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ABSTRACT 

The teleost zebrafish (danio rerio) has a highly elevated regenerative 

capacity compared to mammals, with the ability to quickly and correctly 

regenerate complex organs such as the fin and the heart following amputation.  

Studies in other highly regenerative systems suggest that regenerative capacity 

is directly related to the homeostatic demands of a given tissue, such as high 

basal levels of cell turnover or the ability to modify tissue size in response to 

homeostatic changes.  However, it is not known if this relationship is present in 

vertebrate tissues with blastema-based regeneration. To test this idea, we 

investigated whether markers associated with regeneration are expressed in 

uninjured zebrafish tissues, and if treatments that block regeneration also lead to 

homeostatic defects over long periods. 

We found that regenerative capacity is generally required for homeostasis 

in the fin, as multiple genetic treatments that block regeneration also led to a 

degenerative loss of distal fin tissue in uninjured animals.  In addition, we found 

that there is extensive cell turnover in the distal fin tissues, accompanied by 

expression of critical effectors of blastemal regeneration.  Both cell proliferation 

and gene expression were sensitive to changes in Fgf signaling, a factor that is 

critical for fin regeneration. 

In the heart, we found that although there is little cell turnover in uninjured 

adult animals, the zebrafish heart can undergo rapid, dramatic cardiogenesis in 
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response to animal growth.  These growth conditions induce cardiomyocyte 

hyperplasia similar to regeneration, and induce gene expression changes in the 

epicardium, a tissue that is critical for cardiac regeneration.  We find that the 

epicardium continually contributes cells to the uninjured heart, even in the 

absence of cardiac growth.  If this contribution is prevented via a long-term block 

of Fgf signals, scarring can result, indicating that continual activity of epicardium 

derived cells (EPDCs) is critical for cardiac homeostasis.  We have generated 

reagents that allow us to visualize EPDCs, and find that they contribute cardiac 

fibroblasts and perivascular cells during rapid cardiac growth.  Uncovering the 

fate of EPDCs during cardiac homeostasis and regeneration will allow us to 

better understand their function, and may lead to the development of 

regenerative therapies for human cardiovascular diseases. 
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CHAPTER 1:  BACKGROUND AND INTRODUCTION 

 

 The adult zebrafish is an outstanding model system for regeneration 

studies, with the ability to regenerate varied tissues such as the fin, heart, retina, 

spine, and pancreas.  Also, unlike other highly regenerative vertebrates such as 

the newt and axolotl, the zebrafish is an excellent genetic model, amenable to 

both forward and reverse genetic strategies.  Apart from its outstanding 

regenerative ability, there are other interesting aspects of zebrafish biology that 

make it an exciting and useful model system, in particular its capacity for 

indeterminate growth in adulthood.  Unlike mammals and many other 

vertebrates, which grow to a genetically predetermined size in a program based 

mainly on age (determinate growth), zebrafish and other teleosts retain the ability 

to grow throughout adulthood, in response to changes in nutrition, environment, 

and social cues.  Thus, two fish of the same age can attain quite different sizes, 

and moving a fish to different conditions can provoke extremely rapid body 

growth.  For my thesis project, I have studied and exploited these aspects of 

zebrafish biology in order to better understand the relationship between 

regeneration and homeostasis. 
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Fin Regeneration 

Of all of the tissues the zebrafish can regenerate, the fin is probably the 

most widely studied, primarily due to its external location, which allows easy 

manipulation of tissue and visualization of regenerative events.  Compared to 

mammalian and amphibian limbs, the zebrafish fin is a simple structure, 

comprised mainly of epidermal tissue and simple, segmented bony rays also 

known as lepidotrichia (Figure 1A, B).  Each ray is composed of two hemirays; 

concave structures that face each other like a pair of parenthesis (Figure 1C).  

Unlike bones of mammalian limbs, which are formed by mineralization of 

cartilage, the fin rays consist of dermal bone and are acellular.  The rays are 

formed by direct mineralization of matrix secreted by scleroblasts, which wrap 

around each hemiray to encase the bone.  Segments of hemirays are joined end-

to-end by ligaments and connective tissues, and the fin grows via saltatory 

addition of new ray segments to the distal tip of the fin, which appears to be 

nutrient-dependent (Goldsmith et al., 2006).  Both segment length and the rate of 

segment addition is genetically controlled, and mutants deficient in either of these 

processes can have abnormally long or abnormally short fins (Goldsmith et al., 

2003; Iovine and Johnson, 2000).  In addition, the rays of adult zebrafish fins 

have one or more bifurcation points at the distal ends, where one ray splits into 

two.  The hemirays encase the intraray mesenchyme, which is thought to serve 

as the primary source of blastemal cells during regeneration.  The intraray 
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mesenchyme also houses blood vessels, nerves, and melanocytes, which are 

also found in the interray mesenchyme between rays.  Although all five fins of the 

zebrafish can regenerate, the caudal fin is the most frequently studied, due to its 

large size, easy accessibility, and symmetrical structure. 

 Zebrafish fin regeneration is an example of epimorphic, or blastema-

based, regeneration.  In the first few hours following amputation, epidermal cells 

near the amputation plane migrate to cover the wound in the wound healing 

stage (Nechiporuk and Keating, 2002).  Within 24 hours, fibroblast-like 

mesenchymal cells, which are typically tightly packed within the intraray 

mesenchyme, disorganize and undergo distal migration to settle beneath the 

wound epidermis to form the blastema.  In zebrafish mutants unable to form a 

blastema, this distal mesenchymal disorganization is absent (Whitehead et al., 

2005).  As in regenerating amphibian limbs, blastema formation is the defining 

event in fin regeneration.  The blastema is covered by a single layer of cuboidal 

epithelial cells known as the wound epidermis, which serves as an important 

source of mitogens and patterning factors during regeneration.  In this sense, the 

wound epidermis is somewhat analogous to the apical ectodermal ridge that 

regulates limb outgrowth during embryonic development.  Following formation of 

the blastema, regenerative outgrowth begins.  This stage is characterized by 

rapid proliferation of blastemal cells and tissue addition as cells proximal to the 

proliferating blastema are patterned into scleroblasts and other cell types (Figure  
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Figure 1.1.  Zebrafish fin regeneration.  (A) Uninjured zebrafish 

caudal fin.  (B) Enlarged fin region (red box in A).  Red arrowheads 

designate lepidotrichia; black arrowhead denotes the bifurcation point.  

Note the intersegmental joints in each fin ray.  (C) High magnification 

image of a transverse section of uninjured caudal fin (cut along the 

plane indicated by the red horizontal line in (B).  Curved hemirays 

(white arrowheads) encase the intraray mesenchyme.  Thin, flattened 

scleroblasts can be seen wrapping around each hemiray (white 

arrows).  (D) Regenerative outgrowth in a fin at 4dpa.  Wound 

epidermis (we) surrounds the distal most portion of the regenerate, and 

acts as a source of signals for the blastema (white dotted line, b).  

Regenerating scleroblasts begin to generate new bone proximal to the 

blastema (white arrows, scleroblasts identified by staining with the 

antibody zns5).  Melanocytes (black arrow) regenerate by pigment stem 

cell proliferation independently of the blastema.  Black arrowheads 

designate amputation plane. 
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1D).  Regeneration of the caudal fin is a very rapid process, with the fin 

recovering its original size and shape within 10-14 days (Akimenko et al., 2003; 

Poss et al., 2003; Stoick-Cooper et al., 2007a). 

 

Molecular signals guiding regeneration 

 In recent years, many of the molecular signals that guide blastema 

formation, proliferation, and differentiation and patterning decisions in the 

regenerate have been identified.  Fgf signals are known to be critical for 

formation of the blastema following injury, as transgenic or chemical blocks in Fgf 

signaling prevent blastema formation in the regenerating fin (Lee et al., 2005; 

Poss et al., 2000). The role of Fgfs in enabling appendage regeneration is 

conserved across species, as it is also required for regeneration in urodele and 

anuran amphibians (D'Jamoos et al., 1998; Gospodarowicz and Mescher, 1980).  

Remarkably, beads soaked with Fgfs 2 or 4 enable blastema formation and 

partial regeneration after appendage amputation in chicks, and exogenous 

application of Fgf10 in Xenopus tadpoles stimulates regeneration at the 

nonpermissive stage, demonstrating both the importance of Fgf signals for 

epimorphic regeneration and the potential for artificially-induced epimorphic 

regeneration in higher vertebrates (Kostakopoulou et al., 1996; Taylor et al., 

1994; Yokoyama et al., 2001).  A mutagenesis screen for temperature sensitive 

mutants unable to regenerate fins at the restrictive temperature of 33°C has 
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identified fgf20a as the Fgf ligand responsible for blastema formation in the 

zebrafish.  fgf20a is expressed near the epithelial-mesenchymal border prior to 

blastema formation, and mutants fail to develop a blastema.  Interestingly, fgf20a 

mutants develop normally, even at the restrictive temperature of 33°C, 

suggesting that in zebrafish fgf20a is a regeneration specific ligand with no role in 

embryonic development (Whitehead et al., 2005). 

 In addition to their critical role in formation of the blastema, Fgfs have also 

been shown to be necessary regulators of blastema function, as both transgenic 

and chemical inhibition of Fgf signals blocks blastema proliferation during 

regenerative outgrowth (Lee et al., 2005; Poss et al., 2000).  Recent work from 

our lab suggests that Fgf control of blastema proliferation has an important role in 

maintaining the pattern of the fin during regenerative outgrowth.  For instance, 

when the two lobes of the caudal fin are amputated at different planes, such that 

one lobe has a distal amputation and the other lobe contains a proximal 

amputation, the rate of regenerative outgrowth is reduced in the distal amputation 

relative to the proximal amputation.  Thus, the two lobes of the fin achieve their 

original size at the same time, preserving overall patterning of the tissue.  Lee 

and colleagues demonstrated that mkp3, a Fgf responsive gene that is critical for 

regeneration, is expressed at lower levels in both distal amputation planes and in 

the very late stages of regeneration as the fin approaches its original size and 



 8  

regenerative rate is reduced.  This suggests that Fgfs are critical regulators of 

regenerative rate (Lee et al., 2005). 

One interesting aspect of this study is the implication that the fin likely 

contains some factor that can negatively regulate Fgf-dependent blastemal 

proliferation, such that the fin does not exceed its original size.  Recently, the 

microRNA miR-133 was identified as a factor that shows many of the expected 

properties of such a regenerative brake: overexpression reduces regenerative 

rate, application of a morpholino against miR-133 increases regeneration rate, 

and its expression is negatively regulated by Fgf signaling (Yin et al., 2008).  

Interestingly, miR-133 expression increases at very late stages of regeneration 

(14 dpa) and continues to be expressed long after regeneration has ceased (30 

dpa), suggesting that miR-133 acts as an inhibitory factor in the uninjured fin. 

 Canonical Wnt/β-catenin signaling has also been shown to drive blastema 

proliferation in the regenerating fin; overexpression of the Wnt inhibitor Dkk prior 

to blastema formation blocks regeneration, whereas overexpression of Wnt8 

increases the level of cell proliferation during regenerative outgrowth (Stoick-

Cooper et al., 2007b).  Studies in both zebrafish and Xenopus tadpoles indicated 

that although canonical Wnt signaling is required for blastema formation, blocking 

Wnt signaling after the blastema has formed allowed partial regeneration to 

occur, suggesting that Wnt signals are not necessary for regenerative outgrowth 

(Stoick-Cooper et al., 2007b; Yokoyama et al., 2007).  In addition identifying this 
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role for canonical Wnts in blastema formation, Stoick-Cooper and colleagues also 

demonstrated that wnt5b, a noncanonical Wnt pathway ligand, is expressed at 

the distal tip of the injured fin and appears to serve an inhibitory role.  Fish 

carrying a mutation in wnt5b (pipetail, ppt) regenerate at a faster rate than 

wildtype controls, and overexpression of wnt5b caused a regenerative block, 

suggesting a negative feedback loop between canonical and noncanonical Wnts 

in the regenerate (Stoick-Cooper et al., 2007b).  This interaction might be 

important for restricting cell proliferation in the distal-most blastema, which 

contains fewer proliferating cells than the proximal blastema (Nechiporuk and 

Keating, 2002), although this has not been directly tested.  Wnt signals have also 

been shown to interact with Fgf signaling in the regenerating fin, and together 

these two signaling pathways probably act as the central regulators of blastema 

function, with Wnts acting upstream of Fgfs (Stoick-Cooper et al., 2007b).  A 

recent study identified another ligand guiding early regeneration processes, 

activinβA, which is proposed to be critical for cell migration to cover the wound 

prior to blastema formation.  Interestingly, expression of activinβA is lost in the 

ray blastema in fgf20a mutants, but is maintained in the interray mesenchyme, 

suggesting these regions regenerate via different mechanisms, and that 

activinβA acts downstream of Fgf signals during blastema formation (Jazwinska 

et al., 2007). 
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 In addition to generating new cells via blastema proliferation, the various 

cell types found in the fin must be correctly formed and patterned during 

regenerative outgrowth.  Most studies in the regenerating fin have focused on the 

patterning and specification of scleroblasts, which are formed at the epithelial-

mesenchymal interface in the proximal regenerate.  Bmps are thought to be 

critical for scleroblast specification, as bmp2b and bmp6 are expressed in 

scleroblasts during regenerative outgrowth, as well as runx2, which is a 

downstream target of Bmp signaling during bone development in other systems 

(Laforest et al., 1998; Smith et al., 2006).  Inhibiting Bmp signaling by injecting 

plasmids encoding chordin into the regenerate resulted in reduced bone matrix 

deposition, suggesting a role for Bmps in regeneration of the ray.  However, 

significant reductions in blastema proliferation were also seen in this experiment, 

making it difficult to resolve if reduced bone formation was due to a specific 

defect in scleroblast specification and function or an overall defect in regenerative 

outgrowth (Smith et al., 2006).  Expression analysis, ectopic expression studies, 

and chemical inhibition with cyclopamine suggest that shh is also required for 

scleroblast patterning, and that shh acts upstream of Bmps in scleroblast 

formation (Laforest et al., 1998; Quint et al., 2002).  Like chordin expression, 

cyclopamine treatment and also halted blastema proliferation, making the 

influence of shh on scleroblast function difficult to distinguish from a broader 

effect on regenerative outgrowth (Quint et al., 2002; Smith et al., 2006). 



 11  

 

Blastema specification in the regenerating fin 

 The studies described above have greatly increased our knowledge of 

molecular factors that drive blastema formation and outgrowth.  In comparison, 

much less is known about cellular qualities of blastema cells, such as their 

source, specification, and overall potency.  Perhaps the most basic questions 

concern how the blastema is generated.  Can recruitment of blastemal cells be 

best understood as a dedifferentiation process, where mesenchymal cells 

regress to a more primitive, multipotent, proliferative state; or are cells of the fin 

mesenchyme simply released from a quiescent state, whether uniformly or as 

tissue-restricted subsets of designated cells?   

The dedifferentiation model is supported by classic experiments in 

regenerating newt limbs, in which mature myotubes were labeled and 

transplanted into regenerating limbs.  These labeled myotubes formed 

mononucleate cells, were able to proliferate, and generated both muscle and 

cartilage in the regenerated limb (Kumar et al., 2000; Lo et al., 1993).  These 

studies indicate that muscle cells in the regenerate lose their differentiated 

identity and have sufficient plasticity to generate other cell types.  However, a 

recent elegant study by the Tanaka group indicated that the ability to undergo 

dedifferentiation is restricted to particular cell types in the regenerating axolotl 

tail.  They found that ventral, but not dorsal, neural cells have the capacity to 
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recapitulate multiple neural subtypes along the dorsoventral axis.  In addition, 

cells within the terminal vesicle appeared to contribute to nonneural cell types as 

well, suggesting that the capacity for dedifferentiation is unevenly distributed 

between different cell types (McHedlishvili et al., 2007). 

Dedifferentiation in the zebrafish fin has never been directly shown, 

primarily due to a lack of transplantation technology in adult zebrafish and 

because many of the cells of the intraray mesenchyme do not have an obvious 

differentiated identity, making “dedifferentiation” difficult to define.  BrdU pulse-

chase studies have indicated that although there are high levels of basal 

proliferation in the distal tip of the uninjured fin, after amputation the blastema is 

formed of non-label retaining cells, suggesting that regeneration is not due to the 

activity of a normally slow-cycling stem cell population, offering some support for 

a dedifferentiation model.  However, cells of the distal-most blastema, which 

proliferates at a lower rate than the more proximal blastema during regenerative 

outgrowth, do retain BrdU when labeled shortly after amputation.  This suggests 

that these cells remain specified throughout regeneration, and that there is some 

level of patterning within the fin blastema, although the significance of this 

distinction between the distal and proximal blastema remains unclear 

(Nechiporuk and Keating, 2002).  This could reflect observations made in 

regenerating amphibian limbs, in which cells of the distal blastema contribute to 

distal-most tissues, whereas cells in the proximal blastema contribute to more 
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proximal tissues (Echeverri and Tanaka, 2005; Stocum, 1984).  It will be 

interesting to see if these slowly proliferating cells of the distal blastema are 

deposited in the distal tip of the regenerated fin as in the amphibian models, or if 

there is another reason they do not seem to contribute to the highly proliferative 

proximal blastema.  

How are different positional capacities specified within the blastema during 

regenerative outgrowth?  Classic studies in newt limbs demonstrated that retinoic 

acid signaling and signals from the nerves are critical regulators of positional 

identity in regenerating limbs, although mechanism of regulation remained 

unclear.  Recent elegant studies by the Brockes group have linked this 

proximodistal patterning within blastemal cells to changes in cell adhesion 

properties that are dependent on retinoid and neuronal signals, providing a 

molecular mechanism for long-observed phenomena during limb regeneration 

(da Silva et al., 2002; Kumar et al., 2007a; Kumar et al., 2007b).  It would be 

interesting to see if similar adhesion properties are found in the regenerating 

zebrafish fin. 

In the fin, it was thought for a number of years that the slowly proliferating 

cells of the distal blastema were defined by expression of msxb, a member of the 

msx family of transcriptional repressors (Nechiporuk and Keating, 2002).  msx1 is 

known to be critical for dedifferentiation of salamander myotubes in vitro, and 

msxb has been shown to be critical for fin regeneration by morpholino studies 
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(Thummel et al., 2006).  However, recent studies have demonstrated that the 

msxb expression domain during regenerative outgrowth extends much more 

proximally from the distal blastema throughout the regenerating mesenchyme 

than was originally appreciated, so msxb is probably does not mark the distal 

blastema compartment, despite its importance for regeneration (Smith et al., 

2008).  

 
Cardiac Regeneration 
 

In contrast to the wealth of data available for fin regeneration, considerably 

less is known about cardiac regeneration in zebrafish.  The zebrafish has a two -

chambered heart, consisting of a single atrium and ventricle, attached to a large 

bulbous arteriosis or outflow tract (Figure 2A).  We focus on the ventricle, which 

has a pyramidal shape and contains both compact and trabeculated myocardium.  

Trabecular cardiomyocytes are surrounded by endocardial cells, which wrap 

around the myocardium.  The compact myocardium encases the trabecular 

myocardium to surround the heart.  Endocardial cells are not present in the 

compact myocardium, which is the only region of the zebrafish heart to be 

vascularized (Figure 2B).  Interestingly, although the apex of the heart contains 

compact and trabecular myocardium, the regenerate consists primarily of 

compact myocardium (Poss et al., 2002).  The heart is encased by the 

epicardium, a thin epithelium that covers the ventricle and atrium (Figure 2B). 
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Figure 1.2.  Zebrafish heart regeneration.  (A) The uninjured heart (left) 

has a single atrium (a), and ventricle (v), which pumps into the outflow tract 

(o).  Ventricular resection surgery removes ~20% of the ventricle at the 

apex (arrowhead, middle), and a blood clot quickly forms at the wound 

(blue staining).  By 60dpa (right), the wound has been refilled with new 

cardiomyocytes, with a minimum of scar tissue (arrowhead).  Images 

courtesy of Ken Poss.  (B) Structure of the ventricle wall.  The ventricle is 

composed of both trabecular (top) and compact myocardium (bottom, 

separated by dotted line).  The compact myocardium contains coronary 

vessels (cv, fli1:EGFP expressing cells) and is encased by epicardial cells 

(e).  The myocytes of the trabecular myocardium are encased by 

endocardial cells (fli1:EGFP expressing).   
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For the resection surgery, the ventricle is exposed through small cuts in 

the body wall, and ~20% of the ventricle is removed with iridectomy scissors.  A 

blood clot quickly forms to seal the wound, and within 7 days after amputation, 

cardiomyocytes (CMs) begin to proliferate at the amputation plane.  Within 30-

60 days, the heart has regained its original size and filled in the wound with new 

CMs, with a minimum of scarring (Figure 2A; Poss et al, 2002).  Modest 

cardiomyocyte regeneration has also been reported in newts following removal 

of a small portion of the ventricle, although in this model the regenerate primarily 

consists of connective tissue as opposed to CMs (Oberpriller and Oberpriller, 

1974).  Understanding how the zebrafish heart is able to generate new CMs 

could have a tremendous medical impact, as cardiac disease is one of the 

leading causes of death in the U.S.   

 
Cardiomyocyte proliferation in the regenerating heart 
 
 In the mammalian heart, injury such as myocardial infarction results in 

negligible cardiomyocyte proliferation and instead produces hypertrophy of 

existing CMs and scarring at the wound, further weakening the heart.  Recently, 

a number of studies have identified cardiac stem cells that can proliferate and 

differentiate into CMs in culture, and can aid in cardiac repair when injected into 

an infarct (Beltrami et al., 2003; Laugwitz et al., 2005; Oh et al., 2003).  However, 

despite the persistence of these cells in the adult heart and their proliferative 
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properties in vitro, the native contribution of these cells to cardiac repair appears 

minimal. 

Unlike mammals, zebrafish are able to generate new CMs in adulthood.  

At 7 days following resection injury, CMs begin to proliferate at the wound, with 

proliferation peaking at about 14 days post amputation, and continuing until the 

heart has recovered its original size (Poss et al., 2002).  A major question in 

zebrafish heart regeneration is the origin of these new CMs, and what signaling 

cues drive cardiomyocyte hyperplasia.  As of now, there are two major models: 

direct proliferation or dedifferentiation of existing CMs, or expansion and 

differentiation of a progenitor population.  

There is some evidence for direct proliferation of CMs in the regenerating 

heart.  In vitro studies of CMs isolated from adult zebrafish demonstrate that 

these cells can proliferate in culture following stimulation with PDGF-B, indicating 

that these cells have some intrinsic capacity to proliferate.  In addition, this study 

reported dedifferentiation of CMs in culture, with the cells losing their 

characteristic striated morphology and adopting a more rounded shape, although 

it is not clear if this represents a significant in vivo phenomenon or is simply an 

artifact of unoptimized culture conditions (Lien et al., 2006, A.A.W. unpublished 

observations).  CMs in the regenerate also occasionally label with an antibody 

against phosphorylated histone 3 (H3P), which specifically marks actively 
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dividing nuclei (Poss et al., 2002).  Thus, it seems clear that CMs in adult 

zebrafish have some capacity to directly proliferate after injury.   

Despite their limited capacity for regeneration following resection injury, 

adult newt CMs can proliferate in culture, indicating an underlying plasticity that 

may be lacking in CMs of higher vertebrates (Nag, 1980).  A recent study 

following single cells found that only a subset of CMs are competent to proliferate 

in culture, while the majority arrest prior to cytokinesis, similar to adult 

mammalian CMs (Bettencourt-Dias et al., 2003).  This suggests that the 

regenerative activity in the newt heart is due to the action of a subset of CMs.  

Interestingly, in the uninjured adult newt heart the overwhelming majority of 

cardiomyocytes are mononucleate, suggesting that the formation of multinucleate 

or polypoid cells in culture conditions or after injury does not occur in homeostatic 

conditions (Bettencourt-Dias et al., 2003).  There is also some evidence for 

dedifferentiation of newt CMs in vivo, as repeated pinching of the ventricle 

causes a significant downregulation of markers of differentiated CMs; and 

transplantation of myocytes into regenerating limbs resulted in the recruitment of 

these cells into noncardiac fates, indicating increased plasticity and a loss of 

differentiated identity (Laube et al., 2006).  

However, there is also recent evidence from our lab that new CMs derive 

from a more primitive progenitor population within the zebrafish heart, rather than 

direct proliferation of CMs.  A developmental timing assay was developed that 
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utilized doubly transgenic fish containing transgenes for a quick folding EGFP 

monomer (Burns et al., cmlc2:EGFP); and a slow-folding, highly stable DsRed2 

tetramer containing a nuclear localization sequence (Mably et al., 2003; 

cmlc2:nucRFP) both of which were under the control of the cardiac myosin light 

chain 2 (cmlc2) promoter, which is specific for differentiated CMs.  Due to the 

differences in protein folding time and half-life between EGFP and DsRed2, the 

expectation was that if CMs are generated via dedifferentiation, CMs at the 

regenerating edge should be either doubly positive or RFP+GFP-, whereas if CMs 

are generated de novo from a progenitor population, the expanding edge of the 

regenerate should primarily consist of GFP+RFP- cells, an assumption that was 

validated in embryos.  The investigators found that leading edge of the 

regenerate consisted primarily of GFP+RFP- cells, and GFP-RFP+ cells were 

never observed, although DsRed2 protein (presumably in the nonfluorescent 

monomeric form) could be detected by antibody in the cytosol of early CMs in 

both the embryo and the regenerate (RFPcyto).  In addition, the authors also found 

that numerous markers of the early heart field, such as nkx2.5, hand2, tbx20, and 

tbx5, were expressed at the leading edge of the wound preceding production of 

new CMs, suggesting the activity of a more primitive population of cells (Lepilina 

et al., 2006).  Together, these results strongly suggest that zebrafish heart 

regeneration is primarily due to the activity of progenitor cells rather than direct 

proliferation of CMs.   
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How can the results of this developmental timing assay be reconciled with 

the observation of H3P labeling in CMs expressing contractile proteins?  Both 

sets of studies contain room for error and artifacts.  In the newt studies, CMs 

were primarily studied in an artificial in vitro environment, and activities shown in 

the culture dish may not occur naturally.  The developmental timing study lacked 

a positive control for dedifferentiation (admittedly, there is currently no obvious 

control to use in the zebrafish), and based its estimates on protein kinetics on 

studies done in cultured cells and embryos (Verkhusha et al., 2003), which may 

not reflect events in a complex tissue following traumatic injury.  The 

developmental timing assay used transcription of a contractile protein as its 

standard, and other studies have utilized antibody detection of a specific 

contractile protein (Poss et al., 2002), yet this approach might miss distinctions 

between primitive CMs that retain the ability to undergo cytokinesis and divide, 

and mature CMs that cannot.  This distinction may be significant, because 

although mammalian CMs are typically considered nonproliferative, natal and 

early postnatal CMs expressing contractile proteins are able to undergo 

cytokinesis, and CM hyperplasia seems to be fairly common during the period 

from heart formation until shortly after birth in birds and mammals (Li et al., 1997; 

Li et al., 1996; Zak, 1974).  Electron microscopy studies of these proliferating 

CMs indicate that these cells have some subtle morphological differences with 

more mature CMs.  In particular, the M lines are less defined within CMs at this 
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stage and in CMs artificially induced to undergo mitosis (Anversa et al., 1981; 

Katz et al., 1992).  In addition, like mammalian neonatal cardiomyocytes, adult 

zebrafish cardiomyocytes are mononucleate (Wills et al., 2008).  It is possible 

that CMs in the adult zebrafish heart are analogous to these embryonic 

mammalian CMs, and such cells would blur the line between a progenitor and a 

terminally differentiated cell.  Future studies can resolve these issues by utilizing 

inducible Cre recombinase to irreversibly mark progeny of differentiated cells in 

regenerating tissue, eliminating the uncertainty surrounding protein kinetics and 

enabling long-term lineage tracing studies.  In addition, careful electron 

microscopy of proliferating cells at the leading edge of the regenerate might 

provide a clearer picture of the sarcomeric organization and maturity of these 

cells relative to typical CMs in the uninjured heart.  

 

The role of other cardiac tissues in cardiac regeneration 

 Despite the obvious interest in the proliferation of CMs in regenerating 

hearts, recent studies make it clear that other cardiac tissues, in particular the 

endocardium and the epicardium, have a critical role in cardiac regeneration.  

Following amputation, Lepilina and colleagues have shown that there is a very 

rapid (<72 hours following amputation), organ-wide activation of the epicardium 

and endocardium. Cells in these tissues begin to strongly express raldh2, the 

rate-limiting enzyme responsible for the production of retinoic acid, a critical 
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signaling molecule in these tissues during cardiac development.  By 7 days after 

amputation, raldh2 expression has become localized to epicardial and 

endocardial cells surrounding the wound (Lepilina et al., 2006).  During cardiac 

development, epicardial raldh2 is thought to act upstream of critical trophic 

factors to drive cardiomyocyte proliferation and cardiac expansion, and the loss 

of epicardial retinoic acid signaling results in a hypoplastic, thin compact 

myocardium (Chen et al., 2002; Merki et al., 2005).  It is possible that endocardial 

and epicardial retinoid signaling plays a similar role in the regenerate to drive 

proliferation of CMs and generation of new tissue.  In this way, the epicardium 

may have a role akin to that of the wound epidermis in epimorphic fin 

regeneration (see previous section). 

 During cardiogenesis, the epicardium not only acts as a source of 

mitogens to drive cardiomyocyte proliferation, but also serves as a critical 

progenitor tissue for other cardiac cell types.  The epicardium is formed from cells 

migrating over the heart from the proepicardial organ, a small cluster of 

mesothelial cells that forms in the posterior region of the pericardium during heart 

looping and is marked by expression of tbx18 as well as other transcription 

factors such as tcf21 and wilms tumor factor 1 (Begemann et al., 2002; Haenig 

and Kispert, 2004; Kraus et al., 2001; Serluca, 2008).  These cells cover the 

heart as an epithelial sheet to form the mature epicardium, a single cell layer 

epithelium surrounding the heart.  In addition, a subset of these cells undergo an 
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epithelial to mesenchymal transition (EMT) and travel into the compact 

myocardium, where they serve as the primary progenitor tissue for the coronary 

vasculature (Olivey et al., 2004; Reese et al., 2002).  However, it remains unclear 

if all of the cell types found in the vasculature are derived from the epicardium, or 

if endothelial cells are derived from another source (Cai et al., 2008; Olivey et al., 

2004; Perez-Pomares et al., 2002; Zhou et al., 2008). 

Recent evidence suggests that epicardial cells might serve a similar 

function in the regenerate.  Shortly after injury, epicardial cells begin to strongly 

express the proepicardial marker tbx18, and then begin to move into the wound, 

an activity that is reminiscent of the epicardial invasion of the embryonic 

myocardium.  Fgf signaling has been shown to be critical for this process during 

development (Morabito et al., 2001); and Lepilina and colleagues demonstrated 

that an inducible block of Fgf signaling prevents these epicardial derived cells 

(EPDCs) from invading the wound in the regenerating heart, leading to a 

regenerative block and scar formation.  Although the fate of EPDCs is unknown 

in the regenerate, it is thought that they may play an essential role in 

regenerating the coronary vasculature in the regenerate.  As mentioned above, 

the regenerated myocardium consists primarily of vascularized compact 

myocardium, and neovascularization of the wound does not occur when Fgf 

signaling is blocked, underscoring the importance that EPDCs likely have in this 

process (Lepilina et al., 2006).  Recent studies in mice have shown that adult 
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epicardial cells retain some capacity to undergo EMT and differentiate into 

different vascular cell types following in vitro treatment with thymosin β4, 

suggesting that treated epicardial cells might be a viable source of progenitor 

cells to improve cardiac function following cardiac injury (Smart et al., 2007).  

Interestingly, thymosin β4 is expressed in the regenerating heart, suggesting that 

identifying the signals that are critical for zebrafish heart regeneration could be an 

important first step in developing medical therapies (Lien et al., 2006).  

 Besides acting as a likely progenitor source for regenerating vasculature, 

EPDCs may have other roles in the regenerate.  In addition to forming the 

coronary vasculature, EPDCs are also thought to generate a significant portion of 

the cardiac fibroblasts.  Although not much is known about this cell type in the 

zebrafish heart, cardiac fibroblasts are thought to comprise ~ 30% of cardiac 

cells in small mammals such as the mouse, and an even larger percentage of 

cardiac cells in larger mammals (Banerjee et al., 2007).  In addition, an increase 

in the density of these cells is associated with pathologic fibrosis of the heart 

after injury (Weber, 1989), underscoring the likely importance of these cells in the 

injury response in zebrafish.  The central role of these cells is thought to be the 

development of a structural scaffold for the heart, helping to evenly distribute 

stretch forces throughout the compact myocardium in particular, and to minimize 

the effect of contraction on other essential tissues such as the coronary vessels 

(Baudino et al., 2006).  The epicardium proper is also known to form an essential 
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part of this cellular scaffold, and confocal microscopy in developing chick hearts 

shows that there is a dense network of protein fibers, mainly consisting of 

collagen and fibrillin, extending from the epicardial surface of the heart to spread 

throughout the underlying compact myocardium (Hurle et al., 1994).  Similar 

structures are known to exist in the teleost heart, and are particularly prominent 

in active fish with pyramidal-shaped hearts, a shape associated with a well-

developed compact myocardium.  Interestingly, in the teleost many of these 

structural protein fibers appear to radiate outward from the coronary vessels 

(Sanchez-Quintana et al., 1996), suggesting that the formation of the ECM 

scaffold by cardiac fibroblasts may be intimately related to the formation of the 

coronary vessels by EPDCs.   

  In addition to these EPDC functions in coronary vessel and ECM 

formation, recent reports have suggested that the epicardium also serves as a 

source of CMs during embryonic development.  Cultures of chick proepicardial 

explants demonstrated that these cells have the capacity to differentiate into 

CMs, although the authors felt that this phenomena was likely insignificant in vivo 

(Kruithof et al., 2006).  However, recent lineage tracing studies in mice found that 

EPDCs were a significant source of CMs during development, particularly within 

the ventricular septa (Cai et al., 2008; Zhou et al., 2008).  Although these studies 

remain controversial, it is possible that EPDCs also act as a source for CMs in 

the regenerating heart.   
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The relationship between homeostasis, tissue growth, and regeneration  

 In many biological systems, there is a strong relationship between the 

capacity for facultative regeneration, or repair of a tissue following traumatic 

injury, and the requirement for homeostatic regeneration, or the daily 

replenishment of cells lost due to age or senescence in the absence of injury.  

Put another way, the same mechanisms that are involved in regeneration after a 

traumatic injury are often also utilized on a daily basis to maintain the tissue in 

the face of continuous cell loss and wear.  Often, though not always, these 

systems are associated with the activity of stem or progenitor cells (Rando, 

2006).   

 In invertebrates, the intimate relationship between regeneration and 

homeostatic demand is exemplified by the tissue dynamics of the planarian, a 

regenerative champion that can regenerate its whole body even after being 

amputated across several planes.  This tremendous regenerative ability is 

mediated by the activity of the stem cells known as neoblasts, which have the 

ability to reconstitute every cell type in the planaria, even the germ cells 

(Newmark and Sanchez Alvarado, 2002).  In addition to allowing the planaria to 

recover from extreme injuries, the neoblasts are essential for maintaining tissue 

integrity in intact animals.  Treatments that prevent regeneration by attenuating 

neoblast activity are lethal to uninjured planaria if applied over an extended 

period; the animals experience progressive degeneration of tissue known as 
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“curling” and eventually die (Bardeen and Baetjer, 1904; Newmark and Sanchez 

Alvarado, 2002).  Thus, in the planaria, the machinery necessary for regeneration 

does not exist solely to mediate injury responses, but has critical roles in 

homeostasis. 

 In many ways, mammalian hematopoietic stem cells (HSCs) share similar 

properties.  Though not totipotent as the planarian neoblasts, these cells are 

remarkably regenerative, with the ability to reconstitute the hematopoietic system 

of an irradiated mouse.  As in the planarian, this regenerative capacity exists as 

part of a critical homeostatic program:  low-level proliferation of HSCs and 

progenitor pools derived from these cells is critical to counter the programmed 

turnover of differentiated cells to maintain the blood supply (Bryder et al., 2006).  

Blocking the activity of HSCs not only results in the loss of regenerative capacity, 

but will also cause the death of an uninjured animal due to anemia, a phenomena 

that first gained attention in studies of radiation poisoning.  Similar homeostatic 

programs of daily cell replacement occur in the skin and hair, intestines, and 

ossified bone, though the comparative regenerative capacity of these tissues is 

somewhat limited.  In other mammalian tissues, scheduled facultative 

regeneration, rather than homeostatic regeneration, is an essential aspect of 

tissue function.  Examples of this include the loss and regeneration of antlers in 

red deer, as well as the uterine lining following menstruation.  
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 In the liver, regenerative capacity is not associated with a regular program 

of cell death and replacement, but is instead related to the capacity to regulate 

output and overall size in response to homeostatic demand.  In response to 

xenobiotic toxins, hepatocytes in the liver have the capacity to proliferate, and the 

liver increases in mass in order to limit toxic effects on the body (Taub, 2004).  

Studies have shown that this capacity is intimately related to the liverʼs 

outstanding ability to undergo compensatory regeneration following partial 

hepatectomy.  For instance, knocking out the nuclear receptor CAR in mice 

greatly attenuates liver growth in response to xenobiotic toxins, and also reduces 

the capacity of the liver to respond to partial hepatectomy (Huang et al., 2006; 

Wei et al., 2000).  In addition, a recent study demonstrated that a transient 

increase in bile acid is one of the primary factors that stimulate liver regeneration 

after partial hepatectomy, and the authors also showed that feeding mice a diet 

promoting bile acid synthesis increased the size of the uninjured liver by 30% 

(Huang et al., 2006).  This link between regenerative ability and size control may 

be established very early in organ development, as another recent study found 

that size of the (non-regenerative) pancreas is absolutely dependent on the size 

of the embryonic progenitor pool, whereas the developing liver can recover from 

partial progenitor ablation with compensatory growth (Stanger et al., 2007).  The 

authors speculate that one reason for the variation in regenerative ability of 
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different mammalian tissues could be due to this difference in the abilities of 

different organs to undergo compensatory growth.   

 The relationship between regenerative capacity and growth capacity seen 

in the mammalian liver could be potentially significant in understanding the 

overall regenerative capacity of the zebrafish.  In contrast with mammals, which 

grow to a genetically predetermined size, then cease growth in adulthood, 

zebrafish and many other teleosts exhibit indeterminate growth, or the ability to 

grow continuously throughout life (Jordan, 1905).  Recent studies of body growth 

in zebrafish have shown that growth can be induced throughout adulthood by 

reducing tank density, or the number of animals in a tank.  This study found that 

while growth rate declined slightly with chronological age, a larger starting size 

had a greater effect on growth rate, indicating that zebrafish body size is primarily 

controlled by environmental factors instead of age.  In addition, this study found 

that body growth in response to changes in tank density was quite rapid, 

primarily occurring in the first quarter of the experiment, which is probably due to 

the inverse relationship between growth rate and animal size (Tsai et al., 2007).  

Because the proportions of the body appear similar in large and small adult fish 

(AW, personal observation), this study suggests that the tissues of adult 

zebrafish must also possess the ability to grow rapidly while retaining their overall 

patterning and function.  We believe that this capacity for indeterminate growth 

underlies the inherent regenerative capacity of zebrafish tissues.  In this study, 
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we directly test the relationship between regenerative capacity and homeostatic 

maintenance and growth by testing if the uninjured fin and heart can maintain 

tissue integrity in conditions that block regeneration, and by examining the 

induction of regenerative programs during stasis and rapid tissue growth.   
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Chapter 2:  Fgfs control homeostatic regeneration in adult 
zebrafish fins 
 
 
 
This chapter was originally published in: 
 
 
Wills, A. A., Kidd, A. R., 3rd, Lepilina, A. and Poss, K. D. (2008a). Fgfs control 

homeostatic regeneration in adult zebrafish fins. Development 135, 3063-70. 

 

A.A.W. and Ambrose R. Kidd coauthored this paper.  A.A.W. performed analysis 

with hsp70:dn-fgfr1 fish following longterm block of Fgf signaling, and expression 

studies in tissue sections.  A.R.K. performed whole-mount in situ analysis, semi-

quantitative PCR, and experiments with fgf20a and mps1 mutants.  Both authors 

performed daily observation experiments independently.  Alexandra Lepilina 

quantified cell proliferation and apoptosis in uninjured fins. 
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SUMMARY: 
 
Adult teleost fish and urodele amphibians possess a spectacular ability to 

regenerate amputated appendages, based on formation and maintenance of 

progenitor tissue called a blastema.  While injury-induced, or facultative, 

appendage regeneration has been studied extensively, the extent to which 

homeostatic regeneration maintains these structures has not been examined.  

Here, we found that transgenic inhibition of Fgf receptors in uninjured zebrafish 

caused severe atrophy of all fin types within two months, revealing a requirement 

for Fgfs to preserve dermal bone, joint structures, and supporting tissues.  

Appendage maintenance involved low-level expression of markers of blastema-

based regeneration focused in distal structures displaying recurrent cell death 

and proliferation.   Conditional mutations in the ligand Fgf20a and the kinase 

Mps1, factors critical for regeneration of amputated fins, also caused rapid, 

progressive loss of fin structures in otherwise uninjured animals.  Our 

experiments reveal that the facultative machinery that regenerates amputated 

teleost fins also has a surprisingly vigorous role in homeostatic regeneration.  
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INTRODUCTION  

The capacity for organ regeneration is remarkably elevated in certain non-

mammalian vertebrates like urodele amphibians and teleost fish.  Together, 

these species regenerate amputated appendages and jaws, resected heart 

muscle, depleted sensory hair cells, damaged retinae and brain, dissected 

lenses, transected spinal cord, and portions of intestine.  The teleost zebrafish 

represents a unique example of a highly regenerative vertebrate model system 

that is amenable to genetic approaches, making it well-suited to illuminate how 

complex tissue regeneration occurs at the molecular level.  One of the most 

spectacular examples of regeneration in adult zebrafish is their rapid and virtually 

indelible renewal of amputated fins, complex tissues comprised of segmented 

bone, connective tissue, blood vessels, nerves, and epidermis.  Fin regeneration 

is divided into three stages – wound healing, blastema formation, and 

regenerative outgrowth (Akimenko et al., 2003; Poss et al., 2003; Stoick-Cooper 

et al., 2007a).  First, the amputation injury is healed through migration of 

epidermal cells, covering the wound within an hour of trauma.  Formation of the 

regeneration blastema, a mass of undifferentiated, proliferative mesenchymal 

cells, is the second and defining stage of regeneration.  Here, presumptive 

blastemal cells are stimulated to disorganize, migrate distally, and accumulate 

within 1-2 days of injury.  It is currently unclear whether the blastema consists of 

a homogeneous population of multipotent progenitor cells, or heterogeneous 
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subpopulations.  During the final stage, called regenerative outgrowth, a 

repeated series of proliferation, patterning, and differentiation events in blastemal 

tissue leads to deposition of new bone-secreting scleroblasts and distal addition 

of all lost bone segments within ~2 weeks. 

Multiple studies in recent years have identified key molecular regulators of 

blastemal formation and function.  Several different approaches revealed that 

signaling by Fibroblast growth factors (Fgfs) is critical for regeneration (Lee et al., 

2005; Poss et al., 2000; Tawk et al., 2002; Thummel et al., 2006; Whitehead et 

al., 2005).  The ligand fgf20a, found in a genetic screen for temperature-sensitive 

regeneration mutants, is required for normal morphogenesis of the regeneration 

epidermis and for mesenchymal proliferation during blastema formation 

(Whitehead et al., 2005).  During regenerative outgrowth, the Fgf receptor (Fgfr) 

fgfr1, as well as Fgf target genes mkp3, sef, and spry4, are expressed in 

blastemal mesenchyme and in the surrounding basal epidermal layer.  As 

regeneration proceeds, Fgf signaling tightly controls the amount of blastemal 

proliferation and the rate of growth, resulting in different regenerative rates 

dependent on the proximodistal level of amputation (Lee et al., 2005; Poss et al., 

2000).  Other studies have shown that a suite of signaling molecules such as 

Sonic hedgehog (Shh), Bone morphogenetic proteins, Activin-betaA, and 

canonical and noncanonical Wnts, influence blastemal proliferation and 

patterning during regenerative outgrowth (Jazwinska et al., 2007; Laforest et al., 

1998; Quint et al., 2002; Smith et al., 2006; Stoick-Cooper et al., 2007b). 
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Vertebrate organs generally exhibit two forms of regeneration:  facultative and 

homeostatic.  Facultative regeneration describes mechanisms that are activated 

by stimuli like amputation or chemical injury; following the initial trauma, 

progenitor and/or structural cells near the injury site proliferate to replace dead or 

lost tissue.  By contrast, homeostatic regeneration refers to regular replacement 

of cells lost through apoptosis, daily wear, and aging (Jones and Wagers, 2008).  

Interestingly, surveys of regenerative capacity among mammalian organs have 

found that the capacity of an organ for facultative regeneration often correlates 

positively with its baseline level of cell turnover (Rando, 2006).  For instance, 

blood and skin undergo frequent cell loss and replacement through the activity of 

self-renewing stem cells, and utilize similar processes to quickly regenerate after 

injury (Blanpain and Fuchs, 2006; Scadden, 2006). Conversely, the mammalian 

brain and heart possess low levels of cellular turnover, and, despite evidence for 

resident stem cells (Alvarez-Buylla and Lim, 2004; Beltrami et al., 2003; Laugwitz 

et al., 2005), there is little or no regeneration after major injury.  Furthermore, 

facultative regenerative capacity in mammalian organs tends to decrease with 

age, a phenomenon observed in concert with age-dependent reductions in the 

frequency of homeostatic structural cell or progenitor cell proliferation (Janzen et 

al., 2006; Krishnamurthy et al., 2006; Molofsky et al., 2006).  These correlations 

indicate that common cellular and molecular mechanisms are responsible for 

recurrent cell replacement and injury-induced regeneration in many tissues.  

However, neither the vigor nor mechanisms of homeostatic regeneration have 
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been examined in complex tissues that regenerate through a blastema-based 

mechanism, such as urodele or teleost appendages. 

In this study, we tested the idea that the molecular pathways that control 

blastema formation and function during regeneration in amputated zebrafish fins 

have additional homeostatic functions in the absence of injury.  We found that 

long-term inhibition of Fgfrs in uninjured zebrafish led to the progressive loss of 

distal fin structures, revealing homeostatic maintenance of fins by this pathway.  

Homeostatic regeneration was characterized by low-level expression of several 

mediators of facultative regeneration, including shh, msxb, and the Fgf target 

gene mkp3, in areas of cell proliferation and apoptosis.  Using a conditional 

mutant strain, we found that Fgf-dependent homeostatic regeneration is 

mediated at least in part by the specific ligand Fgf20a.  Taken together, our 

findings reveal robust new requirements for Fgfs in the day-to-day homeostatic 

preservation of zebrafish appendages, and have implications for why elevated 

regenerative capacity has been selectively preserved in certain vertebrate 

species.   

 

MATERIALS AND METHODS 

Zebrafish strains and surgeries 

Wildtype, transgenic, and mutant zebrafish of the Ekkwill strain, or hybrids 

between Ekkwill and the related AB strain, were used in all experiments.  Animals 

were between 4 and 12 months of age.  mps1 mutants, fgf20a mutants, and 
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transgenic hsp70:dn-fgfr1 and shh:EGFP fish were described previously (Lee et 

al., 2005; Poss et al., 2002a; Shkumatava et al., 2004; Whitehead et al., 2005).  

Heterozygous hsp70:dn-fgfr1 fish and wildtype clutchmates received daily heat 

shocks using an electric heater to raise the water temperature from 26˚C to 38˚C, 

as described previously (Lee et al., 2005).  Homozygous mps1 and fgf20a 

mutants and wildtype controls were raised to adulthood at 25˚C before transfer to 

aquaria with recirculating water heated to 33˚C.  Homozygous mps1 mutants 

were identified by phenotyping for regenerative defects at 33˚C, and then allowed 

at least one month to regenerate at 25˚C before use in homeostasis experiments.  

Some zebrafish heterozygous for mps1 mutations also showed loss of distal fin 

structures in our experiments (data not shown).  For fin amputations, ~50% of the 

caudal fin was removed using a razor blade, and animals were allowed to 

regenerate for 3 days at 33˚C, or 3-4 days at 25˚C. 

 

Fin length measurement and analysis 

Fish were anesthetized in 0.1% Tricaine and the fins were imaged at various 

timepoints.  Imaging software (Openlab) was used to measure the length of the 

two rays flanking the central-most ray, from the end of the most proximal visible 

ray segment to the distal tip of the ray.  The two values were then averaged to 

obtain a value for each fin.  Each value was divided by the average fin length at 

day 0 (for the same group) to give a normalized (percentage of starting length) 
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value of fin length.  Central rays were chosen because they are the most 

protected from any potential spontaneous injury, although such injuries rarely 

occurred in our studies (Figure 3A), and because the degree of tissue loss often 

varied between the two lobes of the fin, confounding statistical analysis.  Tests of 

statistical significance were performed using the Students t-test, with two-tailed 

distribution assuming unequal variance.  At least 8 fins were assessed at each 

timepoint for each group. 

 

Spontaneous injury analysis 

Fish were separated into groups of 4-5 fish and placed in a 1L tank so that 

individual fish were recognizable over the course of the experiment.  Every 2-3 

days, fins were imaged on a dissecting microscope, over a total of 14 to 24 days.  

A low magnification image of the whole fin and a series of high magnification 

images of groups of fin rays was acquired for each fin. 

 

Scleroblast visualization 

To visualize scleroblasts in tissue sections, fins were fixed in paraformaldehyde 

(PFA) overnight at 4°C and cryosectioned.  Fin sections were then stained with 

the monoclonal zns-5 antibody as described (Johnson and Weston, 1995; Wills 

et al., 2008).  For whole-mount visualization of scleroblasts, the monoclonal zn-3 

antibody was used, which marks the scleroblast cell membrane (A. A. W. and K. 
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D. P.).  Fins were fixed in Carnoyʼs solution overnight at 4°C, and stained as 

described (Newmark and Sanchez Alvarado, 2000; Poss et al., 2002a).   

 

TUNEL staining 

For comparison of cell death in the distal and proximal regions of the fin, wildtype 

fins were fixed and cryosectioned, and slides were dried overnight at room 

temperature.  Slides were then incubated in PBS for 30 minutes at 37˚C. DNaseI-

treated slides were used as a positive control.  Slides were transferred to 0.3% 

Triton X-100 (Sigma) in PBS for 10 minutes, and then covered with 150 µl of 1X 

TdT buffer (Invitrogen) for 5 minutes.  The buffer was then removed and replaced 

with 150 µl of 1X TdT buffer containing 0.3U/µl of TdT enzyme (Invitrogen) and 8 

µM Biotin-14-dCTP (Invitrogen).  Slides were incubated at 37˚C for 1 hour, 

followed by termination in Stop Buffer (300 mM NaCl, 30 mM Na-Citrate) for 15 

minutes at room temperature.  Slides then rinsed three times in PBS and covered 

with 20 µg/ml Texas Red Streptavidin (Vector Laboratories) in PBS, pH 8.2, and 

incubated in the dark at room temperature for 30 minutes.  Slides were then 

washed four times in PBS and coverslipped using Vectashield with DAPI to stain 

nuclei. 

Five different sections were imaged at distal and proximal regions of each fin 

(n = 10 fins).  Distal regions represent approximately 350 µm at the distal end of 

the fin, and proximal samples represent tissue approximately 700 µm to 1050 µm 
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from the distal end of the fin.  This length was chosen because it is the length of 

a frame at 20X magnification using our imaging equipment.  Epidermal and 

mesenchymal regions were carefully outlined in each image, and the area 

quantified using Openlab software.  Then, TUNEL-positive nuclei, co-stained with 

DAPI, were counted by hand within these regions.  The areas and TUNEL-

positive cell counts from these 5 sections were summed, giving each animal 4 

indices:  distal epidermal, distal mesenchymal, proximal epidermal, and proximal 

mesenchymal cell death. 

 

BrdU incorporation 

For comparison of proliferation in distal and proximal regions of the fin, fish were 

allowed to swim for 24 hours in a 50 µg/mL solution of bromodeoxyuridine (BrdU) 

in fish water.  After collection, fins were fixed, cryosectioned, and stained as 

described (Poss et al., 2002).  For each fin, five different sections were analyzed 

for both distal and proximal samples as described above.  A total of 8 fins were 

analyzed for the number of BrdU-positive cells per area of epidermal or 

mesenchymal tissue.  

BrdU incorporation was also analyzed in wildtype or hsp70:dn-fgfr1 animals 

given 14 days heat shock followed by 5 days recovery at room temperature.  For 

these experiments, a 2.5 mg/ml solution of BrdU was injected intraperitoneally 

two hours before fin collection.  Fins were fixed in Carnoyʼs solution overnight at 
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4°C, and stained as described (Newmark and Sanchez Alvarado, 2000; Poss et 

al., 2002a).  A total of 10 wildtype and 8 hsp70:dn-fgfr1 fins were analyzed. 

 

In situ hybridization 

Whole-mount in situ hybridization was performed as described previously (Poss 

et al., 2000), using digoxigenin-labeled probes for mkp3, msxb, fgf20a, and mps1 

(Akimenko et al., 1995; Lee et al., 2005; Poss et al., 2002a; Whitehead et al., 

2005).  Wildtype and transgenic fins were hybridized and developed 

simultaneously. Section in situ experiments were performed as described, using 

mkp3 and msxb probes (Poss et al., 2002).  The msxb probe was developed 

overnight, as is standard in our lab (~16 hours); for mkp3 the exposure time was 

shortened to ~4 hours to limit nonspecific staining. 

 

RT-PCR 

RNA samples were prepared from uninjured fins and regenerating fins using TRI 

Reagent (Sigma) according to the manufacturers protocol.  Five µg of total RNA 

was used for reverse transcription reactions using Superscript III and Oligo-dT20 

(Invitrogen) according to the manufacturers protocol.  PCR reactions, consisting 

of 2 minutes at 94˚C, 26 to 30 cycles of 94˚C for 20 seconds, 52˚C for 20 

seconds, 72˚C for 45 seconds and a final 72˚C extension for 5 minutes were 



 42  

performed in an Eppendorf Mastercycler, and samples were run on 2% agarose 

gels. 

 

RESULTS: 

Long-term inhibition of Fgf receptors in uninjured zebrafish causes 
progressive fin atrophy 
 
To test the extent to which facultative mechanisms also support homeostatic 

regeneration of zebrafish appendages, we examined requirements for Fgfs, 

robust regulators of blastema formation and function in a variety of organisms 

and systems.  We used a transgenic strain in which blastemal proliferation can 

be inducibly blocked by heat-induced expression of a transgenic dominant-

negative Fgfr construct (hsp70:dn-fgfr1; Lee et al., 2005; Yin et al., 2008).  Adult 

transgenic hsp70:dn-fgfr1 fish and wildtype clutchmates were given a daily heat-

shock regimen for 30 or 60 days, after which animals were imaged to assess 

caudal fin length and morphology.  Surprisingly, these conditions caused rapid, 

easily visible loss of distal fin tissue in transgenic animals (Fig. 1A).  Transgenic 

fins often terminated with damaged bone and an excess of epidermal tissue, 

suggesting recent injury and epidermal repair (Fig. 1B).  Wildtype clutchmates 

occasionally showed similar morphology (without tissue loss), but only in isolated 

rays rather than the entirety of the fin (data not shown).  The degree of damage 

was variable in hsp70:dn-fgfr1 outer rays but generally consistent within the inner  
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Figure 2.1.  Inhibition of Fgf signaling causes progressive tissue 

loss from zebrafish fins.  (A) Images of wildtype and hsp70:dn-fgfr1 

fins at day 0, day 30, and day 60 of heat-shock.  Wildtype fins were 

unaffected by daily heat-shocks, while transgenic fins showed 

progressive loss of distal fin tissue.  Fins shown are representative, and 

not from the same animal at each timepoint.  (B) High magnification 

images of distal fin structures after 30 days of heat shock.  Many 

hsp70:dn-fgfr1 rays exhibited severe tissue loss, which was often 

accompanied by an excess of epidermal tissue (arrowheads).  (C) 

Quantification of fin loss by measurement of centrally located rays (see 

Materials and methods).  hsp70:dn-fgfr1 animals displayed significant 

reductions in fin length following both 30 and 60 days of heat-shock, 

whereas wildtype clutchmates showed no changes (mean ± SEM; 

*Studentʼs t-test,  p << 0.001 at days 30 and 60).  (D) Dorsal and anal 

fins of hsp70:dn-fgfr1 zebrafish showed fin atrophy after 60 days of Fgfr 

blockade.  The fins of wildtype clutchmates retained their length and 

morphology after 60 days of similar heat treatments.  (E) 

Representative hsp70:dn-fgfr1 fin following 30 days room temperature 

rescue after 60 days heat-shock.  Lobes recover original shape and 

size, central rays do not (black arrowhead).  Red arrowheads mark 

original sites of degeneration.   
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rays; therefore, we quantified the lengths of centrally located rays and found 

reductions of fin length of ~10% after 30 days, and ~17% after 60 days.  Under 

identical conditions, wildtype clutchmates maintained their fin length (Fig. 1C).  

Isolated hsp70:dn-fgfr1 animals, removed from possible aggressive interactions 

with other fish, also displayed progressive loss of fin structures (data not shown).  

Furthermore, similar tissue loss also occurred in dorsal, anal, pelvic, and pectoral 

fins, indicating that Fgf signaling is required for homeostasis in all fin types (Fig. 

1D and data not shown).  If Fgf signaling was restored to these animals for 30-60 

days after Fgfr inhibition, the lost structures were effectively replaced (Fig. 1E). 

Interestingly, upon examining fins at high magnification after 30 days of Fgf 

inhibition, we found that over half of the transgenic fins exhibited swelling, 

discoloration, and/or separation or slipping of rays at the intersegmental joints 

(16/30 fins, Fig. 2A).  Joint swelling or segment separation was only occasionally 

observed in wildtype clutchmates (2/30 fins), and never with the degree of 

severity exhibited by transgenics. This suggested that pathology or weakness at 

segment joints contributes to major tissue loss in hsp70:dn-fgfr1 fins.  We 

examined the joints more closely by confocal microscopy and by histology to 

identify disturbances in cellular organization.  The zebrafish fin lepidotrichia 

consist of two bony, facing hemirays, which are initially formed by mineralization 

of bone matrix secreted by the flattened scleroblasts that encase them.  At the 

intersegmental joints between lepidotrichial segments, there exist clusters of 
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Figure 2.2. Fgf receptor inhibition causes pathology at 

intersegmental joints.  (A) Many hsp70:dn-fgfr1 fins exhibited swelling 

(arrow) or dislocation (arrowhead) of the ray segments at the 

intersegmental joints (bottom).  A representative image of a wildtype fin 

is provided for comparison (top).  (B) Confocal images of whole-mount 

hsp70:dn-fgfr1 and wildtype fins after 30 days of heat-shock, stained 

with zn3 antibody to visualize scleroblasts.   (Left) Example of 

scleroblast expansion at hsp70:dn-fgfr1 segment joints (bottom) in a 

case of visible joint pathology (arrowheads).  (Middle) Joint hypertrophy 

was also observed in regions of hsp70:dn-fgfr1 fins without obvious 

structural damage (arrowheads).  (Right) Segmental joints viewed at 

high magnification, with expansion and disorganization in an hsp70:dn-

fgfr1 joint (brackets).  (C) Sections of hsp70:dn-fgfr1 and wildtype fins 

after 30 days of heat-shock, stained to visualize scleroblasts with zns-5 

antibody. There is an expanded zone of rounded scleroblasts (red) 

surrounding the segment joints of transgenic hemirays.  (Left) 

Regenerates at 4 days post-amputation also have rounded scleroblast 

morphology. 
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scleroblasts with a different, rounded morphology.  In tissue sections, these 

rounded scleroblasts appear as a small bulge in the intraray mesenchyme 

around the joints (Fig. 2C).  Scleroblasts in regenerating fins also have a similar 

rounded morphology (Fig. 2C).  In confocal projections and sections through 

hsp70:dn-fgfr1 fin rays, the bulge at the intersegmental joints was often enlarged, 

with large numbers of rounded scleroblasts protruding deep into the surrounding 

mesenchyme (Fig. 2B,C).  We observed this hypertrophy in areas of severe joint 

dysmorphology (Fig. 2B, bottom left), as well as in transgenic rays that lacked 

major anatomical changes (Fig. 2B, middle and bottom right).  Our observations 

indicate that one way in which Fgf signaling maintains fin integrity is through 

control of scleroblast activity and/or patterning, particularly at intersegmental 

joints .  

 

Homeostasis mechanisms include distally focused areas of cell turnover 
and developmental signaling  

 

Why would long-term inhibition of Fgf signaling cause loss of distal fin 

tissues?  One possible explanation was the inability during extended Fgfr 

inhibition to regenerate tissues lost through minor injuries that occur normally in 

zebrafish fins.  In this model, zebrafish experience regular bone fragmentation 

and loss, recurrently countered by activation of regenerative mechanisms.  To 

examine this possibility, we observed and imaged wildtype fin rays at high 
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magnification every 2-3 days over a period of 2-3 weeks.  We found that events 

of bone loss and regeneration occur very rarely (2 events in 13 fish over 14 to 24 

days; Fig. 3A).  While not fully excluding a model of recurring injury, these 

observations indicate that visible injuries to the fin are normally too rare or mild to 

account for the uniform degeneration we observed during Fgfr inhibition.   

An alternative explanation is that the fin tip exhibits an extremely active 

homeostatic regeneration program, which is disrupted by Fgf inhibition.  We 

searched for regions of cell turnover and activated developmental programs in 

uninjured fins.  Previous studies have described cell proliferation in the uninjured 

zebrafish caudal fin, reporting qualitatively higher levels of proliferation at the 

distal fin structures and lower levels in more proximal regions.  This graded 

proliferation is purported to reflect growth; specifically, coordinated bursts or 

saltations of proliferation that periodically add new ray segments as part of adult 

indeterminate growth (Goldsmith et al., 2003; Iovine and Johnson, 2000; 

Nechiporuk and Keating, 2002).  We quantified cell proliferation in distal and 

medial regions of uninjured fins using assays for BrdU incorporation (Fig. 

3B,C,E).  Proliferation was low compared to that seen during regeneration of 

amputated structures.  Nevertheless, our data confirmed significantly higher BrdU 

incorporation indices in distal structures.  Epidermal BrdU incorporation was 

~43% higher in the most distal 350 µm of the fin versus an identical length of 

medial structures, while BrdU incorporation in mesenchymal tissue, which  
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Figure 2.3: Homeostasis in the uninjured zebrafish fin.  (A) In animals 

imaged every 2-3 days over 14 to 24 days, we found that injuries and loss 

of distal bone are rare (2 events in 13 animals), and rapidly regenerated 

(arrows).  (B) Ventral lobe of an uninjured caudal fin.  The red box 

indicates areas taken for distal measurements; the blue box is for proximal 

measures. Each box is 350 µm, separated by 350 µm, a length chosen 

because it is the length of a frame at 20X magnification using our imaging 

equipment.  (C) Distal and proximal sections of the caudal fin stained for 

BrdU incorporation, after a 24-hour labeling period.  BrdU-labeled cells 

(red) are observed in epidermal (black arrowheads) and mesenchymal 

(white arrowheads) compartments of both distal and proximal regions.  

Distal regions are at the top of each image.  (D) TUNEL stains of distal and 

proximal regions, labeling apoptotic cells.  TUNEL-positive cells (red) are 

observed in the epidermal (arrowheads) and mesenchymal (arrows) 

compartments.  Nuclei are labeled with DAPI (blue).  (E) Quantification of 

BrdU and TUNEL labeled cells in epidermal and mesenchymal 

compartments of proximal (P) and distal (D) fin tissue.  (mean ± SEM; 

*Student’s t-test, p < 0.05).   
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includes connective tissue cells and scleroblasts, was ~197% higher in distal 

structures (Fig. 3C,E).  Although proliferation was highest at the distal ray tip, 

proliferating cells within both the epidermal and mesenchymal compartments 

were not restricted to a specific cell type or a concentrated area as prominent as 

the regeneration blastema. 

We postulated that these graded differences in proliferation indices in 

uninjured fins might reflect graded cell turnover, in addition to contributions to 

distal organ growth. To test this idea, we assessed apoptosis by TUNEL staining.  

Both mesenchymal and epidermal compartments all along the proximodistal axis 

of the fin contained low numbers of apoptotic cells.  However, each of the 

mesenchymal and epidermal TUNEL indices was significantly higher in distal fin 

tissue than in more medial tissue (Fig. 3D,E).  That rates of TUNEL-detectable 

cell apoptosis were higher in more proliferative areas of the fin suggests that the  

ongoing cell proliferation in distal fin structures represents, at least in part, a 

homeostatic response to counter higher levels of cell death. 

Next, we searched for evidence of developmental programs associated with 

these turnover events, paying particular attention to programs known to regulate 

regeneration of amputated fins.  We first took advantage of an transgenic EGFP 

reporter strain that marks expression of shh, a reported blastemal mitogen and 

patterning factor synthesized in regeneration epidermis adjacent to the blastema 

(Laforest et al., 1998; Quint et al., 2002; Shkumatava et al., 2004).  We found 
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that this strain visualizes shh expression during regeneration in a manner 

consistent with published in situ hybridization results.  Moreover, shh was 

consistently detectable in similar epidermal expression domains in the distal-

most ~100 µm of uninjured fins (Fig. 4A).  We similarly examined two other 

markers:  1) msxb marks cells throughout the regeneration blastema as well as 

regenerating scleroblasts, and was recently shown using electroporation of 

antisense morpholinos to be essential for regenerative growth (Akimenko et al., 

1995; Thummel et al., 2006); and 2) mkp3 is an Fgf target gene that is induced in 

the blastema as well as cells of the basal epidermal layer encasing the blastema, 

with expression levels that correlate with the rate of regenerative outgrowth (Lee 

et al., 2005).  Semi-quantitative RT-PCR demonstrated that both of these 

markers are expressed in the uninjured fin, though at much lower levels than that 

seen after amputation (Fig. 4B).  By in situ hybridization of tissue sections, we 

detected faint expression of both of these molecules at the distal fin tip.  

Interestingly, detectable expression was restricted to domains similar to those 

occupied by these molecules during regenerative outgrowth: mkp3 was 

expressed in cells of the distal epidermis and mesenchyme, while msxb 

expression was restricted to mesenchymal cells, suggesting that these molecules 

have similar functions in amputated and uninjured fins (Fig. 4C).  Specific 

localization of these regeneration mediators suggested homeostatic involvement 

in the cell turnover and maintenance functions we had identified. 
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Figure 2.4.  Markers of facultative regeneration are expressed at low 

levels in uninjured fins.  (A) Analysis of a shh:EGFP transgenic reporter 

strain.  (Left) Whole-mount detection of EGFP fluorescence at the distal 

tips of each ray of an uninjured shh:EGFP transgenic zebrafish.  (Right) 

shh is expressed in the epidermis adjacent to the blastema in the 

regenerating fin (arrowheads), and in a similarly restricted, epidermal 

domain at the distal tips of the rays in the uninjured fin (arrowheads).  

Nuclei are labeled with DAPI (blue).  (B) RT-PCR of regenerating and 

uninjured fins. The blastemal regulators mkp3, msxb, fgf20a, and mps1 are 

all robustly expressed in regenerating fins.  Expression of these factors is 

reduced, but detectable, in the uninjured fin.  The control, β-actin1, is found 

at similar levels in samples taken from both uninjured and regenerating 

fins.  (C) In situ hybridization of tissue sections for mkp3 and msxb. (Top) 

mkp3 is expressed in the distal lateral epidermis and distal-most 

mesenchyme of uninjured fins (arrowheads indicate epidermal expression, 

right), a pattern similar to its expression in the basal epidermal layer and 

blastema during regeneration (left).  (Bottom) msxb expression in the 

uninjured fin is predominant in distal mesenchyme (right), reminiscent of 

blastemal expression of msxb after amputation (left).  Scale bars = 50µm. 
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Do cell proliferation and low-level shh, msxb, and Fgf signaling/mkp3 

expression in uninjured fins reflect ongoing homeostatic events?  To test whether 

these events rise in the face of a greater homeostatic obligation, we gave 

transient periods of Fgfr inhibition with the intention that it might “prime” fins for a 

burst of proliferation and marker expression after Fgf signaling is restored.  In 

these experiments, a 7- or 14-day protocol of daily heat-shocks was given to 

hsp70:dn-fgfr1 and wildtype clutchmates, followed by a 5-day recovery period at 

room temperature (Fig. 5A).  We saw no significant difference in TUNEL-positive 

cells in transgenic fins versus wildtype fins during the heat-shock period, 

suggesting little effect of Fgfr inhibition on apoptosis, as well as no significant 

differences in BrdU incorporation (data not shown).  The latter observation might 

reflect a role for Fgfs in proliferation of just a subset of cell types within the 

uninjured fin, or a limitation in our assay given low baseline numbers of 

proliferating cells or the possibility of missing saltatory bursts of proliferation.   

By contrast, following the recovery period from heat-shock, proliferation was 

markedly increased in distal fin regions of transgenic, but not wildtype animals, 

indicative of an enhanced homeostatic response (Fig. 5B).  Furthermore, 

expression of mkp3 and msxb could be easily visualized by whole-mount in situ 

hybridization in transgenic fins, but not wildtype fins, during the recovery period of 

restored Fgf signaling (Fig. 5C).  These changes would not be expected if marker  
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Figure 2.5.  Homeostatic cell proliferation and gene expression 

responds to changes in Fgf signaling.  (A) A model for “priming” 

homeostatic regeneration through manipulation of Fgf signaling.  If 

developmental gene expression and cell proliferation are homeostatic 

events that rely on Fgf signaling, then these events should increase in 

intensity after fins recover from a period of Fgfr inhibition.  (B) BrdU 

incorporation in uninjured fins after a priming protocol of 14 days of daily 

heat-shocks, and 5 days at room temperature (14d hs / 5 dr).  This protocol 

was predicted to repress, and then release and increase, homeostatic 

proliferation in hsp70:dn-fgfr1 fins.  Transgenic fins display a burst of BrdU 

incorporation in distal fin tissue during recovery (brackets) that is not 

detectable in wildtype fins.  One lobe of the caudal fin is shown.  (C) 

Expression of regeneration marker genes increases during recovery of Fgf 

signaling.  mkp3 and msxb are robustly expressed in regenerating fins (4 

dpa, arrowheads), but expression in the uninjured fin or primed wildtype fin 

is undetectable by whole mount in situ hybridization. However, mkp3 and 

msxb levels increase visibly following homeostatic priming of the fin by 

transient Fgfr inhibition (arrowheads).  
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expression and cell proliferation were a purely ontogenetic or saltatory growth 

signature of adult fins.  Together, these data reveal molecular and cellular 

indicators of a responsive program of homeostatic regeneration in uninjured 

zebrafish fins. 

 

fgf20a is expressed in the intact fin and required for homeostasis  

While the above experiments demonstrate that a long-term blockade of Fgfrs 

causes fin regression, it remained possible that such a strong, animal-wide 

manipulation disrupts fins indirectly through effects on other organs.  For 

example, extrinsic, blood-borne factors that change with age are known to 

regulate the regenerative capacity of skeletal muscle satellite cells (Conboy et al., 

2005).  To address this possibility and also refine our analysis of Fgf signaling 

during homeostasis, we focused on fgf20a, an Fgf ligand believed to be specific 

for regeneration of amputated adult fins.  Incubation of developing fgf20a 

embryos at the restrictive temperature of 33°C has little effect on ontogenetic 

development, while incubation at this temperature arrests adult fin regeneration 

during blastema formation (Whitehead et al., 2005).  Semi-quantitative RT-PCR 

revealed that fgf20a is expressed at low levels in the uninjured fin (Fig 4B), and in 

situ hybridization of fins from primed hsp70:dn-fgfr1 animals indicated that fgf20a 

is a member of a homeostatic response program that includes msxb and mkp3  
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Figure 2.6.  Fgf20a and Mps1 are required for homeostatic 

regeneration in zebrafish fins.  (A, B) In situ hybridization for fgf20a and 

mps1 during regeneration and homeostatic priming.  fgf20a and mps1 

expression is increased upon recovery of Fgf signaling (arrowheads), as 

described for mkp3 and msxb.  Expression is undetectable through this 

method in wildtype fins.  (C) Images of wildtype, fgf20a, and mps1 mutant 

fins at day 0, day 30, and day 60 at the restrictive temperature (33˚C).  

Both mutants exhibited a significant loss in distal tissue that was not seen 

in wildtype controls maintained at the restrictive temperature.  (D) 

Quantification of length changes in centrally located rays of fgf20a and 

mps1 mutants.  Both mutant strains showed a significant reduction in fin 

length after 30 and 60 days at the restrictive temperature, while wildtype 

controls maintained fin length (mean ± SEM, *Studentʼs t-test,  p << 0.001 

at days 30 and 60).  
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(Fig. 6A).  These expression data suggested that fgf20a might mediate Fgf-

dependent homeostatic regeneration.   

To test whether fgf20a is essential for appendage homeostasis, we placed 

adult fgf20a mutants at 33°C for 30-60 days and assessed fin size and integrity. 

While wildtype controls maintained fin length at 33°C in these experiments, 

fgf20a zebrafish displayed a progressive loss of distal fin structures that was 

quantitatively very similar to results observed with hsp70:dn-fgfr1 animals (Fig. 

6C).  Quantification of central ray length revealed that fgf20a mutants lost ~19% 

of their fin tissue after 30 days at the restrictive temperature, and roughly a third 

of their fin length (~35%) after 60 days (Fig. 6D).  Unlike hsp70:dn-fgfr1 

zebrafish, joint morphology appeared normal by gross visual inspection, and 

tissue loss at outer fin rays was less severe.  This may be related to different 

strengths of genetic interventions, different conditions for removing Fgf functions, 

genetic redundancy, and/or functions specific to Fgf20a apart from other Fgf 

ligands.  In any case, our data indicate that signaling by Fgf20a is essential to 

maintain zebrafish appendages, accounting for at least part of the Fgf-

dependency of homeostatic regeneration. 

To test whether other known regulators of the blastema show similar 

expression characteristics and requirements during homeostasis, we examined 

mps1, a dual-specificity kinase essential for the spindle checkpoint (Fisk and 

Winey, 2004).  mps1 expression is induced in the newly formed blastema and 
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colocalizes with highly proliferative blastemal cells during regenerative outgrowth.  

Like fgf20a, mps1 was shown to be essential for regeneration by positional 

cloning of a temperature-sensitive mutation (Poss et al., 2002a).  RT-PCR 

assays indicated low-level mps1 expression in the uninjured fin (Fig. 4B), and, 

like fgf20a, mps1 expression was induced by a 14-day block of Fgf signaling and 

5 days of recovery in hsp70:dn-fgfr1 animals (Fig. 6B).  When mps1 mutant 

zebrafish were placed at the restrictive temperature of 33ºC for 30 or 60 days, 

the animals showed severe distal tissue loss.  Measurement of the central rays 

revealed a ~17% loss of tissue by 30 days at 33°C, and ~36% after 60 days (Fig. 

6C,D).  Thus, Mps1, a kinase essential for proliferation of blastemal cells after fin 

amputation, also is necessary to maintain tissue in intact fins.   Taken together, 

our data suggest that factors that enable facultative regeneration are generally 

required for homeostatic regeneration within uninjured fins. 

 

DISCUSSION 

Homeostatic regeneration in zebrafish fins 

We conclude that the Fgf-dependent developmental machinery responsible for 

blastema-based, facultative regeneration of zebrafish fins also mediates 

homeostatic events that maintain existing fin ray structures.  Most notably, rapid 

loss of distal appendage tissue occurred after multiple genetic disruptions of 

programs that form and maintain the regeneration blastema.  Two independent 
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methods to block Fgf signaling had striking effects on tissue maintenance, 

pinpointing a requirement for Fgf20a in preserving complex appendage tissue.  

The kinase Mps1 is also critical for fin homeostasis.  Our phenotypic data 

suggest that Fgf20a functions in maintenance of distal fin regions where cell 

turnover and expression of msxb, shh, and mkp3 are most visible.  Transgenic 

Fgfr blockade had additional effects on the intersegmental joints of the 

lepidotrichia. This effect appears to be independent of Fgf20a as these defects 

were not seen in fgf20a mutants.  Recently, another lab member has found that 

during regenerative outgrowth, fgfr2 is expressed in the distal tip of the blastema 

near the zone of fgf20a expression in the distal-most wound epidermis, while 

expression of fgfrs 1, 3, and 4 is restricted to the differentiating scleroblasts in the 

proximal regenerate, suggesting that Fgfs have distinct roles in blastema 

formation and maintenance and tissue patterning (Yoonsung Lee, in press).    

While facultative and homeostatic regeneration appear to have many 

similarities, there are also interesting differences.  For instance, fgf20a mutants 

have a mostly penetrant defect in injury-induced fin regeneration at 25°C 

(Whitehead et al., 2005), despite developing normally to adulthood and 

maintaining fins grossly normally at this temperature.  This suggests that there is 

a requirement for some amount or function of Fgf20a that is met during 

homeostatic regeneration but not facultative regeneration.  Similarly, 

redundancies may be present in one type of regeneration and absent in another.  
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Other differences may relate to restrictive programs with greater presence in 

intact fins.  For instance, recent work has found that signaling by epidermally 

synthesized Wnt5b has an inhibitory role on blastemal proliferation (Stoick-

Cooper et al., 2007b).  Candidates for analogous factors in intact fins include 

several miRNAs that were recently shown to have higher levels in uninjured fins 

than in fins regenerating after amputation.  At least one of these miRNAs, miR-

133, also displayed functional properties of a regenerative brake (Yin et al., 

2008).  Understanding the balance between permissive and restrictive factors in 

injured and uninjured appendages is likely to be important in unraveling how 

positional identity and organ size is sensed and maintained in regenerating 

tissue, and may uncover targets to enable or improve regeneration in humans. 

 

Fgfs, homeostatic regeneration, and positional memory 

One of the most fascinating aspects of appendage regeneration is positional 

memory, the ability of the limb or fin stump to recognize and restore only those 

structures lost by injury.  Positional memory is thought to be based on a gradient 

of some determinant(s) existing in uninjured tissue or quickly established after 

amputation.  Recently, we found that the amount of Fgf signaling established 

after amputation is graded along the proximodistal axis, with higher amounts in 

more proximal tissue and lower amounts distally (Lee et al., 2005).  Greater Fgf 

signaling positively impacts blastemal size and regenerative rate, leading to more 
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rapid outgrowth in proximal regenerates.  Similarly, as regeneration proceeds 

gradually to completion, amounts of Fgf signaling gradually wane.  

Our findings here indicate that developmental signaling, including Fgf 

signaling, is not inactivated after restoration of lost structures; rather, a modicum 

is maintained at low levels in the distal tips of intact fins.  When the capacity to 

maintain this Fgf signaling is experimentally blocked, tissue loss occurs, 

revealing an essential role in homeostatic equilibrium.  Based on these earlier 

and current observations, we postulate that weak regenerative presence at the 

distal tips of intact fins may in fact be a marker or determinant of far-distal 

positional identity.  That is, uninjured fins maintain size in part due to a level of 

Fgf signaling that precisely opposes ongoing cell death.  By contrast, an 

amputated fin will initiate a position-dependent increase of Fgf signaling for 

structure-restoring growth.  Regeneration then culminates when Fgf signaling 

decreases to an amount that no longer procures a net gain in growth vis a vis 

ongoing cell death.  While this is an attractive model, what requires 

characterization is the signal(s) that reads or remembers position and sets the 

appropriate amount of Fgf signaling.  

 

Evolutionary significance of homeostatic regeneration and regenerative 
capacity  
 
Why is the capacity for appendage regeneration, or organ regeneration in 

general, distributed unequally among vertebrate species?  The selective 
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advantages for non-mammalian regenerative events are not always apparent.  

For instance, the capacity for tail regeneration in lizards facilitates repeated use 

of the anti-predatory tactic of autotomy, and also is thought in some species to 

reduce potential reproductive, social, and locomotor costs (Clause and Capaldi, 

2006).  By contrast, there is no immediate explanation for the capacity of adult 

zebrafish to regenerate resected cardiac muscle (Poss et al, 2002)   

Our current study, supported by previous experiments (Nechiporuk and 

Keating, 2002), suggests that one contributing factor behind the high 

regenerative capacity of adult zebrafish fins is the particularly dynamic nature by 

which they are maintained.  That is, the preservation of capacity to regenerate 

patterned fin structures after major injury might be the evolutionary consequence 

of a more critical role for regenerative mechanisms to regularly balance day-to-

day cell loss and maintain existing tissue.  Accordingly, it is interesting to 

speculate that teleosts and urodeles possess a wider array of regenerative 

tissues than mammals in part because of greater cell turnover among those 

organs.  This might also be related to the capacity for indeterminate growth in 

many of these species, although the newt does not grow throughout its adult life.  

The capacity for compensatory growth seems to be intimately related to 

regenerative ability in mammalian tissues like the liver (Stanger et al., 2007), and 

we have recently found that the adult zebrafish heart, unlike the more static 

mammalian heart, actively adds cardiac cells during adult animal growth and size 
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maintenance (Wills et al., 2008).  Similarly, adult teleost CNS structures like the 

highly regenerative retina and the brain show unusually high basal rates of 

neurogenesis (Grandel et al., 2006; Otteson and Hitchcock, 2003).  

Notably, the severe fin regression phenotypes we observed after genetic 

manipulations in zebrafish are highly reminiscent of those seen recently after 

various gene knockdown experiments in the classic invertebrate model system 

for blastema-based regeneration, freshwater planarians.  Rapid facultative and 

homeostatic regeneration in planarians are based on stem cell-like neoblasts, the 

sole proliferative cell type responsible for renewal all structural cells (Birnbaum 

and Sanchez Alvarado, 2008).  In those studies, long-term RNA interference of 

individual genes frequently had similar effects on facultative and homeostatic 

regeneration; that is, regeneration could be blocked after animal bisection, while 

fatal “curling” or progressive changes in adult pattern occurred within weeks of 

gene perturbation in intact animals (Cebria et al., 2007; Cebria et al., 2002; 

Cebria and Newmark, 2005; Reddien et al., 2007; Reddien et al., 2005).  It will be 

interesting to compare the extent to which the capacity for injury-induced 

regeneration correlates with the activity of ongoing homeostatic regeneration 

among different vertebrate species and organs. 
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Chapter 3:  Regulated addition of new myocardial and epicardial 
cells fosters homeostatic cardiac growth and maintenance in 
adult zebrafish. 
 

This work was originally published in: 

 

Wills, A. A., Holdway, J. E., Major, R. J. and Poss, K. D. (2008). Regulated 

addition of new myocardial and epicardial cells fosters homeostatic cardiac 

growth and maintenance in adult zebrafish. Development 135, 183-92. 

 

 

A.A.W. performed the bulk of data collection and analysis.  Jennifer Holdway 

performed wildtype heart growth measurements, EPDC counts, and many in situ 

hybridizations.  Robert Major performed experiments dye labeling epicardial cells 

and pericardial pressure experiments. 
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SUMMARY: 
 
The heart maintains structural and functional integrity during years of continual 

contraction, but the extent to which new cell creation participates in cardiac 

homeostasis is unclear.  Here, we assessed cellular and molecular mechanisms 

of cardiac homeostasis in zebrafish, animals that display indeterminate growth 

and possess an unusual capacity to regenerate after acute cardiac injury.  

Lowering aquarium density triggered rapid animal growth and robust 

cardiomyocyte proliferation throughout the adult ventricle, greater than that 

observed during slow animal growth or size maintenance.  Rapid animal growth 

also induced strong expression of the embryonic epicardial markers raldh2 and 

tbx18 in adult epicardial tissue.  Pulse-chase dye labeling experiments revealed 

that the epicardium recurrently contributes cells to the ventricular wall, indicating 

an active homeostatic process.  Inhibition of signaling by Fibroblast growth 

factors (Fgfs) decreased this epicardial supplementation of the ventricular wall in 

growing zebrafish, and led to spontaneous ventricular scarring in animals 

maintaining cardiac size.  Our results demonstrate that the adult zebrafish 

ventricle grows and is maintained by cardiomyocyte hyperplasia, and that 

epicardial cells are added to the ventricle in an Fgf-dependent fashion to support 

homeostasis. 
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INTRODUCTION: 

Organ homeostasis mechanisms calibrate organ size and function in 

response to changing physiological conditions.  Perhaps the clearest example of 

homeostasis occurs during animal growth, a process accompanied by organ 

growth to accommodate increasing demands.  For full-sized adult mammals, 

homeostasis maintains the status quo, replacing damaged or senescent cells 

through direct structural cell proliferation, progenitor cell activity, or hypertrophy 

of surrounding cells.  Some organs are capable of rapid homeostatic adjustments 

to tissue loss or gain.  For example, the liver will increase mass through 

compensatory cell proliferation after partial hepatectomy, or reduce mass through 

compensatory cell death after experimentally induced hyperplasia, to maintain 

the appropriate size (Conlon and Raff, 1999; Potter and Xu, 2001; Taub, 2004).  

Understanding the cellular and molecular mechanisms of organ homeostasis is a 

major research goal, with potential to shed light on therapies for trauma, 

degenerative disease, and aging. 

While cellular and molecular mechanisms of homeostatic regulation in most 

organs are incompletely understood, cardiac homeostasis is particularly 

mysterious.  For many years, it was believed that the adult mammalian heart is a 

post-mitotic organ, and that all postnatal cardiac growth is achieved through 

hypertrophy of a fixed number of cardiomyocytes (CMs).  Indeed, analyses of 
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DNA synthesis in the adult murine heart estimated a very low percentage (a 

maximum of 0.0005%) of ventricular CMs entering the cell cycle each day 

(Soonpaa and Field, 1997).  Similar analyses during postnatal rodent growth 

indicated that CMs undergo a transition shortly after birth from hyperplastic to 

hypertrophic growth, associated with the production of large, multinucleated CMs 

through karyokinesis rather than with new, mononucleated CMs through 

cytokinesis (Li et al., 1996; Soonpaa et al., 1996).  Furthermore, there is little 

evidence of consequential regeneration after cardiac injuries like ischemic 

infarction, and the resulting hypertrophy of existing muscle that occurs 

concomitantly with scar formation is detrimental to cardiac function.  The notion 

that the major structural cells within such a vigorous and vital organ survive 70 to 

100 years in humans without support from new CMs is contested, especially 

given recent identification of cell populations that may possess progenitor activity 

in the postnatal mammalian heart (Beltrami et al., 2003; Laugwitz et al., 2005; 

Martin et al., 2004; Oh et al., 2003).  However, a natural in vivo contribution of 

these progenitor cells to adult tissue homeostasis has not been experimentally 

demonstrated.   

The mechanisms by which non-myocardial cardiac cell types are maintained 

and replaced are also poorly understood.  Recent studies have found that cells of 

the adult mammalian epicardium, a thin epithelial tissue surrounding the 

myocardium proper, can be experimentally stimulated to differentiate into smooth 
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muscle and endothelial cells in vitro (Smart et al., 2007; van Tuyn et al., 2007).  

In this way, the in vitro activity of the adult epicardium appears to mimic the 

capacity of the embryonic epicardium, a structure that serves as the primary 

source of coronary vasculature during heart development (Reese et al., 2002).  

Thus, it is possible that adult epicardial cells also function as a progenitor tissue 

to maintain the vasculature or other cardiac cell populations.  

Certain non-mammalian vertebrates like amphibians and fish may have 

greater potential for hyperplastic cardiac homeostasis.  In contrast with 

mammals, many of these species display indeterminate growth, and can rapidly 

increase adult mass in response to changes in aquarium density and nutrition 

(Jordan, 1905), an increase that is typically accompanied by organ augmentation.  

Moreover, some of these species have demonstrated various degrees of 

regeneration after mechanical injury of the cardiac ventricle, a response that may 

be perceived as a homeostatic method to restore cardiac mass (Flink, 2002; 

Oberpriller and Oberpriller, 1974; Poss et al., 2002).  In particular, a model 

system like the zebrafish, which displays indeterminate growth (Tsai et al., 2007), 

has a strong cardiac regenerative response, and is amenable to molecular 

genetic approaches, represents a unique tool to visualize and dissect cardiac 

homeostasis.   

Here, we find that adult zebrafish display dramatic, hyperplastic cardiac 

growth in response to aquarium conditions that stimulate rapid animal growth, 
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while animals maintaining cardiac size show distinct but rare addition of new 

CMs.  Additionally, we find that rapid growth conditions induce epicardial 

expression of embryonic markers such as raldh2 and tbx18, and that the 

epicardium regularly contributes cells to the adult ventricular wall even in the 

absence of cardiac growth or myocardial injury.  Inhibition of Fgf signaling, a 

pathway necessary for normal heart regeneration, disrupts epicardial cell 

supplementation and causes spontaneous ventricular scarring in uninjured adult 

fish.  Our study exposes dynamic myocardial and epicardial mechanisms that 

mediate cardiac homeostasis.    

 

MATERIALS AND METHODS 

Zebrafish 

Zebrafish of outbred Ekkwill or EK/*AB mixed background strains were raised at 

a standard density of ~5 fish/liter to 8-10 weeks of age, at which point fish 

weighing 70-100 mg were selected for growth experiments.  Fish were placed in 

conditions that stimulate rapid growth (RG; 3 fish / 10L tank) or returned to 

conditions that allow normal, slower growth (SG; 15 fish / 3L tank) for 10–14 

days, at which point the animals were weighed and the hearts extracted.  Six 

month-old adult fish maintaining animal size (MS) were raised at 3–5 fish/L, the 

standard in our facility.  Ventricular resection surgeries were performed as 
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previously described (Poss et al., 2002).  All experiments on animals were 

performed in accordance with institutional guidelines and regulations. 

 

Histological techniques 

In situ hybridization on cryosections of paraformaldehyde (PFA)-fixed hearts was 

performed using digoxygenin-labeled cRNA probes as described (Poss et al., 

2002).  Acid fuchsin-orange G staining was performed as described (Poss et al., 

2002).  Immunofluorescence was performed as described (Poss et al., 2002) 

using antibodies against BrdU  (rat; Accurate), Mef2 (rabbit; Santa Cruz), PCNA 

(mouse; Sigma), and DsRed (rabbit; Clontech).  Terminal deoxynucleotidyl-

transferase (TdT) biotin-dUTP nicked end-labeled (TUNEL) reactions were 

performed on 10 µm cryosections of PFA-fixed hearts with reagents from 

Invitrogen, and visualized with peroxidase substrate reagents from Vector 

Laboratories.  

 

Ventricular size, CM BrdU incorporation, CM density, % RFPcyto cells, and 

EPDC density 

To calculate ventricular section surface area, hearts were sectioned 

longitudinally, stained with TRITC-phalloidin, and the three largest sections of the 

ventricle were imaged and measured for area using Openlab software.  The 

measurements were averaged to give one value for each heart.   
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For BrdU incorporation experiments, animals were injected once daily for 3 

days prior to collection.  Hearts from RG, SG, and MS animals (injected 7, 8, and 

9 days after introducing density conditions) were cryosectioned and 

immunostained for Mef2 and BrdU.  Images of the middle of the lateral ventricle 

wall (opposite the atrium) from the three largest sections of each ventricle were 

selected for analysis.  Nuclei labeled with Mef2, a marker of CMs, BrdU, or both 

were counted by hand using Adobe Photoshop.  The region analyzed included 

the compact muscular wall and ~6 cells thick of trabecular muscle, so that both 

trabecular and compact muscle would be included.  For these  experiments, 150-

300 Mef2pos nuclei were counted per section, or 500-900 per animal. 

To calculate CM density, Mef2-stained ventricular sections were used to 

produce similar images.  Then, the area of the region was calculated using 

Openlab software, and the number of CM nuclei within the traced region counted 

by hand.  About 100 – 300 nuclei were counted per section, or 400-900 per 

animal.  To assess CM nucleation, ventricles were isolated from cmlc2:nRFP RG, 

SG, and MS fish (see Results for description of transgenic zebrafish), and cells 

were dissociated as described previously (Warren et al., 2001).  Isolated cells 

were collected in L-15 media and live cells imaged to determine nuclear count. 

For analysis of RFPcyto cells (see Results for RFPcyto description), 

cryosections from cmlc2:nRFP ventricles were stained with anti-DsRed antibody 

and the 3 largest sections from each heart were used for imaging.  For these 
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experiments, images of the apex were selected for analysis.  RFPnuc and RFPcyto 

cells were counted by hand from regions including the ventricular wall and ~4 cell 

layers of trabecular muscle.  About 150-300 CMs per section were counted, or 

600-900 per animal.   

For analysis of EPDCs within the ventricular wall, in situ hybridizations for 

tbx18 were performed on hearts from wildtype or hsp70:dn-fgfr1 animals under 

various growth conditions.  Images from the middle of the lateral ventricle wall 

(opposite the atrium) were taken from the 3 largest sections of each heart.  For 

each section, only tbx18-positive cells clearly separated from the epicardium and 

within the compact myocardial wall were counted (see Figs. 5 and 6).   

 

RNA isolation and real-time Q-PCR analysis 

RNA was collected from 12-15 MS, RG, SG, and regenerating (7 days post-

amputation; (dpa)) ventricles by extracting the heart into PBS on ice and 

mechanically removing the atrium and outflow tracts.  Ventricles were transferred 

to TRI reagent (Sigma) and the RNA was isolated as described by the 

manufacturer, before purification by Qiagen RNAeasy columns.  RNA integrity 

was assessed by gel electrophoresis, and concentration determined by 

spectroscopy.  cDNA was made from 200 ng RNA using oligo d(T) primer and 

Super Script III reverse transcriptase (Invitrogen).   Quantitative PCR was run 

using LightCycler FastStart DNA MasterPLUS SYBR Green I (Roche) on a 
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LightCycler 2.0 machine (software version 4.05x).  Dilutions of cDNA generated 

from pooled RNA of 20 and 56 hours post-fertilization embryos was used to 

determine the reaction efficiency (E) for each primer pair, and ΔCT for each group 

was calculated using 7 dpa regenerating hearts as a standard.  hand2 

expression was normalized to gapdh for each sample using the following 

equation: X = ((Egapdh)-ΔCTgapdh) / ((Ehand2)-ΔCThand2).  All samples were run in 

triplicate, and the averages of two independent experiments are shown.  

 

Pericardial manipulations 

Adult zebrafish ~6 months of age were placed into 1.5L tanks (3 fish/L) to 

maintain a constant density during the experiment.  Hearts from uninjured control 

animals, as well as manipulated animals, were fixed three days after 

manipulations.  In one group of animals (Open), a single incision was made in the 

pericardial sac using iridectomy scissors.  In saline-treated animals, ~5 mL 

Hankʼs buffered saline was injected into the pericardial cavity from a 30 gauge 

needle until expansion of the sac was visualized.  For an additional group, a 

needle was similarly inserted into the pericardial sac, but no fluid was injected 

(Pierce).  Only animals that showed no bleeding after any of these treatments 

were used for this study.  As a control, iridectomy scissors were used to make a 

small incision on the dorsal side of the animal (Dorsal).  Nine to eleven animals 

were used for each group in two experimental trials. 
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DiI labeling of the adult epicardium 

DiI labeling was performed by pipetting ~0.5 µl of 1 mg/ml Cell Tracker CM-DiI 

(Molecular Probes) into the pericardial cavity of ~6 month-old zebrafish through a 

small incision in the pericardial sac.  Smaller animals used for RG and SG 

conditions did not survive this procedure.  Hearts were extracted and fixed at one 

hour, 3 days, 7 days, and 14 days post-labeling.  Labeled hearts were sectioned 

and imaged without coverslipping, as mounting and coverslipping commonly 

caused diffusion of the dye.  At least 15 animals were used for one hour, 3 day, 

and 7 day timepoints in three experimental trials. 

 

Fgfr inhibition 

For RG experiments, heterozygous hsp70:dn-fgfr1 transgenic and wild-type 

clutchmates were selected at 8-10 weeks of age at weights from 70 -100 mg.  

Fish received a daily, transient increase in temperature from 26°C to 38°C as 

described (Lee et al., 2005).  Animals remained at 38°C for ~30 min each day.  

We found that this temperature increase could not be achieved in 10L tanks 

using our system, so we instead placed one fish each in a 3L tank, and 

performed analyses at 14 days.  For adult maintenance experiments, uninjured 4-

6 month-old hsp70:dn-fgfr1 and wildtype adult clutchmates received a daily 

temperature increase for 60-70 days. 
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RESULTS 
 
Experimental control of adult cardiac homeostasis 

We predicted that the vigor of cardiac cell addition would be proportional to the 

rate of adult animal growth.  Therefore, we developed three conditions based on 

aquarium density that we expected to stimulate rapid growth (RG), slow growth 

(SG), or size maintenance (MS).  We found that when small adult fish (8-10 

weeks old, 70-100 mg) were removed from standard aquarium density conditions 

(slow growth, SG; 5 fish/L) and placed in low-density conditions (rapid growth, 

RG; 0.3 fish/L), body mass tripled after only 14 days (a ~208% increase from day 

0).  Clutchmates maintained at SG displayed only a ~13% increase in mass over 

this period.  Fully mature, 6 month-old fish, considerably larger at the onset of 

experiments than RG and SG fish, maintained mass for at least 28 days when 

kept at standard aquarium density conditions (Fig. 1B).  In general we found that 

starting size was a greater determinant of animal growth rate than age, 

consistent with other published studies (Tsai et al., 2007). 

In these experiments, the large increases in body mass seen in RG fish were 

accompanied by dramatic increases in the size of both cardiac chambers (Fig. 

1A).  To quantify changes in ventricular size, we measured the surface area of  



 81  

Figure 3.1.  Experimental control of animal and cardiac growth 

in adult zebrafish.  (A) Representative images of hearts collected 

from animals under 14 days of rapid growth (RG), slow growth (SG), 

or maintain size (MS) conditions.  Hearts in images may be missing 

some atrial tissue lost during tissue collection.  a, atrium; b, bulbous 

arteriosus; v, ventricle.  (B) Quantification of animal mass in RG, 

SG, and MS fish.  RG fish had a much higher increase in body mass 

from day 0 than their SG clutchmates at day 14, while MS fish 

maintained mass. (*p << 0.001, t-test, significantly different from 

Day 0).  The numbers of animals per group are shown in 

parentheses.  (C) Quantification of ventricular size in RG, SG, and 

MS fish.  RG ventricles showed much greater size increases than 

SG clutchmates at day 14, while ventricular size remained stable in 

MS fish (*p < 0.005, t-test, significantly different from day 0).  
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longitudinal ventricular sections using digital imaging software.  These analyses 

revealed that ventricular size more than tripled after only 14 days in RG 

conditions (a ~221% increase from day 0), a rate of cardiac growth approximately 

equivalent to that of animal growth under these conditions.  Clutchmates in SG 

conditions exhibited a more modest increase in ventricular size over this period 

(~48%).  Because this increase was greater than the increase in animal size 

during this period, it is possible that the rate of cardiac growth may slightly 

diverge from the rate of animal growth in SG conditions.  MS animals 

experienced no significant change in ventricular size over 14 days (Fig. 1A,C).  

Thus, by varying aquarium density and starting animal size, we closely controlled 

the rate of cardiac homeostasis.  In particular, low aquarium density conditions 

induced remarkably rapid expansion of cardiac tissue in adult zebrafish.  

 

New cardiomyocyte creation accompanies cardiac growth and 
maintenance 
 

To determine whether density-dependent control of ventricular size resulted 

from CM hyperplasia or hypertrophy, we administered 3 daily injections with BrdU 

prior to harvesting tissue after 9 days at RG, SG, or MS conditions.  CMs were 

specifically assayed for BrdU incorporation by costaining with an antibody 

against Mef2, a transcription factor that regulates myocardial differentiation 

(Molkentin and Markham, 1993).  We observed a high rate of BrdU incorporation  
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Figure 3.2.  Rapid cardiac growth induces cardiomyocyte 

proliferation.  (A) Ventricles from SG, RG, and MS animals stained for 

Mef2 expression, to indicate CMs (red), and BrdU incorporation (green).  

CM BrdU incorporation was much greater in RG ventricles (arrowheads in 

insets).  Nuclei are labeled with DAPI (blue). (B) Quantification of CM BrdU 

incorporation in SG, RG, and MS groups.  The average BrdU incorporation 

index per animal is plotted (*p <  0.001, t-test, significantly different from 

SG; **p < 0.05, t-test, significantly different from SG and RG).  Numbers 

above the error bars indicate BrdU-positive CMs and total CMs counted 

from all animals combined.  Numbers below group abbreviations indicate 

the number of animals/ventricles per group. (C) Quantification of CM PCNA 

index generated similar results.  The average PCNA expression index per 

animal is plotted (*p <  0.005, t-test, significantly different from SG; **p < 

0.005, t-test, significantly different from SG and RG).  Numbers above the 

error bars indicate PCNA-positive CMs and total CMs counted from all 

animals combined.  (D) TUNEL staining of MS hearts revealed rare CMs 

undergoing apoptosis (arrowhead).  Scale bar = 100 µm. 
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in CMs within both trabecular and compact muscle compartments of RG fish, with 

10.1 ± 1.8% of CMs labeled by BrdU (mean ± SEM; Fig. 2A,B).   This labeling 

index was almost 8X that of SG animals (1.3 ± 0.3%), and 25X that of MS 

animals sustaining constant body mass and ventricular size (0.4 ± 0.1%; Fig. 

2A,B).  We obtained similar results when identifying proliferating cells with an 

antibody against PCNA (Fig. 2C).  This rare CM proliferation in MS animals may 

serve to replace dying cells, as we observed occasional CM apoptosis events by 

TUNEL staining of ventricular sections (Fig. 2D).  However, both proliferation and 

apoptotic events were exceedingly rare in MS animals, and we conclude that 

myocardial cell turnover is not a major aspect of cardiac homeostasis in adult 

zebrafish. 

To assess possible contributions of hypertrophy to growth, we measured the 

density of cells positive for the nuclear marker Mef2 in ventricular sections.  RG, 

SG, and MS fish had no differences in CM nuclear density per myocardial area, 

indicating a lack of CM hypertrophy (Fig. 3A).  In addition, we dissociated 

ventricles and assessed the extent of CM binucleation, a consequence of 

karyokinesis without cytokinesis that is common in adult mammalian CMs 

undergoing hypertrophy.  We found that the vast majority of ventricular CMs in 

rapidly growing fish were mononucleate (95.6%), as were CMs from fish kept at 

SG (97.9%) and MS conditions (95.1%), indicating derivation through cytokinesis 

(Fig. 3B,C).  Thus, homeostatic cardiac growth and maintenance are primarily the  
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Figure 3.3.  Cardiomyocytes in adult 

zebrafish do not undergo significant 

hypertrophy or binucleation.  (A) CM 

hypertrophy was assessed by measuring the 

number of Mef2-positive nuclei per area of 

myocardium.  No significant differences in 

CM density were observed between RG 

ventricles (6540 ± 505 CMs /mm2) 

compared to SG (5842 ± 326 CMs /mm2) or 

MS ventricles (5167 ± 422 CMs /mm2).  

Eight animals were used per group.  (B)  

Quantification of nuclei in CMs dissociated 

from pooled cmlc2:nRFP ventricles in 

different homeostatic conditions indicates 

that 97.9% of CMs are mononucleate in SG 

ventricles, 95.6% in RG ventricles, and 

95.1% in MS ventricles. (C) Image of 

dissociated ventricular CMs (cells with white 

nuclei) from cmlc2:nRFP animals.  

Binucleated myocytes (arrowhead) are rare 

in all conditions tested. Thus, CM 

hypertrophy and binucleation play little or no 

role in homeostatic cardiac growth.   
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result of bona fide CM hyperplasia, with the vigor of this hyperplasia dependent 

on the rate of animal growth. 

 

Evidence that myocardial homeostasis is aided by progenitor cells 

Homeostatic CM generation must occur through the division of mature CMs, 

or the maturation of myocardial progenitor cells, or both.  During regeneration, 

cells expressing markers of embryonic cardiac progenitor cells such as hand2 

(Yelon et al., 2000) are established at the apical edge of the wounded muscle 

within 3-4 days post injury, and are maintained at that edge as regeneration 

progresses (Lepilina et al., 2006).  The origin of these cells is unknown; they 

might exist as resident non-myocardial cells activated upon injury, or be created 

through reduction in contractile function of existing CMs, known as de-

differentiation.  Strong, discrete hand2 in situ hybridization signals analogous to 

that seen during myocardial regeneration were common in RG animals, 

particularly within the compact myocardium, sparingly present in SG animals, and 

largely absent in MS adults (Fig. 4A).  Real-time quantitative PCR experiments 

indicated that hand2 expression in RG ventricles was 1.4-fold that of SG 

clutchmates, and 2.5-fold that of MS ventricles (Fig. 4C).   

hand2 is expressed in embryonic progenitors but is not a definitive marker of 

undifferentiated cells.  To test the idea that progenitor cell populations give rise to 

new CMs during homeostasis, we assessed CM maturation in the cmlc2:nRFP  
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Figure 3.4.  Cardiogenic markers are induced during cardiac 

homeostasis.  (A) In situ hybridization of ventricular sections for hand2.  

hand2 is weakly expressed in MS and SG hearts, and more strongly 

expressed in RG hearts similar to regenerating hearts 7 days post-

amputation (arrowheads show foci of strong expression).  (B) Sections 

from SG, RG, and MS ventricles of cmlc2:nRFP zebrafish, stained for 

DsRed immunoreativity.  RG ventricles show many more RFPcyto cells, a 

marker that suggests recent CM differentiation events (arrowheads in 

insets).  Scale bars = 100 µm.  (C) Real-time Q-PCR analysis of hand2 

expression from whole ventricles of SG, RG, and MS hearts, relative to 

expression in ventricles 7 days after apical resection.  hand2 expression is 

similar in ventricles from RG fish to that in regenerating ventricles (1.0, 

represented by dashed line), and greater than SG and MS ventricles.  (D) 

Quantification of RFPcyto cells in SG, RG, and MS groups.  The average 

RFPcyto index per animal is plotted.  Numbers above the error bars indicate 

RFPcyto CMs and total CMs counted from all animals combined.  Numbers 

below group abbreviations indicate the number of animals/ventricles per 

group. (*p < 0.01, t-test, significantly different from SG; **p < 0.005, t-test, 

significantly different from SG and RG). 
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transgenic line, a strain that reports a slow-folding, nuclear-localized DsRed2 

protein under control of the cardiac myosin light chain 2 promoter (Mably et al., 

2003).  Mature CMs in these transgenic fish show nuclear-localized DsRed 

fluorescence.  However, an anti-DsRed antibody detects unfolded, cytosolic 

DsRed fluorescence in the new CMs of the 24-hour post-fertilization embryo and 

the regenerating edge of the injured adult ventricle, apparently before nuclear 

localization occurs and natural fluorescence manifests.  Thus, this marker 

(RFPcyto) appears to serve as an indicator of developmental transition from 

undifferentiated progenitor cells to differentiated CMs (Lepilina et al., 2006).  We 

found that 10.7 ± 2.1% of CMs throughout the ventricle of RG animals expressed 

the RFPcyto marker, a percentage over 3X that of SG clutchmates (3.1 ± 0.3%) 

and 36X that of MS fish (0.3 ± 0.1%; Fig. 4B and D).  In ventricles of cmlc2:nRFP 

RG animals that had been injected with BrdU, both RFPcyto and RFPnuc CMs 

showed BrdU-labeled nuclei, suggesting that both the most recently maturing 

CMs and earlier-maturing CMs undergo proliferation (data not shown).  In total, 

these results suggest that myocardial progenitor cell populations contribute at 

least in part to the vigorous generation of new CMs stimulated by rapid animal 

growth, and in rare events during homeostatic maintenance of cardiac size.  
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Figure 3.5.  Developmental activation of the epicardium in response 

to growth or manipulation of the extracardiac environment.  (A) 

Ventricles from SG, RG, or MS animals stained for raldh2 expression.  

raldh2 is weakly expressed in rare cells of SG and MS epicardia 

(arrowheads), but strongly expressed in epicardial cells of RG hearts, 

similar to the expression seen at the wound at 7 days post-amputation 

(right).  Ventricular endocardial cells surrounding inner trabecular 

myofibers also induced raldh2 during rapid growth, similar to induction 

during regeneration (arrows in RG and Regeneration).  (B) Assessment of 

raldh2 expression in ventricular epicardium 3 days after different 

manipulations in 6 month-old MS animals (lateral ventricular wall is 

shown).  Surgically opening the pericardial sac (Open) or injecting the 

pericardial sac with saline (Saline) stimulated raldh2 expression 

(arrowheads), while injuries to the dorsal side of the animal (Dorsal), or 

piercing the pericardial sac with an empty needle (Pierce) did not. Scale 

bars = 100 µm 
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Homeostatic developmental activation of the adult epicardium  

During zebrafish heart regeneration, local injury strongly activates expression of 

the embryonic epicardial markers raldh2 and tbx18 throughout the entire 

ventricular and atrial epicardium.  This activation is accompanied by epicardial 

cell proliferation, expanding the epithelial cover of the ventricle to eventually 

cover the injury (Lepilina et al., 2006).  raldh2 and tbx18 were expressed at low 

levels in a small number of epicardial cells in both SG and MS ventricles, 

indicating moderate activation.  By contrast, these markers were robustly induced 

in contiguous stretches of RG atrial and ventricular epicardium (Figs. 5A, 6B).  In 

addition, endocardial cells surrounding cardiac myofibers near the injury site 

have been shown to induce raldh2 during regeneration (R.J.M. and K.D.P., 

unpublished data; (Lepilina et al., 2006).  We found that RG animals, but not SG 

or MS animals, displayed strong raldh2 expression in endocardial cells 

throughout the ventricle (arrows in Fig. 5A; A.A.W., J.E.H., and K.D.P., 

unpublished data).  Thus, embryonic gene expression within both the epicardium 

and endocardium is activated by rapid animal growth. 

We suspected that, because of its location and exquisite sensitivity to growth 

and injury, the epicardium may represent one means to acknowledge changes in 

animal growth through sensation of pressure changes in the extra-cardiac space.  

The pericardial sac is filled with a plasma ultrafiltrate that is believed to have a 
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restrictive function during diastole.  Therefore, opening the cavity might relieve 

pressure, increasing cardiac stretch.  Conversely, saline injection is expected to 

increase pericardial pressure and limit the ability of the heart to expand in 

teleosts and elasmobranches (Farrell et al., 1988; Shabetai et al., 1985; Spodick, 

1997).  To test whether these procedures affect epicardial gene expression, we 

examined raldh2 expression in several groups of experimentally manipulated 6 

month-old MS animals.  We found that ventricular raldh2 expression was induced 

to roughly the same level as in RG animals (but at levels lower than after partial 

ventricular resection) in experiments in which 1) the pericardial sac was surgically 

opened, or 2) saline was carefully injected into the pericardial cavity (Fig. 5B).  

Different manipulations that showed no effect on epicardial raldh2 expression 

included:  1) piercing the pericardial sac without saline injection, 2) lesions to the 

dorsal region of the animal, and 3) fin amputation.  These results show that the 

epicardium is a dynamic tissue responsive to changes in the milieu surrounding 

the heart, and suggest that the effects of rapid animal growth on epicardial gene 

expression are due in part to an ability of the epicardial tissue to sense changes 

in resistance within the extra-cardiac space.   

 

Epicardial-derived cells recurrently supplement the ventricular wall 

During embryonic heart development, a subset of epicardial cells undergoes 

epithelial-mesenchymal transition (EMT) and migrates into the underlying 
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subepicardial space and myocardial wall as epicardial-derived cells (EPDCs).  

There, EPDCs contribute fibroblasts as well as smooth muscle and/or endothelial 

cells for building coronary vasculature (Olivey et al., 2004; Reese et al., 2002).  

To determine whether the adult zebrafish epicardium actively transfers cells 

subepicardially to the ventricular wall, we performed a pulse-chase experiment.  

We labeled the epicardium by filling the pericardial sac of MS zebrafish with the 

fluorescent lipophilic dye DiI, and then harvested hearts at different timepoints 

post-injection.  Dye was limited to the epicardium at one hour post-injection; by 

contrast, we noticed a small number of labeled cells separated from the 

epicardium by 3 days post-injection. Occasionally, these labeled cells had a 

tubular morphology reminiscent of vascular tissue (inset, Fig. 6A).  At 7 and 14 

days post-injection, DiI was concentrated in cells that were embedded within the 

otherwise unlabeled ventricular wall inward from the now faintly labeled 

epicardium (Fig. 6A).  Interestingly, labeled cells occasionally appeared to 

comprise a distinct layer 15-20 µm at the junction of compact and trabecular 

myocardium.  These surprising data indicate that the adult epicardium is a 

dynamic tissue that regularly contributes EPDCs to the ventricular wall, 

presumably through EMT.  

Applying labeled dye to the pericardium elevated epicardial expression of 

raldh2 similar to saline injection (data not shown), implying that this treatment 

induces strong developmental activation of the epicardium and likely affected its  
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Figure 3.6.  Epicardial contribution of EPDCs to the ventricular wall.  

(A) DiI was carefully injected into the pericardial sac to label the 

epicardium, and hearts were collected at 1 hour, 3 days, and 7 days post-

injection.  Dye is restricted to epicardial cells at 1 hour, but at 3 days 

epicardial-derived cells are occasionally seen in the compact layer 

(arrowheads).  The red arrow and inset indicate labeled tissue with the 

appearance of vascular tissue.  By 7 days post-injection, DiI-containing 

EPDCs are observed deep into the ventricular wall, with less label within 

the epicardial layer.  Many of these cells appear to contribute to an inner 

layer of labeled cells ~15-20 µm into the wall.  (B) tbx18 is expressed in 

many more epicardial cells and EPDCs (arrowheads) in RG animals than 

in other groups. Inset, corresponding to red arrowhead: some tbx18-

positive EPDCs within the ventricle showed a morphology characteristic of 

vascular cells.  The red dotted line in injured animals indicates the border 

between myocardium and clot material. (C) Quantification of tbx18-positive 

EPDCs from SG, RG, and MS ventricles.  (*p << 0.001, t-test, significantly 

different from SG; **p < 0.01, t-test, significantly different from RG and SG). 

Scale bars = 100 µm. 
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contributions to the ventricular wall.  To evaluate EPDC activity in unmanipulated 

animals, we utilized the embryonic epicardial marker tbx18.  During regeneration, 

cells positive for the embryonic epicardial marker tbx18 emerge not only in the 

epicardium, but in subepicardial tissue within the wound and regenerating muscle 

(Lepilina et al., 2006).  Interestingly, in uninjured ventricles, tbx18-expressing 

cells were also present both in the epicardium and several cell layers deep into 

the compact myocardium.  Many tbx18-positive cells were located in what 

appeared as a distinct layer 15-20 µm subepicardially, a location similar to the 

EPDCs revealed by our pulse-chase experiments (Fig. 6B).  For these reasons, 

we inferred that tbx18 is a robust marker for emergent EPDCs in the uninjured 

ventricular wall.  Quantification of these internalized tbx18-positive EPDCs 

revealed that RG animals contained a density of EPDCs almost 6X as high as 

SG animals (27.4 ± 1.6 vs. 4.9 ± 1.0 tbx18-positive cells/mm ventricular wall).  

Somewhat unexpectedly, MS animals had more than twice as many tbx18-

positive EPDCs than SG animals (11.9 ± 1.8) (Fig. 6C).  This may be a 

consequence of age differences between these groups, and/or the possibility that 

tbx18 is a cumulative marker of EPDCs that have emerged in the ventricular wall 

over weeks to months.  The latter idea is supported by the observation that 

regenerated muscle possesses cells robustly expressing tbx18 for 30 days or 

more after injury (Lepilina et al., 2006).  Given the role of epicardial tissue during 

embryonic heart growth and the appearance of tbx18-positive cells coincident 
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with new vascular tissue during regeneration, we postulate that tbx18-positive 

EPDCs contribute to neovascularization of emergent myocardial tissue and/or 

vascular maintenance in uninjured animals.  Indeed, we could observe in some 

cases cells positive for tbx18 that show the appearance of vascular tissue (Fig. 

6B, red arrowhead and inset), similar to DiI-labeled cells in pulse-chase 

experiments.  Thus, the adult epicardium supports cardiac homeostasis by 

regular contribution of new EPDCs to the ventricular wall. 

 

Cardiac homeostasis requires Fibroblast growth factor signaling  

Recent studies have revealed roles for Fgfs in epicardial EMT during both 

embryonic heart development and adult heart regeneration.  EMT of cultured 

embryonic epicardial cells can be stimulated by Fgfs in vitro, and this pathway is 

necessary for normal coronary vascular development in mice (Lavine et al., 2006; 

Morabito et al., 2001).  During zebrafish heart regeneration, the injured zebrafish 

myocardium increases expression of fgf17b, while the receptors fgfr2 and fgfr4 

are expressed in EPDCs.  Furthermore, abrogation of Fgf signaling disrupts 

EPDC supplementation of the wound and new muscle during regeneration, 

inhibiting neovascularization and myocardial renewal (Lepilina et al., 2006).  We 

found that fgf17b, fgfr2, and fgfr4 were all present in SG and RG ventricles, 

although no differences in expression between the two groups were detectable 

by in situ hybridization (data not shown).  Based on these findings, we suspected 
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that Fgf signaling may also be important for EPDC supplementation of the 

ventricle during cardiac homeostasis.   

To test this idea, we placed zebrafish transgenic for a heat-inducible 

dominant-negative Fgf receptor (hsp70:dn-fgfr1) and their wildtype clutchmates in 

RG conditions for 14 days, accompanied by a daily heat-shock (Lee et al., 2005).  

Transgenic animals appeared healthy during the experiment, although they grew 

less than wildtype animals under RG conditions.  Although tbx18 expression was 

comparable between transgenics and wildtypes in the epicardium itself, the 

density of tbx18-positive EPDCs within the ventricular walls of hsp70:dn-fgfr1 

animals was less than half that in wildtype animals (Fig. 7A,B; 24.6 ± 2.1 

EPDCs/mm, wildtype versus 11.5 ± 2.1, hsp70:dn-fgfr1).  Fgfr inhibition also 

resulted in a slight reduction in ventricular growth under RG conditions, with 

transgenic animals exhibiting ~31% less of a growth increase than wildtype 

clutchmates (Fig. 7C).  Thus, normal homeostatic supplementation of the 

ventricular wall by EPDCs requires Fgf signaling.  We suspect that the partial 

phenotype is due to the continued presence of other factors that act on EPDCs, 

incomplete inhibition of Fgf signaling, and/or the possibility mentioned above that 

tbx18 expression reflects cumulative events of EPDC contribution. 

As pulse-chase and tbx18 expression experiments indicated ongoing EPDC 

contribution even in the absence of significant cardiac growth, we tested the 

requirements for Fgf signaling in mature adult zebrafish.  We delivered a long-
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Figure 3.7.  Fgf signaling is required for cardiac homeostasis.  (A, B) 

tbx18 expression in ventricles of wildtype and hsp70:dn-fgfr1 transgenic 

zebrafish after 14 days RG conditions, with a single daily heat-shock.  

Although epicardial expression is comparable, significantly fewer EPDCs 

(arrowheads) are observed within hsp70:dn-fgfr1 ventricular walls.  (*p < 

0.001, t-test, n = 10).  (C) Fgfr inhibition attenuates ventricular growth of 

RG fish.  (*p << 0.001, t-test, significantly different from day 0; **p < 0.01, t-

test, significantly different from Day 0 and from Day 14 wildtype, n = 9).  

Day 0 measurements are the results of pooled transgenics and wildtypes. 

(D) Acid-fuschin Orange G staining (AFOG) on ventricles of wildtype and 

hsp70:dn-fgfr1 animals after 60-70 days of daily heat-shocks.  Scars 

(brackets) were observed in ~15% of uninjured transgenic fish (n = 39), but 

never observed in wildtype clutchmates given the same daily heat-shock 

protocol (n = 44).  (p < 0.01, Fisher-Irwin exact test).  Scale bars = 100 µm. 

 



 103  



 104  

term block of Fgf signaling by daily heat-shocks to hsp70:dn-fgfr1 transgenics for 

60-70 days, with identical heat-shocks given to wild-type clutchmates.  We found 

that ~15% of hsp70:dn-fgfr1 fish developed extensive collagen deposition within 

the ventricular wall after this period, indicating the presence of scar tissue (Fig. 

7D; n = 39 fish).  No wildtype animals displayed scarring (n = 44 fish; Fisher-Irwin 

test, p < 0.01).  We suspect that these fibrotic events resulted from reduced 

efficiency of incremental EPDC supplementation over the two-month period, 

although marker examination revealed no obvious defects (data not shown).  

These results demonstrate that Fgf signaling is essential for normal homeostatic 

growth and maintenance of cardiac tissue in the adult zebrafish.  

 

DISCUSSION: 

Hyperplastic myocardial and epicardial homeostasis in the adult zebrafish 
ventricle 
 
Here, we have discovered that new myocardial and epicardial-derived cells are 

created during homeostatic responses of the adult zebrafish heart, helping to 

couple cardiac and animal growth rate and maintain cardiac integrity.  One 

molecular signaling pathway essential for these responses is that mediated by 

Fgfs, which ensures normal supplementation of the ventricular wall with EPDCs 

and helps to prevent scarring.  

In contrast to what is known about postnatal ventricular growth in mammals, 

we have found that cardiac growth in zebrafish is a result of CM proliferation, not 
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the hypertrophy of existing cells.  Ventricular expression of the embryonic 

progenitor marker hand2, as well as a transitional marker for newly generated 

cardiomyocytes in cmlc2:nRFP transgenic fish, showed positive correlations with 

cardiac growth and CM proliferation.  Thus, these results suggest that 

undifferentiated progenitor cells contribute to CM hyperplasia.  Future 

experiments to address the extent to which this occurs must involve genetic fate-

mapping strategies (Cai et al., 2003; Dor et al., 2004; Hsieh et al., 2007; Meilhac 

et al., 2003).  Moreover, it will be critical to define homeostatic signals that trigger 

cardiomyogenesis and how these signals are distributed and calibrated in the 

adult animal. 

As a thin epithelium covering the entire surface of the heart, the epicardium 

has an ideal architecture for relaying such homeostatic signals.  Numerous 

studies support this idea, as: 1) the epicardium serves as a source of mitogens in 

the embryonic heart (Chen et al., 2002; Merki et al., 2005; Reese et al., 2002), 2) 

organ-wide developmental gene expression is activated within the adult zebrafish 

epicardium within hours of cardiac injury (Lepilina et al., 2006), and 3) during 

regenerative cardiogenesis as well as homeostatic cardiac growth, 

developmentally active epicardium is present at sites of cardiogenesis (Lepilina 

et al., 2006).  Indeed, consistent with this idea are the findings here that 

manipulations of the pericardial environment that stand to mimic growth-induced 

changes in pericardial space cause epicardial responses similar to those elicited 
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by homeostatic growth.  Because epicardial RA synthesis is regulated in each of 

these scenarios and is known to influence CM proliferation in embryos (Chen et 

al., 2002; Stuckmann et al., 2003), this molecule is a strong candidate for 

homeostatic regulation of cardiogenesis.  We have found that the endocardium 

also increases RA synthesis during adult growth and regeneration.  It is possible 

that endocardial cell activity regulates growth and/or remodeling of the inner 

trabecular muscle, which would appear to have reduced access to epicardial 

signaling molecules.  

In addition to serving as a source of RA, we found that the epicardium also 

regularly contributes cells to the compact myocardial wall of the ventricle.  Thus, 

the epicardium is by no means a static tissue in adult animals, but rather one that 

actively sustains the ventricle.  This conclusion is bolstered by our finding that 

sustained inhibition of Fgf signaling, which disrupts EPDC supplementation in 

rapidly growing fish, led to spontaneous scar formation in animals maintaining 

their animal and organ size.  Further exploration of the fate and function of these 

adult EPDCs, using tissue-specific fate-mapping and ectopic expression tools, 

will illuminate the roles of the epicardium in cardiac homeostasis.  From what is 

known of embryonic heart development, it is likely that the adult zebrafish 

myocardial wall requires new EPDCs to replenish vasculature, or to 

neovascularize newly created muscle, or both.  It will also be fascinating to learn 
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to what extent the epicardium participates in homeostasis of the adult 

mammalian ventricular wall.  

 

Cardiac growth, maintenance, and regeneration 

Our study exposes important similarities between cardiac homeostasis and 

cardiac regeneration.  In each case, new myocardial and epicardial-derived 

tissues are generated in amounts appropriate to animal size, involving 

expression of a suite of cardiogenic developmental markers.  While regeneration 

is characterized by an intense focus of cardiogenesis at the injury site, 

homeostasis involves organ-wide cell addition in doses dependent on the vigor of 

animal growth.  Thus, the adult zebrafish not only has the ability to generate new 

cardiac tissues, but can also control the intensity and the spatial distribution of 

these cardiogenic events to select replacement of a portion of tissue, rapid 

concentric growth, or occasional exchange of a few cells (Fig. 8).   

This relationship between cardiac regeneration, homeostatic growth, and 

homeostatic tissue maintenance is likely to be important for explaining why 

zebrafish regenerate injured cardiac muscle.  Both regeneration and homeostasis 

stand to benefit from sophisticated mechanisms to activate and deploy epicardial 

and myocardial cells for cardiogenesis.  In some teleosts, adult growth rate is 

controlled by environmental and/or social factors and can influence mating  
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Figure. 3.8.  Model for cardiac homeostasis in zebrafish.  Regeneration 

and homeostasis share cardiogenic signaling pathways (black arrows) to 

generate new CMs and EPDCs in adult zebrafish.  Regeneration involves 

developmental activation of the epicardium (black dots) and recruitment of 

EPDCs  (green dots) to a focus of new cardiomyocyte production (beige 

starbursts) at the wound.  For simplicity, a cartoon of the ventricle at 7 dpa 

is shown, after the epicardial response has localized to the injury site.  By 

contrast, homeostasis employs diffuse, chamber-wide signals to stimulate 

CM creation, activate the epicardium, and supplement the intact ventricular 

wall with EPDCs.  To assign appropriate levels of cardiac cell creation, yet 

unknown mechanisms assesses animal growth rate and myocardial 

integrity and stimulate epicardial and myocardial activity accordingly. 
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preference (Borowsky, 1973; Hofmann et al., 1999).  Thus, one reason why 

cardiac regeneration persists in zebrafish, and probably other teleosts, may be 

the accessibility of injured tissue to cellular and molecular machinery that is 

normally employed for rapid indeterminate growth.  This notion makes sense in 

light of extremely weak hyperplasia in the injured or uninjured hearts of adult 

mammals, species with determinate growth.  Continued study of cardiac 

regeneration and homeostasis in zebrafish, including comparisons with 

mammalian cardiac dynamics, will expose critical mechanisms by which cardiac 

tissues are rejuvenated.   
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Chapter 4:  Uncovering the fate of epicardial derived cells 
during cardiac growth in adult zebrafish 
 

 

 

This work is an ongoing collaboration between A.A.W. and Kazu Kikuchi.  A.A.W. 

generated the tcf21:RFP transgenic line, and Kazu Kikuchi has generated the 

tbx18:RFP line.  All experiments shown were performed by A.A.W. 
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SUMMARY: 
 
The actions of the epicardium and epicardial derived cells (EPDCs) have been 

found to be critical for cardiac regeneration, growth, and homeostasis in adult 

zebrafish.  However, their function in the adult ventricle remains unclear.  To 

better understand the fate and function of these cells, we have developed two 

transgenic reporter lines which express the slow-folding, stable fluor DsRed2 

under the control of two developmental markers of activated epicardium and 

EPDCs, the transcription factors tbx18 and tcf21.  Using these stable markers, 

we have analyzed the fate of epicardial cells during cardiac growth.  We did not 

see any evidence of epicardial transdifferentiation to cardiomyocytes (CMs), 

suggesting that EPDCs do not contribute to the myocyte lineage in adult 

zebrafish.  In addition, EPDCs did not contribute to the coronary endothelium, but 

were often found surrounding the coronary vessels, suggesting that EPDCs may 

act as a perivascular support cell, though the function of these cells in the 

coronary vasculature remains unclear.  We also observed that EPDCs extend 

numerous projections through the compact myocardium and out to the 

epicardium proper, suggesting that EPDCs may act as a source of cardiac 

fibroblasts. 
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INTRODUCTION:  

 The epicardium consists of a thin epithelium covering the atrium and 

ventricle of the heart.  Our lab has shown that shortly after ventricular resection, 

epicardial cells throughout the heart begin to strongly express raldh2, the rate 

limiting enzyme in production of retinoic acid, a critical signaling molecule; and 

tbx18, a T-box transcription factor expressed in the proepicardium during 

development.  Within a week after cardiac injury, expression of these factors 

becomes localized to the wound, and tbx18 expressing epicardial derived cells 

(EPDCs) actually begin to invade the wound, a process that is dependent upon 

Fgf signaling and is critical for regeneration (Lepilina et al., 2006).   

Recently, the lab also revealed that the epicardium contributes cells to the 

heart even in the absence of injury.  Experimentally inducible rapid cardiac 

growth, which is triggered by moving young adult fish to an extremely low tank 

density (RG, 3 fish/10L tank), results in a dramatic increase in the expression of 

epicardial raldh2 and tbx18.  Surprisingly, we also found that RG conditions 

trigger the migration of EPDCs into the compact myocardium of the ventricle, 

where they appeared to settle at the border between the compact and the 

trabecular myocardium.  As in the regenerating heart, this process was Fgf-

dependent, and an extended block of Fgf signals in uninjured, adult fish caused 

spontaneous scar formation in the ventricular compact myocardium in 15% of the 

fish.  Thus, EPDCs are critical for preserving cardiac integrity and function in both 
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the regenerating and the uninjured heart.  However, the fate of these cells within 

the compact myocardium remains unknown.  

 During cardiac development, the epicardium acts as a critical source of 

progenitor cells.   The epicardium is derived from a small cluster of mesodermal 

epithelial cells that form on the caudal end of the pericardium near the sinus 

venosus during early embryogenesis, a structure known as the proepicardium.  

As cardiac looping is taking place, cells from the proepicardium migrate over the 

surface of the heart to form the epicardium.  In addition, a subset of these 

epicardial cells will undergo an epithelial-mesenchymal transition (EMT) and 

migrate into the subepicardial layer and into the compact myocardium (Olivey et 

al., 2004; Reese et al., 2002).  Transplanting quail or retrovirus-labeled 

proepicardial cells into chick embryos has demonstrated that these cells are 

critical for generating the coronary vasculature, and cells derived from the 

proepicardium can be found in the smooth muscle and perivascular cells of the 

coronary vessels, although their contribution to the endothelial cells of the 

vasculature is disputed (Gittenberger-de Groot et al., 1998; Lie-Venema et al., 

2007; Mikawa and Gourdie, 1996; Perez-Pomares et al., 2002).  In addition, 

genetic ablation of the epicardium in mice resulted in the absence of coronary 

vessels, demonstrating the necessity of these cells as vascular progenitors 

(Yang et al., 1995).   
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Recent genetic lineage tracing studies in mice using a tbx18-driven and 

wt1-driven (Wilmʼs tumor factor 1) Cre recombinase have largely mirrored the 

findings from these early transplant studies by indicating that proepicardial cells 

contribute extensively to the smooth muscle of the coronary vasculature.  In 

addition, both studies made the novel finding that the proepicardium contributes 

beating CMs to the heart, particularly in the ventricular septum (Cai et al., 2008; 

Zhou et al., 2008).  These findings remain controversial, as studies using quail-

chick chimeras have not shown any proepicardial contribution to the myocardium, 

although in vitro studies have indicated that proepicardial cells have the capacity 

to differentiate into CMs (Kruithof et al., 2006; Manner, 1999).  However, studies 

in both avian and murine systems have shown that mechanical or genetic 

disruptions of epicardial function during development result in the formation of a 

very thin, hypoplastic compact myocardium in addition to defects in the coronary 

vasculature (Gittenberger-de Groot et al., 2000; Merki et al., 2005; Moore et al., 

1999; Tevosian et al., 2000).  This is thought to reflect the proposed function of 

the epicardium as a source of mitogens for proliferating embryonic CMs, rather 

than the direct loss of a CM progenitor; however, these studies may be revisited 

in light of the recent lineage tracing results.  

 In addition to the critical role of EPDCs in developing the coronary 

vasculature, the proepicardium also acts as an important source of cardiac 

fibroblasts (Gittenberger-de Groot et al., 1998).  The function of these cells in the 
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heart remains mysterious, which is probably at least partially due to the lack of a 

definitive molecular marker to identify these cells.  However, recent estimates 

suggests that cardiac fibroblasts make up about 30% of the total cells in the adult 

murine heart, and that this percentage is higher in larger mammals (Banerjee et 

al., 2007).  During development, cardiac fibroblasts have an important role in 

generating the fibrous heart skeleton, the scaffold of extracellular matrix (ECM) 

proteins that provides the heart with support and shape.  This scaffold is thought 

to have critical functions in limiting cardiac stretch, and in maintaining the 

structure of the coronary vessels during cardiac contraction (Baudino et al., 

2006).  The ECM components of the heart remain dynamic into adulthood and 

are important in cardiac disease.  For example, during pressure overload, 

collagen synthesis and fibroblast proliferation both increase, resulting in 

increased stiffness of the ventricular wall, a process that is accompanied by 

pathologic CM hypertrophy (Weber, 1989).   

In the chick heart, fibrillin and collagen filaments stretch from the 

epicardium to (presumably epicardial-derived) cardiac fibroblasts embedded in 

the compact myocardium (Hurle et al., 1994).   Similar structures exist in the 

teleost heart, and are most pronounced in highly active species with a well-

developed compact myocardium (Sanchez-Quintana et al., 1996).  In the 

zebrafish, the epicardium is highly sensitive to pertubations in the pericardial 

space, such as piercing or injecting saline into the pericardial sac, which is 
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thought to affect cardiac stretch, suggesting that developmental activity of the 

epicardium is intimately tied to cardiac stress (Farrell et al., 1988; Wills et al., 

2008).  In addition, during rapid cardiac growth in the zebrafish, both the compact 

and the trabecular myocardium expand in size and undergo CM hyperplasia 

(Wills et al., 2008). Thus, the contributions of EPDCs seen during growth and 

regeneration could be due to the active generation of a protein scaffold to support 

newly generated tissue in the compact myocardium, or as a response to 

increased cardiac demand.  

 To determine the fate and function of EPDCs in cardiac growth and 

regeneration, I have worked with a postdoc in the lab, Kazu Kikuchi, and together 

we have generated two transgenic reporter lines, tbx18:RFP and tcf21:RFP, that 

express a slow-folding, stable DsRed2 protein under the control of a epicardium 

and EPDC specific promoter.  Examining these lines during rapid cardiac growth 

provides no evidence to support the idea that EPDCs generate CMs in this 

system.  Instead, EPDCs formed flattened cells that extend numerous projections 

into the surrounding tissue, suggesting that EPDCs act as cardiac fibroblasts or 

another structural support cell in the compact myocardium. 

 

MATERIALS AND METHODS 

 

Zebrafish and animal care.   
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Ekkwill or EK/*AB mixed background fish were used for all experiments.  

Zebrafish were raised and growth experiments were performed as previously 

described (see Materials and Methods, Chapter 3; Wills et al., 2008).   

 

Generation of transgenic reporter strains.   

Reporter lines were generated using the Red/ET Recombination system (Genes 

Bridges GmbH) to recombine a cassette containing DsRed2 (Matz et al., 1999) 

followed by a polyadenylation site and a kanamycin cassette flanked by Flp sites 

into BACs containing the zebrafish tbx18 and tcf21 genes (BACPAC Resources 

Center, CH211-197L9; RZPD; Sanger DKEYp-79F12, respectively).  Briefly, 

forward and reverse primers were generated that were complementary for the 5ʼ 

and 3ʼ ends of the DsRed2 cassette and which also contained 50nt homology 

arms consisting of the sequence immediately surrounding the ATG of the tbx18 

and tcf21 genes.  The cassette was amplified by PCR to incorporate the 

homology sequence flanking the DsRed2 cassette (Roche, High FidelityPLUS).  

BACs containing the plasmid encoding the ET recombinase were spun down in 

glycerol solution to make them electrocompetent, and then transformed with the 

modified DsRed2 cassette, resulting in recombination of the cassette into the 

open reading frame.  For the tcf21 reporter, the technique described above was 

also utilized to insert an I-SceI site into the pIndigo vector backbone to allow for 

easy linearization (Monteilhet et al., 1990).   
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Transformed cells were then selected for kanamycin resistance.  The 

kanamycin cassette was subsequently removed via Flp recombination.  DNA was 

isolated, and sequence-verified.  tbx18:RFP DNA was linearized by restriction 

digest and injected into single-cell stage embryos as described (Higashijima et 

al., 1997).  tcf21:RFP was injected into single cell stage embryos with I-SceI 

enzyme as described (NEB; Grabher et al., 2004).  Injected embryos were 

selected for expression of the transgene, and injected fish were mated to isolate 

germline founders. 

 

Histology, antibody staining, and in situ hybridization.   

In situ hybridization with the tbx18 and tcf21 probes was carried out as described 

in Chapter 3, as was staining with the anti-DsRed2 antibody.   

 

RESULTS: 

 

tbx18:RFP and tcf21:RFP specifically label epicardial cells and EPDCs.  To 

study EPDC fate in vivo, we sought to generate reagents that would specifically 

mark epicardial cells and EPDCs by expression of a stable fluorescent protein.  

Published in situ studies have identified tbx18 as one gene that is specifically 

expressed in these cells during cardiac growth, regeneration, and maintenance 

(Figure 1A; Lepilina et al., 2006; Wills et al., 2008).  This gene is also expressed 
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in the proepicardium during development (Begemann et al., 2002; Cai et al., 

2008; Haenig and Kispert, 2004).  We have also identified another EPDC-specific 

gene product, the basic-helix-loop-helix transcription factor tcf21, also called 

epicardin, capsulin, or pod-1.  This gene is expressed in the proepicardium and 

epicardial cells of the developing heart (Lu et al., 1998; Quaggin et al., 1998; 

Robb et al., 1998), and we have found that it is expressed in the epicardium and 

EPDCs of the growing and regenerating zebrafish heart in a manner very similar 

to tbx18 (Figure 1B).    

 To generate EPDC reporter lines, we utilized the ET recombination 

method (Muyrers et al., 1999) to recombine a DsRed2 cassette into the open 

reading frame of a BAC containing either the tbx18 or tcf21 gene.  The slow-

folding properties of DsRed2, along with its stability in adult zebrafish 

(fluorescence is visible 5 days after induction, Yi Fang, unpublished data) make it 

an ideal candidate for developmental timing assays.  BACs were utilized because 

they contain all regulatory cis-elements to promote faithful expression of the 

transgene, and may be less prone to concatamerization, and thus less 

susceptible to repeat-mediated silencing in adults.  In embryos, we find that the 

tbx18 and tcf21 transgenics express DsRed2 in a pattern similar to published in  
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Figure 4.1.  tbx18 and tcf21 are specifically expressed in epicardial 

cells and EPDCs.  (A) tbx18 is expressed in the epicardium and in EPDCs 

(arrowheads) in regenerating and rapidily growing (RG) adult zebrafish 

hearts (top panel from Lepilina et al., 2006.)  (B) tcf21 is expressed in 

epicardial cells and EPDCs (arrowheads) in a manner very similar to tbx18.  

(C) Confocal image of a tcf21:RFP; cmlc2:EGFP double transgenic fry 

heart at 10 dpf.  Reporter expression is restricted to epicardial cells 

(arrowheads).  Inset shows epicardial cell extending filopodia to contact 

CMs.  (D) Low magnification images of tbx18:RFP (left) and tcf21:RFP 

(right) hearts following stimulation by rapid growth conditions demonstrates 

that both transgenes are expressed in adult zebrafish, making them 

suitable reagents to study rapid growth and regeneration.  Note that 

visualization of the tbx18:RFP transgene requires staining with the anti-

DsRed2 antibody. 
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situ results (Begemann et al., 2002; Serluca, 2008).  Interestingly, we find that 

even at very late timepoints, tcf21:RFP (which is expressed much more strongly 

in the developing epicardium than tbx18:RFP) does not colocalize with the CM 

reporter cmlc2:EGFP, which expresses EGFP under the control of the cardiac 

myosin light chain 2 promotor (Burns et al., 2005) (10dpf, Figure 1C).  These 

results suggest that epicardial cells do not contribute to the developing 

myocardium in zebrafish embryos.  Rapid cardiac growth induces expression of 

DsRed2 in the epicardium and EPDCs in both the tbx18:RFP and tcf21:RFP lines 

(Figure 1D), although the tbx18:RFP line requires staining with an antibody 

against DsRed2 for transgene expression to be visualized.  Thus, the tbx18:RFP 

and tcf21:RFP reporters can be utilized for studies in adults. 

 

EPDCs do not colocalize with cardiomyocyte markers, but are closely 
associated with CMs.   
 

To determine the role of EPDCs during adult cardiac growth, we generated 

double transgenics expressing either tbx18:RFP or tcf21:RFP and cmlc2:EGFP 

transgenes and induced rapid cardiac growth, then examined the hearts by 

confocal microscopy at high magnification.  The use of a transgenic reporter 

allowed us to carefully examine the morphology of these cells for the first time.  

EPDCs had a flattened shape, and extended multiple thin projections both out to 

the epicardium and through the compact myocardium, parallel to the muscle 
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fibers (inset, Figure 2A).  This observation supports the idea that these cells are 

acting as a cardiac fibroblast or as a cellular scaffold for surrounding tissue.  As 

reported in previously published work, the majority of these cells gathered at the 

junction between the compact and trabecular myocardium, although cells would 

occasionally be found elsewhere in the compact myocardium.  In addition, many 

of these cells appeared to wrap around coronary vessels, suggesting some role 

in building or maintaining the vasculature (Figure 2B, arrows).  As seen in in situ 

hybridizations (Figure 1A,B), tbx18 and tcf21 expressing EPDCs were very 

similar to each other in both expression pattern and morphology, strongly 

suggesting that these two transgenes mark the same group of cells (compare 

Figures 2A,B).   

We never observed any colocalization between tbx18:RFP or tcf21:RFP 

and cmlc2:EGFP within the compact myocardium.  Together with the embryonic 

expression data, this suggests that epicardial cells do not act as a progenitor 

tissue for the compact myocardium, although genetic lineage tracing will be 

necessary to definitively answer this question.  However, EPDCs were frequently 

found very tightly associated with CMs, suggesting that the two cell types interact 

as new tissue is generated during cardiac growth.  Examination of confocal 

projections showed that in many cases cytoplasmic projections of EPDCs aligned 

with the striations of CMs (Figure 2C, arrowheads), suggesting that EPDCs may 

somehow interact with the contractile machinery of CMs. 
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Figure 4.2. EPDCs interact with CMs in the compact myocardium.  

(A, B) Confocal slices of tbx18:RFP; cmlc2:EGFP or tcf21:RFP; 

cmlc2:EGFP rapidly growing hearts.  Neither EPDC reporter showed 

colocalization with CM markers, suggesting that EPDCs do not 

transdifferentiate into CMs.  EPDCs (white arrowheads) formed flat, 

elongated cells with thin projections that contact epicardial cells (yellow 

arrowheads, inset in A), or travel through the compact myocardium.  

EPDCs were also frequently seen contacting the coronary vessels 

(arrows in B).  (C) High magnification confocal projection of a 

tcf21:RFP; cmlc2:EGFP rapid growth heart showing tight associations 

between EPDCs and CMs.  Arrowheads show where cytoplasm of 

EPDCs follows the striations of surrounding muscle cells.  (D) 

Occasionally tbx18:RFP was expressed in trabecular CMs.  This 

extreme example shows extensive tbx18:RFP expression throughout 

the trabeculae of the ventricle.  Yellow arrowheads in right panel 

designate strongly expressing trabecular myocytes.  This expression is 

not believed to reflect an EPDC contribution to these cells. 
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Although we never saw tbx18:RFP or tcf21:RFP expression in the 

compact myocardium, we occasionally saw expression of tbx18:RFP in the 

trabecular myocardium (Figure 2D).  We have never observed tbx18 expressing 

cells past the compact-trabecular border by in situ hybridization (A.A.W. and 

Jennifer Holdway, published and unpublished observations), and the tbx18:RFP 

expressing CMs were scattered throughout the ventricle, rather than near the 

compact myocardium as one would expect if these cells were derived from 

EPDCs (Figure 2D, left panel).  In addition, we did not observe any expression of 

tcf21:RFP in trabecular CMs, despite similar expression of these cells in EPDCs.  

Thus, we feel that tbx18:RFP expression in the trabecular myocardium of 

growing hearts doesnʼt reflect a genuine EPDC contribution to this tissue. 

 

EPDCs establish a perivascular network during rapid cardiac growth.   

 Numerous studies have demonstrated that EPDCs are critical for the 

development of the coronary vasculature during cardiac development in 

mammals and birds.  In order to see if these cells are involved in generating or 

supporting the coronary vasculature in adult zebrafish growth, we generated 

doubly transgenic fish expressing tbx18:RFP or tcf21:RFP and fli1:EGFP, which 

is expressed in endothelial cells in the vasculature as well as the endocardium 

(Lawson and Weinstein, 2002), and analyzed EPDC activity in these fish.   
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Figure 4.3.  EPDCs follow coronary vessels.  (A) Whole mount tcf21:RFP, 

fli1:EGFP uninjured adult heart (maintain size, MS).  tcf21:RFP expressing 

cells are seen surrounding the coronary vessels as they branch off and move 

over the ventricle (arrowheads), though not all EPDCs are found associated 

with vessels.  (B, C) Confocal slices of tbx18:RFP and tcf21:RFP rapid growth 

double transgenic hearts.  EPDCs follow the coronary vessels through the 

tissue (insets). 
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 To analyze epicardial and EPDC involvement in the coronary vessels, we 

first examined whole mount hearts.  For these experiments, we utilized 

tcf21:RFP; fli1:EGFP double transgenic animals maintaining their size (MS).  MS 

hearts were chosen because overall expression of tcf21:RFP is reduced in MS 

fish (probably reflecting reduced EPDC activity), which allows epicardial cells 

associated with vessels to be more clearly distinguished, and because the older, 

larger MS hearts are more highly vascularized than rapid growth hearts.  

Examining whole mount hearts showed that tcf21:RFP expressing cells surround 

the coronary vessels, and branch off to follow smaller capillaries and extend 

projections from the vessels into surrounding tissue (Figure 3A).   

It was unclear from these whole mount images if association with the 

coronary vessels was confined to epicardial cells, or if EPDCs beneath the 

surface of the heart also associated with vessels.  To examine the EPDC 

contribution to the coronary vasculature, we examined cryosections of 

tbx18:RFP; fli1:EGFP and tcf21:RFP; fli1:EGFP hearts during rapid cardiac 

growth, which is expected to stimulate EPDC activity.  We found that EPDCs 

appeared to wrap around the coronary vessels (Figure 3B,C; insets), suggesting 

that EPDCs act as a perivascular support cell.  Interestingly, we never saw 

colocalization of tbx18:RFP or tcf21:RFP and fli1:EGFP, suggesting that EPDCs 
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do not contribute to the coronary endothelium, echoing recently published 

embryonic lineage tracing results (Cai et al., 2008). 

 

 

DISCUSSION 

Here we have generated two transgenic reporter lines, tbx18:RFP and 

tcf21:RFP, which allow us to directly visualize epicardial cells and EPDCs for the 

first time in adult zebrafish.  In preliminary experiments, found that although 

EPDC markers do not colocalize with markers for either CMs or endothelial cells, 

EPDCs frequently associate with coronary vessels and are prevalent in growing 

compact myocardium.  EPDCs exhibit a flattened shape, frequently assemble at 

the junction of the compact and trabecular myocardium, and extend long 

projections through the compact myocardium that appear to contact other cells.  

Based on this data we believe that the primary role of EPDCs during cardiac 

growth and homeostasis is to generate cardiac fibroblasts and to build a scaffold 

to support newly generated tissue, although EPDCs must be more extensively 

characterized to determine their functional role in the adult heart (Figure 4). 
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Figure 4.4.  Tenative model for the fate of EPDCs during cardiac growth 

and homeostasis.  During cardiac growth, epicardial cells (burgandy), travel 

into the compact myocardium and settle into the tissue.  Possible fates for 

these cells include CMs (left), endothelial cells or other cells of the coronary 

vasculature (middle), or cardiac fibroblasts or other structural support cells 

(right).  Here we have shown that EPDCs do not colocalize with CM markers, 

strongly suggesting that there is no EPDC contribution to CMs in adult 

zebrafish.  However, we frequently observed EPDCs in tight association 

(though not colocalizing) with the coronary endothelium (green cells), 

indicating a perivascular role; and aligning at the border of the compact 

myocardium sending projections through the tissue to contact CMs and other 

cells, suggesting these cells may act as cardiac fibroblasts or another 

structural cell type (right).  More work is needed to characterize these cells to 

determine their role in cardiac growth and regeneration.   
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EPDCs and cardiogenesis    

Given the high rates of CM generation during rapid cardiac growth (Wills 

et al., 2008), and the recent reports of a substantial epicardial contribution to 

ventricular CMs (Cai et al., 2008; Zhou et al., 2008), it is perhaps surprising that 

we did not see evidence of epicardial transdifferentiation to CMs during rapid 

cardiac growth.  However, we did occasionally see expression of the tbx18 

reporter in trabecular CMs, which was not recapitulated with the tcf21 reporter 

and is believed to be associated with CM proliferation or growth.  Because we 

have never observed EPDCs in the trabecular myocardium of uninjured 

zebrafish, we feel that tbx18:RFP reporter expression is not reflective of EPDC 

fate.  Rather, this could be due to 1) eptopic or erroneous expression of the 

transgene, or production of an epitope that reacts with the DsRed2 antibody, or 

2) low-level expression of tbx18 in CMs under certain conditions, which is 

beneath the threshold for detection by in situ hybridization but can be visualized 

with the (more sensitive) transgenic reporter.  There is some support for the latter 

hypothesis, as the lab has generated multiple BAC transgenic reporters in which 

expression of genes such as hand2, which is very sparsely detected by in situ 

but readily detected by PCR, can be easily visualized by transgene expression in 

the uninjured heart (Kazu Kikuchi, unpublished observations).  If there is intrinsic 

low-level expression of tbx18 in trabecular CMs, this will prevent use of tbx18 as 
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a reporter for Cre-mediated lineage tracing, and may prompt a rethinking of the 

results obtained by Cai and colleagues.  Currently, we feel that tcf21 is the more 

reliable tissue specific marker and we are conducting experiments to determine 

the fate of these cells in the regenerate and isolating transgenic lines for genetic 

lineage tracing analysis. 

 EPDCs were commonly found in the junction between the compact and 

trabecular myocardium, where the cells frequently appeared in contact with each 

other to form an organized, thin line of cells.  There are some studies that 

suggest that cardiac fibroblasts connect with each other via gap junctions, and 

are thus able to rapidily relay signals between cells (Camelliti et al., 2004; 

Gaudesius et al., 2003).  The in vivo significance of this phenomenon has not 

been determined, but if this does occur in the zebrafish, this could provide an 

explanation for the early, organ-wide activation of the epicardium following 

cardiac injury.  In addition, we occasionally observed very close associations of 

EPDCs with CMs (Figure 2C).  The nature of these connections in this system is 

unclear, but in mammals focal adhesion complexes on cardiac fibroblasts directly 

contact CM contractile proteins, and are proposed to mediate mechanosensation 

of CM stretch and stimulate production of ECM components and other signaling 

molecules from fibroblasts (Baudino et al., 2006). 

 

EDPCs and the coronary vasculature 
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 One potential signal that may drive EPDC activation is expansion of the 

coronary vasculature.  Here we have found that EPDCs are closely associated 

with the coronary vessels, although they donʼt appear to adopt a coronary 

endothelial fate (Figure 3).  This finding is supported by recent lineage tracing 

studies in mice, which found little to no contribution of EPDCs to the coronary 

endothelium (Cai et al., 2008; Zhou et al., 2008).  Studies in the chick have 

suggested that early vascular endothelial cells signal through PDGF-BB to drive 

EMT of epicardial cells, which then form vascular support cells such as smooth 

muscle, perivascular, and cardiac fibroblasts (Perez-Pomares et al., 2002).  

Thus, signals from the vasculature may drive EPDC activity during rapid cardiac 

growth and possibly regeneration.  Interestingly, PDGF-BB was identified by 

microarray as one signal expressed by the zebrafish following heart amputation, 

although it was proposed to have a role in CM proliferation rather than EPDC 

migration (Lien et al., 2006).  Previous work has shown that there is low level 

activity of EPDCs in adult zebrafish in the absence of growth or injury, so it will 

interesting to find if vessels (or another cell type) signals to the epicardium during 

cardiac growth, and how these signals are modulated in the absence of growth 

cues. 

Given the well-characterized role for EPDCs as a progenitor component of 

the coronary vessels during development it is perhaps unsurprising that these 

cells would have a role in vessel maintenance and development in the adult fish.  
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Their location surrounding the endothelial cells, as well as their fates during 

cardiogenesis in birds and mammals, would suggest that these cells are adopting 

a coronary smooth muscle identity; however, it is not clear that the coronary 

vessels of the zebrafish have a smooth muscle component.  One possibility is 

that EPDCs associated with the vasculature are involved in providing structural 

support for coronary vessels.  There is some precedent for this, as ECM proteins, 

generated by cardiac fibroblasts, are thought to be critical for keeping the vessels 

open during cardiac contraction (Borg and Caulfield, 1981).  The coronary 

vasculature must undergo significant changes and expansion as the heart grows, 

and any necessary coronary vessel support cells must also undergo expansion, 

and may be integral to this process.  Furthermore, ECM components in pyramidal 

fish hearts appear to radiate out from the coronary vessels, suggesting that 

vessels might act as important anchors for the fibrous cardiac skeleton in teleosts 

(Sanchez-Quintana et al., 1996).  More work is needed to characterize when and 

how vessels expand during cardiac growth, if they require active maintenance 

during cardiac homeostasis, and how this affects EPDC activity and migration. 
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CHAPTER 5: CONCLUSIONS AND DISCUSSION 
 
 
 For my thesis work, I have studied mechanisms of growth and 

homeostasis in the adult zebrafish fin and heart and presented evidence that the 

markers and mechanisms associated with facultative regeneration following 

injury are also generally required to maintain homeostasis in the uninjured tissue.  

Thus, the requirements for homeostatic regeneration in the zebrafish are 

intimately connected with the capacity for facultative regeneration, and provide 

one possible answer to the question of why regenerative capacity varies between 

different tissues and vertebrate species. 

 Looking more closely at homeostatic regeneration in the zebrafish heart, I 

have found that cardiac growth utilizes many of the mechanisms required for 

zebrafish heart regeneration, including cardiomyocyte (CM) hyperplasia, 

developmental activation of the epicardium, and EPDC migration into the 

compact myocardium.  I found that EPDC migration in growing hearts, like 

invasion of the wound in the regenerate, requires Fgf signaling.  A long-term 

block of Fgf signaling causes scar formation in the compact myocardium of the 

ventricle in uninjured, adult zebrafish, demonstrating that EPDCs are necessary 

for cardiac homeostasis.  Working with a postdoc in the lab, Kazu Kikuchi, I have 

recently generated transgenic reporter lines that stably mark EPDCs during 

cardiac growth, and we are currently using these lines to determine the fate of 

EPDCs during regeneration.   
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New reagents to uncover the fate and function of EPDCs in zebrafish 

Here, we have developed two independent transgenic reporter lines that 

mark EPDCs using the tbx18 and tcf21 promoters, and we have begun to utilize 

these lines to track the fate of EPDCs during cardiac growth and regeneration in 

adult zebrafish.  The new reagents, which the lab has been attempting to develop 

for years, allow us to more carefully examine the morphology of EPDCs in vivo, 

and will uncover new information about the interactions of EPDCs with other cell 

types, as we will be able to utilize other transgenic lines and antibodies with 

these reporters.  Indeed, these experiments have already begun to yield new 

information about EPDC fate (Chapter 4).  In addition, in the future we hope to 

utilize these lines to isolate pure populations of cells for gene expression and 

functional in vitro studies, so that we can learn more about the signals that drive 

EPDC behavior. 

Aside from the obvious experimental advantages gained from being able 

to visualize these cells in vivo, development of these lines has been valuable 

from the standpoint that we now have a known EPDC and epicardial specific 

promoter in tcf21.  While I was generating the tcf21:RFP reporter, Kazu Kikuchi 

has developed tamoxifen inducible Cre recombinase technology for use in adult 

zebrafish.  Combining these two advances will allow us to 1) conduct long-term 

genetic lineage tracing experiments, which will side step the questions of protein 

kinetics inherent in transgenic reporter studies and 2) allow us to conduct 
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targeted functional studies by overexpressing or repressing a gene product in a 

tissue specific manner.  I have generated tcf21:CreER transgenic fish, and Dr. 

Kikuchi and I have isolated multiple founders, with more fish to screen.  This line 

will allow us to definitively answer questions of EPDC fate, and will also allow us 

to do tissue specific studies of gene function.  For instance, raldh2 is expressed 

in multiple tissues during regeneration and development; combining a 

ubiquitously expressed floxed dominant-negative retinoid receptor with a 

tcf21:CreER line will allow us to assess the functional consequences of epicardial 

retionoid reception at different stages in regeneration.  Thus, we expect the tcf21 

promoter to be a reagent that will open several new avenues of study. 

Although I have focused on the role of EPDCs in adult zebrafish, I also 

expect that the tcf21:RFP line will have tremendous utility in the field of cardiac 

development.  The zebrafish embryo is one of the premier model organisms for 

the study of cardiac development, due to its capacity for both forward and 

reverse genetics, viability with the lack of a functional heart by oxygen diffusion, 

and its optical transparency, which allows live imaging of complex events such as 

cardiac looping.  However, to date only one study has examined epicardial 

development in the zebrafish, and this study relied on in situ hybridization to 

visualize epicardial development in fixed embryos (Serluca, 2008).  Thus, the 

advantages of the zebrafish have not yet been applied to studies of epicardial 

development, and use of the tcf21 promoter in zebrafish embryos has the ability 
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to answer many of the questions in the field of epicardial development.  For 

instance, there is long-standing controversy over the source of the endothelial 

cells in the coronary vessels (Lie-Venema et al., 2007; Perez-Pomares et al., 

2002; Reese et al., 2002).  Simply live-imaging tcf21:RFP; fli1:EGFP embryos 

could allow one to answer this question directly, using technology that is not 

available in the chick or the mouse, the two traditional models for epicardial 

studies. 

Another advantage of studying epicardial development in zebrafish 

embryos is the ability to utilize morpholinos to knockdown genes thought to be 

critical for epicardial development with relative quickness and ease.  This 

approach has already been utilized in the zebrafish to demonstrate that the 

proepicardial organ forms in the absence of cardiac fusion, although this study 

relied on in situ detection to visualize the proepicardium (Serluca, 2008).  By 

utilizing the power of morpholino-based gene knockdown with the ability to 

directly visualize epicardial cells in vivo, the zebrafish will be a powerful tool for 

answering fundamental questions of epicardial development. For instance, it is 

not known if cardiac contraction is required for the migration of epicardial cells 

over the heart in fish and mammals (Rodgers et al., 2008).  Use of the silent 

heart morpholino to disrupt cardiac contraction in tcf21:RFP transgenics would 

generate an answer, and this experiment simply could not be done in mammals, 

where heart beating is required for early survival (Sehnert et al., 2002; Stainier et 
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al., 1996).  Further development of the tcf21:CreER transgenics will also facilitate 

highly specific functional studies, particularly for molecules that require a higher 

degree of spatial/temporal control than can be achieved with morpholinos.  

Finally, one could imagine the tcf21:RFP line used in more sophisticated studies 

such as a high-throughput chemical screen for molecules affecting epicardial 

development, which again could not be done in more traditional systems.  Thus, I 

feel that not only will the tcf21 driven lines greatly benefit our lab and the field of 

cardiac regeneration, but will also be important in answering fundamental 

questions about the function of the proepicardium, and benefit the cardiac 

development field as a whole.  In order to add flexibility to our adult studies and 

also visualize proepicardial cells at earlier times, I have worked with Sumeet 

Singh, a rotation student who has since joined the lab, to develop a tcf21:EGFP 

line in addition to our tcf21:RFP reporter. 

 

Potential roles for cardiac fibroblasts and perivascular cells in cardiac 
growth and regeneration 

 

Currently, our data suggest that EPDCs are acting as cardiac fibroblasts 

and/or perivascular cells in the compact myocardium, though more work must be 

done to positively identify these cells.  One issue that must be resolved is that 

unlike other cardiac cell types, both cardiac fibroblasts and perivascular cells 

remain relatively undefined, with few reported tissue specfic markers.  However, 
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recent studies have utilized costaining with vimentin and Discoidin Domain 

Receptor 2 (DDR2) to differentiate cardiac fibroblasts from other cell types in 

mammals (Banerjee et al., 2007; Goldsmith et al., 2004; Ieda et al., 2009), 

suggesting that it will be possible to definitively identify these cells, although it is 

not clear if these particular markers will be useful in the zebrafish.  In addition to 

screening candidate antibodies to obtain cardiac fibroblast markers in the 

zebrafish, reporter gene expression could be used to isolate these cells and 

obtain a gene expression profile for EPDCs, which may help to molecularly 

define these cells as well as yielding functional information.  Perivascular cells, 

which are closely related to vascular smooth muscle cells, though they lack the 

characteristic contractile properties of smooth muscle, appear to have 

functionally and molecularly distinct properties in different vessel types and 

different tissues (Armulik et al., 2005).  Because the defining characteristics of 

cardiac perivascular cells in the adult zebrafish are currently not known, these 

cells must initially be defined by location and cellular properties, rather than by 

genetic or molecular means.  Here too, gaining a general expression profile for 

EPDCs may be helpful in molecularly defining these cells.   

Currently, Dr. Kikuchi and I are utilizing the tcf21:RFP and tbx18:RFP 

reporter lines to determine if EPDCs also produce perivascular cells and/or 

cardiac fibroblasts in the regenerate as they appear to during cardiac growth.  

This will not only have important implications for the field of cardiac regeneration, 
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but will also help to answer more specifically the question posed by my thesis: 

are the mechanisms that enable facultative regeneration after injury similarly 

employed to enable homeostatic regeneration in the absence of injury? 

 Previously published studies from our lab have shown that inhibiting 

EPDC invasion of the compact myocardium blocks regeneration and can even be 

detrimental to cardiac health in the uninjured heart, causing scar formation in 

both cases (Lepilina et al., 2006; Wills et al., 2008).  We have presented data 

here suggesting that EPDCs are a source of cardiac fibroblasts in the heart.  Why 

might a deficiency in the number or activity of cardiac fibroblasts cause scar 

formation in the heart?  The answer is not immediately clear, as cardiac 

fibroblasts are positively associated with both direct effects of cardiac disease 

such as scar formation, and indirect effects such as promoting cardiac 

hypertrophy (Weber, 1989).  However, it should be noted that although cardiac 

fibroblasts are derived from EPDCs during development, it is thought that new 

cardiac fibroblasts in adult mammals are generated by hyperplasia of existing 

cells, or even recruitment and differentiation of circulating cells (Norris et al., 

2008).  To our knowledge, the zebrafish is the only adult animal reported to 

exhibit EPDC activity in the adult.  Thus, it may be reasonable to assume that 

progeny of these cells act in a different manner than their adult mammalian 

counterparts.  Therefore, to determine the role of these cells in adult zebrafish, 
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the activities of cardiac fibroblasts in the embryo or early neonate may be more 

relevant than activities of adult cardiac fibroblasts. 

 One possibility is that as the heart increases in size, it requires greater 

ECM support than is present in smaller/younger fish, and thus a greater cardiac 

fibroblast contribution.  There is some anecdotal evidence that this occurs during 

postnatal cardiac growth in mammals.  Postnatal CM hyperplasia occurs until 

around day 4 in rats, with the heart continuing to grow significantly (75% by 

weight) over the next two weeks (Li et al., 1996).  A separate study has shown 

that during this period the number of cardiac fibroblasts in the rat heart doubles, 

indicating that rapid postembryonic heart growth in mammals is coupled with 

expansion of cardiac fibroblasts (Banerjee et al., 2007).  There is also a great 

deal of species variation in the proportion of cardiac fibroblasts to other cell types 

in adult heart, and with larger species seeming to have a greater fibroblast 

component.  For example, 30% of the cells in the adult mouse heart are 

estimated to be cardiac fibroblasts, whereas in the larger rat heart, 70% of the 

total cell population is estimated to be fibroblasts (Banerjee et al., 2007).  Thus, 

fibroblasts are associated with larger cardiac size, and in a species in which adult 

heart size is essentially plastic, such as the zebrafish, it seems reasonable that 

cardiac growth (or expansion after injury) would be associated with recruitment of 

new cardiac fibroblasts.  This could reflect the role of ECM components in limiting 

cardiac stretch and increasing tensile strength of the heart.  In mammals and 
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birds, the stiffness of the ventricular wall is directly correlated with the amount of 

collagen it contains (Weber, 1989).  Both cardiac pressure and heart rate 

increase dramatically during early neonatal development, which could be a cause 

of the increase in fibroblast number seen in this period (Tiemann et al., 2003).  In 

addition, in humans, the orientation of the superficial myofibers shifts fairly 

dramatically during postnatal development, presumably due to increasing and 

changing cardiac pressures associated with cardiac and animal growth, 

suggesting that extensive tissue remodeling must also take place to 

accommodate these changes (Sanchez-Quintana et al., 1995).  Presumably, a 

similar increase in relative cardiac pressure might be the cause of the increasing 

complexity of ECM components in very active species of teleosts such as 

albacore (Sanchez-Quintana et al., 1996). 

In addition to their role during cardiac growth, ECM components remain 

plastic throughout adulthood.  There is continuous turnover of collagen, the most 

well studied cardiac ECM component, throughout adulthood in the heart (Laurent 

et al., 1978).  Interestingly, increasing the level of collagen degradation by 

expressing a constitutively active matrix metalloproteinase or knocking out its 

inhibitor in the heart causes progressive cardiac hypertrophy in adult mice similar 

to that seen in cardiac disease, demonstrating that there is a homeostatic 

requirement for active ECM maintenance in the adult heart (Creemers et al., 

2003; Kim et al., 2000).  This is presumably due to an increase in cardiac stretch 
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as the tensile strength of the ventricle wall is decreased, which is known to 

stimulate both cardiac hypertrophy and increase fibroblast synthesis of ECM 

components (Baudino et al., 2006; Weber, 1989).  It is possible that an 

imbalance between ECM deposition and degradation could be the cause of the 

pathology seen in uninjured fish following attenuation of EPDC function by 

blocking Fgf signaling, although this remains speculative. 

 In order to address the role of ECM components in cardiac regeneration 

and homeostasis, it will be important to first define the ECM components of the 

adult zebrafish heart during cardiac homeostasis, then assess how the ECM is 

expanded or changed during cardiac growth, regeneration, and scarring, and 

how these changes correspond to areas of high EPDC activity.  Currently, we are 

defining the ECM components of the uninjured heart using antibodies obtained 

from the developmental hybridoma bank.  Of particular interest is the junctional 

region between the compact and trabecular myocardium.  EPDCs in growing fish 

appear to settle in this region, which was also the site of scar formation in 

uninjured fish following a longterm block in Fgf signaling (Figure 3.7).  High 

magnification images show that trabeculae appear to anchor to the compact 

myocardium in this structure, suggesting that this region is subject to a variety of 

mechanical stresses, and that as yet undefined ECM components have an 

important role in this structure (Sanchez-Quintana et al., 1996).  Because cardiac 

ECM synthesis is intimately tied to cardiac pressure and stretch, future studies 



 145  

might also examine the expression and function of signaling molecules such as 

angiotensin II and TGFβ in the adult zebrafish heart, as both of these signaling 

molecules are known to be critical to the cardiomyocyte and cardiac fibroblast 

response to increasing cardiac stretch (Baudino et al., 2006).  

 In addition to their role in generating scaffolding for newly generated or 

stressed tissue, EPDC-derived fibroblasts may have an additional role as a 

source of signaling molecules for growing tissue.  Periostin, which is secreted by 

fibroblasts at the margins of the scar follwing myocardial infarction, was found to 

drive proliferation of mononucleated CMs in culture, and when applied to the 

extracellular space of infarcted tissue, enabled low-level proliferation of CMs in 

the infarct region and improved prognosis (Kuhn et al., 2007).  It is possible that 

cardiac fibroblasts in the zebrafish drive CM proliferation by expression of 

periostin or other molecules during cardiac growth.  In addition, due to their 

association with ECM factors, cardiac fibroblasts are ideally suited to act as 

transducers of mechanosensory information, signaling that is critical for an organ 

such as the heart, which is constantly contracting and subject to changing 

internal pressures.  Cyclic stretching of cardiac fibroblasts in culture causes the 

secretion of signaling molecules that, in turn, affect CM behavior, presumably 

through integrin signaling (MacKenna et al., 2000).  A very recent study indicated 

that production of ECM factors and heparin-binding EGF-like growth factor by 

embryonic cardiac fibroblasts supports CM proliferation by stimulating β1-integrin 
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signaling in CMs, suggesting that this phenomenon is significant in vivo (Ieda et 

al., 2009).  In addition, recent studies suggest that cardiac fibroblasts are 

electrically coupled to CMs via gap junctions, although the implications of this 

electronic coordination are unclear (Baudino et al., 2006).   

We have observed what appears to be a very tight association between 

EPDCs and CMs in the compact myocardium (Figure 4.2C, arrowheads), 

suggesting that similar signaling events and interactions take place in the 

zebrafish heart during cardiac growth.  However, the nature of this relationship is 

not known.  To better understand CM / EPDC interactions, we are currently 

examining cell proliferation in regions of high EPDC activity in the growing heart 

to determine if there is a correlation between CM proliferation and EPDC 

movement into the compact myocardium.  Experiments to define the timing of 

different events in rapid cardiac growth, in particular the peak period of CM 

proliferation as well as the peak of EPDC activity, will also help to determine if 

EPDC migration precedes, follows, or is concurrent with CM proliferation.  PCNA 

staining has shown that there is a dramatic decrease in CM proliferation between 

days 10 and 14 of rapid growth conditions (AAW, unpublished data), suggesting 

that cardiac growth is under tighter temporal control than we originally 

appreciated.  We have also shown that baseline EPDC activity is higher in larger 

adult hearts maintaining size (MS) than the much smaller slow growth (SG) 

hearts, despite higher levels of CM proliferation in the SG group, suggesting that 
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EPDC activity may not be directly tied to CM proliferation, but may be in 

response to a homeostatic need that is greater in larger animals (Figures 3.2 and 

3.6).  Thus, the available data suggests that EPDC activity follows CM 

proliferation during cardiac growth, although this must be directly tested. 

 Another possibility is that EPDC activity is tied to expansion and 

maintenance of the vasculature, rather than the CMs.  One current model for 

proepicardial and EPDC activity in the developing heart proposes that signals 

from the endothelial cells of the coronary vessels drive a wave of EPDC 

migration and differentiation in the compact myocardium, which includes the 

cardiac fibroblasts (Perez-Pomares et al., 2002).  In addition, previous work from 

our lab has shown that EPDC invasion of the wound coincides with the 

appearance of new vessels, suggesting that the two processes are directly 

related (Lepilina et al., 2006).  Here, I have presented data suggesting that there 

is direct involvement between the coronary vessels and EPDCs, with EPDCs 

showing higher levels of activity around the coronary vessels, and appearing to 

surround the vessels and take on a perivascular role.  This could be functionally 

significant for vessel expansion in the heart, as recent work studying 

angiogenesis in tumors has shown that PDGF-β mediated perivascular 

stabilization of endothelial sprouts is critical for proper neoangiogenesis to occur 

(Carmeliet, 2005; Greenberg et al., 2008).  Interestingly, the pericytes recruited to 

the endothelial tips of sprouting vessels in tumors appear to be molecularly and 
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functionally distinct from established pericytes on the vessels, and may be 

derived from a different source than the existing perivascular cells (Song et al., 

2005).  In addition to this emerging role of perivascular cells in tumor 

angiogenesis, there is some evidence that these cells may have analogous roles 

in vessel sprouting during development.  One study specifically ablated PDGF-B 

in endothelial cells in mice, and found a 90% reduction in total pericytes.  

Interestingly, one of the primary defects seen in these mice was a thin, 

hypoplastic myocardial wall.  This defect seemed quite similar to the defects seen 

following epicardial ablation, although these mice remained viable into adulthood 

(Bjarnegard et al., 2004).  Thus, it will be very important to determine if a similar 

population of EPDC-derived perivascular cells arises during cardiac regeneration, 

and the relationship between these cells and new vessel generation.  

Interestingly, PDGF-B was identified by microarray as one of the gene products 

induced during cardiac regeneration; it would be interesting to see if a similar 

expression increase is present during cardiac growth (Lien et al., 2006). 

One hurdle to determining the role of EPDCs in generation of new vessels 

at present is the apparent variability in vessel density between different fish, even 

of similar sizes and within the same clutch (A.A.W. and Jennifer Holdway, 

unpublished observations).  This has prevented us from drawing firm conclusions 

regarding vessel expansion during cardiac growth and the role of EPDCs in this 

process, particularly given the lack of a good EPDC marker.  Examination of 



 149  

whole-mount hearts and thick tissue sections (greater than 100µm), rather than 

thin tissue sections as we have attempted in the past, could bring clarification of 

this issue, as it would allow evaluation of vascularization across the whole heart 

rather than isolated areas.  Similarly, examination of transverse, rather than 

longitudinal tissue sections, would allow one to make direct correlations between 

thickness of the compact myocardium, vascular density, and EPDC activity.  

Finally, the developmental timing approach utilized by Lepilina and colleagues to 

identify new CMs in the regenerate (Lepilina et al., 2006) could potentially be 

applied to identify new vessel sprouts, and the EPDC activity in these regions 

could then be evaluated.  In short, the relationship between EPDCs and 

vasculogenesis is ripe for exploration, and may prove critical for understanding 

the requirement for EPDCs during cardiac homeostasis, growth, and 

regeneration.  

 

Functional distinctions between epicardial cells and EPDCs 

In this work, I have presented data that highlights interesting aspects of 

epicardial activity in adult zebrafish.  Previous studies from the lab have shown 

that ventricular resection triggers a rapid increase in raldh2 expression 

throughout the epicardium and endocardium (Lepilina et al., 2006).  Here, I have 

shown that epicardial raldh2 expression can also be induced by diverse stimuli 

such as rapid cardiac growth and extra-cardiac manipulations such as opening or 
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injecting saline into the pericardial sac, which is expected to alter pericardial 

pressure (Figure 3.6) (Farrell et al., 1988; Shabetai et al., 1985; Wills et al., 

2008a).  Thus, the epicardial raldh2 response appears to play a critical role in 

stimulating cardiac growth and regeneration, and may also be important for 

sensing changes in cardiac pressure.  

Although the function of retinoids in the adult zebrafish heart is unclear, 

lab members have speculated that epicardial retinoic acid acts as a mitogen to 

drive CM proliferation during growth and regeneration (Lepilina et al., 2006; Wills 

et al., 2008a), similar to its characterized role during cardiac development (Chen 

et al., 2002; Merki et al., 2005).  While epicardial retinoic acid signaling may 

indeed fulfill this role during cardiac regeneration and growth, several lines of 

evidence suggest that this cannot be the whole story.  For instance, although 

expression of raldh2 occurs very rapidly following cardiac amputation (under 6 

hours post amputation), both EPDC invasion of the wound and CM proliferation 

does not occur until approximately 7 dpa, evidence of a significant lag between 

developmental activation of the epicardium and regenerative EPDC and CM 

activity.  We have also seen that although cardiac growth and injury provoke both 

strong epicardial expression of raldh2 and high levels of EPDC activity, we rarely 

see raldh2 expressed in EPDCs in either system (Figure 3.6; Lepilina et al., 

2006; A.A.W, Jennifer Holdway, Alexandra Lepilina and Ken Poss, unpublished 
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observations).  Together, these results suggest that epicardial expression of 

raldh2 and EPDC activity may be unrelated.   

Is retinoid signaling required for EPDC activity, or do raldh2 expression 

and EPDC induction represent two independent functions of the epicardium to 

maintain cardiac homeostasis?  More studies are needed to resolve this issue.  

However, inducible reagents to block retinoic acid signaling, whether throughout 

the heart using the hsp70 promoter or in a tissue-specific manner using the 

tcf21:CreER transgenics described above, should provide important clues.  

These observations also highlight the need for future studies to more precisely 

define the consequences for epicardial sensation of pericardial pressure changes 

in vivo. 

 

Size control, regeneration, and homeostasis 

 For my thesis studies I have used the highly regenerative adult zebrafish 

to explore the relationship between facultative and homeostatic regeneration.  I 

have found that many of the mechanisms that drive replacement of lost tissue 

following injury are also required in the absence of injury to enable tissue 

maintenance and/or to expand the tissue in response to growth signals.  These 

results suggest that there is a strong correlation between a tissueʼs tendency for 

dynamic homeostatic maintenance, i.e. the presence of a baseline level of cell 

proliferation and/or the flexibility to proliferate in response to environmental 
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changes, and ability of a tissue to regenerate following traumatic injury.  Taken 

together, the studies presented in this work suggest that the regenerative 

capacity of the zebrafish may be a consequence of a highly dynamic form of 

homeostatic tissue maintenance, rather than a designated injury response.  How 

do these studies affect our thinking about regeneration, and should they change 

the way that we think about the regenerative process? 

One aspect of regeneration emphasized by my studies is the relationship 

between regeneration and size control.  Unlike mammals and many other 

vertebrates, the zebrafish and many other teleosts exhibit the capacity for 

indeterminant growth in adulthood (Tsai et al., 2007).  Our studies highlight the 

similarities between rapid cardiac growth and regeneration, and suggest that the 

zebrafish capacity for regeneration is possibly a result of needing to preserve 

allometric size control in the face of rapid increases in body size due to changing 

environmental conditions.  There is evidence that this ability to rapidly alter the 

dimensions of a tissue in response to changing needs might be a general 

property of regenerative tissues.  One recent study in mouse embryos found that 

ablation of pancreas progenitors resulted in an overall decrease in organ size, 

but that ablation of liver progenitors resulted in a compensatory increase in cell 

proliferation and generation of an appropriately sized liver.  This suggests that 

there is tremendous variability in the capacity for organs to undergo 

compensatory growth, even among closely related tissues within the same 
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species, and that this can have an impact on the later regenerative capacity of a 

tissue (Stanger et al., 2007).  Interestingly, a recent study in zebrafish embryos 

found that like the mammalian liver, the embryonic zebrafish heart could recover 

from large-scale ablation of CMs, both in terms of recovering contractility and 

blood flow as well as overall size (Curado et al., 2007).  Although the early 

requirement for a functional heart would preclude such a study in mammals, it 

would be interesting to see if the embryonic mammalian heart has a similar 

capacity for hyperplastic compensatory growth, and if this capacity is altered in 

adult animals.  There are some suggestions that this may be the case.  One 

study utilized an approach strikingly similar to my own and found that by 

decreasing or increasing litter size in postnatal mice, they could cause a dramatic 

increase in CM number in the rapid growth group that persisted well into 

adulthood, even as free access to chow eliminated the difference in body size 

between the slow and rapid growth groups after weaning (Bai et al., 1990).  This 

suggests that CM number in mammals may in fact be plastic, but that early in 

postnatal development CMs lose the ability to respond to environmental changes 

with hyperplasia.  Thus, CMs in adult zebrafish may closely resemble early 

postnatal mammalian CMs.  This implies that by shifting mammalian CMs to a 

more embryonic state, one might be able to induce hyperplastic regeneration.   

Admittedly, this is a tall order, but recent studies suggest that such a 

developmental reversal may be possible.  Although the developmental switch of 
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CMs from hyperplasia to hypertrophy has been well characterized, the cause of 

this transition is unclear.  However, a recent study found that coculture of 

embryonic CMs with embryonic cardiac fibroblasts increased CM proliferation, 

but coculture of embryonic CMs with adult cardiac fibroblasts resulted in 

hypertrophy, suggesting that signaling from cardiac fibroblasts is critical for 

retaining an embryonic phenotype in CMs (Ieda et al., 2009).  It would be 

interesting to conduct the converse experiment, and determine if the presence of 

embryonic cardiac fibroblasts can alter the hypertrophic response of adult CMs.  

As noted previously, there are no other reports of EPDC recruitment in adult 

vertebrates, and it is possible that these cardiac fibroblasts from an “embryonic” 

source are critical for maintaining the ability of zebrafish CMs to proliferate.  

Recently, other groups have experimented with treatments to make epicardial 

cells undergo EMT in culture, with the idea that these cells could then be 

transferred to the infracted heart and improve prognosis (Smart et al., 2007; van 

Tuyn et al., 2007; Winter et al., 2007).  These studies have focused primarily on 

pretreating epicardial cells in culture to direct the cells towards a vascular 

phenotype; it is possible that by switching their focus to achieve a phenotype 

similar to embryonic cardiac fibroblast, better CM survival, or even proliferation, 

may be achieved.   

In addition to the role of regenerative mechanisms in growing tissue, our 

studies in the uninjured fin have also demonstrated that there is a requirement for 
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regenerative mechanisms in uninjured tissues.  We found that basal levels of cell 

turnover occur in all compartments of the fin, are increased in distal 

compartments, and that basal levels of cell proliferation and expression of 

regenerative markers are affected by changes in Fgf signaling, a critical regulator 

of blastemal function.  Critically, we found that transgenic inhibition of Fgf 

signaling over an extended period could cause extensive loss of distal structures 

in the uninjured fin, an effect that was phenocopied in independent experiments 

utilizing two temperature-sensitive mutants with defects in blastema formation 

and maintenance (Wills et al., 2008a).  Thus, this study strongly demonstrates 

the necessary relationship between homeostatic regeneration and facultative 

regeneration capacity in the zebrafish. 

 In the course of this work, I focused mainly on the similarities between 

tissue homeostasis and regeneration and thus looked primarily at permissive 

signals, particularly Fgf signaling.  However, this approach will only tell half the 

story, as it seems obvious that if regenerative programs are ongoing at low levels 

in the uninjured fin, there must also be some sort of restrictive signal(s) that keep 

cell proliferation and regenerative marker expression at appropriately low levels.  

Put another way, while I have focused on the similarities between the 

homeostatic programs of the uninjured and regenerating fin, the differences are 

likely to be equally intriguing.  Focusing on how the uninjured fin restricts 

regenerative programs in the absence of injury or as regeneration nears 
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completion will likely resolve many long-standing issues in regeneration, such as 

how regeneration ceases when the structure recovers its original size.   

Recent work from our lab has hinted at the presence of such negative 

regulators in the uninjured fin, for instance miR-133, which negatively regulates 

Fgf signaling (Yin et al., 2008).  Previous studies have shown that levels of Fgf 

signaling decrease as the fin recovers its size, and that Fgfs are responsible for 

regulating blastema proliferation rate (Lee et al., 2005).  Thus, by negatively 

regulating Fgf signaling, miR-133 has many of the predicted properties of a 

regenerative brake.  Interestingly, other studies have found that miR-133 may 

have a similar role in limiting organ size in the adult heart, as its expression is 

negatively correlated with cardiac hypertrophy in mice (Care et al., 2007).  Similar 

negative regulators of regeneration have been identified in other systems such as 

the liver, and these molecules also act in uninjured tissue to regulate overall 

organ size (Kogure et al., 1996; Takabe et al., 2003; Taub, 2004).  Thus, it 

seems that in many tissues, the mechanisms that maintain homeostasis, size 

control, and regeneration are closely intertwined.  Future studies to identify 

restrictive factors in uninjured tissues and determine how they are modulated 

following injury or in the presence of growth cues could provide further clues as 

to how homeostatic signals are integrated in regenerative tissues.  In addition, it 

would be interesting to determine if such regulatory molecules are expressed in 
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nonregenerative mammalian tissues, and if so, if repressing their activity would 

allow a more robust regenerative response to take place.   
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