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Summary 

Background 

In contrast to mammals, zebrafish display a remarkable capability to heal heart injuries in a scar-

free fashion and to replenish lost myocardial tissue. In zebrafish, upon cardiac damage spared 

cardiomyocytes located at the wound border de-differentiate and re-enter the cell cycle, thus 

promoting myocardial regeneration. Despite this striking potential, further research is still 

required to deeply investigate which signaling pathways are involved in zebrafish heart 

regeneration, and which molecular details orchestrate their function.  

In a recent work, our laboratory has shown that the Bmp (Bone Morphogenetic Protein) pathway 

is triggered as an injury-induced signal and it is essential for both de-differentiation and 

proliferation of border zone cardiomyocytes during zebrafish heart regeneration. Intriguingly, this 

evidence is in stark contrast with observations accumulated on infarcted adult mouse hearts, 

where Bmp loss-of-function limits apoptosis and infarct size. Thus, it appears that the 

endogenous Bmp signaling pathway exerts a pro-regenerative function during zebrafish heart 

regeneration, while it is detrimental for cardiac repair in mouse. 

In this context, we aimed at elucidating the molecular details that orchestrate the pro-regenerative 

Bmp signaling function in zebrafish heart regeneration. Comprehending how zebrafish retains 

regenerative potentials will help to discover therapeutic interventions suitable to mend infarcted 

hearts in humans.   

Results 

We found that bmp2b, bmp4 and bmp7a, encoding Bmp ligands, are up-regulated in 

cardiomyocytes located at the wound border at 7 days post-injury (dpi), when cardiomyocyte 

proliferation is sustained. At 7 dpi, while in bmp2b or in bmp4 mutants cardiomyocyte 

proliferation is not affected, bmp7a mutants show reduced cardiomyocyte cell cycle re-entry. 

In a previous study, our laboratory had already shown that sustained bmp2b overexpression 

increases cardiomyocyte proliferation at 7 dpi. Strikingly, while sustained overexpression of 

bmp7a did not alter cardiomyocyte cell cycle progression, sustained bmp4 overexpression limited 

cardiomyocyte proliferation at 7 dpi. 

Apart from the zebrafish heart, in our hands the Bmp signaling pathway appeared to be active in 

other regenerative and non-regenerative cardiac contexts. While neonatal resected hearts retain a 
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regenerative potential, adult medaka cryoinjured hearts are incapable to regenerate. Intriguingly, 

both models exhibited canonical Smad-mediated Bmp signaling activity in cardiomyocytes.  

In addition, we identified three promising Bmp downstream targets in border zone 

cardiomyocytes of zebrafish hearts: id2a, id2b and prdx1. After injury, their up-regulation was 

counteracted by short-term noggin3 overexpression, a widely used in vivo Bmp loss-of-function 

approach. 

Finally, additional preliminary data were focused on identifying the interaction between 

Bmp/Smad signaling and other injury-induced responses. We have shown that the activation of 

Bmp/Smad signaling might be under the control of the retinoic acid (RA) signaling pathway 

during heart regeneration. Moreover, Bmp signaling might modulate leukocyte recruitment to the 

injury site in response to zebrafish cardiac damage.  

Methods 

To better dissect the role of Bmp2b, Bmp4 and Bmp7a, we made use of the following tools in the 

regenerative zebrafish model: 

 High-quality in situ hybridization experiments to localize bmp2b, bmp4 and bmp7a 

expression in regenerating hearts with temporal and spatial resolution. 

 Bmp ligand-specific mutant lines to dissect the in vivo physiological function of bmp2b, 

bmp4 and bmp7a during heart regeneration. 

 Bmp ligand-specific heat-shock inducible lines to conditionally drive ectopic expression 

of bmp2b, bmp4 and bmp7a during heart regeneration. 

We made use of genetic manipulation to inhibit the retinoic acid signaling pathway. 

We measured proliferation of cardiomyocytes based on PCNA expression and EdU 

incorporation, and we assessed Bmp signaling activation via accumulation of phosphorylated 

Smad 1/5/9 proteins in cell nuclei, a common readout for the canonical Smad-mediated Bmp 

signaling pathway.  

We used the L-Plastin marker to trace leukocyte recruitment in the heart. 

Conclusions 

Our results show that the endogenous Bmp7a activity is essential for cardiomyocyte proliferation 

and for the activation of the canonical Smad-mediated Bmp signaling cascade during zebrafish 

heart regeneration. Intriguingly, in contrast to bmp2b, bmp4 overexpression affects 
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cardiomyocyte proliferation, potentially acting in a cell-autonomous manner. Thus, stimulating 

the biosynthesis of different ligands can elicit opposing responses to heart injury in a naturally 

regenerating model like zebrafish. Furthermore, Bmp signaling appears to be active also in 

regenerating neonatal hearts and in non-regenerating medaka adult hearts. Investigating the role 

of Bmp signaling in multiple models, will help to broaden the understanding of its molecular 

action in different cardiac contexts.    

In our hands, Bmp loss-of-function analysis indicate that id2a, id2b and prdx1 might represent 

potentially direct, downstream targets of Bmp signaling during heart regeneration. Further studies 

will reveal epistatic interactions between Bmp signaling and its downstream targets. 

Finally, preliminary data suggest an interplay between the Bmp signaling pathway and other 

injury-induced signals. Additional research is required to dissect the interaction between Bmp 

signaling, retinoic acid signaling and the immune response in heart regeneration. 
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Introduction 

Heart failure pathologies following myocardial infarction are leading causes of death in humans 

worldwide.  

Myocardial infarction typically occurs in response to obstruction of a coronary artery, which 

causes necrotic damage in the heart. In mammals, the myocardium exhibits a low rate of 

cardiomyocyte renewal, which is not sufficient to replenish lost cardiac tissue upon injury 

(Kikuchi & Poss, 2012). When cardiac damage is compatible with life, cardiomyocyte 

proliferation does not occur and the healing process results in irreversible scarring. Given that the 

scar lacks contractile properties, the myocardial wall undergoes a structural remodelling to 

preserve its pumping activity, which leads to cardiomyocyte hypertrophy. Over time, the 

functionality of the organ declines, finally resulting in heart failure (reviewed in Laflamme & 

Murry, 2011).  

In contrast to adult mice, neonatal pups show a remarkable capability to regenerate their heart 

after injury. One day-old neonatal mice respond to injury via cardiomyocyte proliferation with 

limited hypertrophy or fibrosis. However, this capacity seems to sharply decline over time and it 

is lost by 7 days from birth (Porrello et al., 2011; Porrello et al., 2013). Intriguingly, manipulation 

of several molecular pathways suggested that the proliferative potential of cardiomyocytes can 

also be triggered in adult mice after myocardial infarction (Bersell et al., 2009; Chakraborty et al., 

2013; Porrello et al., 2013). These findings point at stimulation of cardiomyocyte proliferation as 

a promising therapeutic approach to potentially replace lost cardiomyocytes in response to 

myocardial infarction (Tzahor & Poss, 2017). Intriguingly, multiple non-mammalian vertebrate 

species are able to regenerate lost body parts during the entire lifespan, including some teleost 

species and urodeles that can regenerate their appendages and hearts (Gemberling et al., 2013; 

Iten & Bryant, 1973; Oberpriller & Oberpriller, 1974; Sehring et al., 2016; Tank et al., 1976). 

Among them, zebrafish exhibits efficient scar resolution and restoration of lost cardiac tissue by 

cardiomyocyte proliferation (Chablais & Jaźwińska, 2012; González-Rosa et al., 2011; Poss et 

al., 2002; Schnabel et al., 2011). Given its striking regenerative potential, zebrafish has been 

adopted as a standard model to study in vivo heart regeneration. Understanding the cellular and 

molecular regulation of zebrafish myocardial regeneration might support therapeutic hopes to 

trigger endogenous cardiomyocyte repair in humans. 
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Heart regeneration in zebrafish 

In contrast to humans, zebrafish displays a two-chambered heart, which consists of a single 

atrium and of a single ventricle. The blood flows through the sinus venosus to the atrium, from 

where it enters the ventricle. Ventricular contraction pushes the blood through the bulbous 

arteriosus into the ventral aorta, reaching the gills. Upon oxygenation, the blood is distributed 

throughout the entire fish body (González-Rosa et al., 2017; Hu et al., 2000; van Opbergen et al., 

2018). 

In humans, myocardial infarction results in permanent scarring and restoration of lost myocardial 

tissue is not observed. Conversely, zebrafish can efficiently regenerate the heart in response to 

numerous insults, namely apical resection (Poss et al., 2002), genetic cardiomyocyte ablation 

(Wang et al., 2011) and cryoinjury-caused cardiac necrosis (Chablais et al., 2011; González-Rosa 

et al., 2011; Schnabel et al., 2011) (Figure 1). While ventricular resection and cryoinjury result in 

a loss of at least 20% of the myocardium, genetic ablation causes the death of over 60% of 

cardiomyocytes. Nevertheless, all these models are compatible with life and zebrafish hearts 

develop a transient scar, which is typically reabsorbed within one or two months, with little or no 

retention of collagen tissue. 

In comparison to acute myocardial infarction that causes cell necrosis due to lack of oxygenation 

(Lu et al., 2015), zebrafish apical resection does not lead to massive cell death. Given that the 

coronary vasculature is not reachable for surgical manipulation (Hu et al., 2000), cryoinjury 

remains the most suitable model to mimic infarction in the zebrafish heart (Chablais et al., 2011; 

González-Rosa et al., 2011; Schnabel et al., 2011). A copper cryoprobe pre-cooled in liquid 

nitrogen is applied to the surface of the ventricular wall, inducing cell death of up to 30-40% of 

cardiomyocytes. Within 1 day from cryoinjury, the damaged area develops a disc-shaped infarct 

zone, where cardiomyocytes have undergone extensive death (Chablais et al., 2011). This 

wounded area is invaded by leukocytes, indicating the activation of an inflammatory response to 

resolve cellular debris (Chablais et al., 2011; Schnabel et al., 2011). Later on, the injured area 

develops a fibrin clot and shows deposition of a collagen matrix. Strikingly, the vast majority of 

the scar is generally resolved between 60 and 100 dpi (Chablais et al., 2011; González-Rosa et al. 

2011; Schnabel et al., 2011).   
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Figure 1. Models of zebrafish heart injury.  
Cryoinjury: a freezing probe is applied to the surface of the ventricle, causing cell death. 
Apical resection: the apex of the ventricle is surgically removed. 
Genetic ablation: cardiomyocyte-specific inducible expression of DTA (Diptheria toxic A chain) causes cell death.   
 

Cellular contribution to heart regeneration 

In zebrafish, cardiac muscle regeneration mainly occurs by cell cycle re-entry of pre-existing 

cardiomyocytes located at the wound border, ventricular region belonging to the healthy 

myocardial tissue that lines the innermost side of the injured area. Spared cardiomyocytes 

undergo sarcomeric disassembly and re-activation of cell cycle progression regulators, they 

proliferate and provide a robust hyperplastic response to regenerate the heart (Jopling et al., 2010; 

Kikuchi et al., 2010). Intriguingly, the dissolution of sarcomeric structures is a clear feature of 
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lost contractility and therefore reduced functionality of cardiac cells. In addition, border zone 

cardiomyocytes show other signs of a less mature state, including presence of rounded 

mitochondria and re-activation of the cardiac developmental promoter of the gata4 gene (Jopling 

et al., 2010; Kikuchi et al., 2010). Cardiomyocytes located at the wound border also down-

regulate mature myocardial genes like myl7 (myosin light chain 7) and up-regulate embryonic 

forms of myosin heavy chain (MHC) like myh7 (myosin heavy chain 7) (Sallin et al., 2015; Wu 

et al., 2016). Overall, loss of adult characteristics and re-activation of developmental programs 

suggest that regenerating cardiomyocytes undergo a process of de-differentiation. Given that the 

overexpression of a dominant-negative form of gata4 leads to reduced cardiomyocyte 

proliferation, de-differentiation is generally accepted as an essential step to allow cell cycle re-

entry and cell division during cardiac muscle regeneration (Gupta et al., 2013).  

Recently, despite the hurdle to identify cardiomyocyte sub-populations in the adult zebrafish 

heart, a cluster of sox10+ cardiomyocytes was shown to be essential for heart regeneration 

(Sande-Melón et al., 2019). In uninjured hearts, sox10-expressing cardiac cells are spared and 

localize in the ventricle, atrium and valves. Surprisingly however, after injury they expand and 

accumulate mainly at the injury site, where they proliferate at a higher rate than sox10-negative 

neighboring cardiomyocytes. Genetic ablation of the sox10+ sub-group of cardiomyocytes is 

sufficient to impair the process of scarring resolution, affecting heart regeneration (Sande-Melón 

et al., 2019). Thus, the activity of the sox10 promoter marks a subset of cardiomyocytes that 

populate the adult zebrafish heart in physiological conditions. These spared cardiomyocytes show 

a high regenerative potential after injury, representing an essential hallmark of zebrafish heart 

regeneration. 

Former literature suggests an inverse correlation between ploidy and regenerative potential of 

myocardial cells. According to nucleation assessments, more than 95% of zebrafish 

cardiomyocyte are mononucleated and considered to be diploid (Wills et al., 2008). In contrast to 

zebrafish, non-regenerative hearts of higher vertebrates, such as adult mouse and humans, show a 

prevalence of polyploid cardiomyocytes which result from post-natal rounds of DNA replication 

in the absence of karyokinesis and/or cytokinesis (Alkass et al., 2015; Bergmann et al., 2009; 

Brodsky et al., 1994; Brodsky et al., 1980; Li et al., 1996; Soonpaa et al., 1996). Recently, the 

experimental use of a zebrafish model in which cytokinesis was transiently inhibited and the 

heart enriched with polyploid cardiomyocytes, has demonstrated that a high content of diploid 
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cardiomyocytes is essential for zebrafish heart regeneration (González-Rosa et al., 2018). Mosaic 

ventricles containing an equivalent amount of diploid and polyploid cardiomyocytes fail to 

regenerate, leading to fibrosis (González-Rosa et al., 2018). Thus, polyploidization represents a 

concrete obstacle to heart regeneration and the stimulation of cell cycle activity in rare human 

diploid cardiomyocytes might constitute a concrete strategy to mend infarcted hearts.  

In response to zebrafish cardiac injury, cardiomyocyte proliferation not only depends on cell 

ploidy, but also on telomere expansion. In vivo loss of telomerase function affects cell cycle re-

entry of cardiomyocytes after injury, which show an increased DNA damage response and 

ultimately severe signs of senescence (Bednarek et al., 2015). Therefore, DNA preservation by 

telomere elongation appears to be essential for zebrafish heart regeneration. Given that in humans 

telomerase activity is drastically dampened after birth (Wright et al., 1996), its recovery after 

myocardial infarction might represent a critical strategy to initiate pro-regenerative programs.   

Many different signaling cascades have been shown to regulate cardiomyocyte regeneration in 

zebrafish, such as Jak1/Stat3, NF-kB, Notch, Igf and Transforming Growth Factor β (Tgf-β) 

pathway. 

In particular, cell-autonomous functions have been proposed for Jak1/Stat3 and NF-kB signaling 

in regulating cardiomyocyte de-dedifferentiation and/or proliferation after injury. Both Jak1/Stat3 

and NF-kB pathways represent injury-induced signals, whose activity is highly enriched in the 

myocardium after cardiac damage (Fang et al., 2013; Karra et al., 2015).  Loss of Jak1/Stat3 

activity by myocardial-specific overexpression of a dominant negative form of Stat3 reduces 

cardiomyocyte proliferation at 7 days post-amputation (dpa), leading to persistent scarring at 30 

dpa (Fang et al., 2013). Similarly to Jak1/Stat3 signaling, cardiomyocyte-specific inhibition of 

NF-kB pathway diminishes the proliferation index of cardiomyocytes, also affecting their de-

differentiation (Karra et al., 2015). Other molecular cascades, such as Neuregulin1/ErbB2-ErbB4 

signaling, have been implicated in cell-autonomous functions during myocardial regeneration. 

While global, chemical inhibition of ErbB2 (a co-receptor of Neuregulin1) affects cardiomyocyte 

proliferation, cardiomyocyte-restricted nrg1 overexpression increases it (Gemberling et al., 

2015). Thus, like Jak1/Stat3 and NF-kB pathways, the secreted factor Neurogulin1 can 

specifically function in cardiomyocytes to stimulate myocardial regeneration. 

Compromised cardiomyocyte proliferation and a general impairment of the heart regeneration 

process can also result from an organ-wide manipulation of specific signaling cascades. Heat-
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shock mediated inhibition of pan-Notch activity does not impact on the de-differentiation process 

of ventricular cardiomyocytes, but it affects their cell cycle re-entry at 7 and 14 dpa, causing 

retention of fibrin and deposition of collagen at 30 dpa (Zhao et al., 2014). Likewise, both heat-

shock mediated and chemical inhibition of Igf signaling results in suppressed cardiomyocyte 

proliferation within the first two weeks from injury, and causes excessive scarring at 30 dpa 

(Huang et al., 2013).  

Intriguingly, in contrast to other signaling cascades, the molecular details that orchestrate the Tgf-

β function in myocardial regeneration have been more deeply described. Border zone 

cardiomyocytes of zebrafish injured hearts show accumulation of phospo-Smad3, a common 

readout for Tgf-β signaling activity. Chemical inhibition of Tgf-β receptor Alk4 and Alk5 

(specific for Tgf-β and Activins, respectively) not only reduces Smad3 phosphorylation in 

cardiomyocytes, but it also affects their proliferation (Chablais & Jaźwińska, 2012). Conversely, 

two different genes, encoding Activin type 2 receptor ligands, seem to exert opposing functions 

on myocardial regeneration: inhba (inhibin subunit beta A) is up-regulated during heart 

regeneration, and mstnb (myostatin b) is sharply down-regulated in response to Cryoinjury 

(Dogra et al., 2017). Intriguingly, whereas cardiomyocyte-specific overexpression of inhba or an 

homozygous mutation in the mstnb gene increase myocardial regeneration, cardiomyocyte-

specific overexpression of mstnb or an homozygous mutation in the inhba gene reduce it. 

Furthermore, functioning via different activin type 2 receptors, inhba and mstnb encoding ligands 

have been shown to either activate Smad3 and repress Smad2 (inhba), or activate Smad2 and 

repress Smad3 (mstnb) (Dogra et al., 2017). Together with Smad3, Smad2 is another molecule 

whose phosphorylation mediates the signal transduction of the Tgf-β cascade in the cell. 

Other molecules, such as Vitamin D and Dusp6, have been recently implicated in either a positive 

or in a negative regulation of cardiomyocyte cell-cycle activity, respectively. While Vitamin D 

seems to promote cardiomyocyte proliferation at least partially via ErbB2 signaling (Han et al., 

2019), Dusp6 acts as feedback attenuator of the Ras/MAPK signaling pathway, suppressing 

cardiomyocyte proliferation (Missinato et al., 2018).    

Factors including hypoxia and Pdgf signaling positively regulates cardiomyocyte proliferation; 

hyperoxia, p38α  MAPK and miR-133 negatively regulates cardiomyocyte proliferation (Jopling 

et al., 2012a; Jopling et al., 2012b;  Lien et al., 2006; Yin et al., 2012). 
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Together with the myocardium, the zebrafish heart consists in two more primary layers, namely 

epicardium and endocardium. While the epicardium is a mesothelial layer that envelopes the 

peripheral surfaces of the cardiac chambers, the endocardium is represented by a network of 

endothelial cells lining the lumen of the heart (Kikuchi et al., 2011). During zebrafish myocardial 

regeneration, the endocardium and the epicardium are leading sources of numerous signals 

responsible for an indirect activation of cardiomyocyte proliferation. 

Upon ventricular amputation, organ-wide activation results in the endocardial and epicardial 

expression of genes that are associated with embryonic development, such as aldehyde 

dehydrogenase 1 family, member a2 (aldh1a2), the rate-limiting factor for the synthesis of the 

signaling molecule retinoic acid (Kikuchi et al., 2011; Lepilina et al., 2006). Already at 3 hours 

post amputation (hpa), aldh1a2 expression is detectable in a pan-endocardial fashion throughout 

the whole ventricular chamber (Kikuchi et al., 2011). At 24 hpa, aldh1a2-positive cells 

accumulate at the injury site, where they engulf the fibrotic scar within 7 dpa (Kikuchi et al., 

2011). Similarly, aldh1a2 expression is induced in a pan-epicardial manner as early as 3 dpa 

(Lepilina et al., 2006). Intriguingly, loss of retinoic acid (RA) signaling activity by 

overexpression of cyp26a, encoding a retinoic acid degrading enzyme, limits cardiomyocyte 

proliferation (Kikuchi et al., 2011). This observation suggests that an up-regulation of RA 

signaling upon injury is essential for zebrafish myocardial regeneration. At 14 dpa, epicardial 

cells located at the edge of the injury site show signs of epithelial-to-menenchymal transition 

(EMT) and give rise to epicardial-derived cells (EPDCs), which invade the regenerate. These 

cells establish a novel coronary vasculature that supports myocardial regeneration (Lepilina et al., 

2006). Upon cardiac injury, fgfr2 (fibroblast growth factor receptor 2) and fgfr4, encoding Fgf 

receptors, are up-regulated in epicardial-derived cells, while the ligand Fgf17 (Fibroblast growth 

factor 17) accumulates in cardiomyocytes. Disruption of Fgf signaling by the overexpression of a 

dominant-negative form of fgfr1 is sufficient to impair muscle regeneration, preventing 

endothelial-to-mesenchymal transition in the epicardium and neovascularization of the injured 

area (Lepilina et al., 2006).  

Epicardial cells also produce extracellular matrix components, like fibronectin. While fn1 

(fibronectin 1) and fn1a (fibronectin 1a) are upregulated in the epicardium, the Fibronectin 

receptor encoding itgb3 (integrin, beta 1a) is induced in cardiomyocytes located near to the 

injury site. fn1 loss-of-function mutations or the overexpression of a dominant-negative human 

fibronectin fragment result in regenerative failure and persisted fibrosis (Wang et al., 2013). 
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Furthermore, epicardial-specific depletion of sonic hedgehog a (shha) upon injury affects 

proliferation of cardiomyocytes located in the sub-epicardial layer (Sugimoto et al., 2017).  

Besides the activation of the epicardial and the endocardial layers, the process of 

revascularization and the recruitment of immune cells are also required for cardiomyocyte 

proliferation during zebrafish heart regeneration. 

Regenerating zebrafish hearts display rapid re-vascularization of the injured area, starting as early 

as 15 hpi (Marín-Juez et al., 2016). However, sustained overexpression of a dominant negative 

version of Vegfaa not only affects endothelial regeneration, but also impairs cardiomyocyte 

proliferation and leads to unresolved scarring (Marín-Juez et al., 2016). In zebrafish, 

inflammation is a prompt response to cardiac damage and it is essential for heart regeneration. As 

early as 6 hpi, both macrophages and neutrophils can be found at the injury site (Lai et al., 2017). 

However, while neutrophil recruitment peaks at 2 dpi, macrophage accumulation is a gradual 

process that happens over a period of 7 days from injury (Lai et al., 2017). Interestingly, 

macrophage depletion by injection of clodronate liposomes affects several heart responses to 

injury, including neovascularization, cardiomyocyte proliferation and scar resorption (Lai et al., 

2017). Overall, myocardial regeneration is a process that demonstrates to require a prompt vessel 

invasion of the injured area, accompanied by the activation of a sustained immune response.  

 

The Bmp signaling pathway 

The Bmp signaling pathway exerts a wide variety of functions during embryogenesis, adult 

homeostasis and tissue regeneration (Wang et al., 2014). The Bone morphogenetic proteins 

(Bmps) comprise a group of secreted ligands, belonging to the Transforming Growth Factor-β 

(Tgf-β) superfamily of proteins. Originally discovered for their ability to stimulate ectopic bone 

formation, Bmps have been shown to play innumerable roles in many developmental contexts, 

leading the scientific community to reconsider their name and eventually call them “Body 

Morphogenetic Proteins” (reviewed in Wagner et al., 2010). Bone morphogenetic proteins exert 

their molecular function by either activating the intracellular canonical Smad pathway, or by 

signaling via non-canonical cascades. 

The activation of the Smad-mediated canonical Bmp signaling cascade can be summarized as 

follows (Fig. 2). Bmp ligands are formed as intracellular dimeric precursor proteins, where each 

monomer consists of a signal peptide at the N-terminus, a pro-domain to mediate folding and 
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secretion, and a C-terminal mature sequence (Harrison et al., 2011). In each cell, pro-protein 

convertases are the enzymes responsible for the release of the active C-terminal mature peptides, 

which are subsequently secreted and can bind the corresponding receptors located at the cellular 

membrane (Wang et al., 2014). Thus, secreted Bmp ligands interact with a heterotetrameric 

receptor complex, represented by one dimer of Bmp type I and one dimer of Bmp type II 

receptor. Upon oligomerization, the constitutively active serine/threonine kinase of type II 

receptors phosphorylates in trans the intracellular domain of type I receptors. The activated type I 

receptors in turn phosphorylate the cytoplasmatic receptor-regulated Smads (R-Smads), which 

are Smad1, Smad5, and Smad8 (or Smad9, given the recent switch in nomenclature: Smad 1/5/8 

or Smad 1/5/9). R-Smads are then assembled into a complex with Smad4, the co-mediator Smad 

(co-Smad), and the resulting tetramer is translocated into the nucleus where it interacts with co-

activators and co-repressors, functioning as a transcription factor to control gene expression 

(reviewed in Wang et al., 2014).  

The Smad family also comprises Smad6 and Smad7, commonly defined as inhibitory Smads (I-

Smads). I-Smads compete with R-Smads for the interaction with type I receptors, preventing the 

phosphorylation of R-Smads (Fig. 2). They can also interact with Smad4, preventing the 

assembly of R-Smad/Smad4 complexes; they can recruit ubiquitin ligases to promote type I 

receptor ubiquitination and subsequent degradation, and they can directly repress the 

transcriptional activity of R-Smads (reviewed in Itoh & ten Dijke, 2007). While Smad7 targets 

both Bmp and Tgf-β signaling, Smad6 more particularly acts on Bmp signaling (Moustakas & 

Heldin, 2009). 

Bmp signaling activity is also regulated by extracellular antagonists. These soluble, secreted 

proteins that among others include Cerberus, DAN, Gremlin, Chordin, Twisted gastrulation and 

Noggin, directly act on mature Bmp ligands, preventing their interaction with Bmp receptors in 

the extracellular space (Walsh et al., 2010). As further exemplified in the following sections, 

Noggin overexpression is widely used as a loss-of-function assay to inhibit the Bmp signaling 

activity both in vitro and in vivo (Fig. 2).    
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Figure 2. The Bmp/Smad signaling pathway. The cartoon shows a simplified overview of the canonical Bmp 
signaling pathway. Upon interaction of secreted Bmp ligands with Bmp receptors at the cell membrane, Bmp 
Receptor type I intracellular serine/threonine kinase activity phosphorylates Smad 1/5/9 proteins, which are 
assembled to the common-mediator (Co) Smad. The resulting oligomeric complex is in turn translocated into the cell 
nucleus, where it binds chromatin and regulates gene expression. The Smad family also comprises inhibitory Smads, 
like Smad6 and Smad7, which act at multiple levels to dampen Smad 1/5/9 activity. Noggin3 is a secreted molecule 
that binds the Bmp ligands and prevents their interaction with Bmp receptors. Bmps: Bone Morphogenetic Proteins. 
 

It was mentioned before that Bmp signaling can also act via Smad-independent molecular 

cascades. For instance, Bmp ligands' control of cell migration and actin dynamics have been 

related to the activation of several non-canonical pathways. LIMK1 (LIM Domain Kinase 1) is a 

cytoskeletal mediator, able to phosphorylate and thus inhibit cofilin, an actin depolymerizing 

factor. Tissue culture experiments have shown that LIMK1 interacts with the cytoplasmic tail of 

type II Bmp receptor, and this interaction blocks LIMK1 activity. However, Bmp4 administration 

can alleviate this inhibition, leading to increased levels of phospho-cofilin and promoting 

cytoskeletal rearrangements (Foletta et al., 2003). On this line, Bmp2 administration also induces 

actin reorganization and cell migration via the Rho-GTPase Cdc42 and the PI3K signaling 

pathways (Gamell et al., 2008). Intriguingly, stimulation of Akt phosphorylation and therefore 

activation of PI3K pathway by Bmp2 treatment has been also proposed in an in vitro SMAD4-

null context, where canonical Bmp signaling activity is abrogated (Beck & Carethers, 2007).  

Bmp signaling is also a potent inducer of osteoblastic cell differentiation. Together with an 

induction of R-Smads, osteoblast precursor cell lines treated with Bmp2 exhibit an up-regulation 
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of p-p38 and p-Jnk protein levels, and treatments with specific inhibitors of these pathways affect 

different parameters of osteoblast differentiation (Guicheux et al., 2003).  

Overall, Bmp signaling necessitates the activity of multiple non-canonical pathways to mediate 

several cellular functions, including cytoskeletal rearrangements, cell migration and cell 

differentiation.  

 

Bmp signaling: beneficial or detrimental for cardiac repair? 

Bmp signaling has been implicated in multiple regenerative contexts, including bone repair 

(Rosen, 2009), skin wound healing (Stelnicki et al., 1998) and axon regeneration (Zhong & Zou, 

2014).  

In zebrafish, the Bmp signaling pathway is required for both fin and heart regeneration (reviewed 

in Sehring et al., 2016). Recently, in our laboratory Bmp signaling has been identified as an 

essential regulator of zebrafish cardiomyocyte regeneration (Wu et al., 2016). The canonical 

Smad-mediated Bmp signaling pathway is up-regulated in border zone cardiomyocytes as an 

injury-induced specific signal. Its activation triggers cardiomyocyte de-differentiation and cell 

cycle re-entry, leading to myocardial regeneration (Wu et al., 2016).  

Despite the positive function played during zebrafish heart regeneration, the Bmp signaling role 

upon myocardial infarction in mammals yet needs further clarifications.  

In response to adult myocardial infarction, the activation of the canonical Smad signaling 

pathway is still controversial. In a permanent LAD (Left Anterior Descending Coronary Artery 

ligation) model, immunostaining analyses performed on infarcted heart sections have shown 

localization of pSmad 1/5/9 within endothelial cells and cardiomyocytes located in the peri-

infarct area at 2 days post-myocardial infarction. In contrast, Smad signaling activity could not be 

detected in ventricular tissue prior to injury (Sanders et al., 2016). Consistent results have been 

obtained in an ischemia/reperfusion model: hearts subjected to transient LAD, when compared to 

SHAM-treated siblings, exhibited an increase in pSmad 1/5/9 levels detected by western blotting 

performed on lysates of the ischemic region (Pachori et al., 2010). However, hearts subjected to 

transient TAC (Transverse Aortic Constriction) showed a reduction in myocardial pSmad 1/5/9 

levels, that recovered to basal line four weeks after the release of TAC (Merino et al., 2016). 

Overall, these controversial results might still be due to the employment of different procedures 

to simulate infarction in the mouse model, which may lead to different phenotypic outcomes. On 
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the other side, western blots performed on lysates isolated from neonatal rat cardiomyocytes that 

were previously subjected to hypoxic conditions or to a hypoxia/reoxygenation regime, have 

shown a strong accumulation of pSmad 1/5/9 when compared to the control group (Pachori et al., 

2010). These data suggest that under stressing conditions neonatal cardiomyocytes can activate 

canonical Bmp signaling.  

Intriguingly, loss-of-function analysis support opposing roles of Bmp signaling in zebrafish and 

mouse models. Whereas in vivo NOGGIN injection in mouse limits cardiomyocyte apoptosis and 

infarct size upon adult myocardial infarction (Pachori et al., 2010), transgenic noggin3 

overexpression in zebrafish upon heart injury does not affect apoptosis, but severely impairs 

cardiomyocyte regeneration (Wu et al., 2016). According to these statements, the endogenous 

Bmp signaling pathway seems to be active in both models, but it plays opposing roles on cardiac 

tissue. While in zebrafish endogenous Bmp signaling exerts a pro-regenerative function upon 

injury, in mouse it limits cardiac repair (Fig. 3).   

To better dissect the molecular mechanisms of Bmp action in mouse cardiac repair, several Bmp 

ligand-specific gain-of-function and loss-of-function studies have been lately performed. In 

cultured mammalian cardiomyocytes, exogenous BMP2 protein administration was found to 

induce cell-cycle activity and to diminish apoptotic cell death (Chakraborty et al., 2013; Izumi et 

al., 2001), while BMP4 administration has been shown to enhance apoptosis and hypertrophy 

(Sun et al., 2013). However, in our hands treatment of cultured mammalian cardiomyocytes with 

either BMP2 or BMP4 enhanced hypertrophy and did not affect proliferation (Wu et al., 2016). 

Thus, in vitro effects of BMP2 and BMP4 administration on cultured cardiomyocytes appear 

controversial. On the other side, a transfection of cultured cardiomyocytes with a recombinant 

BMP7 protein significantly counteracted ischemia-reperfusion injury, reducing cell apoptosis, 

lipid peroxidation, and preventing intracellular Ca2+ overload (Xu et al., 2010).  

Nevertheless, in vivo studies seem to more clearly suggest opposing roles for BMP2 and BMP4 

in cardiac repair. In vitro BMP2 treatment can induce mesenchymal stem cells to differentiate 

into functional cardiomyocytes. Transplantation of these BMP2-induced cardiomyocytes into 

infarcted rat hearts can improve functional recovery and reduce scar size (Wang et al., 2018). 

Thus, in vitro BMP2 administration may be sufficient to instruct stem cells to become 

myocardial-restricted, making differentiated cardiomyocytes available and applicable to improve 

heart repair in vivo. On the contrary, in vivo loss-of-function of Bmp4 limits infarct size and 

cardiac apoptosis upon myocardial infarction in mouse (Pachori et al., 2010). More recently, it 
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has been reported that after myocardial infarction, while exogenous BMP7 facilitates in 

vivo cardiac functional recovery in adult rats (Jin et al., 2017b) and reduces the extent of left-

ventricular hypertrophy in adult mice (Merino et al., 2016), Bmp7 loss-of-function enlarges the 

left-ventricular wall and augments hypertrophy in adult mice (Merino et al., 2016). Thus, 

cumulative data in mammals currently indicate a BMP2 and BMP7 beneficial effect versus a 

BMP4 detrimental activity on cardiac response to injury. 

So far, little is known about the role of other Bmp ligands in cardiac repair processes. In vitro 

analyses have shown that BMP10 administration can stimulate cell cycle progression in neonatal 

and adult cardiomyocytes (Sun et al., 2014). Thus, further investigations are still needed to 

dissect the molecular details that orchestrate the Bmp signaling mode-of-action both in zebrafish 

and in mammals. 

 

 

Figure 3. Opposing roles for the Bmp signaling pathway in regenerative (zebrafish) and in non-regenerative 
(mouse) models. In both zebrafish and mouse, the endogenous Bmp signaling pathway is activated as an injury-
induced signal. However, while in zebrafish it is essential for heart regeneration, in mouse it limits the capability of 
the heart to repair.  
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Motivation and aim of the study 

Investigating the molecular mechanisms that orchestrate zebrafish heart regeneration has recently 

become a promising approach to explore novel therapeutic interventions applicable to mammals. 

In particular, given its remarkable potential to regenerate lost myocardial tissue, the zebrafish 

model might help to unravel innovative strategies to replace lost cardiomyocytes in response to 

myocardial infarction in humans. 

Among others, the Bmp signaling pathway has been shown to be essential for zebrafish heart 

regeneration. In response to cardiac damage, Bmp/Smad canonical signaling is up-regulated in 

spared cardiomyocytes located at the wound border. Its activation triggers cardiomyocyte de-

differentiation and cell cycle re-entry, leading to cardiomyocyte proliferation and myocardial 

regeneration (Fig. 4).   

 

Figure 4. Current model for the role of Bmp signaling during zebrafish myocardial regeneration.  
Bmp signaling is up-regulated in border zone cardiomyocytes as an injury-induced specific signal. Its activation 
triggers de-differentiation and cell cycle re-entry of cardiomyocytes, leading to their proliferation and ultimately to 
myocardial regeneration. 

The endogenous Bmp signaling pathway has been shown to play opposing functions in cardiac 

regenerative versus cardiac non-regenerative contexts. Whereas Bmp loss-of-function limits 

cardiomyocyte proliferation and severely affects the process of wound resorption in injured 

zebrafish hearts (Wu et al., 2016), it reduces cardiac apoptosis and limits scar size upon 

myocardial infarction in mouse (Pachori et al., 2010).  

These evidences point at a model in which endogenous Bmp pathway is triggered as an injury-

induced specific signal in both contexts, but it exerts opposing roles.  

Thus, how can this striking difference between the two cardiac models be clarified? 

Several biological questions should be addressed in order to provide an explanation: 

 Which Bmp ligands are responsible for the injury-induced activation of Bmp/Smad 

signaling during zebrafish heart regeneration? Different Bmp ligands might be 
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responsible for opposing Bmp signaling roles in regenerative versus non-regenerative 

cardiac contexts. 

 Which are the main downstream mediators of the pro-regenerative Bmp signaling 

function during zebrafish heart regeneration? In response to myocardial damage, the Bmp 

signaling pathway might induce the expression of different downstream targets in the 

zebrafish versus the mouse heart, either promoting or preventing heart repair. 

 Is Bmp signaling active in other regenerative or non-regenerative cardiac contexts? 

Whether the canonical Smad-mediated Bmp signaling pathway is active in the 

regenerative neonatal heart or in the non-regenerative medaka heart remains an 

unanswered question. Investigating the molecular mode of action of Bmp signaling in 

several cardiac models could help to explain different functions in different cardiac-

injured contexts.  

 Does Bmp pathway interact with other injury-induced signals during zebrafish heart 

regeneration? The interplay between different injury-triggered responses in heart 

regeneration remains a poorly understood phenomenon. Comprehending the interaction 

between Bmp pathway and other signals could unravel essential molecular mechanisms 

that regulate heart regeneration. 

Overall, dissecting the molecular details that orchestrate the Bmp signaling activity in heart repair 

will raise hopes for therapeutic solutions to efficiently tackle myocardial infarction in humans. 

 

 
 
 
 
 
 
 
 
 
 
 



 

23 
 

Materials and Methods 
 
Technical equipment 

Agarose electrophoresis system: C.B.S. Scientific CO 

Balance: GT4800, Ohaus; Basic, Sartorius 

Borosilicate glass capillaries: TW100-4, WPI 

Centrifuges: 5415 D, Eppendorf; GS-15R, Beckmann; 

Biofuge, Heraeus; Megafuge 11R, Heraeus 

CO Ball joint holder:  WPI 

Confocal microscopes: SP5, SP8, Leica 

Cryostat: CM3050 S Research, Leica 

Electroporator: Gene Pulser and Pulse Controller, BioRad 

Forceps: 13 mm straight, Roth; Dumont #5 and #55, WPI 

Heat shock system: Lauda E300, Ecoline star edition; Lauda ECO 

Gold 

Incubator: Centromat H, B. Braun; TS 606 / 4-1, WTW; 

B6200, Heraeus 

Magnetic Stand:  Combinmag RET, IKA 

Microcentrifuge: MiniStar silverline, VWR 

Microinjector: PV830 Pneumatic Pico Pump, WPI 

Micromanipulator: KITE-R, WPI 

Micropipette Puller:  Flaming/Brown P-97, Sutter 

Microscopes: BX 60, Olympus; SZ61, Olympus; SZX16, 

Olympus 

Pipettes: Research, Eppendorf 

Rocking table: Rocky, Fröbel GmbH 

Shaker: Centromat R, B. Braun 

Spectrophotometer: NanoDrop NC-1000, Peqlab; NanoDrop 2000C, 

ThermoScientific 

Stereo fluorescence microscopes: BX 60, Olympus; MVX10, Olympus; M205FA, 

Leica; Axiophot, Zeiss 
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Syringe: Nanofil 100 µl, WPI 

Thermocycler: MyCycler Thermal Cycler, BioRad 

Thermomixer: Thermomixer comfort, Eppendorf 

Vacuum gas pump: VWR 

Vortex: REAX 200, Heidolph 

Water bath: Köttermann 

 

Consumables 

General plastic ware was purchased from Sarstedt. 

Coverslip: Roth 

LTD Syringe needles: Microlance, BD 

Microscope slides: Cut edges, frosted end, Roth; Superfrost Plus, 

ThermoScientific 

Pipettes: Costar Stripette, Corning 

Surgical disposable scalpel: Aesculab 

Transfer pipet: 3.5 ml, Sarstedt 

 
Reagents and Buffers  

Phosphate Buffered Saline: 1.7 mM KH2PO4, 5.2 mM Na2HPO4, 150 mM NaCl, pH 7.4 

Phosphate buffer:  0.1 M Na2HPO4·2H2O, 18.8 µM NaH2PO4·H2O in H2O, pH 7.4 

PEM:    80 mM Na-Pipes, 5 mM EGTA, 1 mM MgCl2·6H2O, pH 7.4 

PEMTx:   0.2 % Triton X-100 in PEM 

PEMTx/NCS:   89 % PEMTx, 1% DMSO, 10% Newborn Calf Serum 

Sodium citrate buffer:  10 mM sodium citrate (tri-sodium citrate dihydrate), pH 6.0 

E3 embryo medium:  5 mM NaCl, 0.17 mM KCL, 0.33 mM CaCl2 x 2H2O, 

    0.33 mM MgSO4·7H2O, 0.2% (w/v) methylene blue, pH 6.5 

Paraformaldehyde fixative: 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 

4% Sucrose solution:  4% (w/v) sucrose in 0.1 M Phosphate buffer 

30% Sucrose solution: 30% (w/v) sucrose in 0.1 M Phosphate buffer  

DAPI:    10 mg/ml stock solution (Sigma) diluted 1:10,000 in PEM 

Tricaine solution (24x): 0.4% (v/w) Tricaine in 15 mM Tris, pH 7 
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Chemicals 

All generally used chemicals were purchased from AppliChem, Merck, Roth, Sigma or VWR, if 

not indicated otherwise. 

BSA (Bovin Serum Albumin): 

DMSO (Dimethyl Sulfoxide) : 

LDN 193189 hydrochloride: 

Roche 

Sigma-Aldrich 

Sigma-Aldrich 

Methylcellulose A15 C Prem: Clinic-pharmacy, University Hospital Dresden  

Mounting medium: 75% glycerol in PBS, Sigma 

Mounting medium for fluorescence: Vectashield (Hard Set) H-1400, Vector 

Tricaine methanesulfonate (MS-222): Sigma  

Tissue freezing medium (TFM): NEG-50 colorless, Thermo Scientific 

 

Molecular biology and biochemistry kits 

Restriction enzymes and DNA modifying enzymes were purchased from New England Biolabs 

(NEB) or Thermo Scientific. 

Deoxynucleotide Solution Mix: NEB 

DIG RNA Labeling Mix: Roche 

Edu-Click 647: Baseclick 

Fast Plasmid Mini Kit, 5 Prime: NEB 

Gene Ruler 1 kb Plus DNA ladder: 

I-SceI (10 U/µl): 

KASP Assay Mix, KASP Genotyping Mix: 

Fermentas 

Thermo Fisher Scientific 

LGC  

mMessage mMachine Kits (Sp6, T7, T3): Invitrogen 

Plasmid Plus Midi Kit: 

RNAscope Multiplex Fluorescent Assay v2: 

Qiagen 

ACDBio 

ProtoScript® II First Strand cDNA Synthesis Kit: NEB 

Proteinase K: Invitrogen 

QIAquick gel extraction kit: Qiagen 

QuickLyse Miniprep kit: 

RNeasy Mini Kit: 

Qiagen 

Qiagen 
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Fish lines and husbandry 

All experiments using adult zebrafish have been approved by the state of Baden-Württemberg 

(Tierversuch Nr. 1193 and 1352) and the animal protection representative of Ulm University. 

Zebrafish of ~ 6 to 12 months of age were used.  

Zebrafish embryos were collected shortly after fertilization and housed in an incubator at 28.5 °C 

in embryo E3 medium until 6 days post fertilization (dpf), then they were transferred in our 

housing facility. In the zebrafish facility, housing conditions for all fish irrespective of age were 

the following: 27 °C water temperature, pH 7.4, 14/10 hours light/dark cycle, ~6-10 fish per liter. 

The following previously published mutant lines were used in this study: bmp2bta72a (Mullins et 

al., 1996); bmp4st72 (Stickney et al., 2007); bmp7aty68a (Mullins et al., 1996).  

The following previously published transgenic lines were used in this study: hsp70l:bmp2bfr13tg 

(Chocron et al., 2007); hsp70l:cyp26a1kn1tg (Kikuchi et al., 2011); hsp70l:nog3fr14Tg (Chocron et 

al., 2007). 

The following transgenic lines were created for the purpose of this study: hsp70l:nT-p2a-bmp2b 

(Simone Redaelli, Weidinger lab); hsp70l:nT-p2a-bmp4 (Simone Redaelli, Weidinger lab); 

hsp70l:nT-p2a-bmp7a (Simone Redaelli, Weidinger lab); cmlc2(5.1):prdx1-GFP (Gilbert 

Weidinger, Weidinger lab); hsp70l:prdx1-GFP (Chi-Chung Wu, Weidinger lab). 

The following wild-type (WT) strains were used to generate transgenes and to perform 

experiments: WT-AB, WT-Gol and WT-Wik. 

 

Plasmids, constructs and oligonucleotides 

Constructs used to synthesize capped sense RNA: pCSP2+bmp2b; pCSP2+bmp4; 

pCSP2+bmp7a.  

GFP RNA was synthesized from a vector containing the optimized mGFP5 sequence (Siemering 

et al., 1996), flanked by Xenopus beta-globin 5´ and 3´ untranslated regions to enhance 

translation efficiency.  

Constructs used to establish hsp70l:nT-p2a-bmp2b, hsp70l:nT-p2a-bmp4 and hsp70l:nT-p2a-

bmp7a transgenic lines are summarized in the schematics (Fig. 5). 

We made use of the 2A multi-gene expression system, previously adopted for the zebrafish 

model (Provost et al., 2007). The 2A protein sequence is an optimized viral peptide where bond 
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formation between glycine and proline residues is poorly efficient. Co-translation of multiple 

unfused proteins is mediated by the placement of the 2A sequence between tandem cDNAs. 

 
Figure 5. Strategy to drive the conditional expression of Bmp ligands. Upon heat-shock, a unique mRNA is 
synthesized. During translation, the 2A peptide mediates the formation of unfused proteins. SP6: Promoter sequence. 
SV40: polyadenylation tail.  
 

The CDS of bmp2b, bmp4 and bmp7a was cloned in a backbone containing:  

 1.5 kilobases of the promoter of the zebrafish heat-shock protein 70-4 (published in 

Halloran et al., 2000); 

 nuclear dTomato encoding sequence; 

 p2a viral peptide encoding sequence (adapted for zebrafish in Provost et al., 2007). 

These constructs were also used to synthesize the following capped sense RNA: nT-p2a-bmp2b; 

nT-p2a-bmp4; nT-p2a-bmp7a. 

 

Oligonucleotides used to amplify the CDS of genes of interest (sequence 5´ to 3´): 

bmp2b: 

AATAAAACTAGTATGGTCGCCGTGGTCCGC (forward) 

AATAAAGATATCAGATCTTCATCGGCACCCACAGCCC (reverse) 

bmp4: 

AATAAAACTAGTATGATTCCTGGTAATCGAATGCTGATGGTCATTTTATTAT (forward) 

AATAAATACGTAAGATCTTTAGCGGCAGCCACACCCCTCGAC (reverse) 

bmp7a: 

AATAAAACTAGTATGACTCTAAAAATGTTTCCAGTGCATCTTAT (forward) 
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AATAAATACGTATTAGTGGCATCCGCAGGCTCT (reverse) 

Amplicons were cloned downstream of the sequence encoding the p2a viral peptide. 

 

Synthesis of capped-sense RNA 

Capped sense RNA was synthesized in vitro using mMessage mMachine Kits (Invitrogen). The 

procedure was performed according to the manufacturer instructions. 0.5-0.1 µg of linearized 

DNA was used as template. Following capped sense RNA synthesis, the DNA template was 

removed using DNaseI (TURBO DNase, Invitrogen). Afterwards, a purification step was 

performed using RNeasy Mini Kit (Qiagen) according to the manufacturer instructions. 

Successful capped sense RNA synthesis was verified by agarose gel electrophoresis. The 

resulting RNA was stored at -80 °C. 

 

Injection of capped sense RNA 

Capped sense RNA was injected into wild-type embryos at 1-cell stage. Every embryo was 

injected with 1 nl of RNA solution directly into the blastomere. Shortly after injection, under a 

stereomicroscope the embryos were screened for damage eventually caused by the microinjection 

procedure. Embryogenesis was monitored using stereomicroscopy. 

Listed below are the amounts of RNA of interest that were injected to compare tagged versus 

non-tagged forms of bmp2b RNA, bmp4 RNA and bmp7a RNA: 

 nT-p2a-bmp2b RNA: 111 pg/nl; 64 pg/nl; 16 pg/nl. 
 bmp2b RNA: 70 pg/nl; 40 pg/nl; 10 pg/nl. 

 nT-p2a-bmp4 RNA: 114 pg/nl; 65 pg/nl; 16 pg/nl.  
 bmp4 RNA: 70 pg/nl; 40 pg/nl; 10 pg/nl. 

 nT-p2a-bmp7a RNA: 510 pg/nl; 255 pg/nl. 
 bmp7a RNA: 300 pg/nl; 150 pg/nl. 

To compare the effects of tagged versus non-tagged forms of bmp2b, bmp4 or bmp7a RNAs, 

equimolar amounts of molecules were injected. 

Non-tagged versions of bmp2b, bmp4 and bmp7a RNAs were co-injected with GFP RNA (50 

ng/µl) to monitor the efficiency of injection. 
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Listed below are the amounts of RNA of interest that were injected to rescue the Bmp ligand-

specific mutant lines: 

 To rescue bmp2bta72a: 40 pg/nl bmp2b RNA. 
 To rescue bmp7aty68a: 300 pg/nl bmp7a RNA. 

 

Genotyping of mutant lines 

bmp2bta72a, bmp4st72 and bmp7aty68a mutants were initially genotyped by sequencing. Genomic 

regions surrounding the mutations of interest were amplified by PCR. 

The following primers were used for amplicon sequencing (sequence 5´ to 3´): 

 bmp2bta72a: CAACTCCAACATTCCCAAAGCC 

 bmp4st72: CGAACATGTCGTCCCTTTTGAACTG 

 bmp7aty68a: TTGTGTACTCTTATGAACCCGCGTA 

For a systematic identification of bmp2bta72a and bmp4st72 mutants, the KASP genotyping 

technique was adopted (LGC Biosearch Technology), which is based on competitive allele-

specific PCRs suitable to identify Single Nucleotide Polymorphisms or Insertions/Deletions. 

KASP genotyping was performed according to manufacturer’s instructions, using the following 

thermal programs: 

 

 

 

 

 

 

 

 

 

 

 

 

bmp2bta72a and bmp4st72 alleles 

Hot-start activation 94°C, 15 min 

10 cycles 94°C, 20 sec 
61°C, 60 sec 

26 cycles 94°C, 20 sec 
55°C, 60 sec 

Reading  

Recycling  

3 cycles 94°C, 20 sec 
57°C, 60 sec 

Reading 
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Plates were run and read by a BIO-RAD CFX machine. 

Primers mix for identification of bmp2bta72a and bmp4st72 alleles were designed and provided by 

LGC Biosearch Technology (KASP by Design). 

  

Injection of transgenic constructs and identification of founders  

Transgenic fish lines generated in this study were established using the I-Scel meganuclease 

technique. 50 pg of plasmid DNA carrying an I-Scel meganuclease site was injected into in 

1-cell stage embryos together with I-SceI protein. Injected embryos were raised to 

adulthood and outcrossed to assess germ-line integration of the construct of interest. At 50% 

epiboly, progeny resulting from hsp70l:nT-p2a-bmp2b, hsp70l:nT-p2a-bmp4 or hsp70l:nT-p2a-

bmp7a was heat-shocked at 37°C for 1 hour and then screened according to appearance of 

fluorescence. At 24 hpf, positive embryos were classified according to the penetrance of their 

ventralization phenotype, as described in Kishimoto et al., 1997 and Nakamura et al., 2007.   

 

Cryoinjury, heat-shocks and drug treatments  

Zebrafish cryoinjury was performed as reported before (Wu et al. 2016). Fish were anesthetized 

with 0.02% Tricaine (MS-222) and transferred to a moist sponge for surgery. An incision through 

the body wall and the pericardial sac was made anteriorly to the posterior medial margin of the 

heart with a pair of straight iridectomy scissors, reaching about 2/3 of the length of the heart. The 

incision was spread open with a pair of fine forceps. The ventricle was exposed by gently 

pressing against the sides of the fish. A liquid nitrogen-cooled copper filament of 0.5 mm 

diameter was applied to the apex of the ventricle for around 15 seconds to cause the cryoinjury. 

After surgery, the fish were returned to fish system water. Fish were revitalized using a pipette to 

vigorously squirt water over the gills, until they re-acquired regular breath. Fish were then 

returned to circulating water in the housing facility after recovery. In SHAM operations, fish 

were treated as the injured ones, but the heart was left untouched after pericardial opening. 

A similar procedure was followed to perform medaka cryoinjury. 

For experiments involving heat-shock inducible gene expression, fish were incubated at 37°C for 

1 hour in a heat-shock tank. Afterwards, the water temperature was reduced to 27°C within 15 
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minutes. For short-term heat shock regimes, fish were heat shocked once at 7 dpi; for long-term 

heat shock regimes, fish were heat-shocked once a day. 

For drug treatment, fish were incubated in fish water containing the drugs at a density of 7 

fish/500 ml. Fish were kept in dark and drugs were exchanged daily. LDN 193189 hydrochloride 

(Sigma-Aldrich SML0559) was applied at 1 µM and DMSO was used as a solvent control.  

 

Apical resection of P1 mice  

Apical resection of P1 neonatal mice consisted in surgical removal of the apical part of the 

heart. P1 mice were anaesthetized in ice for 3 min. Upon skin incision, lateral thoracotomy at 

the third intercostal space was applied by blunt dissection of the intercostal muscles. After 

resection, thoracic wall incisions were sutured and the wound was closed using skin adhesive. 

Mice were then warmed until recovery (The procedure was performed in Tzahor’s lab, 

Weizmann Institute of Science, Israel, as described in Bassat et al., 2017). 

 

Tissue fixation and sectioning 

For immunofluorescence stainings, hearts were harvested, fixed in 4% paraformaldehyde (PFA) 

(in phosphate buffer) at room temperature for 1 h, washed three times for 10 min each in 4% 

sucrose/phosphate buffer and equilibrated in 30% sucrose (in phosphate buffer) overnight at 4 °C.  

Hearts were then embedded into tissue freezing medium and cryosectioned (10 µm sections). 

 

Immunofluorescence staining 

Immunostainings were performed as previously described (Wu et al. 2016). The heart sections 

were washed three times in PEMTx for 10 min and blocked with PEMTx/NCS for 1 h at room 

temperature in a humidified chamber. For PCNA, antigen retrieval was performed by heating the 

slides at 85 °C in 10 mM sodium citrate buffer (pH 6.0) for 10 min before the blocking step. After 

blocking, the primary antibodies were applied overnight at 4 °C in a humidified chamber. The 

slides were then washed in PEMTx (three times, 15 min each), and subsequently incubated with 

secondary antibodies for 1 h at room temperature in a humidified chamber. After secondary 

antibody incubation, the slides were again washed in PEMTx (three times, 10 min each). Nuclei 
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were counterstained by incubation with DAPI solution for 10 min. Finally, the slides were 

mounted with Vectashield anti-fade mounting medium and cover glasses. 

Primary antibodies used were: anti-Cardiac Troponin T (Abcam #ab8295), anti-dsRed (Clontech 

#632496), anti-GFP (Abcam #ab13970), anti-L-plastin (gift of Dr. Michael Redd), anti-MF20 

(Developmental Studies Hybridoma Bank), anti-Myl7 (Genetex #GTX128346), anti-PCNA 

(Dako #M0879) and anti-pSmad 1/5/9 (Cell signaling #13820). Secondary antibodies conjugated 

to Alexa 488, 555 or 633 (Invitrogen) were used at a dilution of 1:1000. Nuclei were stained with 

DAPI (4´, 6-diamidino-2-phenylindole).  

EdU injection was performed as follows:  

 Fish were anesthetized and injected with 10 µl EdU (10 mM) diluted in PBS;  

 Injections were performed intraperitoneally just proximal to the anal fin using a 100 µl 

syringe (WPI).  

EdU staining on heart sections was performed using the Edu-Click 647 kit according to the 

manufacturer’s instructions (Baseclick).  

 

In situ hybridization 

RNAscope in situ hybridization (ACDBio) was performed on cryosectioned hearts according to 

the manufacturer’s procedure for fixed frozen tissues (RNAscope Multiplex Fluorescent Assay 

v2, Cat. No. 323100). Target retrieval pretreatment was not performed. 

Probes used were: Dr-bmp2b (Cat No. 456471), Dr-bmp4 (Cat No. 511121), Dr-bmp7a (Cat No. 

517591), Dr-id1 (Cat No. 517531), Dr-id2a (Cat No. 444631), Dr-id2b (Cat No. 517541), Dr-

prdx1 (Cat No. 517551). 

 

Imaging 

All images of immunofluorescence stainings are single optical planes acquired at 20X 

magnification with Leica Sp5 or Sp8 confocal microscopes.  

Representative images of uninjected, injected and heat-shocked embryos were acquired using a 

stereo fluorescence microscope (M205FA, Leica).  
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Quantification and statistical analyses 

For quantifications of heart regeneration assays, 2 or 3 sections with the biggest wounds were 

selected per heart. Quantifications of PCNA expression and EdU incorporation were performed 

in cardiomyocytes situated within 150 µm from the wound border. For quantification of native 

GFP and nTomato expression or RNA scope in situ hybridization (positive signal corresponding 

to mRNA transcripts), ImageJ was used to select and quantify the region of interest by using 

threshold function.  

All quantifications were plotted using Prism 6 software. Error bars represent confidence intervals 

95% (C.I. 95%). For testing significance between two groups, two-tailed unpaired student’s t-test 

was used, except where otherwise indicated. For testing significance in case of multiple groups, 

one way ANOVA was performed, which was then followed by a Bonferroni post hoc multiple 

comparison test. In figures, p-values (p) are directly indicated in graphs on top of each 

comparison.  
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Results 

bmp2b, bmp4 and bmp7a are up-regulated upon cryoinjury 

In mouse, different BMP ligand-specific gain-of-function studies have been lately performed, 

leading to controversial results. In cultured mammalian cardiomyocytes, while the exogenous 

administration of BMP2 protein was found to induce cell-cycle activity and to diminish apoptotic 

cell death (Chakraborty et al., 2013; Izumi et al., 2001), BMP4 administration has been shown to 

enhance apoptosis and hypertrophy (Sun et al., 2013). However, in another study treatment with 

either BMP2 or BMP4 of cultured mammalian cardiomyocytes led to enhanced hypertrophy and 

did not affect proliferation (Wu et al., 2016). More recently, it has been reported that exogenous 

BMP7 facilitates in vivo cardiac functional recovery after myocardial infarction (Jin et al., 

2017b). 

In order to better elucidate the in vivo spatio-temporal activity of Bmp signaling and to identify 

the Bmp ligands responsible for its activation in zebrafish heart regeneration, we performed 

RNAscope in situ hybridization experiments for bmp2b, bmp4 and bmp7a on cryosections of 

zebrafish injured heart. The RNAscope technology is a high-definition in situ hybridization assay 

that is predicted to allow the visualization of single RNA molecules. Furthermore, it can be 

efficiently combined with immunohistochemistry on zebrafish heart sections, allowing the 

identification of cellular sources responsible for gene expression. In a previous study, bmp2b and 

bmp7a were specifically found to be up-regulated at the wound border of zebrafish cryoinjured 

hearts (Wu et al., 2016), making them suitable candidates to be investigated during myocardial 

regeneration. However, the cell types responsible for their expression were not identified.  

According to this study, in SHAM operated hearts, where the surface of the ventricle is surgically 

exposed but left untouched by the frozen cryoprobe, the expression of all three genes (bmp2b, 

bmp4 and bmp7a) is barely detectable (Fig. 6, white arrows). At 7 days post-injury (dpi), while 

bmp2b and bmp7a are slightly up-regulated in cardiomyocytes, bmp4 is more strongly induced 

(Fig. 6; Fig. 7 A, B, C). The gene expression signal was quantified in cardiomyocytes located 

within 150 µm from the wound border. The cytoplasmic marker Myl7 was used as a 

counterstaining for cardiomyocytes. According to the RNAscope design, the in situ hybridization 

signal should appear as distinct punctae, each representing an individual RNA molecule. 

However, in our hands the signal was either represented by dots of variable sizes, or by stripes 

(Fig. 6). Given that the nature of this detection did not allow a reliable counting of single punctae, 
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we decided to quantify the area of cardiomyocytes covered by the RNAscope signal (Fig. 7 A, B, 

C).  

These data suggest an up-regulation of bmp2b, bmp4 and bmp7a in the regenerating myocardium 

at 7 dpi, when cardiomyocyte proliferation is sustained (Chablais et al., 2011).  
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Figure 6. bmp2b, bmp4 and bmp7a are up-regulated in cardiomyocytes upon cryoinjury.  
In SHAM-injured hearts bmp2b, bmp4 and bmp7a expression is barely detectable in cardiomyocytes (white arrows). 
In cryoinjured hearts, bmp2b and bmp7a are slightly up-regulated in cardiomyocytes, while bmp4 is more strongly 
induced. bmp2b, bmp4 and bmp7a: red; Myl7 (cardiomyocyte marker): green; DAPI: blue. The white squares mark 
the region magnified in the corresponding insets. Scale bars: overview, 100 µm; insets, 30 µm.  
 
 



 

37 
 

 
 
Figure 7. Quantification of bmp2b, bmp4 and bmp7a expression in cardiomyocytes.  
The graphs show the percentage of cardiomyocyte area positive for bmp2b (A), bmp4 (B) or bmp7a (C) in SHAM-
operated hearts and in 7 dpi hearts within 150 µm from the wound border. Error bars, mean ± CI 95%. n = 7, 7. 
Unpaired two-tail t-test, p-values are indicated in graphs on top of each comparison. 7 dps: 7 days post-SHAM; 7 
dpi: 7 days post-injury. 
 

Cardiomyocyte cell cycle re-entry is affected in bmp7a mutants, but not in bmp2b or bmp4 

mutants 

It was already reported that zebrafish homozygous carriers for a loss-of-function mutation in 

bmpr1aa, which encodes a Bmp receptor, showed compromised PCNA expression in 

cardiomyocytes at 3 and 7 dpi (Wu et al., 2016). 

In zebrafish, several Bmp ligand-specific mutant lines are available and can be used to investigate 

the physiological function of Bmp ligands in zebrafish heart regeneration.   

The bmp2bta72a allele harbours a point mutation in the STOP codon, which is converted into a 

tryptophan residue (Nguyen et al., 1998) (Fig. 8A). The resulting open reading frame is extended 

by six amino acids, before a new STOP codon is encountered (Nguyen et al., 1998). It is well-

known that Bmp ligands are functional in a dimeric state. Crystallographic reconstructions 

suggested that the carboxy terminal residue of the Bmp ligands is located at the interface between 

the monomers (Daopin, et al., 1992; Griffith, et al., 1996; Schlunegger & Grütter, 1992). Thus, an 

extension of six amino acids at the C-terminus may alter the topology of the dimer, causing 

instability and preventing the ligand-receptor interaction.  

It is well-described that a fine regulation of Bmp signaling activity is essential for the proper 

early dorso-ventral patterning of the zebrafish embryo. During embryonic development, embryos 
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homozygous for bmp2bta72a display severe dorsalization phenotypes, where posterior and ventral 

anatomical structures are absent and the dorso-ventral patterning of the embryonic body is totally 

disrupted (Kishimoto et al., 1997). This phenotype suggests a severe loss of Bmp signaling 

activity. Despite the embryonic-lethality of the bmp2bta72a mutation (Mullins et al., 1996), 

homozygous embryos can successfully be raised to adulthood by wild-type bmp2b mRNA 

injection (Kishimoto et al., 1997). 

On these basis, we attempted to rescue bmp2bta72a homozygous mutants, in order to study bmp2b 

function in zebrafish adult heart regeneration. It was previously reported that rescued bmp2bta72a 

homozygous adult fish show vestibular dysfunctions (Hammond et al., 2009). This malformation 

causes an abnormal swimming behaviour, according to which the fish lose their dorso-ventral 

orientation when turning direction. In our hands, this phenotype could be spotted in 100% (n=9) 

of bmp2bta72a homozygous adult fish (data not shown). 

In this study, we report the rescue efficiency of one clutch of embryos. 25% of injected embryos 

resulting from an incross of bmp2bta72a heterozygous carriers were expected to be homozygous 

for the mutation (Fig. 8B). In our hands, 78% of bmp2bta72a homozygous mutants were 

successfully rescued to adulthood (Fig. 8B). 

 

 
Figure 8. Efficiency of bmp2bta72a rescue to adulthood.  
In figure A, the nature of ta72a allele is illustrated. A point mutation (A-to-G) in the STOP codon, converts the 
STOP into a Tryptophan-encoding triplet. N = A or G. In figure B, adult fish resulting from an incross of bmp2bta72a 

heterozygous parents and injected as embryos with bmp2b mRNA, are grouped according to their genotype 
(Observed genotypic distribution). The expected genotypic distribution of wild-type, heterozygous and homozygous 
fish resulting from an incross of bmp2bta72a heterozygous fish is indicated. The efficiency of homozygous rescue is 
indicated. n = number of fish. 
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To assess cardiomyocyte cell cycle re-entry during heart regeneration, we performed daily 

intraperitoneal EdU (5-Ethynyl-2´-deoxyuridine) injection in bmp2bta72a mutants from 4 dpi to 6 

dpi. However, when we compared bmp2bta72a/bmp2bta72a mutants with bmp2bta72a/+ or wild-type 

siblings, we did not observe a significant difference in cardiomyocyte proliferation at 7 dpi (Fig. 

9). EdU is a thymidine analogue that is incorporated into the genome during DNA synthesis, thus 

it represents a marker for the S-phase. EdU incorporation was quantified within 150 µm from the 

wound border and cardiomyocytes were counterstained with the cytoplasmic marker MF20. 

To test whether Bmp signaling induction was affected in bmp2bta72a mutants, we stained for 

phospho-Smad 1/5/9 (pSmad 1/5/9), a common readout for the canonical Smad-mediated Bmp 

signaling pathway (Wu et al., 2016). To note: Smad9 was previously called Smad8. Therefore, 

the antibody against Smad8 has also changed in nomenclature as follows: from anti-phospho 

Smad 1/5/8 to anti-phospho Smad 1/5/9. No clear difference could be observed in cardiomyocyte 

nuclear accumulation of pSmad 1/5/9 between bmp2bta72a homozygous mutants, bmp2bta72a 

heterozygous mutants or wild-type siblings (Fig. 10). pSmad 1/5/9+ cardiomyocytes were 

quantified within 150 µm from the wound border and cardiomyocytes were counterstained with 

the cytoplasmic marker MF20. Although we could not spot a difference in cardiomyocyte nuclear 

accumulation of pSmad 1/5/9 between bmp2bta72a homozygous mutants, bmp2bta72a heterozygous 

mutants and wild-type siblings, the average percentage of pSmad 1/5/9+ cardiomyocytes detected 

at the wound border in the reported experiment was lower than previously published findings 

(Wu et al., 2016). Furthermore, pSmad 1/5/9 accumulation in cardiomyocytes showed a high 

degree of variability among hearts of the same experimental group (Fig. 10). 

Thus, to better verify whether the loss of Bmp2b activity affected the overall activation of the 

Bmp signaling pathway upon injury, we performed RNAscope in situ hybridization experiments 

for id1 (inhibitor of DNA binding 1, HLH protein), a well-known Bmp downstream target in 

zebrafish heart (Wu et al., 2016) and a suitable readout gene for Bmp signaling (Kamaid et al., 

2010; Leung et al., 2013). Surprisingly, bmp2bta72a homozygous hearts exhibited an up-regulation 

of id1 in cardiomyocytes, suggesting that a loss of Bmp2b physiological function could increase 

Bmp signaling activity during regeneration (Fig. 11). In zebrafish, it is well-known that 

deleterious mutations can trigger genetic compensation, thus masking any obvious phenotype 

(Rossi et al., 2015). However, in situ hybridization experiments for bmp4 on cryosections of 

bmp2bta72a hearts did not reveal a clear up-regulation of this gene, when compared to wild-type 

siblings (Fig. 12 A, C). In addition, only a mild trend towards an increase in bmp7a expression 
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could be detected in bmp2bta72a zebrafish cryoinjured hearts, when compared to wild-type 

sibilings (Fig. 12 B, D).  

We therefore concluded that loss of Bmp2b activity does not alter cardiomyocyte cell cycle re-

entry, nor it seems to compromise the activation of Smad signaling during zebrafish heart 

regeneration. Despite the up-regulation of id1 in bmp2bta72a homozygous mutants which might be 

an indicator of ongoing compensatory mechanisms, we could not conclude that Bmp4 and 

Bmp7a are the ligands responsible for the Bmp signaling overactivation in this mutated 

background.  

 

Figure 9. Loss of Bmp2b activity does not affect cardiomyocyte cell cycle re-entry upon injury.   
At 7 dpi, neither bmp2b-/-, nor bmp2b-/+ hearts, show any remarkable change in EdU incorporation in cardiomyocytes 
(CMs) within 150 µm from the wound border, when compared to wild-type siblings. MF20 (cardiomyocyte marker): 
green; EdU: red; DAPI: blue. The white square marks the region magnified in the corresponding insets. Scale bars: 
overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 95%. n=7, 5, 6. One-way ANOVA plus Bonferroni’s 
multiple comparisons test; p-values are indicated in graphs on top of each comparison. IP inj. = Intraperitoneal 
injection. 
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Figure 10. Loss of Bmp2b activity does not affect Smad signaling activation upon injury.  
At 7 dpi, neither bmp2b-/-, nor bmp2b-/+ hearts, show any significant change on phospho-Smad 1/5/9 accumulation in 
cardiomyocytes (CMs) within 150 µm from the wound border, when compared to wild-type siblings. MF20 
(cardiomyocyte marker): green; pSmad 1/5/9: red; DAPI: blue. The white square marks the region magnified in the 
corresponding insets. Scale bars: overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 95%. n = 7, 5, 6. One-way 
ANOVA plus Bonferroni’s multiple comparisons test; p-values are indicated in graphs on top of each comparison.  
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Figure 11. Loss of Bmp2b activity induces id1 up-regulation in cardiomyocytes upon injury.  
id1 is up-regulated in cardiomyocytes of bmp2b-/- hearts within 150 µm from the wound border, when compared to 
wild-type siblings. The white square marks the region magnified in the corresponding insets. id1: red; MF20 
(cardiomyocyte marker): green; DAPI: blue. Scale bars: overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 
95%. n = 7, 5, 6. One-way ANOVA plus Bonferroni’s multiple comparisons test; p-values are indicated in graphs on 
top of each comparison. 
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Figure 12. Loss of Bmp2b activity does not affect bmp4 or bmp7a expression in cardiomyocytes upon injury.  
(A, B) Representative images showing bmp4 (A) or bmp7a (B) expression in border zone cardiomyocytes of 
bmp2bta72a mutants. The white square marks the region magnified in the corresponding insets. The white arrows (B) 
point at bmp7a expression in cardiomyocytes.  bmp4 or bmp7a: red; MF20 (cardiomyocyte marker): green; DAPI: 
blue. Scale bars: overview, 100 µm; insets, 30 µm. (C, D) Neither bmp4 (C), nor bmp7a (D) are differentially 
expressed in cardiomyocytes of bmp2b-/- hearts within 150 µm from the wound border, when compared to wild-type 
siblings. bmp4 expression is shown as the percentage of cardiomyocyte area positive for bmp4 signal. bmp7a 
expression is shown as the number of dots per unit of cardiomyocyte area (µm2). Error bars, mean ± CI 95%. n = 7, 6 
(bmp4); n = 7, 6 (bmp7a). Unpaired two-tail t-test, p-values are indicated in graphs on top of each comparison. 
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The bmp4st72 allele harbours a point mutation at position 209, where a glutamic acid residue is 

converted into a STOP codon (Stickney et al., 2007) (Fig. 13A). This mutation leads to truncation 

of Bmp4 protein in the prodomain, supposedly destroying its function. In addition, injection of 

bmp4st72 mRNA in wild-type embryos does not cause ventralization or dorsalization phenotypes 

(Stickney et al., 2007). Overall, these evidences suggest that bmp4st72 is a null allele. 

In contrast to bmp2bta72a mutants, bmp4st72 homozygous embryos are vital and only show subtle 

ventralization phenotypes. They can either display a reduced tail fin or a complete loss of it, with 

diminished tail vasculature and ventral somatic mesoderm (Stickney et al., 2007).  

As expected, KASP genotyping of adult progeny resulting from an incross of bmp4st72 

heterozygous carriers revealed the presence of bmp4st72 homozygous fish (Fig. 13B, blue dots).   

To assess cardiomyocyte cell cycle re-entry during heart regeneration in adult fish, we performed 

daily intraperitoneal EdU injection in bmp4st72 mutants, between 4 dpi and 6 dpi. However, when 

we compared bmp4st72/bmp4st72 mutants with bmp4st72/+ or wild-type siblings, we did not observe 

a significant difference in cardiomyocyte proliferation at 7 dpi (Fig. 14). EdU incorporation was 

quantified within 150 µm from the wound border and cardiomyocytes were counterstained with 

the cytoplasmic marker MF20.  

To test whether the Bmp/Smad signaling induction was affected in bmp4st72 mutants, we stained 

for pSmad 1/5/9 (Wu et al., 2016). No clear difference could be observed in cardiomyocyte 

nuclear accumulation of pSmad 1/5/9 between bmp4st72 homozygous mutants, bmp4st72 

heterozygous mutants or wild-type siblings (Fig. 15). pSmad 1/5/9+ cardiomyocytes were 

quantified within 150 µm from the wound border and cardiomyocytes were counterstained with 

the cytoplasmic marker MF20. Although we could not spot a difference in cardiomyocyte nuclear 

accumulation of pSmad 1/5/9 between bmp4st72 homozygous mutants, bmp4st72 heterozygous 

mutants and wild-type siblings, the average percentage of pSmad 1/5/9+ cardiomyocytes detected 

in the reported experiment was lower than previously published observations (Wu et al., 2016), 

suggesting that in our hands, this assay happened to be less robust (Fig. 15). 

As for Bmp2b, we therefore concluded that loss of Bmp4 activity alone does not alter 

cardiomyocyte cell cycle re-entry, nor it seems to compromise the activation of Smad signaling 

during zebrafish heart regeneration. 
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Figure 13. The nature of bmp4st72 mutation.  
(A) The nature of st72 allele is illustrated. A point mutation (G-to-T) at position 209, converts the glutamic acid 
residue into a STOP codon. K = G or T.  
(B) Example of KASP genotyping plot illustrating the three allelic classes for bmp4st72. RFU of FAM-labelled (X 
axis) or of HEX-labelled (Y axis) alleles are plotted. Orange dots represent wild-type samples; green dots represent 
heterozygous samples (bmp4 st72/+); blue dots represent homozygous samples (bmp4 st72/st72); black dots represent non-
template controls. RFU: Relative Fluorescence Units; FAM: 6-carboxyfluorescein; HEX: Hexachloro-fluorescein.   
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Figure 14. Loss of Bmp4 activity does not affect cardiomyocyte cell cycle re-entry upon injury.   
At 7 dpi, neither bmp4-/-, nor bmp4-/+ hearts, show any remarkable change in EdU incorporation in cardiomyocytes 
(CMs) within 150 µm from the wound border, when compared to wild-type siblings. MF20 (cardiomyocyte marker): 
green; EdU: red; DAPI: blue. The white square marks the region magnified in the corresponding insets. Scale bars: 
overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 95%. n = 6, 7, 4. One-way ANOVA plus Bonferroni’s 
multiple comparisons test; p-values are indicated in graphs on top of each comparison. IP inj. = Intraperitoneal 
injection. 
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Figure 15. Loss of Bmp4 activity does not affect Smad signaling activation upon injury.  
At 7 dpi, neither bmp4-/-, nor bmp4-/+ hearts, show any significant change on phospho-Smad 1/5/9 accumulation in 
cardiomyocytes (CMs) within 150 µm from the wound border, when compared to wild-type siblings. MF20 
(cardiomyocyte marker): green; pSmad 1/5/9: red; DAPI: blue. The white square marks the region magnified in the 
corresponding insets. Scale bars: overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 95%. n = 6, 7, 4. Error 
bars, mean ± CI 95%. n = 6, 7, 4. One-way ANOVA plus Bonferroni’s multiple comparisons test; p-values are 
indicated in graphs on top of each comparison.   

 

The bmp7aty68a allele carries a point mutation at position 130, where a Valine residue is 

substituted by a Glycine one (Schmid et al., 2000) (Fig. 16A). During gastrulation, homozygous 

embryos for bmp7aty68a display less severe signs of dorsalization than bmp2bta72a mutants: at 24 

hours post-fertilization (hpf), bmp7aty68a embryos lack the posterior structure and show a twisted 

trunk around the longitudinal axis (Schmid et al., 2000). Although the bmp7aty68a mutation is 

embryonic-lethal, homozygous embryos can successfully be rescued to adulthood by wild-type 

bmp7a mRNA injection (Nguyen et al., 1998). Given that at high doses (500 pg) bmp7aty68a 

mRNA injection can rescue bmp7aty68a mutants to less severely dorsalized phenotypes, and 

occasionally to a wild-type condition, it was suggested that the bmp7aty68a-derived protein retains 
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minimum physiological activity. Thus, the bmp7aty68a allele most likely represents a hypomorphic 

mutation (Schmid et al., 2000). On these basis, we attempted to rescue bmp7aty68a homozygous 

mutants in order to study bmp7a function during zebrafish adult heart regeneration. In this study, 

we report the rescue efficiency of two independent clutches of embryos. 25% of injected embryos 

were expected to be homozygous for bmp7aty68a (Fig. 16B). In the first pool of injected embryos, 

83% of bmp7aty68a homozygous mutants were successfully rescued to adulthood, while in the 

second one only 16% of them were found as adults (Fig. 16B). Overall, the average efficiency of 

bmp7aty68a rescue was ~50%. 

 
Figure 16. Efficiency of bmp7aty68a rescue to adulthood.  
In figure A, the nature of ty68a allele is illustrated. A point mutation (T-to-G) at position 130 changes a Valine 
residue into a Glycine one. N = T or G. In figure B, adult fish resulting from an incross of bmp7aty68a heterozygous 
parents and injected as embryos with bmp7a mRNA, are grouped according to their genotype (Observed genotypic 
distribution). The expected genotypic distribution of wild-type, heterozygous and homozygous fish resulting from an 
incross of bmp7aty68a heterozygous fish is indicated. The efficiency of homozygous rescue is indicated. n = number 
of fish. 
 

To assess cardiomyocyte cell cycle re-entry during heart regeneration, we performed daily 

intraperitoneal EdU injection from 4 dpi to 6 dpi. When compared to wild-type siblings, 

bmp7aty68a homozygous mutants exhibited a reduced accumulation of EdU in cardiomyocytes at 7 

dpi (Fig. 17). EdU incorporation was quantified within 150 µm from the wound border and 

cardiomyocytes were counterstained with the cytoplasmic marker MF20.  
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Furthermore, the percentage of cardiomyocytes expressing pSmad 1/5/9 was also slightly 

decreased in bmp7a homozygous mutants when compared to wild-type siblings at 7 dpi, 

suggesting a mild reduction of the canonical Bmp signaling activity during zebrafish heart 

regeneration (Fig. 18). pSmad 1/5/9+ cardiomyocytes were quantified within 150 µm from the 

wound and cardiomyocytes were counterstained with the cytoplasmic marker MF20. 

We therefore concluded that loss of Bmp7a activity reduces cardiomyocyte cell cycle re-entry, 

potentially affecting the activation of the canonical Bmp/Smad signaling pathway during 

zebrafish heart regeneration.  

 
Figure 17. Loss of Bmp7a activity affects cardiomyocyte cell cycle re-entry upon injury.  
At 7 dpi, bmp7a-/- hearts display reduced EdU incorporation in cardiomyocytes (CMs) within 150 µm from the 
wound border, when compared to wild-type siblings. MF20 (cardiomyocyte marker): green; EdU: red; DAPI: blue. 
The white square marks the region magnified in the corresponding insets. Scale bars: overview, 100 µm; insets, 30 
µm. Error bars, mean ± CI 95%. n=7, 6. Unpaired two-tail t-test, p-values are indicated in graphs on top of each 
comparison. IP inj. = Intraperitoneal injection. 
 



 

50 
 

 
Figure 18. Loss of Bmp7a activity affects Smad signaling activation upon injury.  
At 7 dpi, bmp7a-/- hearts display reduced phospho-Smad 1/5/9 accumulation in cardiomyocytes (CMs) within 150 
µm from the wound border, when compared to wild-type siblings. MF20 (cardiomyocyte marker): green; EdU: red; 
DAPI: blue. The white square marks the region magnified in the corresponding insets. Scale bars: overview, 100 µm; 
insets, 30 µm. Error bars, mean ± CI 95%. n=7, 6. Unpaired two-tail t-test, p-values are indicated in graphs on top of 
each comparison. 
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Creation of heat-shock inducible lines to conditionally overexpress bmp2b, bmp4 and bmp7a 

In zebrafish, sustained bmp2b in vivo overexpression increases cardiomyocyte proliferation and 

facilitates scar resolution with deposition of newly-formed myocardial tissue (Wu et al., 2016). 

Taking advantage of a pre-existing heat-shock inducible Gal4 line to drive a UAS:bmp4 transgene 

(hsp70l:gal4 x UAS:bmp4; cmlc2:GFP), our laboratory decided to investigate the effect of Bmp4 

overactivation on heart regeneration. Surprisingly, sustained bmp4 overexpression reduced 

cardiomyocyte proliferation at 7 dpi (Wu, Doctoral thesis, Weidinger lab, 2016). Despite such 

intriguing phenotypic outcomes, opposing responses might still be triggered by variable strength 

and kinetics of transgene induction between the hsp70l promoter-driven expression and the Gal4-

UAS mediated system.  

To overcome this potential issue, we decided to establish heat-shock inducible lines to drive 

bmp2b, bmp4 and bmp7a expression in a comparable manner. To this aim, we took advantage of 

the 2A multi-gene expression system, successfully adopted for the zebrafish model (Provost et 

al., 2007). The 2A protein sequence is an optimized viral peptide in which bond formation 

between glycine and proline residues is highly inefficient. The placement of the 2A sequence 

between tandem complementary DNAs (cDNAs) allows co-translation of multiple unfused 

proteins. Making usage of this technology, we could couple Bmp ligand-specific expression to 

nuclear Tomato (nT), a widely used cell nuclear marker. Upon heat-shock (h-s), nT accumulation 

can be used to trace the spatial expression of the transgenes and to quantify their expression 

strength in adult zebrafish hearts. Our strategy is summarised in Material and Methods, Fig. 5. 

Although the excision of the 2A sequence has been shown to be efficient in several contexts 

(Kim et al., 2011), we decided to directly test the in vivo functionality of our nT-tagged bmp2b, 

bmp4 and bmp7a constructs. 

To test whether the nT-tagged version of different Bmp ligands is functionally comparable in 

vivo to the corresponding non-tagged native-like version, we injected serial doses of nT-p2a-

bmp2b, nT-p2a-bmp4, nT-p2a-bmp7a mRNAs and bmp2b, bmp4 and bmp7a mRNAs in the 

zebrafish embryo. We chose a low dose, an intermediate dose and a high dose for direct 

comparison of tagged versus non-tagged forms of bmp2b or bmp4 mRNAs (Fig. 19 and 20). We 

chose a high dose and a low dose for direct comparison of tagged versus non-tagged forms of 

bmp7a mRNAs (Fig. 21). The phenotypic classification was performed at 24 hpf. 
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As expected, injection of both nT-p2a-bmp2b and bmp2b mRNAs caused a dose-dependent 

response. The embryos injected with low or high doses of nT-p2a-bmp2b mRNA exhibited 

slightly stronger ventralization phenotypes, when compared to the embryos injected with 

equimolar amounts of the bmp2b non-tagged version (Fig. 19). Only at intermediate doses, the 

injection of bmp2b mRNA caused stronger ventralization effects than nT-p2a-bmp2b mRNA 

injection (Fig. 19). Injection of serial doses of either nT-p2a-bmp4 or bmp4 mRNA induced 

severe ventralization phenotypes, which resulted in early signs of necrosis even at low 

concentrations (Fig. 20). Injection of bmp7a mRNAs induced milder ventralization phenotypes 

than injections of bmp2b or bmp4 mRNAs (Fig. 21). Nevertheless, high doses of both nT-p2a-

bmp7a (510 pg/nl) and bmp7a RNAs (300 pg/nl) caused severe ventralization effects, as already 

reported in Schmidt et al., 2000. Guidelines for phenotypic classification could be found in 

Kishimoto et al., 1997 and Nakamura et al., 2007 (See Fig. 22C for representative images). 

On these basis, we concluded that as the non-tagged native like versions, the nT-tagged versions 

of Bmp2b, Bmp4 and Bmp7a are functional in vivo and can robustly simulate Bmp gain-of-

function effects during zebrafish development.  
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Figure 19. Injection of tagged versus non-tagged bmp2b mRNA molecules.  
Percentage of embryos that exhibit ventralization phenotypes in response to bmp2b or nT-p2a-bmp2b RNA 
injections. According to the penetrance of the phenotype, embryos were classified as follows: V1 (Ventralization 
class 1), V2 (Ventralization class 2), V3 (Ventralization class 3), V4 (Ventralization class 4). For each direct 
comparison of tagged versus non-tagged forms of bmp2b mRNAs, equimolar amounts of molecules were injected. 
Chi-square test, p-values are indicated in graphs on top of each comparison. pg/e: picograms per embryo.  
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Figure 20. Injection of tagged versus non-tagged bmp4 mRNA molecules.  
Percentage of embryos that exhibit ventralization phenotypes in response to bmp4 or nT-p2a-bmp4 RNA injections. 
According to the penetrance of the phenotype, embryos were classified as follows: V1 (Ventralization class 1), V2 
(Ventralization class 2), V3 (Ventralization class 3), V4 (Ventralization class 4). For each direct comparison of 
tagged versus non-tagged forms of bmp4 mRNAs, equimolar amounts of molecules were injected. Chi-square test, p-
values are indicated in graphs on top of each comparison. pg/e: picograms per embryo.  
 
 
 

 

Figure 21. Injection of tagged versus non-tagged bmp7a mRNA molecules.  
Percentage of embryos that exhibit ventralization phenotypes in response to bmp7a or nT-p2a-bmp7a RNA 
injections. According to the penetrance of the phenotype, embryos were classified as follows: V1 (Ventralization 
class 1), V2 (Ventralization class 2), V3 (Ventralization class 3), V4 (Ventralization class 4). For each direct 
comparison of tagged versus non-tagged forms of bmp7a mRNAs, equimolar amounts of molecules were injected. 
Chi-square test, p-values are indicated in graphs on top of each comparison. pg/e: picograms per embryo.  
 

To test whether our transgenic lines are functional in vivo, we could take advantage of a Bmp 

ligand-specific overexpression assay during zebrafish development. As previously mentioned, an 

overactivation of Bmp signaling during gastrulation disrupts the proper dorso-ventral patterning 
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of embryonic axis, leading to ventralization effects (Kishimoto et al., 1997; Nguyen et al., 1998; 

Schmidt et al., 2000; Nakamura et al., 2007). Progeny resulting from an outcross of hsp70l:nT-

p2a-bmp2b, hsp70l:nT-p2a-bmp4 or hsp70l:nT-p2a-bmp7a carriers with a wild-type (WT) strain, 

were subjected to h-s at 50% epiboly (Fig. 22A). At 24 hpf, while WT embryos had developed 

normally, nT+ embryos showed clear signs of ventralization (Fig. 22 B, C). In contrast to the 

overexpression of bmp2b and bmp4 that induced severe ventralization, bmp7a overexpression 

caused milder effects, recapitulating what previously observed by mRNA injection (Fig. 22B).  

The heat-shock mediated overexpression of bmp7a did not recapitulate ventralization effects as 

severe as those observed upon injection of high doses of nT-p2a-bmp7a mRNA. These 

discrepancies might be due to the existing difference in time and strength of bmp7a 

overexpression mediated by the two independent gain-of-function assays.  

As shown, our newly-established heat-shock inducible lines resembled previous reports of 

phenotypes caused by Bmp gain-of-function assays during zebrafish development, suggesting a 

robust in vivo functional overactivation of Bmp signaling.   
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Figure 22. Heat-shock mediated Bmp2b, Bmp4 or Bmp7a gain-of-function assay in zebrafish development.  
(A) Fish carriers of the transgene were outcrossed with wild-type fish. Resulting progeny was heat-shocked at 50% 
epiboly.  
(B) At 24 hpf, nT+ embryos and nT- embryos (wild-type) were collected and classified according to their phenotype. 
V1 (Ventralization class 1), V2 (Ventralization class 2), V3 (Ventralization class 3), V4 (Ventralization class 4).  
(C) Representative images of 24 hpf embryos showing classes of ventralization in response to Bmp signaling 
overactivation (According to Kishimoto et al., 1997; Nakamura et al., 2007).  
 

In order to compare strength and distribution of promoter induction between hsp70l:nT-p2a-

bmp2b, hsp70l:nT-p2a-bmp4 or hsp70l:nT-p2a-bmp7a, we quantified the accumulation of 

nTomato in the myocardium of adult uninjured hearts (Fig. 23 A, B). After 7 hours from a single 

heat-shock, the amount of cardiomyocytes exhibiting nT expression ranged between 20% and 

40% in all the three transgenic lines (Fig. 23B). Despite the mosaicism exhibited in the heart, the 

percentage of nT+ cardiomyocytes did not significantly differ when we compared hsp70l:nT-

p2a-bmp2b with hsp70l:nT-p2a-bmp4 or hsp70l:nT-p2a-bmp4 with hsp70l:nT-p2a-bmp7a (Fig. 

23B). The hsp70l:nT-p2a-bmp7a hearts exhibited a higher nT accumulation, only when 

compared with hsp70l:nT-p2a-bmp2b (Fig. 23B). In addition, we measured the average intensity 

of nTomato fluorescence per heart in hsp70l:nT-p2a-bmp2b, hsp70l:nT-p2a-bmp4 and 

hsp70l:nT-p2a-bmp7a, which did not significantly differ among the three transgenic lines (Fig. 

23C). Altogether, these data indicated that the activation of the heat-shock promoter is fairly 
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consistent between different inducible lines, supporting a comparable strength and distribution of 

bmp2b, bmp4 and bmp7a expression upon heat-shock. To note, bmp2b, bmp4 and bmp7a 

overexpression nicely triggered nuclear pSmad 1/5/9 accumulation in uninjured hsp70l:nT-p2a-

bmp2b, hsp70l:nT-p2a-bmp4 and hsp70l:nT-p2a-bmp7a ventricles, revealing a robust activation 

of canonical Bmp signaling both in nT+ and nT- cardiomyocytes (Fig. 24). Conversely, as 

previously reported in Wu et al., 2016, uninjured wild-type siblings only exhibited rare pSmad 

1/5/9 accumulation in cardiomyocyte nuclei (Fig. 24). Thus, the induction of the canonical Smad 

pathway in nT- cardiomyocytes of transgenic hearts might suggest a paracrine mode of action for 

the Bmp signaling pathway.  

Overall, we could establish heat-shock inducible lines to conditionally overexpress independent 

Bmp ligands (Bmp2b, Bmp4 and Bmp7a) in a comparable manner in the zebrafish adult heart.   
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Figure 23. The heat-shock inducible lines that drive conditional expression of bmp2b, bmp4 or bmp7a exhibit 
nuclear Tomato accumulation in cardiomyocytes.  
(A) After 7 hours from heat-shock (7 hp h-s), hs:nT-p2a-bmp2b, hs:nT-p2a-bmp4 and hs:nT-p2a-bmp7a uninjured 
hearts show nTomato expression in cardiomyocytes (CMs). MF-20 (cardiomyocyte marker): green; nTomato: red; 
DAPI: blue. The white square marks the region magnified in the corresponding insets. Scale bars: overview, 100 µm; 
insets, 30 µm. Shown are representative images. 
(B) The percentage of cardiomyocytes expressing nTomato ranges between 20% and 40% in hs:nT-p2a-bmp2b, 
hs:nT-p2a-bmp4 and hs:nT-p2a-bmp7a lines. Error bars, mean ± CI 95%. n=4, 4, 3; one-way ANOVA plus 
Bonferroni’s multiple comparisons test; p-values are indicated in graphs on top of each comparison.  
(C) Each data point represents the average native intensity of nTomato per heart. Images were thresholded relative to 
wild-type. Error bars, mean ± CI 95%. n=3, 4, 3; one-way ANOVA plus Bonferroni’s multiple comparisons test; p-
values are indicated in graphs on top of each comparison.  
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Figure 24. The conditional overexpression of bmp2b, bmp4 and bmp7a promotes nuclear pSmad 1/5/9 
accumulation in cardiomyocytes.  
After 7 hours from heat-shock, hs:nT-p2a-bmp2b, hs:nT-p2a-bmp4 and hs:nT-p2a-bmp7a uninjured hearts show 
nTomato+/pSmad 1/5/9+ cardiomyocytes (yellow arrows) and nTomato-/pSmad 1/5/9+ cardiomyocytes (white 
arrows). Wild-type hearts occasionally exhibit rare pSmad 1/5/9+ cardiomyocyte nuclei. hs:bmp2b, hs:bmp4 and 
hs:bmp7a are abbreviations for hs:nT-p2a-bmp2b, hs:nT-p2a-bmp4, hs:nT-p2a-bmp7a. MF-20 (cardiomyocyte 
marker): green; nTomato: red; pSmad 1/5/9: grey; DAPI: blue. Scale bars: 30 µm. Shown are representative images.  
 

Overexpression of bmp4 impairs cardiomyocyte proliferation  

Making use of the newly established hsp70l:nT-p2a-bmp4, we tested the effect of bmp4 

overexpression on myocardial regeneration via daily heat-shock from 1 dpi to 7 dpi. PCNA is a 

broad marker that detects cells in G1, S and G2/M transition phases. Intriguingly, as already seen 

with the (hsp70l:gal4) x (UAS:bmp4; cmlc2:GFP) double transgenic line (Wu, Doctoral thesis, 

Weidinger lab, 2016), the hsp70l:nT-p2a-bmp4 hearts showed a consistent reduction in 

cardiomyocyte proliferation, when compared to heat-shocked wild-type siblings (Fig. 25). 

PCNA+ cardiomyocytes were quantified within 150 µm from the wound border and 

counterstained with the cytoplasmic marker Myl7. 

To test whether the cell-specific induction of the transgene directly correlates with the cycling 

state of cardiomyocytes, we took advantage of the stochasticity in the expression of hsp70l:nT-

p2a-bmp4 (Fig. 26 A, C). In the same hearts subjected to daily heat-shocks from 1 dpi to 7 dpi, 



 

60 
 

we quantified the number of nT+ versus nT- cardiomyocytes which incorporated EdU between 4 

dpi and 7 dpi. We assumed that nT+ cardiomyocytes were also ectopically expressing bmp4. At 

the wound border, the percentage of nT+/EdU+ cardiomyocytes relative to the absolute number 

of nT+ cardiomyocytes was remarkably lower than the percentage of nT-/EdU+ cardiomyocytes 

relative to the absolute number of nT- cardiomyocytes when quantified at 7 dpi (Fig. 26B). Thus, 

cardiomyocytes positive for nT and expressing bmp4 are less prone to be found in a cycling state.  

EdU incorporation and nT expression were quantified within 150 µm from the wound border and 

cardiomyocytes were counterstained with the cytoplasmic marker MF20.  

These data suggest that Bmp4 can act in a cell-autonomous manner, preventing cardiomyocyte 

cell cycle re-entry during zebrafish heart regeneration.  
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Figure 25. Sustained overexpression of bmp4 affects cardiomyocyte cell cycle re-entry.  
bmp4 overexpression from 1 to 7 dpi impairs cell cycle re-entry of cardiomyocytes (CMs) within 150 µm from the 
wound border, relative to heat-shocked wild type siblings. Myl7 (cardiomyocyte marker): green; PCNA: red; DAPI: 
blue. White squares mark the region magnified in the corresponding insets. Scale bars: overview, 100 µm; insets, 30 
µm. Error bars, mean ± CI 95%. n=9, 8. Unpaired two-tail t-test; p-values are indicated in graphs on top of each 
comparison.  
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Figure 26. Cardiomyocyte cell-cycle re-entry negatively correlates with bmp4 overexpression in 
cardiomyocytes.  
(A, B) After bmp4 overexpression from 1 to 7 dpi, cardiomyocytes expressing nTomato are less likely to be found in 
a cycling state within 150 µm from the wound border, in comparison to nTomato-negative cardiomyocytes. MF20 
(cardiomyocyte marker): green; nTomato: red; EdU: grey; DAPI: blue. White squares mark the region magnified in 
the corresponding insets. Scale bars: overview, 100 µm; insets, 30 µm. Data from two independent experiments were 
merged and values normalized to wild-type controls. Error bars, mean ± CI 95%. n=16, 16. Mann-Whitney test; p-
values are indicated in graphs on top of each comparison. IP inj. = Intraperitoneal injection. 
(C) Percentage of cardiomyocytes (CMs) expressing nTomato within 150 µm from the wound border. Error bars, 
mean ± CI 95%. n=16.   
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Overexpression of bmp7a does not affect cardiomyocyte proliferation  

Making use of the newly established hsp70l:nT-p2a-bmp7a, we tested the effect of bmp7a 

overexpression on heart regeneration via daily heat-shock from 1 dpi to 7 dpi. The hsp70l:nT-

p2a-bmp7a hearts did not show any remarkable change in cardiomyocyte PCNA expression, 

when compared to heat-shocked wild-type siblings (Fig. 27). PCNA+ cardiomyocytes were 

quantified within 150 µm from the wound border and counterstained with the cytoplasmic marker 

Myl7. 

To test whether the cell-specific induction of the transgene directly correlates with the cycling 

state of cardiomyocytes, we took advantage of the stochasticity in construct expression (28 A, C). 

In the same hearts subjected to daily heat-shocks from 1 dpi to 7 dpi, we quantified the number of 

nT+ versus nT- cardiomyocytes which incorporated EdU between 4 dpi and 7 dpi. We assumed 

that nT+ cardiomyocytes are also ectopically expressing bmp7a. At the wound border, the 

percentage of nT+/EdU+ cardiomyocytes relative to the absolute number of nT+ cardiomyocytes 

did not remarkably differ from the percentage of nT-/EdU+ cardiomyocytes relative to the 

absolute number of nT- cardiomyocytes (Fig. 28B). EdU incorporation and nT expression were 

quantified within 150 µm from the wound border and cardiomyocytes were counterstained with 

the cytoplasmic marker MF20. These data suggest that overexpression of bmp7a does not impact 

on cardiomyocyte cell cycle re-entry during zebrafish heart regeneration.  

Overall, different cell-cycle markers revealed that independent Bmp ligands can elicit opposite 

responses during regeneration. In contrast to Bmp4, Bmp7a overactivation has no effect on the 

cycling state of cardiomyocytes in response to heart cryoinjury. 
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Figure 27. Sustained overexpression of bmp7a has no effect on cardiomyocyte cell cycle re-entry.  
(A) bmp7a overexpression from 1 to 7 dpi does not alter cell cycle re-entry of cardiomyocytes (CMs) within 150 µm 
from the wound border, relative to heat-shocked wild type siblings. Myl7 (cardiomyocyte marker): green; PCNA: 
red; DAPI: blue. White squares mark the region magnified in the corresponding insets. Scale bars: overview, 100 
µm; insets, 30 µm. Error bars, mean ± CI 95%. n=10, 9. Unpaired two-tail t-test; p-values are indicated in graphs on 
top of each comparison.  
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Figure 28. Cardiomyocyte cell-cycle re-entry does not correlate with bmp7a overexpression in cardiomyocytes. 
(A, B) After bmp7a overexpression from 1 to 7 dpi, no clear difference in EdU incorporation is observed between 
nTomato+ and nTomato- cardiomyocytes within 150 µm from the wound border. MF20 (cardiomyocyte marker): 
green; nTomato: red; EdU: grey; DAPI: blue. White squares mark the region magnified in the corresponding insets. 
Scale bars: overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 95%. n=9, 9. Mann-Whitney test; p-values are 
indicated in graphs on top of each comparison. IP inj. = Intraperitoneal injection. 
(C) Percentage of cardiomyocytes (CMs) expressing nTomato within 150 µm from the wound border. Error bars, 
mean ± CI 95%. n=9.   
 
 

Overexpression of bmp2b by hsp70l:nT-p2a-bmp2b does not correlate with cardiomyocyte 

cell cycle re-entry 

Previous findings have shown that sustained overexpression of bmp2b is sufficient to increase 

PCNA expression in cardiomyocytes during regeneration (Wu et al., 2016). 

To test whether the cell-specific induction of hsp70l:nT-p2a-bmp2b directly correlates with the 

cycling state of cardiomyocytes, we took advantage of the stochasticity in construct expression 

(Fig. 29 A, C). In the same hearts subjected to daily heat-shocks from 1 dpi to 7 dpi, we 

quantified the number of nT+ versus nT- cardiomyocytes which incorporated EdU between 4 dpi 
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and 7 dpi. We assumed that nT+ cardiomyocytes are also ectopically expressing bmp2b. At the 

wound border, the percentage of nT+/EdU+ cardiomyocytes relative to the absolute number of 

nT+ cardiomyocytes did not differ from the percentage of nT-/EdU+ cardiomyocytes relative to 

the absolute number of nT- cardiomyocytes (Fig. 29B). EdU incorporation and nT expression 

were quantified within 150 µm from the wound border and cardiomyocytes were counterstained 

with the cytoplasmic marker MF20.  

PCNA is a marker that depicts cells in G1, S and G2/M phases, while EdU incorporation allows 

the detection of cells in the S phase. Furthermore, our EdU assay detects the ongoing process of 

DNA synthesis over a period of 3 days (from 4 dpi to 7 dpi), while PCNA only marks cycling 

cells observed at 7 dpi. Overall, these disparities could justify the discrepancies observed between 

the PCNA and the EdU assays. Further analyses are still required to elucidate the mode of 

Bmp2b action on cardiomyocyte proliferation.  
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Figure 29. Cardiomyocyte cell-cycle re-entry does not correlate with bmp2b overexpression in cardiomyocytes. 
(A, B) After bmp2b overexpression from 1 to 7 dpi, no clear difference in EdU incorporation is observed between 
nTomato+ and nTomato- cardiomyocytes within 150 µm from the wound border. MF20 (cardiomyocyte marker): 
green; nTomato: red; EdU: grey; DAPI: blue. White squares mark the region magnified in the corresponding insets. 
Scale bars: overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 95%. n=6, 6. Mann-Whitney test; p-values are 
indicated in graphs on top of each comparison. IP inj. = Intraperitoneal injection. 
(C) Percentage of cardiomyocytes (CMs) expressing nTomato within 150 µm from the wound border. Error bars, 
mean ± CI 95%. n=6.   
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Promising Bmp downstream targets in zebrafish heart regeneration 

peroxiredoxin 1 

In our laboratory, RNA sequencing analysis upon perturbed Bmp signaling activity have been 

performed to uncover downstream regulators of Bmp signaling function during zebrafish heart 

regeneration. Among others, peroxiredoxin 1 (prdx1) was identified as a potential positive Bmp 

downstream target (data not shown). prdx1 encodes an anti-oxidant enzyme, highly efficient at 

reducing hydrogen peroxide and other reactive oxygen species (ROS). Recently, in embryonic rat 

ventricular cell cultures PRDX1 has been shown to limit cardiomyocyte apoptosis during in vitro 

myocardial ischemia/reperfusion injury (Guo et al., 2018). This evidence supports an intriguing 

potential cardioprotective effect for PRDX1 in mammalian heart. 

To verify whether prdx1 is up-regulated by cardiomyocytes in response to cardiac damage in 

zebrafish, we performed RNAscope in situ hybridization experiments on cryosections of injured 

hearts. At 7 dpi, prdx1 is strongly expressed in border zone cardiomyocytes within 150 µm from 

the wound border, when compared to SHAM-control conditions (Fig. 30). Intriguingly, prdx1 

expression did not appear as cardiomyocyte-specific, given that its expression could also be 

detected in cells populating the wound area (Fig. 30). Myl7 was used as a cytoplasmic marker for 

cardiomyocytes. 

Next, we decided to test whether prdx1 expression in cardiomyocytes is under the control of Bmp 

signaling activity. Making use of the hsp70l:nog3 line, Bmp loss-of-function was induced by 

heat-shock mediated overexpression of noggin3, an endogenous antagonist of Bmp ligands (Wu 

et al., 2016). At 7 dpi, 6 hours of noggin3 overexpression were sufficient to down-regulate prdx1 

in border zone cardiomyocytes, within 150 µm from the wound border (Fig. 31). MF20 was used 

as a cytoplasmic marker for cardiomyocytes. 

Overall, we concluded that prdx1 is a potentially direct, downstream target of Bmp signaling in 

the myocardium of zebrafish heart and may represent a promising mediator of Bmp signaling 

function in heart regeneration.   

To investigate whether prdx1 is acting downstream of Bmp signaling to potentially augment 

myocardial regeneration, we aimed at establishing different gain-of-function strategies to 

overexpress prdx1 in the zebrafish heart. 

Our first strategy was to create a cmlc2:prdx1-GFP transgenic line, where the prdx1 constitutive 

expression is driven by the cmlc2 promoter. The cmlc2 promoter is specifically expressed in 
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mature cardiomyocytes; the prdx1 cDNA is fused to GFP to allow fluorescent detection of the 

construct. We screened several cmlc2:prdx1-GFP sublines and all of them exhibited a pan-

myocardial distribution of GFP in the ventricle (Fig. 32A). MF20 was used as a counterstaining 

for cardiomyocytes.  

If Prdx1 works as a downstream mediator of the Bmp signaling pro-regenerative function in the 

zebrafish heart, its up-regulation might be sufficient to rescue myocardial regeneration defects 

already observed in Bmp loss-of-function experiments (Wu et al., 2016). Thus, to investigate 

epistatic interactions between Bmp signaling and Prdx1, we decided to treat injured cmlc2:prdx1-

GFP transgenic fish with LDN-193189, a selective inhibitor of Bmp signaling that inactivates 

type 1 Bmp receptors Alk2 and Alk3 (Cuny et al., 2008). Cryoinjured fish were incubated 

between 4 dpi and 7 dpi at a concentration of 1 µM of either LDN-193189 or DMSO (solvent 

control), and were intraperitoneally injected with EdU once a day (from 4 to 6 dpi). 3 days of 

LDN treatment were sufficient to decrease EdU incorporation in cardiomyocytes of wild-type 

hearts, confirming that an inhibition of Bmp signaling affects cardiomyocyte cell cycle re-entry 

(Fig. 32B). However, a myocardial-specific constitutive expression of prdx1 failed to promote 

cardiomyocyte cell cycle re-entry. Instead, it caused a significant reduction in cardiomyocyte 

proliferation, failing to rescue the proliferation defects fostered by LDN treatment (Fig. 32B). It 

is known that an excess of reducing equivalents and an imbalance of ROS flux can cause 

mitochondrial dysfunction and increase cellular apoptosis (reviewed in Handy & Loscalzo, 

2017). Thus, an excessive presence of Prdx1 in cardiomyocytes may negatively impact on their 

physiology. On these basis, we concluded that our first strategy to investigate epistatic 

interactions between the Bmp signaling pathway and Prdx1 cannot be reliably used for the 

purpose of our study.    

The second strategy we adopted to genetically overexpress prdx1 during zebrafish heart 

regeneration was based on a heat-shock inducible system. We created a hsp70l:prdx1-GFP 

transgenic line, where the prdx1 cDNA was fused to GFP as previously mentioned. We screened 

three independent hsp70l:prdx1-GFP sublines; after 7 hours from the heat-shock, uninjured 

hearts from all of the sublines exhibited a mosaic GFP expression that covered on average 20% 

of the total myocardial area (Fig. 33 A, B). We also measured the average native intensity of GFP 

signal per heart. The subline number #2 exhibited a higher signal intensity, when compared to 

subline number #3 (Fig. 33C).  
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Overall, the hsp70l:prdx1-GFP transgenic line might represent the most suitable tool to 

investigate epistatic interactions between Prdx1 and Bmp signaling in heart regeneration.  

 

 

 
Figure 30. peroxiredoxin1 (prdx1) is up-regulated upon injury.  
At 7 dpi, prdx1 is up-regulated in cardiomyocytes located within 150 µm from the wound border. Myl7 
(cardiomyocyte marker): green; prdx1: red; DAPI: blue. White squares mark the region magnified in the 
corresponding insets. Scale bars: overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 95%. n=7, 7. Unpaired 
two-tail t-test; p-values are indicated in graphs on top of each comparison.  
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Figure 31. Short-term noggin3 overexpression is sufficient to down-regulate peroxiredoxin1 (prdx1) upon 
injury.  
6 hours of noggin3 overexpression are sufficient to reduce prdx1 expression in cardiomyocytes located within 150 
µm from the wound border. MF20 (cardiomyocyte marker): green; prdx1: red; DAPI: blue. White squares mark the 
region magnified in the corresponding insets. Scale bars: overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 
95%. n=6, 8. Unpaired two-tail t-test; p-values are indicated in graphs on top of each comparison. 
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Figure 32. Cardiomyocyte-specific constitutive expression of prdx1 affects myocardial regeneration. 
(A) cmlc2-driven prdx1 expression is pan-myocardial in uninjured hearts. GFP: green; MF20 (Cardiomyocyte 
marker): red; DAPI: blue. Scale bars: 100 µm. Shown are representative images. 
(B) Constitutive myocardial expression of prdx1 affects cardiomyocyte cell cycle re-entry during regeneration, 
failing to rescue myocardial defects observed in LDN-treated hearts. WT: wild-type. LDN 193189 hydrochloride (or 
DMSO) was administered in fish water (1 µM) from 4 dpi to 7 dpi. Error bars, mean ± CI 95%. n=7, 7, 8, 8; one-way 
ANOVA plus Bonferroni’s multiple comparisons test; p-values are indicated in graphs on top of each comparison.  
IP inj. = Intraperitoneal injection. 
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Figure 33. Creation of a heat-shock inducible line to drive the expression of prdx1. 
(A) After 7 hours from heat-shock, GFP signal appears patchy throughout the entire ventricle of uninjured hs:prdx1-
GFP hearts. GFP: red; MF20 (Cardiomyocyte marker): green; DAPI: blue. Shown are representative images. White 
squares mark the region magnified in the corresponding insets. Scale bars: overview, 100 µm; insets, 30 µm.   
(B) After 7 hours from heat-shock, on average 20% of myocardial area shows GFP fluorescence, in three 
independent sublines. Error bars, mean ± CI 95%. n=1, 3, 3; one-way ANOVA plus Bonferroni’s multiple 
comparisons test; p-values are indicated in graphs on top of each comparison. 
(C) Each data point represents the average native intensity of GFP signal per heart. Images were thresholded relative 
to wild-type. Error bars, mean ± CI 95%. n=1, 3, 3; one-way ANOVA plus Bonferroni’s multiple comparisons test; 
p-values are indicated in graphs on top of each comparison. 
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id genes 

The activity of Bmp signaling promotes the expression of inhibitor DNA binding (id) genes, 

encoding negative regulators of basic helix-loop-helix (bHLH) transcription factors (Ling et al., 

2014). Because Id protein synthesis is prominent in stem and progenitor cell types, it was 

suggested that these proteins may function by maintaining an undifferentiated state (Liu et al., 

2013; Ying et al., 2003). Moreover, Id proteins induce cell proliferation by preventing the 

expression of p21, a cyclin-dependent kinase inhibitor that negatively regulates cell cycle 

progression (Prabhu et al., 1997). Overall, these evidences may point at a pro-proliferative role 

for id genes as downstream targets of Bmp signaling, making them suitable candidates to be 

screened in a regenerative context. Furthermore, a previous spatially resolved RNA sequencing 

analyses (Tomo-seq) already identified inhibitor DNA binding 1 (id1) and inhibitor DNA binding 

2b (id2b) as genes up-regulated in the border zone of zebrafish cryoinjured hearts (Wu et al., 

2016).  

To confirm the induction of id2a and id2b in zebrafish border zone cardiomyocytes, we 

performed RNAscope in situ hybridization experiments for the two paralogs. In SHAM-treated 

hearts, both id2a and id2b are remotely but uniformly expressed throughout the entire ventricle 

(Fig. 34). Interestingly, they are strongly up-regulated at 7 dpi, both in the wound area and in 

cardiomyocytes located within 150 µm from the wound border (Fig. 34). Myl7 was used as a 

counterstaining for cardiomyocytes. Given the expression pattern exhibited in injured hearts, 

other cell types apart from cardiomyocytes are responsible for id2a and id2b expression in the 

wound region, most likely including blood and immune cells. Nevertheless, further analyses are 

still required to verify which other cell types are indeed expressing id2a and id2b during 

zebrafish heart regeneration.  

We next decided to test whether the cardiomyocyte-specific up-regulation of the id paralogs 

during regeneration is mediated by Bmp signaling. As previously described, we made use of the 

hsp70l:nog3 line to mimic a Bmp loss-of-function context. At 7 dpi, 6 hours of noggin3 

overexpression were sufficient to down-regulate id2a and id2b expression in border zone 

cardiomyocytes, within 150 µm from the wound border (Fig. 35 A, B, C). MF20 was used as a 

marker for cardiomyocytes. 

As already seen for prdx1, we concluded that id2a and id2b can also be considered potentially 

direct, downstream targets of Bmp signaling in the myocardium of zebrafish heart and they may 

act as promising mediators of Bmp signaling activity in heart regeneration.   
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Figure 34. id2a and id2b are up-regulated upon injury. 
At 7 dpi, id2a and id2b are broadly up-regulated in the wound area and in cardiomyocytes (yellow arrowheads) 
located within 150 µm from the wound border. Myl7 (cardiomyocyte marker): green; id2a and id2b: red; DAPI: 
blue. White squares mark the region magnified in the corresponding insets. Scale bars: overview, 100 µm; insets, 30 
µm. Shown are representative images. 
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Figure 35. Short-term noggin3 overexpression is sufficient to reduce id2a and id2b expression upon injury.  
(A) 6 hours of noggin3 overexpression at 7 dpi are sufficient to reduce id2a and id2b expression in cardiomyocytes 
located within 150 µm from the wound border. Myl7 (cardiomyocyte marker): green; id2a and id2b: red; DAPI: 
blue. White squares mark the region magnified in the corresponding insets. Scale bars: overview, 100 µm; insets, 30 
µm. Shown are representative images exemplifying the quantifications reported in figure B and C.  
(B, C) The graphs show the percentage of cardiomyocyte area positive for id2a (B) or id2b (C) in wild-type hearts 
and in hs:nog3 hearts within 150µm from the wound border. The hearts were subjected to a single h-s, 6 hours prior 
harvesting at 7 dpi. Error bars, mean ± CI 95%. n=7, 8 (id2a); n=7, 8 (id2b). Unpaired two-tail t-test; p-values are 
indicated in graphs on top of each comparison. 
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Bmp signaling in other regenerative and non-regenerative cardiac contexts 

In contrast to adult mice, neonatal P1 (Post-natal day 1) pups can robustly regenerate their hearts 

upon resection (Porrello et al., 2011). Despite this remarkable potential, still little is known about 

the molecular mechanisms involved in neonatal mouse heart regeneration.  

Thus, to test whether Smad signaling is active in vivo during neonatal heart regeneration, we 

stained cryosections of wild-type resected P1 mouse hearts for pSmad 1/5/9, using Troponin-T as 

a counterstain for cardiomyocytes. At 24 hours post-resection (hpr), cardiomyocytes located at 

the peri-resected area (150 µm from the resection plane) exhibited a strong pSmad 1/5/9 

accumulation, which was still visible at 7 days post-resection (dpr) (Fig. 36A). We therefore 

concluded that, as the zebrafish heart, the neonatal mouse heart shows activation of the canonical 

Bmp signaling pathway in cardiomyocytes located in the proximity of the injured area.  

In contrast to zebrafish, medaka displays absent or very limited cardiac regenerative capabilities 

(Ito et al., 2014). Thus, we decided to make use of the medaka model to investigate the role of 

Bmp signaling in a non-regenerative cardiac context. 

We performed an immunostaining against pSmad 1/5/9 to spot canonical Bmp signaling activity 

in medaka hearts. Interestingly, uninjured hearts exhibited accumulation of pSmad 1/5/9 in ~10% 

of ventricular cardiomyocytes (Figure 36B). This observation is in contrast to what has been 

observed in SHAM-treated zebrafish hearts, which did not show active Smad signaling (Wu et 

al., 2016). Moreover, medaka cryoinjured hearts showed a consistent trend towards an increase of 

pSmad 1/5/9 levels at 1 dpi, which persisted at least until 3 dpi (Figure 36B). On these basis, we 

concluded that the canonical Bmp signaling pathway is physiologically active in uninjured 

medaka hearts, and its activity further increases during the first three days upon cardiac damage.  

Overall, we could show that the Bmp signaling pathway is active in vivo in multiple cardiac 

regenerative or non-regenerative models, suggesting that its presence may play different roles in 

different myocardial contexts.  
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Figure 36. The canonical Smad-mediated Bmp signaling pathway is active in injured neonatal mouse hearts 
and in injured medaka hearts.  
(A) Smad signaling is active at 24 hpr and at 7 dpr in cardiomyocytes of resected P1 hearts, proximal to the resection 
plane (within 150 µm). Representative images are shown. Scale bars: 100 µm; insets, 30 µm. TnT (Troponin-T, 
cardiomyocyte marker): green; pSmad 1/5/9: red; DAPI: blue. P1: Post-natal day 1. hpr: hours post-resection; dpr: 
days post-resection. 
(B) Smad signaling is active in cardiomyocytes of uninjured and injured medaka hearts, both at 1 dpi and at 3 dpi. 
The quantification was performed in cardiomyocytes located within 150 µm from the wound border. MF20 
(Cardiomyocyte marker): green; pSmad 1/5/9: red; DAPI: blue. White squares mark the region magnified in the 
corresponding insets. Scale bars: overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 95%. n=6, 5, 6; one-way 
ANOVA plus Bonferroni’s multiple comparisons test; p-values are indicated in graphs on top of each comparison. 
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Interplay between the Bmp signaling pathway and other injury-induced responses 

Retinoic acid signaling 

The synthesis of retinoic acid (RA) and the activity of Bmp signaling are both essential for 

cardiomyocyte proliferation upon zebrafish cardiac injury (Kikuchi et al., 2011; Wu et al., 2016). 

However, so far there are no evidences pointing at any functional interplay between these two 

signaling cascades during heart regeneration.  

To investigate the nature of the molecular interaction between RA signaling and Bmp signaling 

in zebrafish heart regeneration, we took advantage of the hsp70:cyp26a1 line, in which the 

overexpression of the RA-degrading enzyme Cyp26 is triggered by heat-shock treatment 

(Kikuchi et al., 2011). Cryoinjured fish were heat-shocked once at 3 dpi, 5 hours prior harvesting 

the hearts. When compared to wild-type siblings, hsp70:cyp26a1 hearts exhibited a reduced 

percentage of cardiomyocytes positive for pSmad 1/5/9 within 150 µm from the wound border 

(Figure 37). These preliminary data suggest that the inhibition of RA signaling might affect the 

Bmp/Smad signaling activity in the regenerating myocardium.  

Thus, the endogenous biosynthesis of retinoic acid might positively regulate the activity of the 

Bmp/Smad signaling pathway during heart regeneration. 

 



 

80 
 

 
Figure 37. Short-term inhibition of RA signaling reduces Smad signaling activity in cardiomyocytes. 
At 3 dpi, 5 hours of cyp26a1 overexpression are sufficient to decrease pSmad 1/5/9 accumulation in cardiomyocytes 
located within 150µm from the wound border. MF20 (cardiomyocyte marker): green; pSmad 1/5/9: red; DAPI: blue. 
White squares mark the region magnified in the corresponding insets. Scale bars: overview, 100 µm; insets, 30 µm. 
Yellow arrows point at pSmad 1/5/9+ cardiomyocytes. Error bars, mean ± CI 95%. n=5, 6. Data were normalized to 
wild-type controls. Unpaired two-tail t-test; p-values are indicated in graphs on top of each comparison.  

 

Leukocyte infiltration 

Recently, it has been shown that Gremlin2 (Grem2), an endogenous Bmp antagonist, limits the 

magnitude of inflammatory response upon myocardial infarction (MI) in mouse (Sanders et al., 

2016). While loss of Grem2 activity increases the strength of inflammation and worsens cardiac 

functionality, Grem2 overexpression attenuates inflammation and promotes functional recovery 

upon MI. Intriguingly, pSmad 1/5/9 levels are increased in endothelial cells and in 

cardiomyocytes located at the peri-infarct area of Grem2-/- injured hearts, while they are 

decreased in response to Grem2 overexpression. These findings suggest that Grem2 can improve 

functional recovery upon myocardial infarction, acting as an anti-inflammatory modulator via 

inhibition of Bmp signaling (Sanders et al., 2016). Thus, in mouse the endogenous Bmp signaling 

activity might affect cardiac repair modulating the extent of inflammation. 
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Given the opposing roles that Bmp signaling seems to play in different injured cardiac contexts, 

we decided to assess the interplay existing between the molecular action of Bmp signaling and 

the inflammatory response in zebrafish.  

Initially, we decided to trace immune cell recruitment to the injury site at 6 hpi, 24 hpi, 4 dpi and 

7 dpi, using L-plastin as a broad marker of leukocytes (Fig. 38). MF-20 was used as a 

counterstain for cardiomyocytes. As early as 24 hpi, L-plastin+ cells begin to collect within the 

injured area and in the border zone comprising healthy myocardial tissue, reaching the highest 

density at 4 dpi. Although in the distal region of the myocardium immune cell recruitment occurs 

in a slow fashion, it peaks as well at 4 dpi. At 7 dpi, the magnitude of L-plastin+ cells starts to 

decline throughout the entire volume of the ventricle (Fig. 38). Similar dynamics had been 

previously described in De Preux Charles et al., 2016.  

To investigate whether sustained activity of Bmp signaling affects leukocyte recruitment during 

heart regeneration, we took advantage of the hsp70l:bmp2b line, in which ectopic expression of 

bmp2b is driven by heat-shock treatment (Wu et al., 2016). Experimental fish were initially heat-

shocked 5 hours prior injury, and then they were subjected to daily heat-shock from 1 dpi to 3 dpi 

(Fig. 39A). This treatment regime was designed to over-activate the Bmp signaling during the 

entire time-span of leukocyte recruitment. 

Intriguingly, at 4 dpi a sustained bmp2b overexpression not only limited leukocyte infiltration in 

the wound area (Fig. 39A), but it also significantly impaired cell cycle re-entry of border zone 

cardiomyocytes (Fig. 39B).  

These preliminary data suggest that an overactivation of Bmp signaling that covers the early 

phases of regeneration might affect the immune response in the heart, negatively impacting on 

cardiomyocyte proliferation. 

 



 

82 
 

 
Figure 38. Leukocytes recruitment in the zebrafish injured heart. 
Time course of leukocyte recruitment in the wound area, in the border zone and in the distal myocardium. The 
density of leukocytes (number of cells/µm2) is plotted. Error bars, mean ± CI 95%. n=6 (SHAM); n=7 (6 hpi); n=8 
(24 hpi); n=8 (4 dpi); n=5 (7 dpi). One-way ANOVA plus Bonferroni’s multiple comparisons test; p-values are 
indicated in graphs on top of each comparison. Top images are representative of leukocyte accumulation in 7 dps and 
7 dpi hearts. MF20 (cardiomyocyte marker): green; L-Plastin: red; DAPI: blue. Yellow arrows indicate L-Plastin+ 
cells. White squares mark the region magnified in the corresponding insets. Scale bars: overview, 100 µm; insets, 30 
µm.  
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Figure 39. Leukocytes recruitment to the wound area is impaired by sustained pre and post injury bmp2b 
overexpression.  
(A) 4 days of bmp2b overexpression are sufficient to affect leukocyte infiltration in the wound area. L-Plastin: red; 
DAPI: blue. Scale bars: 30 µm. The density of leukocytes (number of cells/µm2) is plotted. Error bars, mean ± CI 
95%. Wound area: n = 7 (wild-type), 6 (hs:bmp2b). Border zone: n = 7 (wild-type), 6 (hs:bmp2b). Unpaired two-tail 
t-test; p-values are indicated in graphs on top of each comparison. 
(B) 4 days of bmp2b overexpression are sufficient to reduce cardiomyocyte cell cycle re-entry. Myl7 (cardiomyocyte 
marker): green; PCNA: red; DAPI: blue. The quantification was performed within 150 µm from the wound border. 
Scale bars: overview, 100 µm; insets, 30 µm. Error bars, mean ± CI 95%. n=7, 6. Unpaired two-tail t-test; p-values 
are indicated in graphs on top of each comparison.   
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Discussion 

Bmp7a, but not Bmp2b or Bmp4, is essential for cardiomyocyte cell cycle re-entry 

Recently, in our laboratory the Bmp signaling pathway has been identified as an essential 

regulator of myocardial regeneration. It is activated as injury-induced signal that promotes 

cardiomyocyte de-dedifferentiation and cell-cycle re-entry, sustaining zebrafish heart 

regeneration (Wu et al., 2016). 

In this work, we provided novel insights on the molecular mechanisms that orchestrate the Bmp 

signaling activity during zebrafish heart regeneration.  

In response to cryoinjury, bmp2b, bmp4 and bmp7a, encoding Bmp ligands, are up-regulated in 

the myocardial wound border zone, source of de-differentiating and proliferating cardiomyocytes. 

Intriguingly, while loss of Bmp2b or Bmp4 activity did not affect cardiomyocyte proliferation 

and did not impact on the induction of the Smad-mediated canonical Bmp signaling pathway 

upon cryoinjury, loss of Bmp7a activity affected cardiomyocyte cell cycle re-entry and 

compromised the activation of Bmp/Smad canonical signaling in border zone cardiomyocytes. 

In zebrafish, the absence of obvious phenotypes in response to deleterious mutations can be due 

to the activation of compensatory molecular mechanisms (Rossi et al., 2015). However, 

homozygous bmp2bta72a cryoinjured hearts did not show a significant up-regulation of bmp4 and 

bmp7a. Thus, we could not speculate that the bmp2bta72a mutation triggers Bmp4 or Bmp7a 

compensatory mechanisms during zebrafish heart regeneration. A similar analyses should be 

performed on homozygous bmp4st72 injured hearts, in order to exclude that the lack of a 

myocardial phenotype in this mutated context is caused by bmp2b or bmp7a up-regulation. In 

general, given that the Bmp family comprises several ligands (Wang et al., 2014), we could not 

rule out compensatory mechanisms eventually exerted by other Bmp members in the bmp2b and 

bmp4 mutant lines used in this study. A systematic screening on the expression of individual 

Bmp ligands upon injury in wild-type and specific mutated backgrounds will help to dissect 

potential functional redundancy among members of the Bmp family during heart regeneration. 

Bmp ligands can either signal as homodimers or heterodimers, which are assembled in the cell 

before secretion (Harrison et al., 2011). Intriguingly, despite the ability of BMP2, BMP4 or 

BMP7 homodimers to stimulate bone generation, BMP2/BMP7 and BMP4/BMP7 heterodimers 

are stronger inducer of osteogenic differentiation than the corresponding homodimers in 
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mammals (Aono et al., 1995; Israel et al., 1996). During zebrafish development, overexpression 

of bmp2b, bmp4 and bmp7a by mRNA injection causes ventralization effects, disrupting the 

proper dorso-ventral polarization of the embryonic body (Kishimoto et al., 1997; Nakamura et al., 

2007; Nguyen et al., 1998; Schmid et al., 2000). While a co-injection of bmp2b and bmp7a 

mRNAs or a co-injection of bmp4 and bmp7a mRNAs worsens the penetrance of ventralization 

phenotypes, the co-injection of bmp2b and bmp4 mRNAs does not. In addition, ectopic co-

expression of bmp2b and bmp7a in the same blastomere of zebrafish embryos leads to stronger 

ventralization effects than the ectopic expression of bmp2b and bmp7a alone, or the ectopic 

expression of bmp2b and bmp7a in adjacent blastomeres of the same embryo (Schmid et al., 

2000). Further, administration of recombinant Bmp2/Bmp7 heterodimers can induce a Smad-

mediated canonical Bmp signaling activity in the zebrafish embryo. However, individual 

homodimers, when co-injected (Bmp2+Bmp7 homodimers), show no effect (Little & Mullins, 

2009). Overall, these evidences suggest that Bmp2b, Bmp4 and Bmp7a exhibit synergistic effects 

in zebrafish, and the specific interaction between Bmp2b and Bmp7a or Bmp4 and Bmp7a must 

happen in the same cell, where they constitute heterodimeric precursors before secretion.  

In our hands, among the three Bmp ligands under study, Bmp7a happens to be the limiting factor 

mediating cardiomyocyte cell cycle re-entry during zebrafish heart regeneration (Figure 40A). 

Whether Bmp7a is also essential for cardiomyocyte de-differentiation and mitosis still remains to 

be elucidated.  

All together, these notions support a tentative model in which Bmp2b, Bmp4 and Bmp7a would 

act predominantly as secreted Bmp2b/Bmp7a or Bmp4/Bmp7a heterodimers to sustain heart 

regeneration in zebrafish. The loss of either Bmp2b or Bmp4 does not disrupt the activation of 

Bmp/Smad signaling upon injury, whereas reduced or absent Bmp7a biosynthesis prevents the 

formation of heterodimers, thus significantly compromising the pro-regenerative function of the 

Bmp signaling pathway during zebrafish heart regeneration.  

To further corroborate this model we propose to: 

 Define a comprehensive spatio-temporal expression pattern for bmp2b, bmp4 and bmp7a. 

In this study, we have shown that bmp2b and bmp7a are slightly up-regulated by spared 

cardiomyocytes at 7 dpi, while myocardial bmp4 up-regulation appeared stronger. 

However, these genes might be differentially regulated at different time points after 

cryoinjury, which could account for different dynamics in dimers’ formation during 

regeneration. 
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 Perform double RNA scope in situ hybridization experiments to investigate co-expression 

of bmp2b/bmp7a and bmp4/bmp7a at different time points during regeneration. 

 Perform qPCR experiments on isolated injured hearts. The in situ hybridization assays 

might not be sensitive enough to detect the expression of bmp2b, bmp4 and bmp7a in a 

fully reliable manner.  

In zebrafish, myocardial regeneration is accompanied by a process of wound resorption, 

according to which the fibrotic tissue accumulated at the cryoinjury site is gradually reabsorbed 

between 60 and 100 dpi (Chablais et al., 2011; González-Rosa et al., 2011; Schnabel et al., 2011). 

Given that the loss of Bmp7a activity compromised cardiomyocyte proliferation at 7 dpi, it will 

be instrumental to dissect the efficiency of the long-term process of scarring resolution in 

bmp7aty68a mutants. On this line, similar analysis should be performed in bmp2bta72 and bmp4st72 

mutants, in order to rule out the hypothesis that Bmp2b and Bmp4 activities are also involved in 

this process. 

 

Overexpression of different Bmp ligands triggers different phenotypic responses to heart 

injury  

A model based on synergistic interaction between ligands cannot explain why sustained 

overexpression of bmp2b enhances cardiomyocyte proliferation (Wu et al., 2016), but as we have 

shown in this study, overexpression of bmp4 reduces it (Fig. 40B). Thus, we should hypothesize 

that Bmp ligand-specific gain-of-function contexts do not reflect physiological injury-induced 

conditions during regeneration. An ectopic increase in biosynthesis of either Bmp2b or Bmp4 is 

likely to alter the dynamic equilibrium of dimer formation, pushing the cells towards the 

generation of either Bmp2b or Bmp4 homodimers, respectively. Thus, a prevalence of 

homodimers might reveal unique Bmp2b or Bmp4 molecular functions, normally negligible in 

physiological conditions. 

On these basis, we could assume that formation of either Bmp2b/Bmp7a and Bmp4/Bmp7a 

heterodimers or ectopic Bmp2b homodimers would favour cardiomyocyte cell cycle re-entry and 

myocardial regeneration, whereas an induced prevalence of Bmp4 homodimers would be 

detrimental for myocardial regeneration. Furthermore, sustained bmp7a overexpression did not 

affect cardiomyocyte proliferation, corroborating a model in which sustained formation of 

Bmp7a homodimers does not impact on cell cycle progression. This evidence might be in 
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contrast with cumulative data in mammals, where BMP7 administration improves functional 

recovery and limits hypertrophy after myocardial infarction (Jin et al., 2017b), although 

additional experiments are still required to elucidate the long-term effects of bmp7a 

overexpression on zebrafish heart regeneration. 

On the other hand, opposing roles between BMP2 and BMP4 have been already reported in 

cultured mammalian cardiomyocytes. While administration of exogenous BMP2 protein induces 

cell-cycle activity and diminishes apoptotic cell death (Chakraborty et al., 2013; Izumi et al., 

2001), BMP4 administration enhances apoptosis and hypertrophy (Sun et al., 2013). Despite this 

striking outcome, independent experiments performed in collaboration with our laboratory did 

not lead to the same conclusions (Wu et al., 2016). Intriguingly, a further study also suggested 

that BMP2 can antagonize BMP4 detrimental effects on neonatal cultured cardiomyocytes (Lu et 

al., 2014). BMP2 administration induces Akt signaling, preventing BMP4-mediated apoptosis 

and hypertrophy; BMP4 administration induces the activation of Jnk signaling, which is inhibited 

by BMP2 treatment. This work suggests that independent BMP ligands can antagonize via the 

induction of different Smad-independent Bmp downstream pathways (Lu et al., 2014). In our 

hands, loss of either Bmp2b or Bmp4 endogenous activity does not affect the injury-induced 

activation of Smad signaling in cardiomyocytes during regeneration. Thus, it remains essential to 

investigate whether these ligands also signal via non-canonical Bmp pathways in the zebrafish 

heart.   

In the presented work, the assays performed to spot cycling cells in the regenerating heart, 

namely the detection of EdU incorporation or PCNA expression, do not depict mitotic cells. To 

confirm that bmp4 overexpression prevents the transition of cardiomyocytes to the M phase, we 

are planning to perform immunostainings against phospho-Histone H3, which is detectable in 

regenerating hearts (Sallin et al., 2015). Furthermore, a reduction in cycling cardiomyocytes 

might be due to increased apoptosis. To rule out this hypothesis, we will take advantage of the 

TUNEL assay to detect apoptotic cells upon sustained bmp4 overexpression in injured hearts. As 

mentioned before, proliferation of cardiomyocytes is accompanied by their de-differentiation. In 

this regard, sarcomeric disassembly and re-expression of the fetal myosin are detectable readouts 

of ongoing de-dedifferentiation that could be tested in bmp4 gain-of-function contexts. 

Finally, previous findings have shown that long-term overexpression of bmp2b accelerates the 

process of wound resorption (Wu et al., 2016). Given the detrimental effect of bmp4 
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overexpression on myocardial regeneration, it will be instrumental to investigate its action on the 

scarring process.  

 

 
Figure 40. Current model for the role of Bmp2b, Bmp4 and Bmp7a during zebrafish heart regeneration. (A) 
Upon cryoinjury, Bmp7a activity is essential for cardiomyocyte cell cycle re-entry. (B) Upon cryoinjury, 
overexpression of bmp2b increases cardiomyocyte proliferation (Wu et al., 2016), whereas bmp4 overexpression 
reduces it.  
 

Identification of promising mediators of Bmp signaling function in heart regeneration  

In a previous study, our laboratory clearly described the Bmp/Smad signaling pathway as a pro-

regenerative signal in the zebrafish heart (Wu et al., 2016).  

In this work, we identified three promising Bmp downstream mediators in zebrafish heart 

regeneration. 

peroxiredoxin 1 (prdx1) encodes an anti-oxidant enzyme, highly efficient at reducing hydrogen 

peroxide and other reactive oxygen species (ROS). ROS are physiologically released in cells, for 

instance as by-products of oxygen during energetic metabolism. In response to ischemia-

reperfusion injury, the lack of oxygen supply drives abnormal reduction of oxygen in cells, which 

leads to a massive release of ROS. When not rapidly detoxified, ROS can damage mitochondrial 

membranes and leak into the cytoplasm disrupting several cellular compartments, and eventually 

leading to cell death (Kurian et al., 2016; Misra et al., 2009). 
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In mammals, the anti-oxidant activity of peroxiredoxins has been proven to be cardio-protective. 

For instance, overexpression of Peroxiredoxin-3 protects infarcted mouse hearts from ventricular 

remodelling and failure, whereas the overexpression of Peroxiredoxin-2 limits oxidative stress 

and infarct size (Jin et al., 2017a; Matsushima et al., 2006). Recently, in embryonic rat ventricular 

cell cultures Peroxiredoxin-1 has been shown to limit cardiomyocyte apoptosis in response to in 

vitro myocardial ischemia/reperfusion injury (Guo et al., 2018).  

In our laboratory, prdx1 emerged as a positive Bmp downstream target. In our hands, prdx1 is 

up-regulated in border zone cardiomyocytes after cryoinjury. This up-regulation is counteracted 

by Bmp loss-of-function mediated by noggin3 overexpression. Given the aforementioned cardio-

protective effects of peroxiredoxins in mammalian hearts, our assumption is that Peroxiredoxin-1 

may mediate the pro-regenerative Bmp signaling activity upon cardiac injury. Thus, to study the 

role of Prdx1 in regenerating zebrafish hearts, we established two independent prdx1 gain-of-

function transgenic lines. 

Our first attempt was to drive prdx1 expression under the control of cmlc2, a cardiomyocyte-

specific promoter. However, a constitutive myocardial expression of prdx1 significantly reduced 

cardiomyocyte cell cycle re-entry upon injury. Based on these preliminary data, we hypothesized 

that persistent high levels of Peroxiredoxin-1 are detrimental for cellular physiology, especially 

under stressing conditions. Thus, this first attempt appeared to be unsuccessful. 

Our second strategy was based on a heat-shock inducible system to drive conditional expression 

of prdx1. Despite the mosaicism shown by the hsp70l:prdx1-GFP line, the strength of transgene 

induction might be sufficient to study the role of Prdx1 in zebrafish heart regeneration. 

In the next future, our goal will be to couple conditional overexpression of prdx1 with Bmp loss-

of-function assays, such as the treatment with the Bmp inhibitor LDN 193189 hydrochloride, or 

the conditional overexpression of noggin3. This strategy will help to investigate putative epistatic 

interactions between Bmp signaling and Prdx1 during heart regeneration.  

id2a and id2b are well-known Bmp downstream targets encoding negative regulators of basic 

helix-loop-helix transcription factors. They are capable to inhibit differentiation of progenitor cell 

populations, to stimulate proliferation and reduce cellular senescence (Ling et al., 2014). For 

instance, Id1 can act via the inhibition of p21, a cyclin-dependent kinase inhibitor that arrest cell 

cycle progression (Prabhu et al., 1997). Furthermore, Id genes have been recently described to be 

essential for early mammalian heart development and overexpression of Id1 in human embryonic 
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stem cells is sufficient to generate cardiogenic mesodermal precursors that exhibit a remarkable 

capability to subsequently differentiate into mature cardiomyocytes (Cunningham et al., 2017). 

Given that the endogenous Bmp signaling is required for both de-differentiation and cell cycle re-

entry of cardiomyocytes during regeneration (Wu et al., 2016), the up-regulation of Id proteins 

might be essential to maintain such an undifferentiated and proliferating state.  

Tomo-seq (Genome-wide RNA tomography) and in situ hybridization analysis had already 

suggested an up-regulation of id1 and id2b in the border zone of cryoinjured hearts (Wu et al., 

2016). Indeed, in this study we have demonstrated that both id2a and id2b are up-regulated after 

cryoinjury in zebrafish border zone cardiomyocytes, and their expression is under the control of 

Bmp signaling. Recently, a zebrafish id2a mutant line has been published, which despite a 

regular development exhibited clear liver regeneration defects (Choi et al., 2017). Making use of 

this genetic tool, together with id2b loss-of-function approaches, might be suitable to study the 

role of Id proteins in zebrafish heart regeneration.  

 

The Bmp/Smad signaling pathway is active in the neonatal mouse heart and in the medaka 

adult heart 

In this work, we have shown that the Bmp/Smad canonical signaling pathway is active in P1 

resected mouse hearts, where cardiomyocytes still retain a certain proliferative potential (Porrello 

et al., 2011; Porrello et al., 2013). In a previous study, isolated neonatal rat cardiomyocytes 

subjected to ischemia/reperfusion injury exhibited increased levels of pSmad 1/5/9 (Pachori et al., 

2010). Taken together, previous findings and our current data demonstrate that the Bmp signaling 

pathway is not only active upon adult myocardial infarction, but even in cardiomyocytes of 

neonatal injured hearts.  

Intriguingly, the endogenous Bmp signaling has been described to play opposing roles in 

regenerative versus non-regenerative contexts. In response to cardiac damage, the endogenous 

Bmp signaling is induced in both zebrafish and adult mouse. However, while in zebrafish it is 

essential for myocardial regeneration, in mouse it is detrimental for cardiac repair upon 

myocardial infarction (Wu et al., 2016; Pachori et al., 2010). Thus, it remains of great interest to 

dissect which molecular mechanisms are eliciting such opposing phenotypes in the two vertebrate 

models.  
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One possible explanation involves the activity of different Bmp ligands. While in our hands loss 

of Bmp4 activity does not impact on cardiomyocyte cell cycle re-entry during zebrafish heart 

regeneration, Bmp4 loss-of-function reduces infarct size and apoptosis in mouse (Pachori et al., 

2010). Such discrepancy could account for different Bmp4 functions in different cardiac contexts. 

However, as already mentioned, wound resorption analysis on zebrafish bmp4-/- injured hearts 

will be needed to compare the two cardiac models in a fully reliable manner. 

It is known that different Bmp ligands can bind different Bmp receptors (reviewed in Mueller & 

Nickel, 2012), and some Bmp ligands, like Bmp6 and Bmp9, can escape Noggin3 interaction 

(Song et al., 2010; Wang et al., 2013). Intriguingly, the way Bmp ligands engage the Bmp 

receptors at the cell membrane is also variable. Bmp2 and Bmp4 preferentially interact with type 

I receptor and recruit type II, while Bmp6 and Bmp7 do the opposite (De Caestecker, 2004). 

Different modes and mechanisms of ligand-receptor interaction can also account for activation of 

different Bmp downstream pathways (Nohe et al., 2001). Thus, the complexity resulting from 

specificity in ligand-receptor oligomerization is responsible for differential molecular and cellular 

responses.  

So far, the expression profile of Bmp2, Bmp4 and Bmp7 ligands after myocardial infarction in 

mouse has not been deeply investigated. Furthermore, the adoption of different procedures in 

independent studies to simulate myocardial infarction often led to non-comparable results. A 

systematic comparison between Bmp2, Bmp4 and Bmp7 expression after adult myocardial 

infarction was performed in hearts subjected to permanent LAD (Left Anterior Descending 

Coronary Artery ligation) (Sanders et al., 2016). While Bmp2 showed a clear up-regulation 

between 3 and 5 days post myocardial infarction, Bmp4 was induced only on later time points, 

between 5 and 21 days post myocardial infarction; no clear Bmp7 up-regulation could be detected 

(Sanders et al., 2016). However, adult hearts subjected to transient LAD (ischemia-reperfusion 

model) did not exhibit Bmp2 up-regulation, and only Bmp4 was induced after 6 hours of 

reperfusion (Pachori et al., 2010). In addition, both studies were performed on RNA samples 

isolated from whole hearts, making impossible to localize the cellular source of gene induction.  

Given these limitations, we are planning to better elucidate the expression profile of Bmp2, Bmp4 

and Bmp7 in the neonatal and adult mouse, making use of RNAscope in situ hybridization and 

immunostaining assays on injured hearts. We also aim at further expanding the analysis to the 

entire family of Bmp ligands, as already planned for the zebrafish model. This approach will help 

to gain more temporal and spatial resolution on which Bmp ligands are differentially expressed 
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and by which cell types, suggesting candidates that may control the induction of Bmp signaling 

in different injured cardiac contexts.  

In contrast to zebrafish, medaka is a teleost fish that shows absent or very limited cardiac 

regenerative potential (Ito et al., 2014). Intriguingly, our analysis have shown that the Bmp/Smad 

signaling pathway is active in cardiomyocytes of uninjured medaka hearts, and its activity 

persists in response to cryoinjury at 1 and 3 dpi. According to previous findings, the canonical 

Bmp signaling activity is not detectable in the uninjured zebrafish heart (Wu et al., 2016). Such a 

discrepancy in the profile of pathway activity might account for different roles in the heart of 

zebrafish and medaka.  

Intriguingly, it has already been shown that manipulating the activity of signaling pathways can 

stimulate pro-regenerative responses in medaka hearts (Lai et al., 2017). Thus, we are planning to 

treat medaka injured fish with LDN 193189 hydrochloride or Dorsomorphin, widely used 

inhibitors of Bmp signaling. Targeting the endogenous activity of Bmp signaling might provide 

novel insights on its function in medaka uninjured and cryoinjured hearts.   

 

The Bmp signaling pathway interacts with other injury-induced responses 

The interaction between distinct injury-induced responses have not been profoundly investigated 

during zebrafish heart regeneration. We therefore asked whether the Bmp signaling pathway 

interacts with other signaling cascades or regulates certain cellular responses upon cardiac 

damage in zebrafish. 

Retinoic acid signaling and Bmp signaling are both required for cardiomyocyte proliferation 

during heart regeneration (Kikuchi et al., 2011; Wu et al., 2016). In this study, we have reported 

that a short-term inhibition of retinoic acid signaling is sufficient to affect Smad signaling 

induction in regenerating cardiomyocytes. These preliminary data suggest that retinoic acid 

signaling acts upstream of Bmp signaling in border zone cardiomyocytes. Further analysis will be 

needed to verify whether retinoic acid signaling controls the pro-regenerative Bmp function 

during zebrafish heart regeneration.  

Recently, it has been shown that Gremlin2 (Grem2), an endogenous Bmp antagonist, limits 

inflammation and improves functional recovery upon myocardial infarction in mouse (Sanders et 

al., 2016). Given the aforementioned opposing roles exerted by the Bmp signaling pathway in 
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regenerative versus non-regenerative cardiac contexts, we decided to assess the interplay between 

Bmp signaling and the dynamics of inflammation in zebrafish heart regeneration. Our 

preliminary data indicated that the overexpression of bmp2b prior to injury and for the first four 

days after injury is sufficient to limit leukocyte infiltration in the wound area and, surprisingly, to 

affect cardiomyocyte proliferation. On these basis, we are currently assuming that sustained Bmp 

signaling activity prior to injury and during the first days of regeneration dampens the leukocyte 

response to cardiac damage, and results in compromised myocardial regeneration. It is indeed 

well-established that depletion of macrophages before injury severely affects cardiomyocyte cell 

cycle re-entry during zebrafish heart regeneration (Lai et al., 2017). However, previous reports in 

our laboratory showed that sustained bmp2b overexpression from 1 dpi to 7 dpi increases 

cardiomyocyte proliferation (Wu et al., 2016). Thus, we have to hypothesize that different timing 

and magnitude of Bmp2b overactivation might alternatively result in either beneficial or 

detrimental effects on heart regeneration. Our next step will be to test whether in zebrafish the 

overexpression of noggin3, encoding an endogenous Bmp antagonist, can elicit opposite 

responses to Gremlin2 in the mouse. This approach will clarify whether the endogenous Bmp 

signaling pathway mediates leukocyte infiltration in response to cardiac injury in zebrafish. 

Altogether, these future directions will help to dissect potential opposing roles of the Bmp 

signaling pathway in the regulation of immune response and cardiac repair in zebrafish and 

mouse. 
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