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Abstract 
Heart disease is the leading cause of death in the developed world. Adult 

mammals cannot replace lost cardiac tissue after injury, leading to reduced 

quality of life and increased instances of future cardiac issues. Zebrafish possess 

the ability to regenerate lost cardiac muscle after injury. Upon injury, the 

zebrafish heart responds in a coordinated fashion resulting in activation of the 

epicardium and endocardium, cardiomyocyte proliferation, and subsequent 

vascularization and innervation of the newly formed muscle. Thus zebrafish 

represent an ideal genetic model to dissect the mechanisms of heart 

regeneration. Previously, it was discovered that regulatory sequences of the 

cardiac transcription factor, gata4, become active in the ventricular wall following 

injury and that these gata4+ cardiomyocytes proliferate and contribute the 

majority of new muscle to the regenerate. We uncovered that gata4 function is 

required for cardiomyocyte proliferation and regeneration after injury. 

Cardiomyocyte proliferation is required to achieve proper regeneration and lack 

of cardiomyocyte proliferation is a hallmark of failed regeneration in the 

mammalian system. Therefore, understanding the signals that induce mature 

cardiomyocyte division is of great scientific and clinical relevance. Utilizing 

transgenic approaches, we have found that gata4 function and Nrg1 signaling 

are critical regulators of cardiomyocyte proliferation. We found that Nrg1 was 

expressed following injury in the zebrafish heart and that inhibition of nrg1-erbb 
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signaling blunted cardiomyocyte proliferation. Using transgenic over-expression 

of Nrg1, we found that Nrg1 was capable of increasing injury-induced 

cardiomyocyte proliferation. Furthermore we found that activation of Nrg1 in the 

uninjured adult heart induces cardiomyocyte proliferation and hallmarks of the 

regenerative program. Long-term nrg1 expression leads to patterned hyperplastic 

expansion of the zebrafish ventricle. To our knowledge, this is the first description 

of a single factor that is sufficient to induce such a dramatic hyperplastic 

response in the adult heart. 
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1. Introduction  
This introduction is adapted and expanded from Gemberling et al (2013), 

a review published in Trends in Genetics.  

 

1.1 Heart disease 

Heart disease is a leading cause of death in the developed world and 

incurs billions of dollars annually in medical expenses (Go et al., 2014). Ischemic 

myocardial infarction (MI) occurs when the blood supply to a portion of the heart 

is interrupted, resulting in loss of cardiac muscle. In the adult mammalian heart 

cardiac muscle lost by MI or chronic disease is replaced by scar tissue, resulting 

in reduced cardiac contractility. Reduced cardiac function is a primary cause of 

morbidity and mortality after MI. Although treatments for cardiac disease have 

improved over the past 50 years, current therapeutic approaches in humans are 

unable to replace lost cardiac muscle (Go et al., 2014). In fact, no conclusive 

evidence has been put forth indicating regeneration of adult mammalian cardiac 

muscle after experimental injury paradigms in mice. Therefore, it is of great 

clinical interest to identify treatments that can replace lost cardiac muscle.  

The majority of research to date has focused on the possibility of replacing 

lost cardiac muscle through the introduction of exogenous cells. Significant 
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research has focused on the injection of bone marrow cells, cardiac progenitor 

cells, and cardiomyocytes derived from stem cells to repair the injured heart 

(Laflamme and Murry, 2011).  In animal models, injection of bone marrow 

derived cells or cardiomyocytes derived from stem cells into animals post 

infarction resulted in improved cardiac function (Laflamme et al., 2007). However, 

bone marrow derived cells were found to improve function through signaling and 

not by differentiating into cardiomyocytes (Balsam et al., 2004; Murry et al., 

2004). Recently it was described that injection of a billion human cardiomyocytes 

derived from embryonic stem cells into an infracted pigtail macaque improved 

cardiac function (Chong et al., 2014). The results from this study are exciting and 

promising, however these approaches remain challenging. These newly 

introduced cells have very poor survival rates and cells that do survive are of an 

immature state, which affects the contractility of the heart (Chong and Murry, 

2014). Additionally, a human heart is roughly 8-10 times larger than the pigtail 

macaque, requiring a significant increase in the number of cells for injection. 

Importantly the timing of injection may be critical, requiring the use of non-patient 

specific cells. Patients receiving allogenic cells would be required to take immune 

suppression drugs to prevent rejection of the cardiomyocytes. Despite these 

current limitations these results remain an exciting advance in the field.  

While introduction of exogenous cells/tissue is a promising avenue for 

myocardial repair, another potential approach is one of stimulating endogenous 

cardiomyocytes to replace lost cardiac muscle. Stimulating endogenous heart 
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regeneration in humans would avoid the need for immunosuppression, prevent 

the need for invasive procedures, and eliminate the large stores of cells or 

patches required for injection of exogenous cells. In addition, introduction of 

exogenous cells is often complicated by arrhythmias.  During cardiac growth 

cardiomyocytes divide while maintaining electrical coupling, suggesting repair 

through endogenous cardiomyocyte proliferation may avoid this complication.   

While there are advantages, several complications may arise. Endogenous 

regeneration is often rather slow, taking days or even several weeks for recovery 

to occur.  Depending on the severity of injury this process may be to slow to 

allow for a proper recovery. In addition, regeneration is a complex biological 

phenomenon. To impart properties of the regenerating heart into humans may 

require the simultaneous manipulation of several biological pathways in a cell 

type specific manner representing a significant challenge.   

In contrast with mammals, adult zebrafish possess the natural ability to 

regenerate lost cardiac muscle. Using the adult zebrafish as a model system, we 

aim to elucidate mechanisms of natural cardiac regeneration, specifically the 

signals that induce cardiomyocyte proliferation. Understanding the signals that 

induce cardiomyocyte proliferation in a naturally regenerative system will help 

guide attempts to induce regeneration in non-regenerative species.   
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1.2 The zebrafish model for studying heart regeneration  

For centuries, philosophers and scientists have been fascinated by the 

principles and implications of regeneration in lower vertebrate species. Zebrafish 

have become an informative model system for studying regenerative events 

because of two key features. First, they are highly regenerative, able to regrow 

amputated fins, as well as lesioned brain, retina, spinal cord, heart, and other 

tissues.  Second, they are amenable to both forward and reverse genetic 

approaches.  Zebrafish studies have helped identify new mechanistic 

underpinnings of regeneration in multiple tissues, and have served as a guide for 

contemplating regenerative strategies in mammals.  

Roughly a decade ago it was discovered that adult zebrafish could recover 

lost cardiac muscle after surgical resection of ~20% of the ventricle (Poss et al., 

2002). Subsequent studies have developed new injury models that also stimulate 

heart regeneration in zebrafish. Surgical resection of the ventricular apex is the 

first and most-used injury method, however cryoinjury, and inducible genetic 

ablation are also now commonly used to induce myocardial injury (Chablais et 

al., 2011; Gonzalez-Rosa et al., 2011; Poss et al., 2002; Schnabel et al., 2011; 

Wang et al., 2011).  The experimental cyroinjury is induced when a frozen probe 

is touched to the surface of the ventricle injuring the myocardium and 

surrounding cells. This technique results in massive cardiomyocyte loss and 

initial scar deposition, however injury size is highly variable. Genetic ablation is 

induced by expressing diphtheria toxin specifically in cardiomyocytes, resulting in 
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death of these cells. A major advantage of genetic ablation is that large numbers 

of animals can be injured simultaneously and that cardiomyocytes throughout the 

entire ventricle are injured producing robust signals for downstream profiling 

experiments.   

Each of these models offers their own experimental advantages. For 

instance, surgical resection and cryoinjury are localized injuries more closely 

mimicking an MI than genetic ablation of the entire ventricle. However, while 

cryoinjury mimicks some aspects of MI, genetic ablation produces massive 

injuries, removing 60% or more of cardiomyocytes and inducing signs of end-

stage heart failure.  Unlike severe heart failure in humans, these signs regress 

within weeks and the animals typically make a full recovery concomitant with 

muscle regeneration (Wang et al., 2011). Even though each of these models 

differs in the manor and severity of injury, they reveal the robust regenerative 

potential of the zebrafish heart.     

 

1.3 Zebrafish cardiac anatomy  

The zebrafish heart is comprised of a single ventricle and atrium. Three 

major cell types as well as various minor cell types make up these chambers. 

The majority of the tissue in the heart is cardiac muscle, and this muscle is 

responsible for force generation required for contractility. The cardiac ventricle is 

comprised of three distinct layers or types of muscle: trabecular, primordial, and 

cortical (Figure 1). The trabecular muscle is located in the interior of the heart, 
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while the primordial muscle, the initial ventricular wall, resides in between the 

trabecular and cortical layers. Around 6 weeks of age, trabecular myocytes break 

through the primordial layer to expand and cover the surface of the ventricle 

creating the cortical layer, or ventricular wall of the adult heart (Gupta and Poss, 

2012).  

Along with muscle, there are two other major cell types. These are the 

endocardium or luminal lining of the interior of the heart, and the epicardium, the 

mesothelial outer lining of the heart. These cell types secrete factors, such as 

notch ligands, Fgf ligands, and retinoic acid, that are important in cardiac 

development and homeostasis (Tian and Morrisey, 2012). Experiments in chick 

show that hearts devoid of epicardial cells display thin walls and are hypoplastic, 

the epicardium is important for achieving cardiomyocyte number (Pennisi et al., 

2003). The epicardium and endocardium play important roles in muscle 

development, by creating an environment to enable proper muscle development.  

The adult zebrafish heart is also innervated and has coronary vasculature that 

can be found within the cortical muscle layer. Along with the coronary 

vasculature there are tcf21-derived cells that act as vascular support cells 

(Kikuchi et al., 2011a). It remains unclear if the tcf21 cell lineage contributes to a 

fibroblast population in the zebrafish heart as it does during mouse heart 

development (Acharya et al., 2012). In addition to cell types residing in the heart, 

tissues of the heart are in contact with cells of the immune system that help to 

create the unique environment of the adult zebrafish heart.   



 

 7 

 

 

Figure 1: Anatomy of the adult zebrafish heart 

The adult zebrafish heart is comprised of a single ventricle and atrium. The 

ventricle is comprised of an outer epicardial layer (blue) on top of the cortical 

layer of cardiomyocytes (dark red). The primordial layer of cardiomyocytes 

(green) resides between the cortical and trabecular muscle (pink) layers. The 

endocardium (grey) lines the lumen of the ventricle and atrium.  
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1.4 What is the cellular source of new cardiomyocytes? 

Studies in zebrafish have revealed that heart regeneration involves two 

fundamental components:  1) proliferation of existing cardiomyocytes as the 

primary cellular source; and 2) an environment that stimulates muscle generation 

from this source.  In theory, regenerated cardiomyocytes could derive directly 

from a progenitor pool akin to the embryonic heart fields that first create the 

cardiac chambers, from stem cells that populate the adult heart, or from 

circulating progenitor cells.  To address the source of newly regenerated 

cardiomyocytes one could use genetic fate-mapping, a technique that relies on 

cell type specific markers to permanently label a given cell population, in this 

case cardiomyocytes, and later assess what these cells have become. While, 

this technique is not fool proof as it relies on the continued ubiquitous expression 

of one transgene coupled with expression of another cell-type specific marker, it 

remains state of the art for determining cell fate. Genetic fate-mapping 

experiments in zebrafish have made it clear that the regenerative ability of the 

zebrafish heart relies mainly or exclusively on proliferation of existing 

cardiomyocytes (Jopling et al., 2010; Kikuchi et al., 2010).  These source 

cardiomyocytes show characteristics of dedifferentiation, including a reduction in 

contractile structure, and can be identified after apical resection by activation of 

regulatory sequences of the gata4 transcription factor gene (Kikuchi et al., 2010).  

A second lineage tracing experiment showed that not only was the regenerate a 
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result of pre-existing cardiomyocytes proliferating, but that the majority of the 

regenerate originated from these gata4+ cells, a subset of cardiomyocytes 

(Kikuchi et al., 2010). There is as of yet no definitive lineage-tracing evidence 

that indicates a non-muscle progenitor cell could be anything but a minor source 

of heart muscle.  

 

1.5 The regenerative environment 

Cardiomyocyte proliferation occurs at a low rate in the adult zebrafish 

heart, but is sharply increased in response to tissue damage (Poss et al., 2002).  

There is significant evidence that non-muscle cells create an environment that 

enables this response.  Injury to the zebrafish heart initiates a response in the 

entire endocardium, the endothelial lining of the lumen, detectable as induced 

expression of raldh2 (a RA-synthesizing enzyme) as early as 1 hour post-injury 

(Kikuchi et al., 2011b) (Figure 2). Activation of the entire endocardium 

presumably serves to alert other cell types of the heart to respond to injury. 

Additionally, activation may serve as a sensor of the injured area, as the signal 

eventually localizes to the wound. The endocardium remains activated in the 

area of injury for several days adjacent to regenerating cardiomyocytes. These 

activated endocardial cells express notch ligands that signal to cardiomyocytes. 

Experimentally increasing or decreasing notch signaling reduces cardiomyocyte 

proliferation, suggesting that endocardial notch signaling levels are critical for 

ensuring proper cardiomyocyte proliferation (Zhao et al., 2014).  
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Within a day or two of injury, the epicardium, the outer lining of the heart, 

shows an analogous organ-wide response of raldh2 induction (Lepilina et al., 

2006).  Then, epicardial cells proliferate and surround the regenerating muscle, 

where they appear to release and sense signals that facilitate cardiomyocyte 

proliferation.  Retinoic acid, transforming growth factor-β ligands, insulin growth 

factor 2, sonic hedgehog, and platelet derived growth factor ligands all are 

released in the vicinity of proliferating cardiomyocytes, and have positive 

influences on muscle regeneration (Chablais and Jazwinska, 2012; Choi et al., 

2013; Kikuchi et al., 2011b; Kim et al., 2010; Lepilina et al., 2006; Lien et al., 

2006). Recently developed culture techniques may allow for better 

characterization of epicardial cells and a greater understanding of the dynamic 

nature of this cell population (Kim et al., 2012a).   
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Figure 2: Model for regeneration after partial resection of the cardiac 
ventricle 

After injury, the retinoic acid (RA)-synthesizing enzyme, raldh2, is induced 

throughout the endocardium within a few hours of amputation (hpa) and later the 

epicardium, before these responses localize to the wound. By 7 days post 

amputation (dpa), gata4 regulatory sequences are activated throughout the 

cortical muscle layer of the ventricle. At this point, cardiomyocyte proliferation is 

stimulated, under the influences of hypoxia and signaling pathways as described 

in the main text, and epicardial cells have begun to integrate into the wound. By 

14 dpa, vascularization of the regenerating muscle begins, aided by fibroblast-

like growth factor (Fgf) and platelet-derived growth factor (Pdgf) signaling. By 30 

dpa, a new wall of cardiac muscle is typically formed, in large part by the progeny 

of early cardiomyocytes that activate gata4 sequences. At this point, the 

myocardium is vascularized and electrically coupled with the existing muscle. 
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In addition to releasing signals, epicardial and endothelial cells contribute to 

renewing lost vasculature. Epicardial cells have been fate-mapped and act as a 

source of vascular support cells for regeneration, just as they do during initial 

heart development (Kikuchi et al., 2011a). During resection surgery there is a 

loss of vasculature as well as muscle and without a blood supply the 

regenerative environment becomes hypoxic. It was found that hypoxia plays a 

positive role, while hyperoxia plays a negative role in inducing cardiomyocyte 

proliferation (Jopling et al., 2012a). As the muscle regenerates, the newly formed 

muscle is re-vascularized.   Injury stimulates the production of Fgf ligands from 

muscle and this Fgf signaling is important for vascularizing the regenerate, which 

ultimately aids muscle regeneration (Lepilina et al., 2006). 

Non-cardiomyocytes clearly play a critical role during regeneration, but 

cardiomyocyte intrinsic factors are also essential in controlling cardiomyocyte 

proliferation during zebrafish heart regeneration. For example, the expression of 

microRNA miR-133 is down regulated in cardiomyocytes in response to injury 

and manipulation of miR-133 expression levels reveals that microRNA miR-133 

negatively regulates cardiomycoyte proliferation (Yin et al., 2012). In addition to 

microRNAs negatively impacting cardiomyocyte proliferation, multiple signaling 

pathways in cardiomyocytes regulate their proliferative abilities. It was shown that 

activation of the p38alpha map kinase pathway, which often responds to 

cytotoxic stress or inflammatory cytokines, inhibits cardiomyocyte proliferation 

(Jopling et al., 2012b). However, the components of the Jak/STAT signaling 
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pathway, which are activated by cytokines, are induced in cardiomyocytes 

following injury. Inhibition of STAT3 function reduces cardiomyocyte proliferation, 

while experimentally increasing levels of the STAT3 target gene relaxin3a can 

partially rescue the proliferative phenotype (Fang et al., 2013). These data 

suggest a somewhat complicated signaling relationship between the immune 

response and cardiomyocytes after injury.  

In addition to cardiomyocyte proliferation, it has been reported that chemokine 

mediated cardiomyocyte migration to the site of injury is a critical step in the 

regenerative process (Itou et al., 2012). Extracellular matrix composition 

regulates this cellular migration. Activated epicardial cells deposit fibronectin, a 

major component of the extracellular matrix, in the wound area. Fibronectin 

function is required for regeneration but does not lead to direct inhibition of 

cardiomyocyte proliferation (Wang et al., 2013).  These data suggest fibronectin, 

and more broadly the ECM, plays an important role in cardiomyocyte migration 

into the wound during zebrafish heart regeneration.  

In the future, new tools for manipulating gene expression in muscle, 

epicardium, endocardium, and other cell types like inflammatory cells will be 

critical for a higher resolution view of the mechanisms of heart regeneration. 

  

1.6 Heart regeneration in other model Systems 

Studies of zebrafish heart regeneration have helped in considering 

approaches to cardiac regeneration in mammals. Because division of mature 
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cardiomyocytes has been difficult to definitively observe in injured mammalian 

hearts, muscle cells have until very recently received somewhat limited attention 

as an endogenous target cell that could be expanded for regeneration. Arguably 

more consideration has instead gone to a number of potential cardiac stem cells 

(Mercola et al., 2011), or to fibroblasts that can be experimentally reprogrammed 

into cardiomyocytes by cardiac transcription factors (Qian et al., 2012; Song et 

al., 2012) 

The first experimental evidence for natural cardiac regeneration in mammals 

was recently shown using neonatal mice. It was shown that neonatal mice 

possess the ability to regenerate cardiac muscle after resection of the ventricular 

apex or ligation of the left descending coronary artery (Porrello et al., 2011; 

Porrello et al., 2013). Cre-Lox mediated lineage-tracing approaches during 

neonatal heart regeneration in the mouse, show that spared cardiomyocytes 

proliferate and replace lost cardiomyocytes (Porrello et al., 2011). This finding 

supports the idea that endogenous cardiomyocytes are a potential regenerative 

target in the mammalian heart. The neonatal mouse may prove to be a 

complementary model system for studying the mechanisms of heart 

regeneration.  

While, some cardiomyocyte proliferation does occur in the adult mouse heart 

after injury (Bersell et al., 2009; Senyo et al., 2013), the proliferation is not nearly 

to the extent as the injured zebrafish or neonatal mammalian heart (Porrello et 

al., 2011). Of potential major significance was an expression screen that reported 
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identification of several miRNAs that enhance proliferation of adult mammalian 

cardiomyocytes in vitro, with some able to stimulate regeneration after 

myocardial infarction in adult mice (Eulalio et al., 2012).  

In addition to cardiomyocyte proliferation, epicardial activation appears to be 

a shared component for cardiac repair (Huang et al., 2012; Zhou et al., 2011). 

The regenerative environment may share other similarities in controlling 

cardiomyocyte proliferation, as hypoxia prolongs the proliferative window in 

neonatal mice, suggesting the oxygen-rich environment leads to inhibition of 

cardiomyocyte proliferation (Puente et al., 2014). Due to the findings thus far in 

the neonatal mouse regeneration field, it is reasonable to think that discoveries of 

natural regulators of cardiac regeneration in zebrafish will continue to relate 

directly and guide future experiments in mammals.    

 

1.7 Stimulating cardiomyocyte proliferation  

Until the last decade it was thought that adult human cardiomyocytes 

could not proliferate. However, there is now evidence that adult mammalian 

cardiomyocytes proliferate into adulthood, albeit at very low levels (Bergmann et 

al., 2009; Mollova et al., 2013). Given that adult human cardiomyocytes can 

proliferate, a major goal is to find a method to stimulate enhanced cardiomyocyte 

proliferation after injury. The adult heart is extremely resistant to induced 

hyperplasia, and instances of cardiac tumors are incredibly rare.  In fact many 

studies have tried to alter the baseline cardiomyocyte proliferation through the 
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manipulation of cell cycle genes with the intent to force cardiomyocytes to 

proliferate. While low levels of proliferation has been achieved through genetic 

manipulations of cyclin D, cyclin A2, Rb, and/or p130, overt hyperplasia of the 

adult heart has been elusive (Pasumarthi et al., 2005; Sdek et al., 2011; Shapiro 

et al., 2014).  

Ideally, one would be able to find a single small molecule or protein that could 

enhance cardiomyocyte proliferation. To this end a significant amount of 

research has gone into finding a mitogen capable of stimulating muscle 

proliferation. Several molecules have been identified that can stimulate 

cardiomyocyte proliferation in vitro. In fact, FGF-1 and periostin have been 

shown to induce DNA synthesis and cytokinesis of culture cardiomyocytes (Kuhn 

et al., 2007). Another potential cardiac mitogen is Neuregulin1 (Nrg1). Nrg1 is 

essential for proper cardiac development in both zebrafish and mice as genetic 

deletion of the gene, or its receptors erbb2 or erbb4, can lead to a lack of 

trabeculation and thinned ventricular walls (Gassmann et al., 1995; Lee et al., 

1995; Liu et al., 2010; Meyer and Birchmeier, 1995).  Due to the lack of 

cardiomyocytes in the ventricular wall of Nrg1 knockout animals, interest in its 

role in cardiomyocyte proliferation increased. Nrg1 has been shown to induce low 

levels of proliferation in cultured rat ventricular cardiomyocytes (Bersell et al., 

2009; Zhao et al., 1998). In addition, treatment of adult mice post myocardial 

infarction with Nrg1 is sufficient to induce low levels of cardiomyocyte 

proliferation coupled with improved cardiac function (Bersell et al., 2009).   
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While significant progress has been made in the last decade on the 

identification of modulators of cardiomyocyte proliferation, a single factor or set of 

factors that can serve as a true cardiac mitogen has not been found. We sought 

to use the zebrafish model to identify molecules that modulate cardiomyocyte 

proliferation during the natural regenerative process.  

 

1.8 Introduction to chapters 

Natural heart regeneration is a complex process involving numerous cell 

types communicating to recover lost or damaged tissue and restore functionality. 

I sought to elucidate further understanding of the signals that control 

cardiomyocyte proliferation after injury in the zebrafish heart. We reasoned that 

activation of signaling pathways or expression of transcription factors could have 

the widest ranging influence on multiple aspects of the regenerative process. 

Therefore, we started our search for regulators of cardiomyocyte proliferation by 

looking at transcription factors and signaling pathways that were induced 

following injury. Up-regulation after injury was assessed by reporter line or 

RNAseq data. We then generated transgenic reagents to manipulate these 

factors and further evaluate their functions during regeneration. Below I will 

provide a brief background on each chapter, discussing the current state of the 

field and the questions we sought to address through each study.  
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Chapter 2 

Following injury to the adult zebrafish heart, regulatory regions of the 

transcription factor gata4 become activated in the compact muscle layer of the 

heart. Lineage tracing experiments have shown that these gata4:EGFP+ 

cardiomyocytes comprise the majority of the regenerate muscle (Kikuchi et al., 

2010). Previous studies in the mouse and zebrafish have shown that gata4 

function is required for proper embryonic patterning of the heart (Kuo et al., 1997; 

Molkentin et al., 1997). Additionally gata4 has been shown as a critical regulator 

of remodeling after injury or stress paradigms (Oka et al., 2007). However the 

requirement and function of gata4 during cardiac regeneration is unknown. 

We sought to understand the role of gata4 during the process of natural heart 

regeneration in the zebrafish. Using a transgenic blockade of gata4 function, we 

uncovered roles for gata4 during the development of the ventricular wall in 

juvenile animals and a subsequent requirement for gata4 in cardiomyocyte 

proliferation after injury. From our findings we postulate that the ability to 

regenerate may be evolutionarily conserved due to the requirement for this 

program during the initial formation of the ventricular wall, as failure to develop 

the wall results in heart failure. 

 

Chapter 3 

Previous studies on Nrg1 have indicated a role in cardiomyocyte 

proliferation both in vitro in cultured neonatal rat cardiomyocytes and in vivo in 
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the adult mouse (Bersell et al., 2009; Zhao et al., 1998). However, these studies 

on Nrg1 and its role in cardiomyocyte proliferation raise several unanswered 

questions.  While treatment with Nrg1 has been shown to improve cardiac 

function after infarction, the reported level of cardiomyocyte proliferation may not 

result in significant formation of new muscle. Therefore, it is unlikely that the 

improvement in cardiac function is due to muscle proliferation alone. A relative 

lack of additional in vivo evidence to support the initial findings have lead some in 

the field to question the ability of Nrg1 to act as a true cardiac mitogen.   

Current Nrg1 studies have not looked at the impact Nrg1 treatment has on 

any non-myocytes in the heart. In addition to muscle proliferation, Nrg1 treatment 

led to a decrease in scar size, however it is unclear if the reduction in scar size is 

the result of cardiomyocyte proliferation or Nrg1 effects on fibroblasts or 

vasculature of the heart.  

We sought to understand the role Nrg1 plays during natural heart 

regeneration to elucidate further mechanistic understanding of the ability for Nrg1 

to improve cardiac function in the mouse. We found that Nrg1 is induced after 

cardiac injury in the zebrafish, predominantly in tcf21+ cells. Using transgenic 

overexpression and pharmacologic inhibition we were able to determine that 

Nrg1 signaling is a regulator of cardiomyocyte proliferation during natural cardiac 

regeneration. We further show that Nrg1 can stimulate cardiomyocyte 

proliferation in the absence of injury, resulting in patterned hyperplastic 
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expansion of the heart.  Through marker analysis, we find that Nrg1 expression is 

capable of inducing the regenerative program in the absence of injury. 

 

Chapter 4 

In chapter 4, I briefly cover many additional transgenic reagents I 

produced during my time in the lab. While none of these lines are currently 

published, they represent a potential source of reagents for future or current 

members of the lab.  

 

 

Chapter 2: An injury-responsive gata4 program shapes the zebrafish cardiac 

ventricle 

 

Chapter 3: Nrg1 is an injury-induced cardiomyocyte mitogen for the endogenous 

heart regeneration program in zebrafish 

 

Chapter 4: Generation of Transgenic Lines 
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2. An injury-responsive gata4 program shapes the 
zebrafish cardiac ventricle  
 

This chapter was previously published as Gupta et. al, Current Biology 2013. 

Vikas Gupta, Ravi Karra, and myself performed the experiments. I designed and 

characterized the dngata4 line as well as performed the experiments with these 

lines. Vikas Gupta and Ken Poss wrote the paper with my help for the sections 

using the dngata4 transgenic animals. In addition to this chapter, Appendix A 

contains preliminary data related to the breaching of trabecular cardiomyocytes 

to the ventricular surface.  

 

2.1 Summary  

 A common principle of tissue regeneration is the reactivation of previously 

employed developmental programs (Alvarado, 2000; Nacu and Tanaka, 2011; 

Poss, 2010). During zebrafish heart regeneration, cardiomyocytes in the cortical 

layer of the ventricle induce the transcription factor gene gata4 and proliferate to 

restore lost muscle (Jopling et al., 2010; Kikuchi et al., 2010; Poss et al., 2002).  

A dynamic cellular mechanism initially creates this cortical muscle in juvenile 

zebrafish, where a small number of internal cardiomyocytes breach the 

ventricular wall and expand upon its surface (Gupta and Poss, 2012).  Here, we 

find that emergent juvenile cortical cardiomyocytes induce expression of gata4 
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similarly as during regeneration.  Clonal analysis indicates that these 

cardiomyocytes make biased contributions to build the ventricular wall, whereas 

gata4+ cardiomyocytes have little or no proliferation hierarchy during 

regeneration.  Experimental microinjuries or conditions of rapid organismal 

growth stimulate production of ectopic gata4+ cortical muscle, implicating 

biomechanical stress in morphogenesis of this tissue and revealing clonal 

plasticity.  Induced transgenic inhibition defined an essential role for Gata4 

activity in morphogenesis of the cortical layer and the preservation of normal 

cardiac function in growing juveniles, and again in adults during heart 

regeneration.  Our experiments uncover an injury-responsive program that 

prevents heart failure in juveniles by fortifying the ventricular wall, one that is 

reiterated in adults to promote regeneration after cardiac damage. 

 

2.2 Results and discussion 

2.2.1 gata4 expression is activated in emergent cortical 
cardiomyocytes of the growing juvenile zebrafish ventricle 

As juvenile zebrafish mature into adults, a layer of cortical muscle 

encapsulates the ventricle.  Multicolor clonal analysis demonstrated that this 

cortical muscle is created by a small number (~8) of proliferative cardiomyocytes 

(Figure 3A-1C; Figures 4A and 4B).  These cells emerge from inner trabecular 

muscle through the overlying primordial layer in rare breaching events, before 

proliferating upon the ventricular surface (Figure 3A) (Gupta and Poss, 2012).  
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To characterize these emergent cardiomyocytes, we examined whether they 

express the transcription factor gata4, a marker induced in a subpopulation of 

cardiomyocytes that regenerates lost muscle after resection of the adult 

ventricular apex (Kikuchi et al., 2010).  The functions of Gata4 have been 

extensively studied in murine cardiomyocytes during embryonic cardiac 

patterning, pathological remodeling, and reprogramming (Charron and Nemer, 

1999; Ieda et al., 2010; Oka et al., 2007; Qian et al., 2012; Song et al., 2012; 

Zhou et al., 2012).   

We did not detect fluorescence in primordial or trabecular cardiomyocytes of 

5 weeks post-fertilization (wpf) juvenile gata4:EGFP ventricles (Figures 4C and 

4D).  By contrast, at 6 wpf, the onset of cortical layer formation, gata4:EGFP was 

evident in a small population of emergent cortical cardiomyocytes positioned 

between epicardial cell layers at the base of the ventricle near the outflow tract 

(Figures 3D and 3E; Movie S1 (http://www.cell.com/current-

biology/fulltext/S0960-9822(13)00623-4)).  By 8 wpf, gata4:EGFP was present in 

cortical cardiomyocytes that spanned to the chamber midpoint.  Myocytes closer 

to the apex displayed a gradually stronger EGFP signal, indicating higher levels 

of gata4 expression (Figure 3F).  Thus, gata4 regulatory sequences are activated 

in emergent cortical muscle, resembling their activation during adult heart 

regeneration. 
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Figure 3: gata4 marks and traces emerging juvenile cortical 
cardiomyocytes and regenerating cardiomyocytes 

(A) The 30 dpf ventricle is comprised of an outer primordial layer of single 

cardiomyocyte thickness.  By ~6 weeks post fertilization (wpf), inner trabecular 

cardiomyocytes (Tr) (green) breach the primordial layer (Pr) to establish a 

cortical cardiomyocyte clone (Cor) at the base of the ventricle.  (Top) Histologic 

section from multicolor clonal analysis, indicating breaching (arrows) of the 

primordial layer (arrowheads) by a trabecular myofiber (green).  

(B) During maturation, the initial basal clone (green) expands while other clones 

emerge on the ventricular surface.  
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(C) (Bottom) Cortical layer development is completed by adulthood, with a small 

number of clones contributing to the entire cortical layer. (Top) The adult ventricle 

retains an architecture with 3 muscle types. 

(D-F) Tissue sections of 6 (D and E), and 8 (F) weeks post-fertilization (wpf) 

ventricular portions, assessed for tcf21:DsRed2+ epicardial cells (red) and 

gata4:EGFP+ cardiomyocytes (green).   At 6 wpf, a cluster of gata4:EGFP+ 

surface myocytes is visible at the base of the heart in an area of dense epicardial 

tissue (arrow in (D)). By 8 wpf, gata4:EGFP+ cortical myocytes are detected at 

the ventricular midpoint with cortical gata4:EGFP expression strongest in 

cardiomyocytes closer to the apex (arrow), and weaker in basal myocytes 

(arrowhead) (n = 8-12).  Tr, trabeculae.  Oft, Outflow tract. 

(G) gata4:ERCreER; priZm2 animals were pulsed with 4-HT at 6 wpf, and 

ventricles are analyzed at 90 dpf. Image shows surface muscle from a ventricle 

in these experiments with arrows indicating large clones.  

(H) Percentage surface area (SA) occupied by each clone from experiments in 

(G), (96 total counted clones from 9 ventricular halves).  

(I) Cartoon of lineage-tracing experiments to determine clonal contributions in 

regenerating gata4+ cardiomyocytes.  

(J) Section through a ventricle from an uninjured animal 10 days after 4-HT 

treatment, indicating no recombination in the absence of injury.  

(K) Section through a ventricular apex at 30 dpa, visualizing multiple colored 

cardiomyocyte clones in regenerated muscle. Over 15 colors can be 



 

 27 

distinguished in this 10-micron section of the regenerate.  A maximum projection 

image from confocal slices is shown (n = 6).  

(L) Higher magnification view of regenerate shown in (K).  Arrows indicate 3 

differently colored multicellular clones.Scale bars = 100 µm (D-G); 50 µm (J-L). 
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Figure 4: Brainbow genetics, early gata4 expression, statistical analysis of 
gata4:ERCreER; priZm2 clones, and  clonal analysis of regenerating 
cardiomyocytes 

(A) A cartoon of the priZm construct that drives expression of the Brainbow 1.0L 

cassette [1] with zebrafish β-actin2 regulatory sequences. RFP is the initial 

reporter that is expressed in the absence of recombination. Recombination at the 

paired lox2272 (black triangles) or loxP (white triangles) sites results in 

expression of CFP or YFP, respectively. 

(B) Tandem insertions of a transgene at a single genetic locus are a common 

outcome of transgenesis. In the case of 3 transgenes, limited Cre-mediated 

stochastic recombination upon each Brainbow cassette will result in one of 10 
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possible outcomes that gives rise to 10 different colors. As the number of 

Brainbow cassettes increases, so do the possible number of unique outcomes 

and colors. 

(C and D) Whole-mount (C) and section images (D) of a 5 wpf ventricle assessed 

for tcf21:DsRed2+ epicardial cells (red) and gata4:EGFP+ cardiomyocytes 

(green).   gata4+ cardiomyocytes are not detectable. 

 (E) A plot of the log-transformed % surface areas values from Figure 1G. The 

values have an average of -0.018 ± 0.665 (mean ± standard deviation). A 

Shapiro-Wilk test found that they differed significantly from a normal distribution, 

p < 0.03. 

 (F) Distribution of the log-normalized values from (E), indicating an upper tail 

that appears to represent a separate population of large clones. 

(G) Percentage surface area (SA) occupied by cardiomyocyte clones generated 

after 6 wpf labeling in gata4:ERCreER; priZm2 animals.  All clone sizes were 

plotted (total), and then sizes were categorized regionally by location at the base 

or those that reached past the chamber midpoint (apex) (n = 69 basal and 27 

apical clones from 9 ventricular halves). 

(H-J) Adult cmlc2:CreER; priZm animals were labeled with 4-HT 5 days prior to 

amputation, and ventricular apices were resected 5 days later. Three serial 30-

micron sections through a 60 dpa regenerate (H-J), in which multiple interwoven 

small clones can be visualized within the regenerate. Clonal representation 
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changes markedly between sections. Dashed lines indicate the approximate 

plane of resection.  

(K) Number of clones counted from 3 serial sections of the regenerates in 5 

different cmlc2:CreER; priZm ventricles.  The number of colors counted in these 

regenerates likely reaches the limit for this transgenic line.  Scale bar = 100 µm 

(C and D); 50 µm (H-J) 

 



 

 31 

2.2.2 Clonal analysis of gata4+ cardiomyocytes during cortical 
morphogenesis and regeneration  

In previous clonal analysis experiments, we consistently observed a large 

cortical clone at the base of the adult ventricle that could cover 30-60% of the 

ventricular surface (Gupta and Poss, 2012).  To directly test whether juvenile 

gata4+ cardiomyocytes at the ventricular base are the source of the adult cortical 

layer, we performed a clonal lineage trace of these cells.  gata4:ERCreER 

transgenic zebrafish (Kikuchi et al., 2010) were crossed to different priZm 

multicolor lineage-tracing lines.  One line was identified that enabled 

recombination only in the presence of 4-HT, Tg(β-act2:Brainbow1.0L)pd50 

(referred to hereafter as priZm2).  To label gata4+ cardiomyocytes at the 

ventricular base, we pulsed 6 wpf gata4:ERCreER; priZm2 animals with 4-HT.  

Ventricles were analyzed in 90 dpf adults, and 9 of 32 ventricular surfaces 

contained labeled (non-red) clones of cortical muscle, often spanning into the 

apical portion (Figure 3G). No labeling of trabecular muscle was detected.  These 

fate-mapping results indicate that gata4+ cardiomyocytes at the base of the 6 wpf 

ventricle proliferate to create the adult cortical layer.  

Upon quantification, we identified a clear proliferation bias, with several large 

clones apparent among many smaller clones (Figure 3H). Analysis of these data 

indicated that clone sizes did not follow a normal distribution.  Rather, they were 

more consistent with a model of two distinct cell populations with low and high 

proliferative capacities (Figures 4E and 4F).  These populations appeared to be 
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regionally separable, as clones positioned toward the apex were on average over 

10 times larger than clones located at the base (9.8% surface area vs. 0.8%; 

Figure 3H; Figure 4G). Thus, emergent cardiomyocytes that induce gata4 show 

proliferative heterogeneity, with cardiomyocytes that generate apical muscle 

making larger contributions. From our fate-mapping experiments (and Figure 6 

experiments), we expect that gata4+ myocytes make the primary contribution to 

cortical layer formation, but we cannot exclude minor contributions from other 

source cardiomyocytes.   

To examine whether gata4+ cardiomyocytes display similar hierarchical 

proliferation dynamics during adult heart regeneration, we resected ventricular 

apices of adult gata4:ERCreER; priZm2 zebrafish and gave animals a 4-HT 

pulse at 5 dpa (Figure 3I). 4-HT-treated ventricles displayed no recombination in 

the absence of injury (Figure 3J). At 30 dpa, we observed many small clones in 

the regenerates and no obvious  proliferation bias (Figure 3K and 3L).  Within 

most sections through the regenerates, over 15 distinct clones could be 

identified.  To confirm these results, we performed analogous experiments using 

a pan-cardiomyocyte labeling strategy.  When recombination was initiated 5 days 

prior to injury in cmlc2:CreER; priZm animals, 18-30 distinct color clones were 

observed in serial sections of 60 dpa regenerates (Figure 4H-4K).  Thus, unlike 

initial cortical morphogenesis, cortical muscle regenerates through the similar 

proliferative activities of many gata4+ cardiomyocytes.  The differences in 

proliferation dynamics during these events might be the result of different 
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mitogenic signals, distributions of such signals, or a reflection of different patterns 

of cardiomyogenesis.   

 

2.2.3  Experimental injuries stimulate precocious cortical 
morphogenesis 

Juvenile heart morphogenesis and adult regeneration are distinguished by 

their initiation, with the latter involving a major injury. To examine whether the 

emergence of gata4+ cortical myocytes in juveniles can be stimulated by injury in 

an analogous manner as regeneration, we pierced the ventral apical surface of 

30 dpf ventricles with a fine tungsten needle.  This region is not normally covered 

by cortical muscle until 8-9 wpf; however, we postulated that this micropuncture 

might encourage events that resemble natural wall breaching and cortical 

morphogenesis.  We analyzed ventricular surfaces for precocious cortical 

muscle, which is distinguishable from primordial muscle by external location, cell 

shape, and subcellular striation pattern (Figure 5), at 6 wpf.  
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Figure 5: Morphological differences between cortical and primordial 
cardiomyocytes 

(A) An image of a 6 wpf cmlc2:CreER; priZm ventricular surface, from an animal 

that had been labeled with 4-HT at 2 dpf. This imaged area is not covered with 

cortical muscle. The cardiomyocytes have limited sarcomeric structure. 

(B) An image of a 10 wpf cmlc2:CreER; priZm ventricular surface, in which cyan 

colored cortical myocytes (arrows) are positioned on top of the primordial layer. 

Cortical myocytes are rod-shaped with clearer sarcomeric organization. Scale 

bars = 100 µm. 
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First, we labeled the cardiomyocytes of 2 dpf cmlc2:CreER; priZm embryos 

with diverse color tags (Gupta and Poss, 2012).  We then applied the microinjury 

at 30 dpf.  Nearly half of the ventricles acquired an ectopic surface cortical clone 

in the vicinity of the pierce by 42 dpf (15 of 33 pierced, vs. 0 of 39 uninjured; 

Figures 6A-6C). We repeated this procedure with gata4:EGFP animals and 

examined ventricular surfaces for ectopic gata4:EGFP+ cortical regions.  Indeed, 

we found that gata4:EGFP specifically marked a small focus of cortical muscle in 

approximately half of the ventricles at the location of injury (12 of 23 pierced, vs. 

0 of 20 uninjured; Figures 6D-6F).  Notably, although triggered by injury, the 

cortical muscle observed in these experiments was not a result of regeneration, 

the replacement of lost tissue.  Rather, cortical muscle was generated on the 

surface de novo and thus represents precocious morphogenesis. 

Second, we used a genetic Cre/loxP-based system to ablate cardiomyocytes 

at 30 dpf (Wang et al., 2011), before visualizing surface gata4:EGFP expression 

at 6 wpf.  This injury model lesions trabecular and primordial muscle throughout 

the ventricle via stochastic induction of diphtheria toxin A expression.  Nearly all 

animals treated with 4-HT exhibited large regions of ectopic gata4:EGFP+ cortical 

cardiomyocytes spanning both ventricular sides (15 of 16 animals, vs. 0 of 14 

controls; Figures 6G-2I).  These experiments revealed that injury can serve as a 

stimulus for cortical layer morphogenesis, as it does for adult heart regeneration.  
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Figure 6: Experimental injuries stimulate ectopic cortical muscle formation 

(A) cmlc2:CreER; priZm zebrafish were labeled at 2 dpf and assessed at 42 dpf, 

and indicate no signs of cortical cardiomyocytes on the ventral ventricular 

surface.   

(B) When this region of the ventricle was pierced with a fine needle at 30 dpf, a 

small cortical clone (outlined in white; Cor) was detected at 42 dpf at the injury 

site in nearly half of the animals.  
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(C) Section indicating a cortical clone (arrow) at 42 dpf, in a ventricle that had 

been pierced at 30 dpf.  Arrowheads indicate the single cardiomyocyte-thick 

primordial layer. (D and E) 30 dpf priZm; gata4:EGFP ventricles were pierced as 

in (A-C), with b-actin2-expressing cells indicated in red.  Uninjured animals had 

no gata4:EGFP+ cardiomyocytes on the ventral surface of the ventricle at 42 dpf 

(D).  By contrast, approximately half of the animals pierced at 30 dpf displayed a 

focus of gata4:EGFP+ cortical muscle at the site of trauma (E, arrow).  

(F) Higher magnification confocal projection of injury site in (E).   

(G and H) Partial genetic ablation of cardiac muscle was initiated by brief 4-HT 

treatment at 30 dpf, and analyzed 12 days later.  4-HT-treated Cre(-) ventricles 

contained no gata4:EGFP+ surface cardiomyocytes (G).  By contrast, the 

ventricular surfaces of 4-HT-treated Cre(+) animals contained large amounts of 

gata4:EGFP+ cortical muscle (H). (I) gata4:EGFP+ cortical cardiomyocytes 

(arrow) are located on the outside of the primordial layer (arrowheads). Scale 

bars = 100 µm (A, B, D-H); 50 µm (C); 25 µm (I). 
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2.2.4 Accelerated juvenile growth increases mechanical stress and 
stimulates ectopic cortical morphogenesis 

Although experimental microinjuries induced gata4 and ectopic 

morphogenesis, they might not resemble endogenous influences. During juvenile 

growth, stress upon the heart is sensed as increased wall tension, caused by 

rising organismal mass and circulatory volume. Consistent with this, we observed 

relatively high expression of the cardiac stress and injury markers nppa and nppb 

(Becker et al., 2012; Braunwald, 2008; Houweling et al., 2005; Liang and 

Gardner, 1999) in growing juvenile zebrafish ventricles, compared to little or no 

detectable expression in adult ventricles possessing a complete cortical layer 

(Figures 7A-7H). Expression of the retinoic acid-synthesizing enzyme raldh2, 

which is activated by injury in zebrafish and mammalian hearts (Huang et al., 

2012; Kikuchi et al., 2011b; Lepilina et al., 2006; Porrello et al., 2011), was also 

higher in growing juvenile ventricles than in adults (Figure 7I-7O).  Accordingly, 

we postulated that the biomechanical stress of growth is a natural parallel to the 

microinjuries described above, and that wall breaches and cortical emergences 

may be outcomes of this stress.  To test this idea, we examined whether 

precocious cortical morphogenesis occurs in the context of physiologic increases 

in biomechanical stress. 

First, in an attempt to increase biomechanical stress, we lowered aquarium 

density during growth, a procedure that accelerates animal growth (Wills et al., 

2008).  As expected, we found that raising zebrafish at a density of one animal 
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per 2 liters (accelerated growth; AG) elevated expression of nbbp at 5 wpf, 

compared to a standard density of 6 animals per 2 liters (normal growth; NG; 

Figures 7P and 7Q). 
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Figure 7: Injury and stress markers are expressed during cortical layer 
formation, and low-density or high-temperature growth experiments with 
cmlc2:CreER; priZm animals 

(A) Section of an adult ventricle stained by in situ hybridization for nppa, 

indicating low but detectable expression. 

(B and C) By 1 day after apical resection (B) (dpa) or 7 days after diffuse genetic 

muscle ablation (dpi) (C), nppa is strongly induced in cardiomyocytes. 

(D) nppa expression is detected throughout the 5 weeks post-fertilization (wpf) 

ventricle (n = 8-14). 

(E) Section of an adult ventricle stained by in situ hybridization for nppb, 

indicating no expression. 
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(F and G) By 1 day post amputation (dpa) (F) or 7 days after diffuse genetic 

muscle ablation (dpi) (G), nppb is induced in cardiomyocytes. 

(H) nppb expression is detected throughout the 5 weeks post-fertilization (wpf) 

ventricle (n = 8-14). 

(I-L) Sections of adult ventricles stained by in situ hybridization for raldh2. There 

is little or no detectable expression within an uninjured ventricle (I). After partial 

ventricular resection, raldh2 is induced organ-wide in the endocardium by 6 

hours post-amputation (hpa) (J) and organ-wide in the epicardium by 3 dpa (K). 

Expression in these cell layers localizes to the injury site by 7 dpa (L). 

(M-O) During juvenile growth, raldh2 is detected in both epicardial and 

endocardial tissues (n = 8-20). Oft, outflow tract. 

(P and Q) Sections of 5 wpf ventricles stained by in situ hybridization for nppb, 

indicating higher expression and suggesting greater biomechanical stress in 

animals raised under low-density conditions that accelerate growth (n = 8-10). 

(R) Juvenile animals grown at 25°C have an average of 1.1 ± 0.4 clones per 

heart at 6 wpf (n = 8). Here, a green cortical clone (arrow) can be seen at the 

base of heart external to the primordial muscle (arrowheads). 

(S) Juvenile animals grown at 32°C have an average of 4.0 ± 0.6 clones per 

heart at 6 wpf (n = 8). Here, two cortical clones (arrows) can be seen at the base 

(gray) and the apex (red). 

(T and U) Higher magnification of the two cortical clones from (S).   The 

primordial layer is indicated by arrowheads. 
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(V and W) Animals were labeled at 2 dpf and analyzed at 70 dpf. Ventral (V) and 

dorsal (W) views of same ventricle in which many small cortical clones are 

visible. 

(X and Y) A different ventricle. Many small cortical clones are visible, especially 

at the base of the ventricle. Scale bars = 100 µm (A-O and V-Y); 50 µm (P-U) 
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Next, we used multicolor clonal analysis to test whether these conditions 

altered breach patterns and cortical muscle morphogenesis. Previous findings 

indicated that each cortical clone represents a separate event in which a 

trabecular clone has breached the ventricular surface (Gupta and Poss, 2012). 

As such, the total number of cortical clones serves as a measure of the number 

of breaching events.  After labeling cmlc2:CreER; priZm animals with 4-HT at 2 

dpf and subjecting them to either NG or AG conditions, we collected ventricles at 

juvenile and adult stages.  Histological analysis at 6 wpf revealed that NG 

animals had one or two detectable cortical clones at the ventricular base, 

whereas AG animals had more than triple the number of basal cortical clones, as 

well as clones near the chamber midpoint (4.1 ± 0.8 clones/heart AG vs. 1.3 ± 

0.5 clones/heart NG; Figures 8A-8C).  Clones were of comparable size within the 

two growth conditions. We also performed experiments in which we raised 

labeled cmlc2:CreER; priZm juveniles at an increased temperature, a treatment 

that raises the basal heart rate (Barrionuevo and Burggren, 1999).  Similar to AG, 

12 days of growth at 32°C (versus 25°C for control juveniles) caused ventricles to 

acquire more cortical clones at 6 wpf (4.0 ± 0.6 clones/ventricle at 32°C vs. 1.1 ± 

0.4 clones/ventricle at 25°C; Figures 7R-S3U).   

We then examined ventricles from AG and NG groups at 70 and 90 dpf, 

respectively, ages at which animal size was comparable. We calculated the 

areas covered by clones in ventricles with recombined (non-red) clones 

comprising greater than 50% of the total surface area, as previously defined 



 

 44 

(Gupta and Poss, 2012).  In each group, about half met this criterion (9 of 18 

ventricles, NG; 11 of 20, AG).  Extrapolating for unrecombined cortical muscle, 

there was an average of 8.1 ± 0.7 clones comprising the cortical layer in NG 

animals, with each ventricle containing one or two clones larger than 20% of the 

surface area (Figures 8D, 8F, 8H, and 8I). By contrast, AG ventricles had a larger 

average number of clones, 20.4 ± 1.3 clones per animal (Figures 8E, 8G, 8I, and 

Figure 7V-7Y).  These clones were smaller on average (89037 mm2 AG vs. 

173569 mm2 NG; p < 0.05); only 4 of 11 AG ventricles contained a clone larger 

than 20% (Figure 8H).  We found that the total surface area from ventricles of 

each group was not significantly different, indicating that the difference in clones 

was not an effect of ventricular size (1716390 mm2 AG vs. 1392466 mm2 NG; p = 

0.28).  These findings reveal that conditions of rapid organismal growth, 

accompanied by a physiologic increase in biomechanical stress, boost breaching 

events and clonal contributions to the cortical layer. Remarkably, although 

animals under the two growth conditions initiated cortical layer development with 

a ~2.5-fold difference in the number of source cardiomyocytes, plasticity in the 

system generated similar myocardial structures. 
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Figure 8: Accelerating growth leads to increased contributions to the 
cortical layer 

(A-C) Sections of 6 wpf ventricles of cmlc2:CreER; priZm zebrafish that were 

labeled at 2 dpf and grown at normal (A) or accelerated growth conditions (B and 

C). NG fish contained one or two small cortical clones at the base of the ventricle 

(A, arrow) outside the primordial layer (arrowheads). Multiple small cortical 

clones were seen in AG (B, arrows), including those breaching (C, outlined) the 

primordial layer (B and C, arrowheads).  
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(D and E) Surface muscle of adult cmlc2:CreER; priZm ventricles after normal 

(D) or accelerated growth (E) conditions.  More cortical clones are generated 

during AG.   

(F and G) Confocal slices through ventricles after normal (F) or accelerated (G) 

growth, indicating a higher number of cortical clones (arrows) after accelerated 

growth.   

(H) Percentage surface area (SA) occupied by clones after normal (51 clones, 9 

ventricles) or accelerated growth (153 clones, 11 ventricles).  

(I) Extrapolated number of surface clones per ventricle from data in (H).  

Scale bars = 100 µm (C-G); 50 µm (A and B); 25 µm (C). 
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2.2.5 Gata4 Inhibition blocks cortical layer formation and 
regeneration 

To determine the significance of the injury-related gata4 response in 

zebrafish cardiomyocytes, we constructed a transgenic line that enabled 

inducible, tissue-specific expression of a dominant-negative Gata4 (g4DN) 

cassette (Tg(bactin2:loxP-mTagBFP-STOP-loxP-mCherry-2a-sr-gata4)pd62; 

referred to as b-act2:BSg4DN; Figure 9A). This g4DN protein blocks wild-type 

Gata4 from interacting with its target sequences.  We found that myocardial 

g4DN overexpression in early zebrafish embryos caused heart looping defects, a 

phenotype that mirrors cardiac defects caused by an antisense morpholino 

against gata4, but not defects caused by morpholinos against gata5 or gata6 

(Figure 9F) (Torregroza et al., 2012).  We crossed this line to cmlc2:CreER to 

allow 4-HT-inducible, Cre-mediated g4DN expression in cardiomyocytes. 

To test late myocardial requirements of Gata4, we pulsed zebrafish with 4-HT 

at juvenile (30 dpf) and adult (90 dpf) stages.  g4DN expression for 30 days did 

not impact the survival or gross appearance of adult fish.  By contrast, when 

g4DN expression was induced in 30 dpf juveniles, just prior to gata4+ cortical 

cardiomyocyte emergence, survival dropped to 73% at 7 wpf, and to just 16.3% 

after 30 days of g4DN expression (Figure 10A).  Within 2-3 weeks of 4-HT 

treatment, most juvenile animals developed overt signs of heart failure, including 

lethargy, gasping behavior, and edema (Figures 10B and 10C; Movies S2 and 

S3).  
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Notably, histological examination revealed no evidence of cortical muscle in 

juvenile cmlc2:CreER; b-act2:BSg4DN animals.  While g4DN expression did not 

increase indicators of apoptosis, the ventricular wall was thinned with many 

areas of discontinuity (Figures 10D and 10E; Figures 9G and 9H).  Visualization 

of epicardial cells indicated a heightened response, with areas of epicardial 

penetration into gaps within the wall (Figures 10F and 10G).  We also observed 

particularly strong nppb expression compared to controls, consistent with 

increased biomechanical stress (Figures 9B and 9C).  These data indicate that 

juvenile zebrafish require myocardial Gata4 activity to form the ventricular cortical 

layer and sustain cardiac function during growth.  

To examine Gata4 function in the injured adult zebrafish heart, we induced 

g4DN expression, partially resected ventricles, and assessed regeneration 30 

days later.  Strikingly, g4DN expression blocked muscle regeneration and caused 

severe scarring at the injury site (Figures 10H-10K). The proliferation of 

trabecular myocytes was not significantly different between experimental groups; 

yet, animals with cardiomyocyte g4DN expression displayed a ~73% reduction in 

cortical cardiomyocyte proliferation (Figure 10L; Figures 9D and 9E).  These data 

indicate that the Gata4 requirement for cardiomyocyte proliferation during 

regeneration is not pan-myocardial, but is preferential to cortical muscle, 

analogous to its requirement in juvenile cortical layer formation.         
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Figure 9: g4DN overexpression decreases cortical myocyte proliferation 
and phenocopies the gata4 morphant 

(A) Cartoon describing the inducible expression of a dominant-negative version 

of Gata4. Cre-mediated recombination at loxP sites (black triangles) results in 

excision of Blue Fluorescent Protein (BFP) and expression of mCherry and 

g4DN, through a ribosomal 2A based translational skip.  

(B and C) β-act2:BSg4DN; cmlc2:CreER animals were exposed to vehicle or 4-

HT at 30 dpf and raised to 7 wpf. Ventricular sections were then stained by in situ 
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hybridization for nppb; those expressing g4DN had higher cardiac nppb 

expression (n = 4).  

(D and E) β-act2:BSg4DN animals with (D) or without (E) the cmlc2:CreER 

transgene were treated with 4-HT. Three days later, their ventricular apices were 

resected, and cardiomyocyte proliferation was assessed by Mef2/PCNA staining 

at 7 dpa. Examples of cortical (black) and trabecular (white) proliferating 

cardiomyocytes are indicated by arrowheads. 

(F) Shown (left to right) is a representative control 48 hpf embryo, an embryo 

transgenic for the cmlc2:g4DN transgene (co-expressing a dominant-negative 

Gata4 isoform and TagRFP in cardiomycytes), or embryos that had been injected 

at the one cell stage with morpholinos targeting gata4, gata5, or gata6. Morphant 

embryonic hearts fluoresce green from a cmlc2:EGFP transgene. Panels show a 

fluorescent channel (top row), brightfield only (middle row), or a higher 

magnification view of the heart under fluorescence (bottom row). Dashed lines in 

the bottom row panels follow the outer curvature of the heart, indicating a 

normally looped heart tube in the control embryo (25 of 25 injected embryos), a 

non-looping distended linear heart tubes with chamber demarcation in the 

cmlc2:g4DN transgenic (28/28) and gata4 morphant (34/36) embryos, a 

diminutive heart in the gata5 morphant embryo (29/29), and a squat hypoplastic 

linear heart in the gata6 morphant embryo (27/31). g4DN transgenic embryos 

from independent founder lines each phenocopied the gata4 morphant, while 
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non-transgenic sibling embryos from these founders developed normal hearts 

(not shown). 

(G and H) Apoptosis as assessed by TUNEL staining was not evident after 

induced cardiomyocyte g4DN expression from 5 to 6 wpf.  Representative 

sections are shown, which indicated only rare TUNEL-positive cardiomyocytes in 

β-act2:BSg4DN animals with (H, n = 12) or without (G, n = 11) the cmlc2:CreER 

transgene.  Some non-specific edge-staining was present in all samples. Inset 

shows the resection injury site of a 1 dpa adult ventricle (used as a positive 

control), indicating several TUNEL-positive cardiomyocytes.   

Scale bars = 50 µm (B and C); 100 µm (D, E, G, and H). 
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Figure 10: Gata4 inhibition blocks juvenile cortical layer formation and 
adult heart regeneration 

(A) Survival of zebrafish after induction of a dominant-negative Gata4 construct 

(g4DN) for 30 days in cardiomyocytes at either 30 or 90 dpf. g4DN induction at 

30 dpf sharply reduced survival of juveniles (n = 23-43), whereas g4DN induction 

at 90 dpf did not affect survival (n = 8-16).  

(B) Cre (–) control animal exposed to 4-HT at 5 wpf, appearing normal at 7 wpf.  

(C) A Cre (+) clutchmate exposed to 4-HT at 5 wpf, with flared scales indicative 
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of edema (arrows).  

(D and E) Sections of the 7 wpf ventricular wall after g4DN induction at 5 wpf, 

stained for Myosin heavy chain (MHC).  Control animals have cortical muscle at 

the base of the heart, while the wall is thinned and disrupted after g4DN induction 

(n = 4).  

(F and G) Maturing juvenile ventricles visualized for tcf21:nucEGFP+ epicardium 

(green), g4DN (red), and b-actin2:BFP (blue).  The 6 wpf control ventricle (F) has 

an contiguous wall and normal epicardial cell distribution.  g4DN induction at 5 

wpf results in wall gaps (arrows) and increased epicardial cell presence at 6 wpf 

(G) (n = 6-9).  

(H-K) g4DN was induced in adults, and ventricular apices were resected, before 

analysis of regeneration at 30 dpa.  Control animals (H and I) regenerated 

muscle with little or no scarring (blue indicates collagen), while g4DN induction 

blocked muscle regeneration (J) and induced scarring (K).  

(L) Quantification of proliferation of trabecular and cortical cardiomyocytes in 7 

dpa ventricles of g4DN-expressing animals versus controls (n = 12-15). **P < 

0.005, Student’s t-test.  

Scale bars = 50 µm. 
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2.3 Conclusions 

Regeneration links an injury stimulus with developmental programs used 

earlier in life.  Here, we examined juvenile zebrafish heart morphogenesis to 

determine if gene expression and function during this phase might be recalled for 

adult cardiac regeneration. Our study identifies a Gata4-driven program that is 

specifically activated in cardiomyocytes forming the cortical layer, and is required 

for both cortical layer morphogenesis and adult regeneration.  Cortical layer 

formation occurs in the context of biomechanical stress and, like regeneration, 

can be stimulated by injury. 

Juvenile growth programs can involve genes first used during embryogenesis, 

but in a physiologic context more similar to adult tissue.  Our evidence indicates 

that a cardiomyogenic Gata4 program can be attenuated and re-induced multiple 

times during the lifetime of an animal for distinct morphogenetic events like 

looping, cortical wall formation, and cardiac regeneration.  It is possible that the 

reiteration of juvenile programs during adult tissue regeneration is a recurring 

theme.  In support of this idea, a recent study showed that the transcription factor 

and satellite cell marker Pax7 is required for skeletal muscle regeneration in 

neonatal mice, but is dispensable for regeneration during juvenile and adult 

stages (Lepper et al., 2009).  

Multiple studies have implicated patterns of organ stress in the construction of 

vertebrate organs (Hove et al., 2003; Nelson and Gleghorn, 2012; Vasilyev et al., 

2009). Our study supports a model in which cortical muscle emergence during 
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juvenile growth functions as a stochastic repair mechanism to reinforce possible 

weak points on the single cardiomyocyte-thick wall, relieving wall stress.  After 

breaching, gata4+ cortical cardiomyocytes proliferate on the ventricular surface to 

form muscle patches, and individual surface clones merge into a contiguous 

layer that fortifies the wall.  As might be predicted by this model, growing juvenile 

animals under myocardial Gata4 blockade fail to form cortical muscle and 

develop heart failure.  Adult zebrafish, upon cardiac injury, appear to repurpose 

key aspects of this injury-activated juvenile morphogenesis program to enact 

heart regeneration.  
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2.4 Experimental procedures 

Zebrafish   

Wild-type or transgenic zebrafish of the hybrid EK/AB strain of the 

indicated ages were used for all experiments. All transgenic strains were 

analyzed as hemizygotes. Published transgenic strains or other alleles used in 

this study were gata4:EGFP (Tg(gata4:EGFP)ae1) (Heicklen-Klein and Evans, 

2004); cmlc2:CreER (Tg(cmlc2:CreER)pd10) (Kikuchi et al., 2010) (used with 

priZm and bactin2:loxp-mCherry-STOP-loxp-DTA); cmlc2:CreER 

(Tg(cmlc2:CreER)pd13) (used with b-act2:BSg4DN); gata4:ERCreER 

(Tg(gata4:ERCreER)pd39) (Kikuchi et al., 2010); tcf21:DsRed2 

(Tg(tcf21:DsRed2)pd37) (Kikuchi et al., 2011a); tcf21:nucEGFP 

(Tg(tcf21:nucEGFP)pd41) (Wang et al., 2011); priZm (Tg(β-

act2:Brainbow1.0L)pd49) (Gupta and Poss, 2012); priZm2 (Tg(β-

act2:Brainbow1.0L)pd50) (an independent priZm founder line); and bactin2:loxp-

mCherry-STOP-loxp-DTA (Tg(bactin2:loxP-mCherry-STOP-loxP-DTA176)pd36) 

(Wang et al., 2011). Animal density was maintained from 28 dpf onward at 8-9 

fish per 3 liters for growth and regeneration experiments, and at 5 fish per 10 

liters for accelerated growth experiments.  Ventricular resection surgeries were 

performed as described previously (Poss et al., 2002).   

 

β-act2:BSg4DN Transgenic Animals   
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The β-act2:RSG plasmid (Kikuchi et al., 2010) was digested with XhoI and 

the DsRed coding sequence was replaced by TagBFP. The resulting plasmid 

was further modified to replace EGFP by a linker sequence containing a PmeI 

site.  A dominant-negative version of gata4 (sr-gata4) (Torregroza et al., 2012) 

was PCR amplified and cloned in frame with mCherry2a to ensure bi-cistronic 

expression. The mCherry-2a-sr-gata4 was cloned into the modified β-act2:RSG 

plasmid using the new PmeI site. This construct was co-injected into one-cell-

stage wild-type embryos with I-SceI. Three founders were isolated and 

propagated. The full name of this transgenic line is Tg(bactin2:loxP-mTagBFP-

STOP-loxP-mCherry-2a-sr-gata4)pd62. 

To generate zebrafish embryos with cardiomyocyte g4DN expression, pME-

g4DN was recombined with p5E-cmlc2, p3E-IRES-TagRFP, and the Tol2 

destination vector as described (Kwan et al., 2007).  30 pg of recombined vector 

and 30 pg of RNA encoding Tol2 recombinase were co-injected into single cell 

AB/Tu embryos that were raised to adults. Adult F0 founders were screened for 

transgene germline integration and 3 independent founders were identified. The 

F1 embryos derived from these mosaic founders were identified by the 

expression of TagRFP throughout the myocardium, while the non-transgenic 

RFP-negative siblings served as controls. Cardiac phenotypes of embryos from 

all 3 lines were indistinguishable and as presented in Figure 9.  Morpholinos 

against gata4, gata5, or gata6 were used as described (Holtzinger and Evans, 

2005, 2007).   
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4-HT Treatment  

 cmlc2:CreER; priZm animals were labeled with 4-HT at 2 dpf as 

described previously (Gupta and Poss, 2012). To label adult cmlc2:CreER; priZm 

cardiomyocytes prior to regeneration assays, animals were treated with 1 mM 4-

HT in aquarium water for 3 hours, from a 1 mM stock made in 100% ethanol.  

Three animals were placed in 80 ml of 4-HT solution for the treatment, and then 

returned to recirculating water.   

To induce recombination in cmlc2:CreER; β-act2:BSg4DN fish at 30-35 dpf, 4 

fish were placed in 40 ml of 5 mM 4-HT in aquarium water for 16 hours.  For 

adult cmlc2:CreER; β-act2:BSg4DN animals, 3 fish placed in 80 ml of 5 mM 4-HT 

for 16 to 24 hours.  Resections were performed 3 days after 4-HT treatment. 

gata4:ERCreER; priZm2 juvenile fish were treated with 5 µM 4-HT for 6 

hours, with 4 animals placed in 40 ml of 4-HT solution. Adult gata4:ERCreER; 

priZm2 were labeled in 80 ml of 5 mM 4-HT for 16 hours. 

For cardiomyocyte ablation in juvenile cmlc2:CreER; bactin2:loxp-mCherry-

STOP-loxp-DTA fish, we treated animals with 0.5 or 1 µM 4-HT for 16 hours at 4 

fish per 40 ml of aquarium water.  Adult cardiomyocyte ablation injuries were 

performed as described (Wang et al., 2011). 
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Histological Methods   

In situ hybridization (ISH) was performed using 10-12 mm cryosections 

and digoxygenin-labeled cRNA probes as described previously (Poss et al., 

2002), with the aid of an InSituPro robot (Intavis). Zebrafish nppa cDNA was 

obtained from Open Biosciences.  Zebrafish nppb cDNA was amplified from 72 

hpf embryos using the primers 5’-TGCGGCCGCATGAAATCGCTTCA-3’ and 5’-

TGAATTCTCAGTTCTTCTTGGGACCT-3’. Acid Fuchsin-Orange G staining and 

immunofluorescence was performed on 10-12 mm cryosections as described 

(Poss et al., 2002).  TUNEL staining was performed as described (Wills et al., 

2008).  Mef2/PCNA staining and quantification was performed as described 

previously (Kikuchi et al., 2011b).  Primary antibodies used in this study were 

anti-Myosin heavy chain (F59, mouse; Developmental Studies Hybridoma Bank), 

anti-Mef2 (rabbit; Santa Cruz), anti-PCNA (mouse; Sigma).  Secondary 

antibodies were Alexa Fluor 633 labeled goat anti-mouse IgG (H+L), Alexa Fluor 

594 goat anti-rabbit IgG (H+L), and Alexa Fluor 488 goat anti-mouse IgG (H+L) 

from Invitrogen.    

 

Imaging   

Fluorescent images from all samples were acquired using a Leica SP5 

AOBS or a Zeiss LSM 700 microscope as described previously (Gupta and Poss, 

2012).  For imaging of the ventricular surface, fixed ventricles were compressed 

between two coverslips to allow imaging of both sides. Confocal slices through 
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whole-mounted ventricles were acquired by adjusting the Z-position until 

trabecular muscle could be visualized (Gupta and Poss, 2012).  For some 

experiments, single confocal sections were acquired from 30 mm cryosections.  

Images from priZm samples were acquired using laser lines 458 nm, 515 nm, 

and 561 nm to excite CFP, YFP, and RFP, respectively. Channels were acquired 

sequentially, overlaid, and imported into Adobe Photoshop, where uniform 

adjustments were made to brightness and contrast. Clones were traced in 

ImageJ and quantified in µm2. The percentage area occupied by a clone was 

calculated by dividing its measured area by the total surface area of both sides of 

the ventricle, or one side of the ventricle in the case of single-sided ventricle 

experiments. Fluorescence from BFP, GFP, and Alexa Fluor 633 were excited 

with a 405 nm, 488 nm, and 633 nm laser lines, respectively
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3. Nrg1 is an injury-induced cardiomyocyte mitogen for 
the endogenous heart regeneration program in zebrafish 

 

The work encompassed in this chapter is currently under review. I generated and 

performed experiments on the Nrg1 over-expression line, with help from Ravi 

Karra for echocardiography. Amy Dickson helped with quantifications throughout 

the paper. Ken Poss and I wrote the manuscript with help from other authors.  

 

3.1 Abstract 

 Heart regeneration is limited in adult mammals, but occurs naturally in 

adult zebrafish through the activation of cardiomyocyte division.  Several 

components of the cardiac injury microenvironment have been identified, yet no 

factor on its own is known to stimulate overt myocardial hyperplasia in a mature, 

uninjured animal.  Here, we find evidence that Neuregulin1 (Nrg1), previously 

shown to have mitogenic effects on mammalian cardiomyocytes, is sharply 

induced in perivascular cells after injury to the adult zebrafish heart.  Inhibition of 

Erbb2, an Nrg1 co-receptor, disrupts cardiomyocyte proliferation in response to 

injury, whereas myocardial Nrg1 overexpression enhances this proliferation.  In 

uninjured zebrafish, the reactivation of Nrg1 expression induces cardiomyocyte 

dedifferentiation, overt muscle hyperplasia, epicardial activation, increased 

vascularization, and causes cardiomegaly through persistent addition of wall 
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myocardium.  Our findings identify Nrg1 as a potent, induced mitogen for the 

endogenous adult heart regeneration program. 
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3.2 Introduction 

 Myocardial infarction (MI) is a common injury that causes permanent loss 

of hundreds of millions of cardiac muscle cells, increasing susceptibility to heart 

failure and sudden death.  Major goals of regenerative medicine are 

methodologies to enhance cardiomyocyte recovery after MI and to restore 

cardiac function to patients with heart failure.  Although there has been much 

investment in candidate cardiac stem cell populations over the past decade 

(Behfar et al., 2014; Laflamme and Murry, 2011), many promising alternative 

strategies for heart regeneration have emerged, including activation of 

cardiomyocyte division, reprogramming of non-muscle cells into cardiomyocyte-

like cells, and delivery of stem cell-derived cardiomyocytes (Bersell et al., 2009; 

Chong et al., 2014; Qian et al., 2012; Shiba et al., 2012; Song et al., 2012).  

Heart regeneration occurs naturally after extreme tissue damage in non-

mammalian vertebrates like zebrafish (Poss et al., 2002).  New myocardium is 

created through division of spared cardiomyocytes, and lineage-tracing 

experiments have not yielded evidence for a stem cell contribution (Jopling et al., 

2010; Kikuchi et al., 2010). Zebrafish regenerate after injuries that deplete 60% 

or more of their cardiomyocytes, suggesting broad potential of most or all 

cardiomyocytes to participate in regeneration in these animals (Wang et al., 

2011).  By contrast, cardiomyocyte division is robust through early postnatal life 

in mice and can enable regeneration, but by the adult stage is profoundly 

reduced (Porrello et al., 2011).  
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Factors that on their own can stimulate spontaneous creation of patterned, 

vascularized adult cardiac muscle would hold great potential for addressing 

human cardiovascular disease.  The adult heart is famously resistant to forced 

hyperplasia, and tumors of myocardial origin are exceedingly rare.  Adult 

mammalian cardiomyocyte proliferation has been reported to be stimulated to a 

minor extent after ischemic injury (Senyo et al., 2013).  Genetic manipulations in 

cardiomyocytes of cell cycle genes like cyclin D, Rb, and/or p130 can increase 

cardiomyocyte cell cycle entry or division but do not cause significant 

muscularization (Pasumarthi et al., 2005; Sdek et al., 2011).  Similarly, 

manipulations of Hippo signaling or miRNA function can increase cardiomyocyte 

proliferation after injury in mice (Eulalio et al., 2012; Heallen et al., 2013; Xin et 

al., 2013), but no compelling evidence for an impact on adult cardiogenesis has 

been reported.  In adult zebrafish, several manipulations have boosted 

cardiomyocyte proliferation after trauma (Choi et al., 2013; Jopling et al., 2012a; 

Yin et al., 2012), yet no genetic or pharmacologic method has stimulated 

cardiomyocyte proliferation or obvious cardiogenic growth in the absence of 

injury.  

The extracellular factor Neuregulin1 (Nrg1) has multiple roles in 

cardiovascular biology and has been implicated as a cardiomyocyte mitogen.  In 

developing zebrafish or mouse embryos, Nrg1 signaling is critical for cardiac 

myofiber trabeculation.  Mice mutant in Nrg1, or in its receptors ErbB2 or ErbB4, 

die at mid-gestation, or later with cardiac-restricted mutations, from thin 
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ventricular walls and aberrant trabeculation (Gassmann et al., 1995; Lee et al., 

1995; Liu et al., 2010; Meyer and Birchmeier, 1995). Moreover, different forms of 

Nrg1 peptides have been delivered to adult animals, with various effects on the 

cardiovascular system. Nrg1 delivery to embryonic mouse cardiac explants or 

embryonic rat cardiomyocytes increased their proliferation in culture (Zhao et al., 

1998), and Nrg1 treatment of cultured adult mouse cardiomyocytes or systemic 

injection into adult mice induced cardiomyocyte proliferation (Bersell et al., 2009).  

Although the proliferative increases in this latter study were relatively small, the 

authors also found evidence that Nrg1 injection improves cardiac repair after MI.  

Nrg1 has reported effects on cell survival, metabolism, angiogenesis, and 

myofiber structure in addition to cardiomyocyte proliferation (Parodi and Kuhn, 

2014), influences that are possibly reflected by functional improvement after Nrg1 

infusion in congestive heart failure patients (Jabbour et al., 2011). 

It is unclear from these recombinant protein delivery experiments whether and 

how Nrg1 is part of an endogenous regeneration program.  Moreover, there is no 

corroborating evidence generated by other research groups that Nrg1 is a pro-

regenerative mitogen for adult cardiomyocytes.  To address this, we examined 

the role Nrg1 might play in the strong, endogenous regenerative response of the 

adult zebrafish heart.  We find that zebrafish nrg1 is upregulated in perivascular 

cells following cardiac injury, and that blockade of Nrg1 signaling inhibits injury-

induced cardiomyocyte proliferation.  Most strikingly, transgenic reactivation of 

Nrg1 expression in the absence of cardiac injury stimulated many hallmarks of 
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cardiac regeneration and markedly enhanced ventricular size.  These findings 

implicate Nrg1 as a key mitogenic node between injury and the endogenous 

heart regeneration program. 

 

3.3 Results and discussion 

3.3.1 nrg1 expression is induced by cardiac Injury 

Using quantitative PCR, we found that nrg1 levels increase nearly 12-fold 7 days 

after genetic ablation of ~50% of ventricular cardiomyocytes (Figure 11A), an 

injury timepoint at which cardiomyocyte proliferation peaks (Wang et al., 2011). 

To visualize nrg1 expression, we used RNAScope, a modified in situ 

hybridization technique with improved sensitivity over standard methodology 

(Wang et al., 2012).  While nrg1 was rarely detectable in uninjured hearts, nrg1 

expression was induced 7 days after various injury methods.  After resection of 

the ventricular apex, we observed nrg1 staining in small regions surrounding 

cardiac damage.  We saw larger stretches of expression after genetic 

cardiomyocyte ablation, distributed throughout the ventricular wall with 

occasional expression in the trabecular compartment (Figure 11B-H).  nrg1 

signals in the ventricular wall were commonly in perivascular regions (Figure 1D-

F). 

To define the cells inducing nrg1, we combined RNAscope with transgenic 

reporter lines marking known cardiac cell types. In these experiments, the 

majority of nrg1 signals could be localized to cells also positive for tcf21:EGFP 
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fluorescence (Figure 11I).  During heart development, tcf21+ cells contribute to 

the epicardial layer as well as vascular support cells (Acharya et al., 2012; 

Kikuchi et al., 2011a). After cardiac injury, epicardial cells and their progeny 

proliferate and incorporate into the injury site (Kikuchi et al., 2011a), where they 

have been assigned numerous pro-regenerative roles (Gemberling et al., 2013).  

In other contexts, Nrg1 is known to be expressed in Schwann cells and 

endothelial cells (Cote et al., 2005; Meyer et al., 1997; Stassart et al., 2013).   

Yet, we found that nrg1 signals rarely overlapped during heart regeneration with 

cells positive for fli1a:EGFP or cmlc2:EGFP, which mark vascular endothelial 

cells and cardiomyocytes, respectively (Figure 11J and 11K). Thus, our results 

indicate that the dominant source of nrg1 in the postnatal ventricular wall is the 

tcf21+ epicardial-derived, perivascular cell compartment.  
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Figure 11: Induction of Nrg1 after cardiac injury. 

(A) Relative expression of nrg1 by qPCR in uninjured cardiac ventricles (red) 

versus those 7 days after genetic injury through induced cardiomyocyte ablation 

(blue). Data are represented as mean ± SD. *p < 0.05, Student’s t test, two-

tailed.  (B-F) Section images of in situ hybridization experiments assessed for 

nrg1 expression in uninjured ventricles (B), or at 7 days after induced 

cardiomyocyte ablation (C and D). Dashed lines delineate the ventricular wall 

from the trabecular compartment.  Higher magnification of boxes in (E) and (F) 

reveal nrg1 signals surrounding vessels (bv).  Arrowheads indicate examples of 

RNAscope signals. Scale bar represents 100 µm (A and C).  (G, H) Section 

images of RNAScope in situ hybridization analysis for nrg1 expression at 7 days 

after ventricular resection surgery.  Image in (H) is a higher magnification of box 

in (G).  Arrowheads indicate examples of RNAscope signals.  Scale bar 

represents 100 µm.  (I-K) Confocal slice images, with accompanying orthogonal 

views, of nrg1 expression colocalized with tcf21:nucEGFP (I), fli1:EGFP (J), or 
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cardiac muscle (Troponin, K). Arrows point to RNAscope signal and red arrows 

indicate area for orthogonal views. Scale bar represents 20 µm.  
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3.3.2 Nrg1 signaling controls injury-induced cardiomyocyte 
proliferation  

To test whether modulation of Nrg1 signaling can alter cardiomyocyte 

proliferation during regeneration, we employed loss- and gain-of-function 

approaches.  Messages for Nrg1 receptors Erbb2 and Erbb4b were detectable 

by PCR methods in uninjured adult zebrafish ventricles  (Figure 12G).  Previous 

studies reported that the administration of AG1478, a small molecule inhibitor of 

Erbb receptors, mimics the effect of erbb2 mutations on cardiac trabeculation in 

zebrafish (Liu et al., 2010).  To examine Erbb activity requirements during 

regeneration, we treated adult zebrafish with 10 µM AG1478 from 6 to 7 dpa.  

We then quantified cardiomyocyte proliferation indices using nuclear markers of 

cardiomyocytes (Mef2) and cell cycle stage (PCNA), visual methodology that is 

required for accurate quantification of heart regeneration (Fang et al., 2013; 

Wang et al., 2011; Wills et al., 2008; Yin et al., 2012) (Figure 12A and 12B).  This 

regimen decreased cardiomyocyte proliferation by ~54%, indicating that Nrg1 

signaling is essential for heart regeneration (n = 20, 22; Figure 12E).  

To increase Nrg1 levels, we created a transgenic line to inducibly express 

nrg1 in cardiomyocytes when combined with a cardiomyocyte-restricted, 

taxmoxifen-inducible transgene, (Tg(β-actin2:loxP-mTagBFP-STOP-loxP-

Nrg1)pd107; referred to hereafter as β-act2:BSNrg1) (Figure 12F; Kikuchi et al., 

2010).  We treated cmlc2:CreER; β-act2:BSNrg1 animals with tamoxifen to 

induce nrg1 expression (Figure 12H, I).  Three days later, we resected ventricles, 
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and found that elevated nrg1 expression led to an ~84% increase in the 

cardiomyocyte proliferation index near the injury site at 7 dpa (n = 15, 18; Figure 

12C-12E).  This finding reveals a mitogenic influence of Nrg1 signaling on heart 

regeneration, and suggests that nrg1 levels are a limiting factor for 

cardiomyocyte proliferation after cardiac injury. 



 

 72 

 

     

 

Figure 12: Nrg1 signaling modulates cardiomyocyte proliferation during 
regeneration. 

(A, B) Section images of injured ventricular apices of animals treated from 6 to 7 

dpa with DMSO (A) or 10 µM AG1478 (B) and stained for Mef2+PCNA+ cells 

(arrowheads).  Wounds are indicated by dotted lines.  Scale bar represents 100 

µm.  (C, D) Section images of 7 dpa ventricular apices of control β-act2:BSNrg1 

(C) or cmlc2:CreER; β-act2:BSNrg1 (D) animals treated with tamoxifen at 3 days 

before injury, stained for Mef2+PCNA+ cells (arrowheads). Scale bar represents 

100 µm. (E) Quantification of cardiomyocyte proliferation at 7 dpa. DMSO-treated 

wild-type clutchmates (n = 22) were used as controls for 10 µM AG1478 
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treatment (n = 20), and tamoxifen-treated β-act2:BSNrg1 clutchmates (n = 15) 

were controls for cmlc2:CreER; β-act2:BSNrg1 (n = 18) animals. Data are 

represented as mean ± SEM. *p < 0.05, Mann-Whitney Ranked Sum Test. (F) 

Cartoon schematic of β-act2:BSNrg1 transgene. (G) RT-PCR results for erbb2, 

erbb4a, and erbb4b, indicating presence of erbb2 and erbb4b messages in the 

uninjured adult ventricle.  cmlc2 is shown as a control.  (H) Section image of 

RNAscope in situ hybridization analysis for nrg1 expression at 14 days after 

tamoxifen-released expression in uninjured cmlc2:CreER; β-act2:BSNrg1 

ventricles. (I) Section image of RNAscope in situ hybridization analysis for EGFP 

expression in uninjured cmlc2:actinin3-EGFP ventricles, used as a control to 

detect transgenic signals. Scale bar represents 100 µm.  
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3.3.3 Myocardial Nrg1 reactivation causes hyperplastic cardiomegaly 

To test the effects of activating nrg1 expression in the absence of injury, we 

treated 4-6 month-old cmlc2:CreER; β-act2:BSNrg1 animals with tamoxifen and 

collected ventricles 7-30 days after treatment (dpt).  Within 7 days of nrg1 

reactivation, there was a marked increase in cardiomyocyte proliferation, in 

particular within the ventricular wall (Figure 13A and 13B).  Whereas the 

cardiomyocyte proliferation index in the trabecular compartment increased 

modestly from ~0.2% to ~1% after 7 days of nrg1 overexpression (Figure 13C), 

the proliferation index of cortical muscle increased sharply from ~1.6% to ~28% 

(n = 8, 9; Figure 13D, E).  Continued nrg1 overexpression over an additional 7 

days had similar effects, maintaining trabecular proliferation indices at ~1.6% and 

cortical muscle proliferation at ~32% (n = 10, 10; Figure 13C-E).  This increased 

cardiomyocyte proliferation manifested through marked changes in cardiac 

anatomy.  The ventricular wall thickened by ~76% at 7 dpt compared to controls, 

by~ 265% at 14 dpt, and by ~459% after 30 days of overexpression (n = 8-11; 

Figure 14A-E).  To test the extent to which cellular hypertrophy contributes to this 

wall thickening, we assessed the size and numbers of cardiomyocytes, which are 

predominantly mononuclear in adult zebrafish (Wills et al., 2008).  We found 

large increases in the number of cardiomyocyte nuclei within the ventricular wall 

after 14 days of nrg1 expression, and no evidence for increased cardiomyocyte 

size (Figure 15A-C).  Thus, most or all of the effects of nrg1 reactivation are 
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hyperplastic.  Such an extreme hyperplastic response to a single factor, which 

we term Nrg1-induced cardiac hyperplasia (iCH) for brevity, was unexpected 

from the published body of literature. 
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Figure 13: Nrg1 reactivation without injury induces proliferation of 
ventricular wall cardiomyocytes. 

(A, B) Section images from uninjured cmlc2:CreER; β-act2:BSNrg1 and control 

ventricles at 7 days post-tamoxifen treatment (dpt), stained for Mef2+PCNA+ 

cells.  Insets show high-zoom views of the boxed regions, and arrowheads 

indicate Mef2+PCNA+ nuclei.  Dashed lines delineate cortical (wall) from 

trabecular muscle.  Scale bars represent 100 µm. (C) Quantification of 

cardiomyocyte proliferation in cmlc2:CreER; β-act2:BSNrg1 and controls in the 

trabecular muscle compartment at 7 (n = 8, 9) and 14 dpt (n = 10, 10). Data are 
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represented as mean ± SEM. *p < 0.05, Mann-Whitney Ranked Sum Test.  (D) 

Quantification of cardiomyocyte proliferation in cortical muscle at 7 (n = 8, 9) and 

14 dpt (n = 10, 10), from groups in (A and B).  Data are represented as mean ± 

SEM. *p < 0.05, Mann-Whitney Ranked Sum Test. (E) Quantification of total 

cardiomyocyte proliferation at 7 (n = 8, 9) and 14 dpt (n = 10, 10), from groups in 

(C and D).  Data are represented as mean ± SEM. *p < 0.05, Mann-Whitney 

Ranked Sum Test.  
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Figure 14: Nrg1 induced cardiomyocyte proliferation expands the 
ventricular wall. 

(A) Quantification of cortical muscle thickness at 7 (n = 8, 9), 14 (n = 10, 11), and 

30 dpt (n = 11, 11) . Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, 

Student’s t test, two-tailed. (B-E) Section images of cmlc2:CreER; β-act2:BSNrg1 

(Nrg1 on) and control ventricles from 7-30 dpt, using animals also transgenic for 

cmlc2:actinin3-EGFP to indicate sarcomere organization.  Brackets indicate 

cortical muscle, and dashed lines delineate cortical from trabecular muscle.  

Scale bar represents 100 µm.  
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Figure 15: Nrg1 induces a hyperplastic, not hypertrophic, response. 

(A) Quantification of total ventricular wall cardiomyocytes in cmlc2:CreER; β-

act2:BSNrg1 animals and controls at 7 (n = 8, 9) and 14 dpt (n = 10, 10). Data 

are represented as mean ± SEM. *p < 0.05, Student’s t test, two-tailed.  (B) 

Quantification of cardiomyocyte area in cmlc2:CreER; β-act2:BSNrg1 animals 

and controls at 14 dpt. Data are represented as mean ± SD, with all data points 

represented.  *p < 0.05, Student’s t test, two-tailed.  (C, D) Confocal images of 

dissociated cardiomyocytes from cmlc2:CreER; β-act2:BSNrg1 and controls at 

14 dpt (n = 124, 172). Only cardiomyocytes with visible sarcomeres and nuclei 

were measured. Examples of quantified cells are marked with arrows. Scale bar 

represent 100 µm.  
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To determine long-term effects of iCH, we examined hearts 6 months after 

tamoxifen treatment.  While animals displayed no outward differences from 

control clutchmates at this stage, analysis of dissected tissues revealed obvious 

cardiomegaly (Figure 16A).  On average, experimental animals at 6 months post-

tamoxifen treatment had ventricles with a ~2.1-fold greater ventricular section 

area than control animals (n = 9, 10; Figure 16B).  Tissue sections indicated 

elevated cardiomyocyte proliferation even at this late stage, although in some 

cases regions of the massively thickened ventricular wall showed mild fibrin and 

collagen deposition (Figure 16C-G).  No fibrosis was detectable in hearts of 

animals after just 30 days of iCH (n = 7; Figure 16H, I). 
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Figure 16: Nrg1 induced hyperplasia causes cardiomegaly. 

(A) Whole-mount images of cmlc2:CreER; β-act2:BSNrg1 and control ventricles 

at 6 months post-tamoxifen treatment.  (B) Quantification of the cross-sectional 

surface area of cmlc2:CreER; β-act2:BSNrg1 (n = 9) and control ventricles (n = 

10) 6 months post-treatment, revealing cardiomegaly effects of nrg1 

overexpression. Data are represented as mean ± SEM. *p < 0.05, Student’s t 

test, two-tailed. (C, D) Section images of ventricular walls of 6 mpt control β-

act2:BSNrg1 (C) or cmlc2:CreER; β-act2:BSNrg1 animals (D) stained for 

Mef2+PCNA+ cells (arrowheads). Scale bar represents 100 µm.  (E) Section 
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images of control β-act2:BSNrg1 ventricles stained with Acid-Fuchsin Orange G 

(AFOG), revealing minimal collagen (blue) or fibrin deposition (red). Scale bar 

represents 100 µm. (F, G) Section images of cmlc2:CreER; β-act2:BSNrg1 

ventricles stained with AFOG, revealing collagen (blue) and fibrin deposition (red) 

in the inner portions of the thickened ventricular wall.  Image in (G) is a high-

zoom view of box in (F) and also indicates two examples of large coronary 

vessels (bv).  (H, I) Acid-Fuchsin Orange (AFOG) staining reveals minimal 

fibrosis in cmlc2:CreER; β-act2:BSNrg1 ventricle at 30 dpt despite the thickened 

ventricular wall (n = 7, 7). Scale bar represents 100 µm.  
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To further understand the consequences of iCH, we monitored physiologic 

parameters over a period of 9 months.  First, we measured cardiac function using 

echocardiography.  The spatial resolution of standard B-mode echocardiography 

has limitations in zebrafish; yet we were able to use Doppler echocardiography to 

detect changes in atrioventricular inflow after 3 months of iCH (Figure 17A, B).  

These findings suggested that ventricular filling is altered as thickness of the 

ventricular walls increases (Figure 17C).  Importantly, we were unable to detect 

cardiac dysfunction at 3 months of iCH, and instead our results suggested that 

stroke volume is enhanced with iCH (Figure 17C, D).  By 3 months of iCH, 

ventricular wall hyperplasia was obvious by echocardiography (Figure 7-figure 

supplement 1 and 2).  Accurate echocardiography at 8 or 9 months of iCH was 

challenged by the extreme cardiac dysmorphology in these animals. 

We next examined the ability of transgenic animals to swim against an 

increasing water current, an assay of cardiac function that is sensitive to massive 

cardiac damage and heart failure (Wang et al., 2011).   Animals at 3 months of 

iCH showed normal endurance swimming, consistent with echocardiographic 

results.  At later time points (8 or 9 months iCH), animals displayed a sharp 

reduction in swimming endurance, suggesting that continued addition of 

myocardium eventually turns deleterious (Figure 17E).  Thus, forced nrg1 

reactivation in the absence of cardiac injury induces robust myocardial 
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hyperplasia in adult zebrafish, adding many new layers of myocardium over 

weeks of continued cardiomyocyte proliferation.  
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Figure 17: Effects of Nrg1 reactivation on cardiac function. 

(A) Doppler measures of ventricular filling obtained at the AV valve 

in cmlc2:CreER; β-act2:BSNrg1  and  β-act2:BSNrg1 animals (n= 9 and 7). Data 

are represented as mean ± SEM. *p < 0.05, Student’s t test, two-tailed.  (B).  

Representative PW Doppler at the AV valve in cmlc2:CreER; β-act2:BSNrg1  
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and  β-act2:BSNrg1 animals. (C) Doppler measures of cardiac output and stroke 

volume using the velocity time integral (VTI) obtained at the outflow tract (OFT) 

in cmlc2:CreER; β-act2:BSNrg1  and  β-act2:BSNrg1 animals (n = 9, 7). Data are 

represented as mean ± SEM. *p < 0.05, Student’s t test, two-tailed.  (D) 

Representative PW Doppler at the OFT in cmlc2:CreER; β-act2:BSNrg1 and  β-

act2:BSNrg1 animals.   (E) Quantification of graded swimming performance of 

animals at varying times of nrg1 overexpression plotted as box and whisker plots. 

Two-way ANOVA was performed looking at the effect of Nrg1 overexpression (p 

< 0.05), age (p =0.38), and the interaction of Nrg1 overexpression and age (p < 

0.05).   
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3.3.4 Myocardial Nrg1 reactivation induces the heart regeneration 
program 

To identify mechanisms of iCH, we examined several hallmarks of injury-induced 

regeneration in zebrafish.  First, to reveal the spatiotemporal growth patterns of 

cardiogenesis, we coupled iCH with multicolor clonal analysis.  The cortical 

muscle in the ventricular wall typically forms from a small number of large 

cardiomyocyte clones.  These clones expand laterally on the ventricular surface 

and largely retain discernable boundaries through adulthood (Gupta and Poss, 

2012).  By contrast, regeneration of resected muscle occurs through roughly 

uniform proliferation by many cardiomyocytes near the injury site, generating an 

mixed conglomeration of small clones in the restored ventricular wall (Gupta et 

al., 2013).  We induced nrg1 expression simultaneously with permanent 

multicolor labeling in 5 weeks post-fertilization (wpf) juvenile animals, around the 

time of the initial emergence of cortical muscle.  iCH caused ectopic wall 

thickening by 10 wpf, with obvious clone mixing and clone growth in the Z-plane 

away from the lumen (14/14 iCH, 0/11 controls; Figure 18A-F).   These findings 

indicate that Nrg1 does not activate a gradual layering process, but builds muscle 

radially with proliferation dynamics that are more reminiscent of injury-induced 

regeneration. 

We next examined molecular signatures of iCH.  After partial ventricular 

resection, cardiomyocytes near the injury activate regulatory sequences of the 

embryonic cardiogenic transcription factor gata4, before dividing to create new 
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muscle (Kikuchi et al., 2010).   Moreover, Gata4 activity is essential for 

regeneration of this muscle (Gupta et al., 2013).  Using a transgenic reporter 

strain, we found that 7 days of iCH in mature adults induced gata4:EGFP 

expression in the outermost layer of cortical muscle (9/10 iCH, 1/11 controls; 

Figure 18G, H).  Additionally, by coupling iCH with a transgenic reporter 

visualizing cardiomyocyte Actinin3 localization, we found that cortical muscle 

displayed reduced cmlc2 expression and poorly organized sarcomeres (Figures 

18M-P).  These observations together suggest a reduction in the contractile 

program that is indicative of dedifferentiation.  iCH also activated myocardial 

expression of tgfβ3, which was implicated previously in regeneration (4/5 iCH, 

0/5 controls; Figure 18I, J) (Chablais and Jazwinska, 2012; Choi et al., 2013). We 

examined other cardiac cells types for their response to iCH.  Retinoic acid 

synthesis in endocardial and epicardial cells is induced by myocardial injury, 

where RA signaling is essential, but not sufficient, for cardiomyocyte proliferation 

(Kikuchi et al., 2011b).  Fibronectin (Fn) synthesis is also activated in the 

epicardium by injury and is an essential extracellular matrix (ECM) component of 

regeneration (Wang et al., 2013).  Both raldh2 and fn1 were induced in the 

epicardium by 7 days of iCH (7 of 9 iCH, 0 of 10 controls for each marker) 

consistent with the presence of a regenerative program (Figure 18K, L, Q, R).  

Along with epicardial marker induction, 7-14 days of iCH induced expansion of 

the epicardial layer that is reminiscent of that observed during regeneration 

(Lepilina et al., 2006; Wang et al., 2011) (Figures 8S, T), Finally, we assessed 
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myocardial vascularization, which occurs concomitantly with injury-induced 

regeneration (Lepilina et al., 2006).  The adult zebrafish ventricle typically has a 

thin muscular wall penetrated with vessels, but 30 days of iCH stimulated 

formation of major vascular network throughout the expanded ventricular wall 

(Figure 18U, V).  After 6 months of iCH, many large coronary vessels were 

evident in the ventricle (Figure 16G). Together, this analysis indicates that 

expression of a single molecule, Nrg1, is sufficient to induce and maintain critical 

aspects of the heart regeneration program that encompass several cell types. 
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Figure 18: Nrg1 reactivation is sufficient to induce the heart regeneration 
program 

(A-F) Section images of ventricles from control cmlc2:CreER; priZM (A-C) and 

cmlc2:CreER; β-act2:BSNrg1; priZM (D-F) animals treated with tamoxifen at 5 

weeks post-fertilization (wpf) and assessed at 10 wpf. Cortical myocyte clones 

show clear boundaries between clones in control ventricles (B, C; n = 11).  

During nrg1 overexpression, cortical muscle thickens appreciably via mixing and 

radial growth of distinct clones (E and F; n = 14).  Dashed lines delineate cortical 

from trabecular muscle.   Scale bar represents 100 µm. (G, H) Section images of 

ventricles from cmlc2:CreER; β-act2:BSNrg1 (Nrg1 on) and control animals at 7 

days post-treatment, using animals also transgenic for gata4:EGFP.  EGFP 

induction is clear in the cortical layer during nrg1 overexpression. Scale bar 

represents 100 µm. (I, J) Section images of ventricles from cmlc2:CreER; β-

act2:BSNrg1 and control animals at 7 days post-treatment, visualized for tgfβ3 

expression by in situ hybridization. Scale bar represents 100 µm.  (K, L, Q, R) 

Section images of ventricles from cmlc2:CreER; β-act2:BSNrg1 and control 

animals at 7 days post-treatment, visualized for raldh2 (K, L) or fn1 expression 

(Q, R) in epicardial cells by in situ hybridization. Scale bar represents 100 µm. 

(M, N) Section images of the ventricular wall from cmlc2:CreER; β-act2:BSNrg1 

and control animals at 14 days post-treatment, using animals transgenic for 

cmlc2:actinin3-EGFP. EGFP marks sarcomeric z-bands. Control animals (M) 

show organized sarcomeres in ventricular wall. nrg1 overexpression (O) leads to 
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reduced EGFP fluorescence and disorganization of sarcomeres. Arrowheads 

point to areas of reduced EGFP intensity and sarcomere organization.  Boxes in 

(M and O) are represented as high-zoom in (N, P).  Scale bars represents 50 µm.  

(S, T) Section images of ventricles from cmlc2:CreER; β-act2:BSNrg1 and 

control animals at 14 days post-treatment, visualized for epicardial cells using a 

tcf21:nucEGFP transgene. nrg1 overexpression grossly increases epicardial cell 

presence.  Scale bar represents 100 µm.  (U, V) Section images of ventricles 

from cmlc2:CreER; β-act2:BSNrg1 and control animals at 30 days post-

treatment, visualized for endothelial cells using a fli1:EGFP transgene. Increased 

endothelial cells and vasculature are evident in the thickened ventricular wall. 

Scale bar represents 100 µm. 
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3.4 Conclusions 

Here, we identify the extracellular factor Nrg1 as a potent activator of the heart 

regeneration program in zebrafish.  Nrg1 is induced by cardiac injury, and 

pharmacological blockade of its receptor decreases injury-induced 

cardiomyocyte proliferation – each indicating involvement in the endogenous 

process.  Moreover, whereas several experimental manipulations have been 

reported to increase cardiomyocyte proliferation in an injured adult heart, the 

Nrg1 protocol we describe here is potently cardiogenic in the absence of trauma. 

The primary cellular target of Nrg1 is likely to be cardiomyocytes, as the most 

remarkable property we found is its ability to induce and maintain adult 

cardiomyocyte proliferation in the absence of injury.  It will be critical to define the 

mechanisms by which Nrg1 is induced by injury, and restricted in the absence of 

trauma, as well as downstream Nrg1 targets in the regeneration program.  Nrg1 

effects additionally involve organizing a tissue microenvironment that includes 

expression of additional mitogenic factors, ECM regulation, and vascular 

perfusion. This recruitment of various non-myocyte cell types is likely to be an 

endogenous role of Nrg1, given that it is also known to stimulate vascularization 

after ischemic injury in the hindlimb and is capable of inducing expression of 

ECM components in fibroblasts (Hedhli et al., 2012; Kim et al., 2012b).   

Factors that on their own can stimulate the creation of full myocardial units 

have unique potential to avoid complications from immunosuppression and 

arrhythmia compared to cell-based approaches, and can have straightforward 
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pharmacologic entrypoints.  Here, we have described effects of endogenous 

myocardial Nrg1 delivery, whereas previous studies have injected purified Nrg1 

protein (Parodi and Kuhn, 2014).  These distinct experimental delivery methods 

could result in markedly different Nrg1 doses, target cells, and target receptor 

responses.  Further investigation of the endogenous regulation of Nrg1 after 

cardiac injury in zebrafish can help guide methodology to optimize its delivery 

and impact on heart regeneration in mammals. 
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3.5 Experimental procedures 

Generation of β-act2:BSNrg1 Zebrafish 

nrg1 cDNA was amplified with the following primers and (Forward 5’-

ACCGGTGCACCATGGCTGAGGTGAAAGCAGG-3’, Reverse 5’-

GcGGCCGCTCACACAGCTATAGGATCCT-3’) and then subcloned into the 

AgeI/NotI site of the β-act:loxP-TagBFP-STOP-lox-P vector. This construct was 

co-injected into one-cell-stage wild-type embryos with I-SceI. One founder was 

isolated and propagated. The full name of this transgenic line is Tg(βactin2:loxP-

mTagBFP-STOP-loxP-Neuregulin1)pd107. 

 

Zebrafish  

Wild-type or transgenic zebrafish of the hybrid EK/AB strain of the indicated ages 

were used for all experiments. All transgenic strains were analyzed as 

hemizygotes. Published transgenic strains or other alleles used in this study were 

gata4:EGFP (Tg(gata4:EGFP)ae1) (Heicklen-Klein and Evans, 2004); 

cmlc2:CreER (Tg(cmlc2:CreER)pd10) (Kikuchi et al., 2010) (used with priZm, β-

act2:BSNrg1, and bactin2:loxp-mCherry-STOP-loxp-DTA); tcf21:nucEGFP 

(Tg(tcf21:nucEGFP)pd41); bactin2:loxp-mCherry-STOP-loxp-DTA 

(Tg(bactin2:loxP-mCherry-STOP-loxP-DTA176)pd36); and cmlc2:actinin3-EGFP 

(Tg(myl7:actnb3-EGFP))  (Wang et al., 2011); priZm (Tg(β-

act2:Brainbow1.0L)pd49) (Gupta and Poss, 2012) and fli1:EGFP (Tg(fli1:EGFP)y1) 
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(Lawson and Weinstein, 2002). Ventricular resection surgeries were performed 

as described previously (Poss et al., 2002). 

To induce expression of nrg1, adult cmlc2:CreER; β-act2:BSNrg1 animals 

were bathed in 5 µM tamoxifen (Sigma) for 18-24 hours, made from a 2 mM 

stock solution dissolved at room temperature in 100% propylene glycol. Animals 

were treated at a density of 3 per 125 mL of water and then returned to 

recirculating water. Juvenile cmlc2:CreER; β-act2:BSNrg1; priZm animals were 

incubated in 2 µM Tamoxifen from the same stock solution.  Animals were 

treated at a density of 8 per 100 mL of water and then returned to recirculating 

water.  For genetic cardiomyocyte ablation, adult cmlc2:CreER; βactin2:loxp-

mCherry-STOP-loxp-DTA animals were placed in 0.3 µM Tamoxifen for 16 

hours.  Animals were treated at a density of 3-4 per 125 mL of water and then 

returned to recirculating water.  Adult animals were incubated in 10 µM AG1478 

(Selleck Chemical) diluted from a 10 mM stock in DMSO for a 24-hour period 

from 6 dpa to 7 dpa.  

 

Quantitative PCR and RT-PCR 

TriReagent was used to isolate RNA from whole ventricles, with 4-6 chambers 

pooled for each sample.  From partially resected ventricles, only the apical 

halves were collected.  A total of 0.5 to 1 µg of total RNA was used in each cDNA 

synthesis reaction. cDNA was synthesized using the Roche Transcriptor first 

strand synthesis kit.  Quantitative PCR was performed using the Roche Light 
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Cycler 480, Roche UPL probes, and LightCycler 480 Probes Master. Intron 

spanning primer sets were designed using the Roche UPL design center. All 

experiments were performed using biological and technical triplicates. Primers 

were tested for efficiency and all primer sets were found to efficiencies have 

between 1.95 and 2.05. Primer sets used were ef1alpha (Forward 5’- 

CCTCTTTCTGTTACCTGGCAAA 3’, Reverse 5’-CTTTTCCTTTCCCATGATTGA 

3’, used with probe #73) and nrg1 (Forward 5’-CACAAATGAGTTCACATCACCA 

3’, Reverse 5’-TCTGCTTTGCCATTACTCCA 3’, used with probe #76) nrg1 

levels were normalized to ef1alpha levels for all experiments.  

RT-PCR was performed to assess erbb receptor levels. We used the 

following primers for each receptor: erbb2 (Forward 5’- 

GATGGCAACATGGTTTTCCT 3’, Reverse 5’-TGGGTTCTCCACACTGTTCC 3’), 

erbb4a (Forward 5’- ATGTCAGGATCAGGGGATGA-3’, Reverse 5’-

TTCCGATGGTTTACGAAAGG-3’), and erbb4b (forward 5’- 

TTATTGCGGCAGGGGTTATTGGAGG-3’, Reverse 5’- 

CAACAGGAATCTTCACAGTCTCACCCTCA -3’) 

 

Histological Analysis and Imaging 

In situ hybridization was performed on 10 µm sections of paraformaldehyde-fixed 

hearts as described (Poss et al., 2002). In situ hybridization was performed 

manually or with the aid of an InSituPro robot (Intavis). In situ hybridization data 

were imaged as described (Kikuchi et al., 2011b).  
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RNAscope® (Advance Cell Diagnostics) was performed on hearts fixed with 

paraformaldehyde for 1 hr at room temperature, equilibrated in 30% sucrose 

overnight, embedded in OCT, and sectioned to 10 µm. Tissue was washed with 

PBS for 5 minutes to remove OCT, followed by boiling in Pretreat 2 for 20 

minutes. After Pretreat 2, slides were briefly washed with water, and incubated 

for 10 minutes at 40˚C with Pretreat 4. Following Pretreat 4, the manufacturers 

protocol for RNAscope® 2.0 HD detection Kit - Red was followed.  

Immunostaining was performed following nrg1 detection as described in (Kikuchi 

et al., 2011b), with primary antibodies incubated overnight at 4˚C. Advanced Cell 

Diagnostics designed nrg1 and EGFP probes used in this study.  RNAscope was 

performed on 6-8 animals for resection and ablation studies.  

Primary and secondary antibody staining was performed as described 

(Kikuchi et al., 2011b). Acid Fuchsin-Orange G staining was performed on 10 µm 

sections as described (Poss et al., 2002). AFOG was performed on 6-10 animals 

per time point analyzed. Mef2/PCNA staining on sections from 7 dpa ventricles 

was performed and imaged as described (Kikuchi et al., 2011b). A Zeiss 700 

confocal microscope was used to image Mef2/PCNA-stained sections from whole 

uninjured ventricles, using the tilescan function to acquire entire longitudinal 

sections from each ventricle. Images were taken of the three largest sections 

from each ventricle. Mef2+ and Mef2+/PCNA+ cells were counted manually. Three 

sections from each heart were averaged to compute a proliferative index for each 

animal. Cross-sectional areas of ventricles at 6-month post-tamoxifen or -vehicle 
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treatment were calculated (ImageJ) using images of the three largest sections 

from each heart stained for TroponinT.  priZm samples were imaged and 

processed as described (Gupta and Poss, 2012). A Zeiss 700 confocal 

microscope was used to image RNAscope for colocalization using a DIC filter to 

capture the nrg1 signal. Z-stacks were taken for orthogonal views to show co-

localization.  

Primary antibodies used in this study: anti-PCNA (mouse; sigma) at 1:250, 

anti-Mef2 (rabbit; Santa Cruz Biotechnology) at 1:75, anti-troponinT (mouse; 

Neomarkers) at 1:100, anti-GFP (rabbit; Life Technologies) at 1:100, and anti-α-

actinin (mouse; Sigma) at 1:400. Secondary antibodies used in this study: Alexa 

Fluor 594 goat anti-mouse IgG (H+L) for anti-Mef2, anti-PCNA, and anti-α-

actinin; and Alexa Fluor 488 goat anti-rabbit IgG (H+L) for anti-Mef2, anti-PCNA, 

and anti-GFP. Secondary antibodies (Invitrogen) were all used at 1:200. 

Previously described probes for raldh2, fn1, and tgfb3 were used for in situ 

hybridization (Choi et al., 2013; Wang et al., 2011).  

 

Swimming Endurance  

Swim tunnel analysis was performed as described (Wang et al., 2011), with two 

exceptions: 1) fish were exercised in groups of 10-15 in a larger swim tunnel 

(Respirometer 5L (120V/60Hz); Loligo cat#SW10060); and 2) there was no time 

limit for swimming. Swimming speed was increased every two minutes after a 20 

minutes acclimation period.  Water velocities were measured up to 102 cm/s and 
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values above were extrapolated using the other measures. Exhausted animals 

were removed from the chamber without disturbing the remaining fish, while 

others continued to swim. After all fish swam to exhaustion, they were allowed to 

recover and then placed back in recirculating water. To determine significance, 2-

way ANOVA was performed looking at the effect of Nrg1 overexpression, time, 

and the interaction of Nrg1 overexpression and time.  The number of total 

animals analyzed per time point:  pre-recombination (24), 1 month (24), 2 months 

(24), 3 months (23), 5 months (21), 6 months (19), 8 months (17), and 9 months 

(17).  

  

Cardiomyocyte Size Measurements 

Hearts were removed and washed in PBS w/heparin and dissociated using a 

previously described protocol with minor changes (Sander et al., 2013). Three 

ventricles were placed in each tube and dissociated for 1.5 hours, leaving the 

majority of the ventricles intact while enriching dissociated cells for wall 

cardiomyocytes .   

After dissociation, cells were plated onto a glass slide using a cytospin and 

spun for 3 minutes at 400 x g.  Then, cells were fixed for 10 minutes with 4% 

PFA and washed 3 times with PBS w/ 0.1% Tween-20 for 5 minutes. Slides were 

stained for α-actinin overnight at 4˚C and imaged using a Zeiss LSM 700 

confocal microscope. Cells with the following criteria were measured using 
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ImageJ software: 1) flattened appearance with visible sarcomeric staining; 2) 

clear dissociation from other cells; 3) single nucleus.  

 

Echocardiography 

Echocardiography was performed on conscious zebrafish using a Vevo 2100 

high-resolution imaging system with an MS-550S transducer (VisualSonics).  

Fish were sedated in phenoxyethanol and immobilized on a sponge immersed in 

fish water.  Imaging was performed in the short axis (perpendicular to the fish) 

and long axis (parallel to the fish) using B-mode and PW imaging.  Doppler 

parameters were measured using the Vevo2100 Cardiac Package by taking the 

average measurement of 3 consecutive beats.  Velocity time integral (VTI) and 

VTI*HR were used as measures of cardiac performance and output.  Cardiac 

output could not be formally calculated, as outflow tract (OFT) diameter could be 

directly measured by echocardiography.  However, OFT diameter was not 

significantly different between experimental groups when measured in tissue 

sections (data not shown).  Ventricular filling was measured by PW Doppler 

across the atrioventricular valve during diastole.   
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4. Generation of Transgenic Lines 
 

In this chapter, I will catalogue transgenic lines I have generated during 

my graduate career. I will briefly describe how each line was created, the 

rationale behind each line, and functional validation of the lines.  

 

4.1 Transforming growth factor-β  signaling 

After injury in the zebrafish heart several members of the TGFβ family are 

induced with the expression concentrated in the wound area. My goal was to 

determine if enhancing TGFβ signaling could increase scar deposition after 

injury. TGFβ signaling is known to induce expression of extracellular matrix 

proteins and inhibit cellular proliferation in many contexts. When we inhibited 

TGFβ signaling with SB431542, we decrease cardiomyocyte proliferation, 

suggesting that TGFβ signaling is a positive influence on cardiomyocyte 

proliferation. This result as well as in situ hybridizations showing up-regulation of 

TGFβ ligands following injury were published in Choi et. al, 2013. In addition to 

inhibition of TGFβ signaling, I generated transgenic lines to over express tgfβ1 

and tgfβ3 (Figure 19). These lines were generated in the same manner as the 

dngata4 and Nrg1 over-expression lines, with the full length cDNAs cloned 

downstream of a BFP floxed stop cassette. I selected one line from the many 
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lines I generated for each over-expression. Sets of fish from each of these lines 

were recombined; I waited three days and then performed resection surgery. I 

collected amputated hearts at 7 days post amputation to assess cardiomyocyte 

proliferation. In TGFβ3 over-expressing animals there was no change in 

cardiomyocyte proliferation versus control animals. Prior to finishing these results 

a paper was published in the journal Development, describing the role of TGFβ 

signaling during zebrafish heart regeneration (Chablais and Jazwinska, 2012).  

As I was interested in scar formation, I also generated a TGFβ−induced over-

expression line (Figure 19). TGFβi, is an extracellular matrix protein that 

increases in expression upon TGFβ stimulation of cells. This line was generated 

in the same manner as the TGFβ1 and TGFβ3 lines. I tested this line for 

recombination and found robust increases in tgfβi RNA using in situ hybridization 

after treatment with 4-HT. No further experiments were performed with this line.  
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Figure 19: Images of TGFβ  transgenic lines.  

A) Images of 3dpf β-act2:TagBFPSTGFβ1 and wildtype sibling embryos 

B) Images of 2dpf β-act2:TagBFPSTGFβ3 and wildtype sibling embryos  

C) Images of 3dpf β-act2:TagBFPSTGFβi and wildtype sibling embryos  

D) In situ images showing induction of tgfβ3 and tgfβi after treatment with 4-

hydroxytamoxifen 
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4.2 Fibroblast growth factor (Fgf) signaling 

 Fgf signaling is required for regeneration of the adult zebrafish heart. 

Utilizing a dominant negative fibroblast growth factor receptor driven by the heat 

shock promoter it was shown that inhibition of Fgf signaling lead to a complete 

block of regeneration. Blocking Fgf signaling prevented coronary vasculature 

from invading the wound, suggesting that Fgf signaling controls vascularization of 

the wound area(Lepilina et al., 2006).  fgf17b, was up-regulated after injury in the 

adult heart. To increase Fgf signaling, I generated an fgf17b inducible over-

expression line (Figure 20). We reasoned that an increase in fgf17b might result 

in increased vascularization of the wound area and potentially result an increase 

in cardiomyocyte proliferation. Preliminary data indicated no obvious increases in 

cardiomyocyte proliferation. With no obvious proliferation phenotype no 

subsequent experiments were performed.  
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Figure 20: Images of Fgf17b transgenic over-expression lines. 

(A-B) Images of 3dpf β-act2:TagBFPSfgf17b and wildtype sibling embryos 

(C-D) In situ images showing induction of fgf17b after treatment with 4-

hydroxytamoxifen 
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4.3 Gata4 Over-expression 

The regenerate of the zebrafish heart originates from cardiomyocytes of 

the ventricular wall that induce expression driven by regulatory elements of 

gata4. We show in chapter 2, that gata4 function is critical during both heart 

morphogenesis and regeneration. To compliment the gata4 loss of function 

reagents I generated an over-expression of gata4, in the hopes that while 

inhibition of gata4 function reduced cardiomyocyte proliferation that increasing 

gata4 levels wound enhance proliferation. Increasing gata4 levels in 

cardiomyocytes showed no obvious increase cardiomyocyte proliferation after 

injury. Suggesting that gata4 levels are not limiting during regeneration and that 

increasing these levels does not induce proliferation.  

 

4.4 BAC Rescues 

My original project was to generate conditional loss of function reagents. 

The idea was fairly simple and straightforward. I would use a bacterial artificial 

chromosome (BAC) that containing a large region of potential regulatory 

elements of either Hand2 or Gata5. I would generate the BAC to express the 

corresponding cDNA flanked by loxp sites. I would then inject the hand2 

construct into hand2 mutant embryos, and the gata5 BAC into gata5 mutant 

embryos. We reasoned that as the heterozygous animals are able to develop 

and live normally, we might be able to provide that single copy from the BAC. 

This BAC would allow for proper development of the animal and using one of our 
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Cre recombinase lines, we could remove the coding sequence of the gene 

producing mutant cells in the adult zebrafish. We would then use these animals 

to assess the requirement for each transcription factor in multiple tissue types 

during heart regeneration. I generated stable lines that contained a BAC with the 

first exon of either hand2 or gata5 replaced with the corresponding cDNA flanked 

by loxp sites. For gata5, it was clear that the attempted rescue was unsuccessful, 

as the embryos displayed the characteristics of the gata5 (faust) mutants. The 

hand2 BAC rescue was more promising, however, ultimately was unsuccessful. 

The hand2 BAC rescue construct was capable of recovering the development of 

the heart and pectoral fins, however these animals lacked a lower jaw and were 

unable to feed properly resulting in death. With the advent of homologous 

recombination in zebrafish, conditional alleles of these genes are now possible, 

rendering the idea of BAC rescues obsolete.  

4.5 Biotin tagging 

While working on transcription factors, I contemplated ways to tag 

transcription factors for chromatin immunoprecipitation. To achieve this goal, I 

generated a cmlc2:birA-GFP, which will biotinylate recognition sites. Recognition 

sites can be either be introduced via an over-expression construct or inserted 

directly into the genome via homologous recombination. Transient expression of 

birA in zebrafish embryos allows for biotin tagging, so it is reasonable to believe 

the cmlc2:birA-GFP will allow tagging in the adult cardiac muscle (Housley et al., 
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2014). This line is being validated and tested by Aaron Goldman a postdoctoral 

fellow in the lab.  

 

4.6 Over-expression plasmid construction 

β-act2:BSX.  

The β-act2:RSG plasmid (Kikuchi et al., 2010) was digested with XhoI and 

the DsRed coding sequence was replaced by TagBFP. The resulting plasmid 

was digested with AgeI and NotI to remove EGFP. cDNAs were amplified using 

PCR  and subcloned into the AgeI/NotI site of the β-act:loxP-TagBFP-STOP-loxP 

vector . This construct was co-injected into one-cell stage wild-type embryos with 

I-SceI.  

Primers for cDNA cloning: 

TFGβ1  

Forward 5’-ACCGGTGCCACCATGAGGTTGGTTTGCTTGGT-3’ and  

Reverse 5’-GCGGCCGCTTAACTGCACTTGCAGTTCC-3’ 

TGFβ3 

Forward 5’-ACCGGTGCCACCATGCATTTGGGCAAAGGACT-3’ and  

Reverse 5’-GCGGCCGCGGTTTTGTCATTTTAATTAA-3 

TGFβi 

Forward 5’-ACCGGTGCCACCATGAAGCGCTTGACTTTGTT-3’ and  

Reverse 5’-GCGGCCGCTTACTGGACACGAGACAATG-3’ 

fgf17b 



 

 110 

Forward 5’-ACCGGTGCCACCATGTATGGGATCAATCAGCG-3 and  

Reverse 5’-GCGGCCGCTTATGAAGCGGTCTGGTGTTTT-3’ 

Gata4 

Forward 5’-ACCGGTGCCACCATGTATCAAGGTGTAACGAT-3 and  

Reverse 5’-GCGGCCGCTTATGCCAGAATCAGGCTGTTCCA-3 
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5. Discussion 
Currently there are no clinical treatments that renew or replace 

cardiomyocytes lost due to chronic heart disease or acute myocardial infarction. 

Many different strategies to address this problem are currently being evaluated.  

One strategy being tested in animal models is the introduction of exogenous 

stem cell derived cardiomyocytes directly into the heart following infarction, with 

the goal of engraftment and repopulation of the muscle (Chong et al., 2014). 

While another strategy involves the forced expression of cardiac transcription 

factors in resident cardiac fibroblast to trans-differentiate these cell into muscle 

(Qian et al., 2012; Song et al., 2012).  However these strategies are still a work in 

progress. Current attempts have resulted in low levels of new cardiomyocyte 

production and poorly contractile myocytes. During natural cardiac regeneration 

in the neonatal mouse and the adult zebrafish, pre-existing cardiomyocytes 

proliferate to generate new muscle. Thus, understanding the manner in which 

cardiomyocytes are induced to proliferate in these systems could provide a 

blueprint to help guide the replacement of muscle in non-regenerative species. 

The work presented in this thesis has added to the field of heart regeneration 

by investigating mechanisms that regulate cardiomyocyte proliferation. We have 

described the requirement for gata4 function in development of the cortical layer 

in juvenile animals and proliferation of the cortical layer during adult heart 

regeneration. The cortical layer is critical for both heart maturation and 

regeneration, processes that share many molecular similarities. This work 
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suggests it may be possible to use the development of the cortical layer as a 

surrogate for studies of regeneration.  

Additionally, we identified Nrg1 as a potent activator of the regenerative 

response in zebrafish. We find that after injury Nrg1 levels are elevated, and 

blockade of Nrg1 signaling blunts cardiomyocyte proliferation. Activation of Nrg1 

in the absence of injury induces patterned hyperplastic expansion of the cortical 

muscle and support cells. While there are reports that genetic manipulations in 

mice can induce low levels of proliferation, to our knowledge this is the first 

molecule capable of stimulating hyperplastic-patterned growth in an adult heart. 

These findings raise many interesting questions to address in future research. 

While we have uncovered global requirements for gata4 and Nrg1 during heart 

regeneration, the exact mechanisms of action are still an open area for research. 

For instance identifying the factors the stimulate expression of gata4 and Nrg1 

expression may uncover key regulatory aspects of the regenerative program. In 

addition, identifying the factors downstream of gata4 and induced by Nrg1 

signaling may provide further clarity in their mechanism of action.  

  

5.1 Neuregulin1 mediated cardiomyocyte proliferation 

While Nrg1 was previously shown to induce cardiomyocyte proliferation in 

vitro and in vivo in the mouse, relatively little is known about the mechanisms 

underlying this process. Based on in vitro studies in murine cardiomyocytes, it is 

known that Nrg1 induced proliferation is activated by the PI3-Kinase and Erk1/2 
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signaling cascades (Bersell et al., 2009; Kuhn et al., 2007). Data from our lab 

suggests that pharmacologic blockade of PI3K signaling leads to a reduction in 

injury induced cardiomyocyte proliferation in the adult zebrafish (unpublished 

data). One can speculate that inhibition of this pathway blocks cardiomyocyte 

proliferation in part by blunting Nrg1 signaling. This would suggest that the action 

of Nrg1 on cardiomyocytes is conserved between zebrafish and mice. 

Interestingly, the magnitude of cardiomyocyte proliferation in the adult zebrafish 

is much greater than any increase in cardiomyocyte proliferation observed in vivo 

in mice or in cultured rat ventricular cardiomyocytes. This raises several 

interesting possibilities. These possibilities include: 1) Cardiomyocytes in the 

zebrafish may be inherently more responsive to Nrg1, 2) that the stimulation of 

non-cardiomyocytes in zebrafish produces an environment that enhances 

cardiomyocyte proliferation to a greater extent, and 3) the method of 

administration of Nrg1 could be important for its function.  Below I will discuss 

each of the possibilities in more detail.  

5.1.1 Cardiomyocyte response to Nrg1 

5.1.1.1 Mononuclear vs. bi-nucleated cardiomyocytes 

In zebrafish the majority of cardiomyocytes are mononucleated, with less 

than 5% of cardiomyocytes being multi-nucleated (Wills et al., 2008). However by 

day 12 in the mouse, roughly 90% of cardiomyocytes are bi-nucleated (Li et al., 

1996).  It has been shown that Nrg1 can induce DNA synthesis in both mono- 

and bi-nucleated cardiomyocytes, however the majority of recorded cytokinesis 
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events occur in mononucleated cells (Bersell et al., 2009). These data suggest 

that the massive increase in cardiomyocyte numbers and proliferative index 

could be due to the nucleation state of the cardiomyocytes in the zebrafish heart. 

Importantly, it was recently shown in mice that multinucleated cardiomyocytes 

could continue through cytokinesis adding to the number of new cardiomyocytes 

(Naqvi et al., 2014), suggesting that it is possible to induce bi-nucleated 

cardiomyocytes to divide in the mouse heart.  Proliferation of bi-nucleated cells 

therefore may require more than just Nrg1 signaling. Interestingly, humans have 

considerably more mononucleated cardiomyocytes than mice (roughly 65%) 

although there does seem to be an increase in ploidy as a human’s age (Mollova 

et al., 2013). It would be interesting to see if human cardiomyocytes respond in a 

manner more similar to fish or mouse cardiomyocytes, due to nucleation states. 

  

5.1.1.2 Erbb receptor expression dynamics and potential non-Nrg1 ligands 

In addition to nucleation state, another potential difference in 

cardiomyocyte response between mice and fish may simply be the expression of 

Nrg1 receptors. Nrg1 can directly bind erbb3 and erbb4. Upon Nrg1 binding, 

erbb3 or erbb4 will dimerize with erbb2 and initiate downstream signaling. We 

find that the adult fish heart expresses erbb2 and erbb4b in the absence of injury 

and expression is maintained after injury. It is known in rats and humans that 

progression to heart failure leads to a decrease in the expression of erbb2 and 

erbb4 receptors (Rohrbach et al., 2005; Rohrbach et al., 1999). Therefore, 
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receptor expression dynamics may play a role in advancement of the disease. As 

receptor expression levels and dynamics are likely to change following injury, an 

increased understanding of these changes would be informative for complete 

characterization of Nrg1 effects on cardiomyocytes in both zebrafish and mice.  

It also remains a possibility that Nrg1 signaling activates slightly different 

downstream programs in mice and fish cardiomyocytes. This could happen at the 

receptor level or even at levels much further downstream through the presence 

of different transcriptional co-factors. To study these differences one could 

perform global interrogation of mRNA levels in mouse and fish cardiomyocytes 

treated with Nrg1. A comparison of differentially regulated genes could provide 

insight into divergent downstream responses. Further, the generation of 

individual receptor knockouts followed by a similar analysis would provide a more 

detailed picture of the requirements for Nrg1 responsiveness.  

In concert with the receptor data, it will be important to interrogate other 

potential ligands that can signal through the erbb family of receptors. These 

molecules may have the potential to induce phenotypes similar to Nrg1 if they 

lead to similar receptor activation. One potentially interesting ligand to follow is 

hb-egf (heparin binding epidermal growth factor). Hb-egf has been shown to 

induce embryonic cardiomyocyte proliferation in culture (Ieda et al., 2009). 

Although it has been shown that Hb-egf and Egf do not stimulate cardiomyocyte 

proliferation to the same degree as Nrg1 in adult mouse cardiomyocytes, it 

remains an interesting question to address during natural heart regeneration 



 

 116 

(Bersell et al., 2009). Understanding the dynamics of these erbb ligands could 

help to uncover other molecules with mitogenic potential, as it remains a formal 

possibility that activation of the erbb family of receptors, irrespective of ligand, 

may have a proliferative effect. 

 

5.1.1.3 Nrg1 Delivery 

Another possible reason the mouse heart and zebrafish heart respond 

differently to Nrg1 is that the manner in which Nrg1 is delivered is different. 

Naturally, Nrg1 type 1 is produced as a pro-peptide that resides in the plasma 

membrane and becomes available for signaling once cleaved by ADAM17 (Luo 

et al., 2011; Wen et al., 1992) Once cleaved the active form of Nrg1 remains in 

the extracellular matrix and can signal to surrounding cells.  

For our experiments we expressed Nrg1 directly from cardiomyocytes, while 

previous studies in the mouse model injected the active form of the Nrg1 protein. 

Importantly for our experiments, ADAM17a is expressed in the adult zebrafish 

heart in the absence of injury and levels of ADAM17b increase following injury, 

however the expression pattern is unknown (unpublished data). This would 

indicate that along with the increase in cardiomyocyte proliferation, we are 

potentially able to generate the active form of Nrg1. Suggesting that in each 

experiment the active form of Nrg1 is present in the heart. Using the over-

expression directly from muscle may produce local Nrg1 concentrations far 

exceeding those achieved by injection of Nrg1 protein. Additionally, we express a 
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full length Nrg1 type 1 isoform, while a peptide containing the EGF domain was 

used for mouse experiments. These differences may in part account for the 

magnitude in response.  

Based on our findings that Nrg1 is expressed in tcf21+ cells following injury, it 

would be interesting to determine if expression from tcf21-derived cells in the 

mouse heart would yield a more robust proliferative response. One could 

envision delivering Nrg1 using adenoviral vector delivery in a similar manner 

used when trying to trans-differentiate fibroblasts into cardiomyocytes (Qian et 

al., 2012; Song et al., 2012).   

 

5.1.2 Non-muscle responses to Nrg1 

Injection of Nrg1 is capable of improving cardiac function after myocardial 

infarction in the mouse model, however the mechanism for this improvement 

remains unclear. Extensive re-muscularization of the heart is unlikely as the 

number of cardiomyocyte divisions were increased from 0.01% in controls to 

0.03% in Nrg1 treated animals (Bersell et al., 2009). This slight increase in 

cardiomyocyte proliferation is unlikely to be the only contributing factor that 

accounts for the improvement in cardiac function. If the generation of new muscle 

were not the only contributing factor, one would imagine that there might be 

differences in the response from other cell types of the heart. We find that in 

addition to increasing cardiomyocyte proliferation, Nrg1 expression leads to 

stimulation of the epicardium and neo-vascularization of the newly generated 
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muscle.  I will describe these tissues and their potential relevance to Nrg1 

function in the sections to follow.   

 

5.1.2.1 Increased vasculature 

Few studies, if any, have looked into the role vascular endothelial cells 

play during cardiomyocyte proliferation and subsequently the regenerative 

process. Following injury, vascular endothelial cells induce expression of igfbp7, 

a protein required for vascular patterning and development (unpublished results), 

and subsequent vascularization of the wound area occurs (Hooper et al., 2009; 

Lepilina et al., 2006). Importantly the extent to which these cells are required for 

cardiomyocyte proliferation and regeneration is currently unknown. However, 

activation of the vascular endothelial cells and subsequent neo-vascularization of 

the regenerate or thickening wall is likely a critical step in maintaining the 

hyperplastic response, and it will be important to determine if this effect is direct 

or indirect. While the activation of vascular endothelial cells may have been 

predictable due to the expression of erbb3, a receptor for Nrg1, in endothelial 

cells, it is unclear if the effect is direct. 

It is known that Nrg1 can stimulate expression of vascular endothelial growth 

factor (vegf) and that after ligation of the femoral artery, administration of Nrg1 

can induce new vessel formation and aid in recovery (Hedhli et al., 2012). It 

would be interesting to block vegf signaling either through genetic manipulation 

or pharmacologic inhibition to try to inhibit vascularization of the newly formed 
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muscle in order to determine the possible role of Nrg1 stimulated vegf in 

vasculogenesis.  

In addition to vegf, fgf signaling has been implicated as being required for 

vascularization of the wound following injury (Lepilina et al., 2006). Utilizing a 

transgenic dominant negative fgfr1, (Lee et al., 2005) one may also be able to 

perturb vascularization during the Nrg1 induced hyperplastic response, to 

determine if it is required. The loss of vasculature during regeneration and the 

formation new muscle in the cardiac wall may result in the creation of a hypoxic 

environment. During zebrafish heart regeneration and development of the mouse 

heart, hypoxia plays a positive role in maintaining cardiomyocyte proliferation 

(Jopling et al., 2012a; Naqvi et al., 2014; Puente et al., 2014). It is reasonable to 

think that the newly generated muscle may be hypoxic, which stimulates further 

cardiomyocyte proliferation. The stimulation of cardiomyocytes to secrete factors 

promoting vasculogenesis would represent an indirect effect of Nrg1 treatment.  

 

5.1.2.2 Epicardial response to Nrg1 

More surprisingly, Nrg1 leads to activation of the tcf21+ or epicardial cell 

population. This stimulation is likely to be indirect as we have been unable to 

detect expression of erbb3 or erbb4, the Nrg1 receptors, in epicardial cells 

(unpublished data). This suggests an interesting situation based on our data. 

After injury the most proliferative cardiomyocytes seem to reside in the 

ventricular wall, as is the case after Nrg1 expression. These data suggest that 
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cortical cardiomyocytes are in an environment that is highly conducive to 

proliferation. Given that tcf21+ cells express Nrg1 following injury, and they do 

not express the receptors, the likely scenario is that Nrg1 signals to 

cardiomyocytes or endothelial cells and a feedback loop is established. Such a 

feedback loop could be responsible for maintaining cardiomyocyte proliferation in 

the wound area after injury.  

A postdoctoral fellow in the lab, Jinhu Wang, has shown that ablation of the 

tcf21+ cells decreases cardiomyocyte proliferation after injury and blocks the 

regenerative process (unpublished). These pieces of data suggest an intimate 

relationship between the epicardial cells and muscle proliferation, likely in part to 

a reduction in factors, such as Nrg1, released from these tcf21+ cells.  

Additionally, it is known that epicardial activation occurs after injury in the 

adult mouse heart (Huang et al., 2012; Zhou et al., 2011). To test whether murine 

epicardial cells respond in a similar manner, one could injure either a zebrafish or 

mouse heart and isolate dissociate and tcf21+ cells by fluorescent activated cell 

sorting. RNA could then be collected from these samples after injury and 

compared using RNAseq. Additionally, one could perform the experiment a 

second time with Nrg1 treatment. These datasets would indicate if injury induced 

activation of the epicardium was the same on the molecular level and the effect 

Nrg1 treatment has on expression in tcf21+ cells. As there is a reduction in scar 

deposition found with Nrg1 treatment, changes in the global gene expression 

remain a distinct possibility. One caveat to this experiment is that tcf21+ cells 
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make up more than just the epicardial cell layer, so more accurately, this would 

be enriched for epicardial cells over whole heart RNA preps.  

 

5.2 Nrg1 induced vs. injury induced cardiomyocyte proliferation at the 
chromatin level 

To further understand the effects of Nrg1 on cardiomyocytes in the 

zebrafish heart, we have taken an approach to define the downstream targets of 

Nrg1. Using chromatin profiling, we hope to further characterize the molecular 

response of cardiomyocytes to Nrg1 stimulation. The goal of this project is to 

characterize and compare chromatin dynamics and gene expression changes in 

cardiomyocytes at either 7 days post amputation or 7 days of Nrg1 expression. 

Based on the findings that Nrg1 activation induces the regenerative program, we 

would expect these changes to be similar. In fact, cursory viewing of the data on 

the UCSC genome browser suggests that these data sets have a considerable 

amount of overlap in nucleosome turnover, indicating open areas of chromatin, 

although further characterization is necessary. Utilizing this dataset and RNAseq 

we can assess downstream targets of Nrg1 signaling. Using this strategy, one 

may be able to fully dissect the signaling downstream of Nrg1, specifically in 

cardiomyocytes. Using genetic or pharmacologic inhibition of PI3K, MAPK or, 

Src, the known downstream kinases, one may be able to determine the important 

targets downstream of each pathway. This information could be used to create a 

chromatin landscape for a proliferating cardiomyocyte.  
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5.3 What is downstream of Nrg1 signaling? 

While we hope that by studying the chromatin landscape we can identify 

large-scale changes in chromatin dynamics that will lead us to potential 

downstream targets of Nrg1, we additionally know that Nrg1 induces expression 

of tgfb3 and gata4 in cardiomyocytes. Tgf-beta signaling is often thought to be 

pro-fibrotic after injury, however it is required for cardiomyocyte proliferation 

during heart regeneration in the zebrafish (Chablais and Jazwinska, 2012; Choi 

et al., 2013; Leask, 2007).  The activation of Tgf-beta by Nrg1, does not lead to 

fibrosis, rather it may to contribute to increased cardiomyocyte proliferation.  

Additionally, work discussed in chapter 2 of this thesis shows the importance 

of gata4 function for cardiomyocyte proliferation (Gupta et al., 2013). We found 

that gata4:EGFP was induced following Nrg1 expression during cortical muscle 

development, resulting in premature cortical muscle formation, and in the adult 

uninjured heart. While we know that gata4:EGFP is induced in the cortical layer 

following expression of Nrg1, we do not know if Nrg1 signaling leads directly to 

gata4 expression, or if this is an indirect effect. Ideally one could block gata4 

function in Nrg1 expressing hearts to determine the impact that blocking gata4 

function would have on Nrg1 induced hyperplasia. However, the Nrg1 over-

expression and dngata4 transgenic lines are incompatible due to differences in 

required CreER lines. In order to determine the relationship between gata4 and 

Nrg1 with more detail, one would need to generate additional transgenic 

reagents. There are a few combinations of reagents that would be sufficient to 



 

 123 

determine the relationship; however the combination I would favor is the 

generation of a heat shock inducible conditional Nrg1 (Tghsp70:loxP-mTagBFP-

STOP-loxP-Nrg1). Both transgenic lines would still require the use of a muscle 

specific Cre line, however the Heat shock Nrg1 would have the added benefit of 

being heat shock inducible. Using a heat shock promoter will allow Nrg1 

induction with the possibility of turning off the over-expression. In this way one 

could test if thickened ventricular walls have an impact on the regenerative 

process and if different expression paradigms are more or less effective in 

stimulating cardiomyocyte proliferation.   

Additionally, while we have identified gata4 function as important for 

cardiomyocyte proliferation, we have not studied the downstream transcriptional 

changes associated with blockade of gata4 function. In regards to cardiomyocyte 

proliferation, gata4 is known to directly target and activate the promoters of cell 

cycle related proteins, cyclin D2 and Cdk4, suggesting that gata4 plays a role in 

regulating the cell cycle in cardiomyocytes (Rojas et al., 2008). gata4 also plays 

a major role in regulating key structural genes α-MHC and β-MHC, key genes 

involved in the fibrotic response, ctgf and tgfβ2, and anti-apoptotic genes 

(Bisping et al., 2006; Oka et al., 2006). We found no increase in apoptotic 

cardiomyocytes and no abnormal scarring after expression of the dominant 

negative gata4 lines. These data suggest that these processes are likely not the 

major contributing downstream targets of gata4 to the regenerative process. In 

proliferating cardiomyocytes, sacromeres are partially disassembled; it is 
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possible that gata4 plays an important role in regulating the 

assembly/disassembly of these structural genes.  

In order to determine the downstream targets of gata4 in the zebrafish heart, I 

have generated a cmlc2:BirA line, that expresses an E. coli biotin ligase 

specifically in muscle.   BirA recognizes specific peptide sequence and this 

recognition leads to biotinylation of the site. One can then generate an allele of a 

specific protein containing the recognition site, and use the biotin modification to 

immunoprecitpitate the protein of interest. This technology could generate a 

tagged version of gata4 that could be used to perform chromatin 

immunoprecipitation (ChIP). Utilizing this technique one can identify the genome 

wide binding sites of gata4. Cross-referencing these binding sites with RNAseq 

data may allow for the identification of direct gata4 targets. Using this 

methodology one could determine the gata4 targets during regeneration and 

after the induction of Nrg1 expression as these targets are likely to be important 

in the regenerative process. 

 

5.4 Heart regeneration: the bigger picture 

Studying natural heart regeneration in the adult zebrafish has uncovered 

major principles and influences that govern the regenerative process. Following 

injury, the first response is a widespread activation of the entire organ, followed 

by signals localizing to the wound area, cardiomyocyte proliferation, and 

subsequent regeneration. The regenerative process involves all cell types of the 
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heart working in concert with one another to produce a functional regenerate.  

Subsequently these findings have been reproduced in the neonatal mouse model 

of regeneration. The neonatal mouse model of regeneration is promising, 

however some groups in the field still question the ability of the neonatal mouse 

heart to regenerate (Andersen et al., 2014). In addition, the time period during 

which neonatal heart regeneration is studied coincides with a period of 

considerable growth. As injury in the neonatal heart seems to stimulate 

proliferation ventricle wide as opposed to a local proliferative response, it 

remains possible that it is difficult to separate regeneration from compensatory 

growth (Porrello et al., 2013). While the neonatal mouse model is an intriguing 

one, full of potential, it remains to be seen whether studying the regenerative 

response concurrently with the final stages of heart development will be a fruitful 

endeavor. 

In the field of zebrafish heart regeneration, a significant problem is the 

inability to synergize previous results with newly identified information. The 

underlying issue is that current genetic tools and pharmacologic treatments are 

often incompatible with one another, negating the ability to determine the relative 

impacts of different aspects on the regenerative response. One potential solution 

to this problem is through the development of new technologies. Recent 

advances in genome engineering technologies have resulted in the development 

of protocols for homologous recombination in the zebrafish (Bedell et al., 2012). 

This technology should allow for the generation of a whole new set of genetic 
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tools for producing cleaner more compatible datasets. As the goal is to 

understand the regenerative process in order to inform and direct attempts to 

enhance recovery in non-regenerative species, the ability to synthesize these 

results is critical.  

 In addition, there are several caveats to using the zebrafish model system 

for studying heart regeneration. While zebrafish possesses the innate ability to 

replace lost cardiac muscle there are several key differences between the 

zebrafish and mammalian heart. Two major differences that I have already 

mentioned are the overall structure of the heart and the existence of primarily 

mononucleated cardiomyocytes. The structure of the zebrafish heart consists of 

a single ventricle and single atria, while the mammalian heart has 4 chambers, 2 

atriums and 2 ventricles. Included with the structure are a dramatically thicker 

compact layer and relatively little trabecular muscle as compared with the 

zebrafish ventricle. This structural difference combined with the cardiac demand 

results in a dramatically higher pressure in the mouse (92-120mmhg) vs. the fish 

(3-4mmhg) (Doevendans et al., 1998; Hu et al., 2001). This pressure difference 

may result in higher demand on the cardiomyocytes, and higher demand may 

inhibit a proliferative response in the mouse, while lower pressure of the fish 

heart may aid in proliferative response. Finally, another potential major difference 

between the mammalian heart and the zebrafish heart is the presence of a 

defined population of fibroblasts. It is unclear if the zebrafish heart has a resident 

fibroblast population. As fibroblasts are typically though to be pro-fibrotic, the 
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absence of this population may decrease the fibrotic response and favor a more 

regenerative atmosphere.  

With these caveats in mind, the zebrafish is still a powerful model for finding 

cardiac mitogens due to its remarkable regenerative abilities. Additionally, 

research to identify molecules capable of stimulating cardiomyocyte proliferation 

regardless of organism will be an important step in the field of regenerative 

medicine. Identification of a cardiac mitogen is only the beginning step towards 

regeneration of the injured adult mammalian heart. Following identification, 

effective delivery strategies will be needed. Systemic delivery of a mitogenic 

molecule or protein is likely to lead to concern over proliferation of unintended 

target tissues and potentially the development of cancer. Advances in 

biomaterials for local delivery are likely to provide an option for the delivery of 

one or more compounds directly to the damaged myocardium (Hameed et al., 

2014).  

 

5.5 Conclusions 

Our understanding of events that control cardiomyocyte proliferation is 

expanding, however it remains an inherently complex and poorly understood 

process.  My graduate work has identified multiple new mechanisms that drive 

cardiomyocyte proliferation after injury and has shed light on similarities between 

cortical muscle development and regeneration. We have shown that Nrg1 is a 

cardiac mitogen and importantly regulates cardiomyocyte proliferation during 
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natural heart regeneration. Our studies also show that Nrg1 does not solely act 

on cardiomyocytes, but exerts more broad effects on multiple cell types of the 

heart. These findings are important considering Nrg1 is currently in clinical trials, 

despite the relative lack of knowledge on the mechanisms through which it 

improves cardiac function.  

Until the past decade it was unappreciated that adult human cardiomyocytes 

proliferate throughout life, albeit at very low rates (Bergmann et al., 2009; 

Mollova et al., 2013; Senyo et al., 2013). These findings suggest that it may be 

possible to augment the proliferation of adult human cardiomyocytes using the 

correct tools. Our studies on Nrg1 show that in zebrafish it is possible to achieve 

patterned hyperplastic growth of the heart with a single molecule. While it may be 

unlikely that a single molecule can induce recovery of lost cardiomyocytes in 

humans, these studies indicate that it may be possible and should remain a 

target of the regenerative medicine field.  
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Appendix A 

A.1 How do trabecular cardiomyocytes breach the primordial 
layer? 

While performing the initial cortical muscle breaching experiments, Vikas 

Gupta, a former graduate student in the lab, noticed that the extracellular matrix 

(ECM) protein laminin staining was reduced in the area of cortical muscle 

emergence (Figure 21). In theory, this layer of ECM would need to be moved or 

degraded prior to trabecular muscle breaching the primordial layer. I performed in 

situ hybridizations for several matrix metalloproteases (MMPs), enzymes that can 

process and degrade ECM. We reasoned that this degradation was most likely 

an active process as the reduction in laminin was localized to the area of 

emergence. I found that elevated expression of mmp2 at the time of cortical 

emergence at the base of the heart. While mmp2 and mmp14a are not 

expressed in the injured adult heart, expression is detectable at 7dpa (FIGURE 

22). The expression of mmp2 and mmp14a were confined to the epicardial layer.  
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Figure 21: Extracellular matrix remodeling during cortical emergence 

(A) priZM (clonal) labeling clearly shows the cortical, primordial, and trabecular 

layers of the heart, while laminin staining is strongest surrounding the cortical 

muscle layer (B). During the development of the cortical layer, trabecular 

myocytes from the interior of the heart emerge through the wall and begin to 

spread. Using clonal labeling one can visualize these clones emerging (C). A red 

arrow points out an emerging green clone. The same red arrow marks a 

reduction in laminin staining in the area where the clone is emerging (D). 
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Figure 22: Screening matrix metalloprotease expression during cortical 
muscle development and regeneration 

An in situ hybridization screen for all MMPs reported to have heart expression. 

Three different time points were assessed: 6 weeks post fertilization, the 

uninjured adult heart, and 7 days post amputation adult hearts. The screen 

revealed that mmp2 expression is detectable on the shoulders of the heart at 6 

wpf, a time corresponding to the first emergence of cortical muscle. In addition, 

mmp2 and mmp14a are induced after injury in the adult heart. We also found 

expression of timp2a, a natural inhibitor of MMP2 after injury.   
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To better understand expression dynamics of MMP2, I generated a BAC 

transgenic line expressing the protein mKate2 (a far-red protein). Although these 

animals are eye+, a marker indicating the presence of the BAC, I have not been 

able to see expression in the adult heart, suggesting that this reporter line may 

not be a viable option for reporting MMP2 expression. A better option may be to 

detect MMP2 activity with a compound that can be applied to tissues and has 

fluorescence when cleaved by MMP2 (Keow et al., 2012). 

In conjunction with the expression studies, we wanted to inhibit MMP function 

during the time period of cortical emergence. We injected the MMP inhibitor, 

CP471474, into PriZm animals each day from 5 weeks until 7 weeks post 

fertilization. As, the first cortical clones emerge between 5 and 6 wpf, we 

reasoned that injecting throughout this time period would give us the greatest 

chance of detecting changes in numbers of cortical clones. If MMP function is 

required for cortical emergence, and we inhibited MMP function during this time, 

we should block clones from forming on the ventricular surface.  We found that 

injection of the PBS control was sufficient to induce greater numbers of cortical 

clones. These data further support our hypothesis that stress induces cortical 

emergence, as intraperitoneal injection increases the amount of fluid around the 

heart, in theory increasing cavity pressure after injection. As the PBS control 

induced an increase in the number of clones, the experiment became slightly 

more complicated.  We were able to find that in a small pilot experiment that the 
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MMP inhibitor was able to reduce cortical emergence events as compared to 

PBS injected controls. (TABLE 1) 

 

Table 1: Numbers of individual clones at 7 wpf after treatment with 
CP471474, an MMP inhibitor  

Heart	  # 1 2 3 4 5 6 Range 
PBS 4 10 6-‐7 8 14 1 4-‐14 

MMP	  inh	  
(240mg/kg) 

2 4 3 5 	   	   2-‐5 

MMP	  inh	  
(480mg/kg)	  

1 0 0 4 	   	  
	  

0-‐4 

  

In addition to using the MMP inhibitor to block MMP function, Vikas Gupta 

and I generated transgenic lines to conditionally over-express tissue inhibitors of 

metalloproteases (timps) in cardiomyocytes.  It was shown that injection of timp2 

protein into the developing embryo is capable of blocking MMP2 function during 

kidney morphogenesis (Serluca et al., 2002). While we are unable to inject 

protein into the adult heart, in theory generating transgenic fish over-expressing 

the timps in the heart muscle will have the same effect. We generated two sets of 

animals to express each timp2 isoform, timp2a and timp2b. One set uses the 

hsp70 promoter to drive timps in a temperature sensitive manner, while the other 

set uses conditional over-expression alleles driven by ß-actin. These ß-actin 
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conditional lines were generated in the same manner as the dngata4 and Nrg1 

over-expression constructs and allow for cardiomyocyte specific expression. 

Although these transgenic animals have not undergone complete 

characterization, they may be interesting to characterize in the future.  

With this collection of tools and preliminary data, one may be able to make a 

compelling case that MMP function is required for cortical emergence and 

subsequently for regeneration. It was previously reported that treatment with an 

MMP inhibitor reduced cardiomyocyte proliferation after injury in the adult 

zebrafish heart, however no data was shown (Lien et al., 2006). It remains 

unclear if MMPs directly regulate cardiomyocyte proliferation or if they regulate 

other events, such as epicardial invasion into the wound, vascularization of the 

wound, or if they cleave signaling molecules in the extracellular matrix to exert 

their effect.  

 

A.2 Nrg1 expression induces premature cortical muscle 
emergence 

We found that gata4 function was required for cortical emergence, 

however no stimulators of cortical emergence have been identified. In theory 

there must be a signal or signals that initiate the process of trabecular 

cardiomyocytes breaching the primordial layer and emerging onto the surface of 

the heart. As we have previously linked the injury response and regeneration to 
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cortical muscle development, we wanted to determine if Nrg1 expression was 

capable of inducing cortical muscle emergence.  

Expression of Nrg1 stimulates gata4:EGFP in the uninjured adult heart, so we 

hypothesized that inducing Nrg1 may be sufficient to induce cortical muscle 

emergence. We induced expression of Nrg1 in animals at 4 weeks post 

fertilization (wpf), a time before the first cortical myocytes emerge, and collected 

hearts at 6 wpf. We then assessed these animals for cortical muscle 

development based on the expression of gata4:EGFP expression, the marker of 

cortical muscle during development. We find that animals expressing Nrg1 have 

a considerable increase in cortical muscle in whole mount; while non-expressing 

animals have EGFP expression limited to the shoulders of the ventricles near the 

outflow tract (Figure 23A-B). As Nrg1 stimulates gata4:EGFP expression, to be 

sure the cells expressing gata4:EGFP were cortical muscle, we sectioned the 

hearts. We find that, not only is there more gata4:EGFP+ cortical muscle, but we 

can see that this muscle has begun to thicken and expand outward (Figure 23C-

D). We interpret these results to mean that Nrg1 can stimulate the development 

of premature cortical muscle. This likely occurs by activation of elements of the 

regenerative response, although this hypothesis has not been rigorously tested 

during this time period. Similarly, cardiomyocyte proliferation during this time 

period has not been assessed, although previous experiments suggest that there 

would be increased cardiomyocyte proliferation. While we believe Nrg1 can 

stimulate premature cortical muscle formation, it remains a possibility that Nrg1 
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exerts this effect once the trabecular muscle has reached the ventricular surface. 

It will be interesting to see if and where Nrg1 is expressed during the period of 

cortical emergence and if this expression coincides with emergence events.  
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Figure 23: Nrg1 induces premature cortical muscle formation 

Nrg1 expression was induced at 4 weeks post fertilization (wpf), a time before 

cortical muscle development begins.  Hearts were collected and analyzed at 6 

wpf. We find in whole mount, that control animals (A) have gata4:EGFP, a 

marker of cortical muscle, expression limited to the base of the heart. This finding 

is also shown in sections of the heart (C).  Two weeks of Nrg1 expression is 

sufficient to induce widespread expression of gata4:EGFP on the surface of the 

ventricle from base to apex (B). In addition, the cortical layer of muscle has 

already thickened considerably (D), uncharacteristic of this developmental time 

point.  
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