizard(status))+ Q(status)

Tests of Hypotheses for Mixed Model Analysis of Variance
Dependent Variable: logit
Source

DF

Type III SS

Lizard(status)

5

7.414390

1.482878

28

3.932731

0.140455

Error

Error: MS(Regio(status*Lizard))

97

Mean Square F Value Pr > F
10.56

<.0001

Source

DF

Type III SS

Mean Square F Value Pr > F

Regio(status*Lizard)

28

3.932731

0.140455

Error: MS(Error)

70

6.597648

0.094252

Source

DF

Type III SS

Mean Square F Value

Pr > F

status

1

0.031729

0.031729

0.8894

Error

5

7.414390

1.482878

1.49

0.02

Error: MS(Lizard(status)
Model Information

Data Set

WORK.BOTH

Dependent Variable

logit

Covariance Structure

Variance Components

Estimation Method

REML

Residual Variance Method

Profile

Fixed Effects SE Method

Model-Based

Degrees of Freedom Method

Containment

Dimensions
Covariance Parameters

3

Columns in X

3

Columns in Z

42

Subjects

1

Max Obs Per Subject

105

Number of Observations Read

105

Number of Observations Used

105

Number of Observations Not Used

0

98

0.0913

Covariance Parameter Estimates
Standard
Cov Parm

Estimate

Error

Z Value

Pr > Z

Alpha

Lower

Upper

Lizard

0.08949

0.06257

1.43

0.0763

0.05

0.03240

0.7135

0.01540

0.01359

1.13

0.1286

0.05

0.004639

0.3040

0.09425

0.01593

5.92

<.0001

0.05

0.06943

0.1353

(status)
Regio
(status*Lizard)
Residual

Fit Statistics
-2 Res Log Likelihood

81.9

AIC (smaller is better)

87.9

AICC (smaller is better)

88.1

BIC (smaller is better)

87.7

Type 3 Tests of Fixed Effects
Num

Den

Effect

DF

DF

F Value

Pr > F

status

1

5

0.02

0.8894

Estimates
Effect

status

Estimate

LL

P_hat

UL

status

no tail loss

-2.1619

7.13563

10.3223

14.7066

status

tail loss

-2.1970

6.51507

10.0016

15.0535

Probt
0.8894

LL
0.55868

Effect
status
status
status no tail loss tail loss

Estimate
0.03513

99

OR
1.03575

UL
1.92020

Variable: Resid (Residual)
Moments

N

105

Sum Weights

105

Mean

0

Sum Observations

0

Std Deviation

0.28417462

Variance

0.08075522

Skewness

-0.8036401

Kurtosis

1.82226066

Uncorrected SS

8.39854237

Corrected SS

8.39854237

Std Error Mean

0.0277326

Coeff Variation

Basic Statistical Measures

Location
Mean

0.000000

Variability
Std Deviation

0.28417

Median 0.020582

Variance

0.08076

Mode

Range

1.65168

Interquartile Range

0.32995

.

Tests for Location: Mu0=0
Test

-Statistic-

-----p Value-----

Student's t

t

0

Pr > |t| 1.0000

Sign

M

6.5

Pr >= |M| 0.2414

Signed Rank

S

173.5

Pr >= |S| 0.5816

Tests for Normality
Test

--Statistic---

-----p Value------

Shapiro-Wilk

W

0.961455

Pr < W

0.0038

Kolmogorov-Smirnov

D

0.07555

Pr > D

0.1447

Cramer-von Mises

W-Sq 0.099759

Pr > W-Sq 0.1145

Anderson-Darling

A-Sq 0.711596

Pr > A-Sq 0.0645

100

Table A1: Raw cell counts for cardiomyocyte proliferation quantification in original
tailed geckos. Lizard= animal name. Region= section number selected. Field= region of
interest on section. Total= total number of DAPI cells. Proliferating= total number of
proliferating cardiomyocytes (MHC/PCNA+).
Lizard
Region
Field
15-Jun-21
21 A
15-Jun-21
21 B
15-Jun-21
21 C
15-Jun-21
47 A
15-Jun-21
47 B
15-Jun-21
47 C
15-Jun-21
69 A
15-Jun-21
69 B
15-Jun-21
69 C
15-Jun-21
91 A
15-Jun-21
91 B
15-Jun-21
91 C
15-Jun-21
114 A
15-Jun-21
114 B
15-Jun-21
114 C
11-02-02
11 A
11-02-02
11 B
11-02-02
11 C
11-02-02
28 A
11-02-02
28 B
11-02-02
28 C
11-02-02
40 A
11-02-02
40 B
11-02-02
40 C
11-02-02
52 A
11-02-02
52 B
11-02-02
52 C
11-02-02
65 A
11-02-02
65 B
11-02-02
65 C
11-02-05
37 A
11-02-05
37 B
11-02-05
37 C

Total

Proliferating
245
284
245
302
215
291
359
294
262
285
309
351
233
332
376
174
154
241
207
205
190
154
175
210
114
139
195
141
137
199
131
174
235

101

31
43
23
17
7
20
26
16
25
15
16
36
18
23
9
29
29
37
31
33
37
21
27
26
28
27
24
22
25
28
17
19
30

11-02-05
11-02-05
11-02-05
11-02-05
11-02-05
11-02-05
11-02-05
11-02-05
11-02-05
11-02-05
11-02-05
11-02-05
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06
11-02-06

46
46
46
58
58
58
71
71
71
83
83
83
16
16
16
29
29
29
41
41
41
53
53
53
66
66
66

A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

162
200
168
164
183
208
212
172
256
170
180
258
119
125
151
140
154
272
171
209
217
182
191
203
156
184
202

16
13
14
25
22
20
19
23
22
12
17
20
7
15
18
12
10
23
16
23
25
21
14
18
20
16
26

Table A2: Raw cell counts for cardiomyocyte proliferation quantification in
regenerating tailed geckos. Lizard= animal name. Region= section number selected.
Field= region of interest on section. Total= total number of DAPI cells. Proliferating=
total number of proliferating cardiomyocytes (MHC/PCNA+).
Lizard
Region
11-02-04
8
11-02-04
8
11-02-04
8
11-02-04
19

Field
A
B
C
A

Total

Proliferating
255
247
152
247

102

17
22
16
21

11-02-04
11-02-04
11-02-04
11-02-04
11-02-04
11-02-04
11-02-04
11-02-04
11-02-04
11-02-04
11-02-04
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-08
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10
11-02-10

19
19
28
28
28
37
37
37
50
50
50
19
19
19
31
31
31
43
43
43
51
51
51
60
60
60
14
14
14
25
25
25
37
37
37
48
48
48
61
61
61

B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

214
218
230
226
195
212
217
252
247
232
219
260
243
187
229
244
230
361
277
248
294
252
262
339
253
359
188
298
253
212
220
183
203
242
299
310
195
230
175
296
171

103

26
16
20
22
11
26
19
14
26
27
23
29
22
34
34
22
30
25
26
28
25
27
35
36
22
25
27
34
26
22
31
22
26
22
23
34
21
26
21
11
19

Appendix 2: Histochemical Protocols and Solutions
Hematoxylin and Eosin
Protocol:
1. Absolute xylene (3 x 2 minutes)
2. Absolute isopropanol (3 x 2 minutes)
3. 70% isopropanol (2 minutes)
4. Deionized water (2 minutes)
5. Modified Harris Haematoxylin (10 minutes)
6. Rinse off excess dye in running deionized water
7. Differentiate in 1% acid alcohol solution (6 dips)
8. Rinse off acid alcohol in running deionized water
9. Blue in ammonia water (6 dips)
10. Rinse off ammonia water in running deionized water
11. 70% isopropanol (6 dips)
12. Eosin (1 minute)
13. Absolute isopropanol (4 x 2 minutes)
14. Absolute xylene (3 x 2 minutes)
15. Coverslip
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Solutions:
Acid Alcohol:


1% HCl in 70% isopropanol

Eosin Stock:


10 g Eosin Y



1 g Phloxine B



Dissolve in 1000 mL 80% ethanol

Eosin Working:


200 mL stock Eosin



200 mL deionized water



600 mL absolute ethanol



5 mL glacial acetic acid
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Masson’s Trichrome (modified)
Protocol:
1. Absolute xylene (3 x 2 minutes)
2. Absolute isopropanol (3 x 2 minutes)
3. 70% isopropanol (2 minutes)
4. Deionized water (2 minutes)
5. Mayer’s Haematoxylin (10 minutes)
6. Rinse off excess dye in running deionized water
7. Blue in ammonia water (6 dips)
8. Rinse off ammonia water in running deionized water
9. Ponceau Xylidine/Acid Fuchsin (2 minutes)
10. Rinse off excess dye in running deionized water
11. 1% phosphomolybdic acid (10 minutes)
12. Rinse off excess phosphomolybdic acid in running deionized water
13. 2% Light Green (90 seconds)
14. Rinse in running deionized water
15. 95% isopropanol (2 minutes)
16. 100% isopropanol (3 x 2 minutes)
17. Absolute xylene (3 x 2 minutes)
18. Coverslip
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Solutions:
0.5% Ponceau Xylidine/0.5% Acid Fuchsin in 1% acetic acid:


1.25 grams Ponceau Xlidine 2R in 250mL 1% acetic acid solution



1.25 grams Acid Fuchsin in 250mL 1% acetic acid solution

Mix dyes together. Store at room temperature

1% Phosphomolybdic Acid


10 grams phosphomolybdic acid in 1L deionized water

2% Light Green


2 grams Light Green Yellowish SF in 100mL 2% citric acid solution



Mix 1:10 with deionized water
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Appendix 3: Immunohistochemical Protocols and Solutions

Protocol:

1. Absolute xylene (3 x 2 minutes)
2. Absolute isopropanol (3 x 2 minutes)
3. 70% isopropanol (2 minutes)
4. Deionized water (2 minutes)
5. Quench endogenous peroxidases in 3% H2O2 (20 minutes; 30 minutes for ActivinβA)
6. Phosphate buffered saline (3 x 2 minutes) or Tris buffered saline with Tween20 (3
x 5 minutes for Activin-βA)
7. Citrate Buffer Retrieval (Activin-βA; if not necessary, skip to step 9). a. Citrate
buffer set to 90°C in a 90°C water bath (12 minutes) b. Remove from water bath
and let cool (20 minutes)
8. Phosphate buffered saline (3 x 2 minutes) or Tris buffered saline with Tween20 (3
x 5 minutes for Activin-βA)
9. Block in 3% normal goat serum or blocking buffer for Activin-βA (1 hour at room
temperature)
10. Tip off block
11. Apply primary antibody at appropriate concentration overnight at 4° C
12. Phosphate buffered saline (3 x 2 minutes) or Tris buffered saline with Tween20 (3
x 5 minutes for Activin-βA)
13. Apply biotinylated secondary antibody at appropriate concentration (1 hour at
room temperature; 30 minutes for Activin-βA)
14. Phosphate buffered saline (3 x 2 minutes) or Tris buffered saline with Tween20 (3
x 5 minutes for Activin-βA)
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15. Apply streptavidin conjugated horse radish peroxidase (1 hour at room
temperature)
16. Phosphate buffered saline (3 x 2 minutes) or Tris buffered saline with Tween20 (3
x 5 minutes for Activin-βA)
17. DAB for appropriate times, stopping the reaction by rinsing in deionized water
18. Mayer’s haematoxylin (1 minute)
19. Rinse in running deionized water
20. Blue in ammonia water (6 dips)
21. Rinse in running deionized water
22. Absolute isopropanol (3 x 2 minutes)
23. Absolute xylene (3 x 2 minutes)
24. Coverslip

Solutions:
Citrate Buffer:
Solution A (0.1 M citric acid):


1.92 g citric acid powder



100 mL deionized water

Solution B (0.1 M sodium citrate dihydrate):


14.7 g sodium citrate dihydrate



500 mL deionized water
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Citrate Buffer Retrieval Solution: Mix 9 mL solution A with 41 mL solution B into 450
mL deionized water, adjust pH to 6.0.

DAB:
Vector Laboratories DAB Peroxidase (HRP) Substrate Kit


5 mL deionized water



1 drop H2O2 Stock



1 drop Buffer Stock



2 drops DAB Stock

10x Tris Buffered Saline with Tween20 (TBST) **use at 1x**


24.2 g Tris Base (20 mM)



80 g NaCl



Adjust pH to 7.6



Add 10 mL Tween 20 (0.1%)



Add water to 1 L

Blocking Buffer Solution (3% BSA, 10% NGS in TBST)


0.3 g bovine serum albumin (BSA)



1 mL normal goat serum (NGS)



9 mL 1x TBST
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Appendix 4: Immunofluorescence Protocols and Solutions
Standard Immunofluorescence Protocol
Protocol:
1. Absolute xylene (3 x 2 minutes)
2. Absolute isopropanol (3 x 2 minutes)
3. 70% isopropanol (2 minutes)
4. Deionized water (2 minutes)
5. Phosphate buffered saline (3 x 2 minutes)
6. Citrate Buffer Retrieval (if not necessary, skip to step 8). a. Citrate buffer set to
90°C in a 90°C water bath (12 minutes) b. Remove from water bath and let cool
(20 minutes)
7. Phosphate buffered saline (3 x 2 minutes)
8. Block in 3% normal goat serum (1 hour at room temperature)
9. Tip off block
10. Apply primary antibody at appropriate concentration overnight at 4° C
11. Phosphate buffered saline (3 x 2 minutes)
12. Apply secondary antibody at appropriate concentration (1 hour at room
temperature)
13. Phosphate buffered saline (3 x 2 minutes)
14. DAPI 1:10,000 (2 minutes)
15. Phosphate buffered saline (3 x 2 minutes)
16. Coverslip
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Modified One-day Immunofluorescence Protocol

Protocol:

1. Absolute xylene (3 x 2 minutes)
2. Absolute isopropanol (3 x 2 minutes)
3. 70% isopropanol (2 minutes)
4. Deionized water (2 minutes)
5. Phosphate buffered saline (15 minutes)
6. Citrate Buffer Retrieval. (if HCl required, skip to 7) a. Citrate buffer set to 90°C
in a 90°C water bath (12 minutes) b. Remove from water bath and let cool (20
minutes)
7. Incubate in 2N HCl (30 minutes at 37°C)
8. Phosphate buffered saline (3 x 2 minutes)
9. Incubate in 0.1% trypsin (20 minutes at 37°C)
10. Phosphate buffered saline (1 x 2 minutes)
11. Block in 5% normal goat serum in diluent (30 minutes at 37°C)
12. Tip off block
13. Apply primary antibody at appropriate concentration in diluent (2 hours at 37°C)
14. Phosphate buffered saline (3 x 2 minutes)
15. Apply secondary antibody at appropriate concentration (1 hour at room
temperature)
16. Phosphate buffered saline (3 x 2 minutes)
17. DAPI 1:10,000 (2 minutes)
18. Phosphate buffered saline (3 x 2 minutes)
19. Coverslip
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Solutions:

0.1% trypsin


0.1g Trypsin



100 mL Phosphate buffered saline

Diluent (1% BSA, 0.5% Tween20, 0.1% Sodium azide)


1 g Bovine serum albumin



0.5 mL Tween20



0.1 g Sodium azide



100 mL Phosphate buffered saline
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