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ABSTRACT 

 

Adult zebrafish (Danio rerio), in contrast to mammals, are able to regenerate 

their hearts in response to injury or experimental amputation. Our understanding of the 

cellular and molecular bases that underlie this process, although fragmentary, has 

increased significantly over the last years. However, the role of the extracellular matrix 

(ECM) during zebrafish heart regeneration has been comparatively rarely explored. A 

better understanding of all the mechanisms underlying this complex process would help 

developing strategies to regenerate the human heart. With this aim, here, we set out to 

characterize the ECM protein composition in adult zebrafish hearts, whether it changed 

during the regenerative response, and the role of the matricellular protein periostin b. 

 

For this purpose, in the first part of the current thesis, we established a 

decellularization protocol of adult zebrafish ventricles that significantly enriched the 

yield of ECM proteins. We then performed proteomic analyses of decellularized control 

hearts and at different times of regeneration. Our results show a dynamic change in 

ECM protein composition, most evident at the earliest (7 days post-amputation) time-

point analyzed. Regeneration associated with sharp increases in specific ECM proteins, 

and with an overall decrease in collagens and cytoskeletal proteins. We finally tested by 

atomic force microscopy that the changes in ECM composition translated to decreased 

ECM stiffness. Our cumulative results identify changes in the protein composition and 

mechanical properties of the zebrafish heart ECM during regeneration. 

 

In the second part of the current thesis, we have examined the role of periostin 

b (postnb) during zebrafish heart regeneration. We found that postnb was abundant in 

the injury of amputated zebrafish ventricles, and we designed two strategies to suppress 
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postnb during regeneration: 1) a shRNA transgenic knock-down, and 2) a CRISPR/Cas9 

postnb-/- zebrafish. Knock-down and knock-out fishes did not exhibit any evident 

developmental defects, but showed a lack complete cardiac regeneration after 

amputation. The absence of postnb did not have any effect on leukocyte recruitment, 

matrix metalloproteinase activation or revascularization after amputation. However, 

postnb-/- zebrafish developed a softer cardiac ECM due to a reduction of collagen cross-

linking, and showed an increase of cardiomyocyte proliferation and a decrease on 

cardiomyocyte cell death after amputation. The stiffness control by postnb seem to be 

important to correctly modulate stiffness for a complete cardiac regeneration. Stiffness 

analysis toguether with proliferation analysis suggest that postnb is needed to increase 

the stiffness in the injury border to instruct cardiomyocytes to stop proliferating and 

migrate to the injury site. 
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1.1. REGENERATION OVERVIEW 

Regeneration is one of the oldest fields in biology and has always captivated 

human’s attention (Dinsmor, 1991; Vrontosova et al., 1960). Scientists such as Réamur 

and Trembley started to study this phenomenon as early as the 18th century observing 

models such as crayfish and hydra, respectively. By the early 19th century, regeneration 

in many kinds of animals was already described but confined to gross observations. 

Charles Darwin did also regeneration studies on planarian, and, today, regeneration is 

discussed in terms of evolutionary theory. These scientists provided the first 

regeneration knowledge. Although we have learned a lot from these first discoveries, 

there are lots of mechanisms that are yet not fully understood.   

 

 

Figure I 1| Regeneration at different levels of biological organization. A particular species might 

regenerate at all, none, or just a subset of these levels. Functional links between regenerative processes 

at successive levels are probable, but it remains unclear which aspects of regeneration are homologous 

across levels. Dashed red lines indicate amputation planes; solid red lines indicate wound surfaces; and 

blue fill indicates regenerated body parts. From Bely and Nyberg, 2010.  

  

But, what is regeneration? According to Stedman’s Medical Dictionary, 

regeneration is the “reproduction or reconstitution of a lost or injured part” (Bely and 

Nyberg, 2010; Stedman’s medical dictionary, 2005). However, regeneration is a complex 

term that comprises multiple levels of biological organization (Figure I 1). It can be 

unleashed by diverse causes taking place thought different stages of the life cycle. The 
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progression of regeneration may be via different developmental processes and originate 

structures with a variable similarity to the original. Thus, regeneration is fascinating, 

comprising many different processes carried out by different mechanisms. First, there 

has to be recognition of tissue loss or injury, followed by mechanisms that have to 

reconstruct the damaged structure. Getting to know which and how these mechanisms 

are initiated, regulated, and ended will have an enormous impact for regenerative 

medicine in humans. Many research centers around the world have invested many 

resources in regenerative medicine research units. 

 

The ability to regenerate is widespread in the animal kingdom, with 

representatives from most animal phyla (Figure I 2) (Brockes and Gates, 2014; Sánchez 

Alvarado, 2000). Classical examples include cnidarians such as hydra, annelids, mollusks, 

nemertean worms, platyhelminthes such as planarians, and chordates including 

vertebrates such as zebrafish. Whereas some animals, such as many cnidarians and 

flatworms, can regenerate an entire individual from a small body fragment, others, such 

as birds, nematodes and leeches, are largely or completely incapable of regenerating 

any structure (Gross, 1969; Vrontosova et al., 1960). Regenerative capacity can vary 

considerably even in a given order or among parts of the same organism. Many lizards, 

for example, can easily replace a tail but not a limb, and many annelid worms can 

regenerate a tail but not a head (Alibardi and Toni, 2005; Bely, 2006). Furthermore, 

regenerative capacity is restricted in many mammals. Whether regeneration represents 

an evolutionary adaptation acquired by regeneration-competent species, or a common 

ancestral trait lost during evolution is still subject to debate (Bely and Nyberg, 2010; 

Brockes et al., 2001; Tanaka and Ferretti, 2009). 

 

In the animal kingdom, the regenerative phenomenon involves different number 

of cell types: from a single cell type (such as salamander lens regeneration) to all the 

cells within a region (such as planarian regeneration). In case of the salamander, the 

dorsal iris is restricted and unipotent, and give rise to the missing lens (Tsonis et al., 

2004). By contrast, a small piece of planarian tissue (1/200 of its body mass) regenerates  
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Figure I 2| Phylogenetic distribution of regeneration across the Metazoa and the Chordata. ‘Presence 

of regeneration’ (blue box) indicates that at least one well-substantiated report exists for regeneration 

in that taxon and does not imply that all species in that taxon can regenerate. ‘Absence of regeneration’ 

(yellow box) indicates that there is at least one well- substantiated report for the lack of regeneration 

in that taxon (and none indicating the presence of regeneration). ‘Whole-body regeneration’ is defined 

as the potential to regenerate every part of the body (although not necessarily simultaneously or from 

a tiny fragment). The ability to regenerate the primary body axis is scored independently for each taxon 

and does not assume homology of body axes across or within phyla. Adapted from Bely and Nyberg, 

2010. 

 

all the cell types of the entire organism, considering it pluripotent (Figure I 1) (Reddien 

and Alvarado, 2004). The new cells needed for the regenerative processes can be 

produced by resident stem cells or through different mechanisms such as 

dedifferentiation or transdifferentiation (Tanaka and Reddien, 2011). In the 

dedifferentiation mechanism, cells lose their differentiated state to be able to divide, 

and in the transdifferentiation mechanism, differentiated cells change into a different 
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differentiated cell type (Jopling et al., 2011). In the case of stem cells, asymmetric 

division clonally produces both, more stem cells of the same type (thus maintaining the 

stem cell population), and a differentiated progeny (Weissman et al., 2001). These three 

mechanisms for cell production can act simultaneously in regeneration of complex 

tissues.  

 

1.1.1. Types of regeneration 

Since regeneration comprises multiple biological processes, there are described 

many types of regeneration. Sometimes is difficult to assign the category to a known 

regenerative process due to the poor understanding of some of them. These categories 

are summarized in Figure I 3 and will be explained below. 

 

The natural replacement of worn-out body parts is known as physiological 

regeneration (Figure I 3). It is often studied as cellular turnover being just a way to 

maintain the organism homeostasis. Then, it may not be considered as a true 

regenerative process (Carlson, 2007). Some examples would be the replacement of 

blood cells, or the shedding cycles of crustacean exoskeletons and snakeskin. An 

important characteristic is that many physiological regeneration processes can be 

regulated upon the organism needs. For example, if an athlete goes to high altitudes, its 

body will generate more erythrocytes to be able to face the lower oxygen levels. As it 

can be appreciated by the examples given, the physiological regeneration does not have 

a global specific regeneration mechanism.  

 

On the contrary, there is the reparative regeneration (Figure I 3) that has been 

typically applied to the post-traumatic regeneration (Carlson, 2007). It is based as the 

replacement of a lost or damaged body part, and it can occur at single cell or body part 

level. Some of the most known examples are the regeneration of the amputated limb or 

tail of a salamander or newt, or the reconstitution of the whole body from a small 

fragment of its original mass of planarian.  

 



Regeneration overview 

 

7 

The reparative regeneration can, in turn, be classified in different regeneration 

mechanisms. The first mechanism would be the replacement of complex structures by 

dedifferentiation of the adult structure. An undifferentiated mass, called blastemal, is 

formed that finally differentiates and specifies again (Carlson, 2007). This is known as 

epimorphic regeneration (Figure I 3) and the typical example is the regenerating 

amphibian limb. 

 

The second mechanism of reparative regeneration would be the repair of a 

damaged tissue after a traumatic event without a blastema formation, and is known as 

tissue regeneration (Figure I 3). It can be initiated by different traumatic events such as 

mechanical trauma (the most common one), extreme heat or cold, or toxins (Carlson, 

2007). Some examples of this mechanism would be skeletal muscle and bone 

regeneration. To undergo the complete process, tissue regeneration does not only 

involve the main cellular precursors of each particular tissue, but also additional cells 

types. Thus, the regeneration of the local microvasculature and the remodeling or 

reconstitution of the connective tissue stroma or extracellular matrix also occur. Cardiac 

muscle regeneration in zebrafish or amphibians would be considered as tissue 

regeneration, and involve the dedifferentiation and proliferation of the remaining 

cardiomyocytes to undergo the process (Jopling et al., 2010; Oberpriller, John O.; 

Oberpriller, Jean C.; Mauro, 1991; Poss et al., 2002). 

 

And last but not least, cellular regeneration would be the last reparative 

regeneration mechanism (Figure I 3). This mechanism is based on the regeneration of a 

single cell that suffered a trauma (Carlson, 2007). Classic examples are the 

reconstitution of protozoa after natural fission or resection, and the regeneration of 

damaged axons of peripheral nerves.  

 

Contrary, there is another regenerative process that is based on the repatterning 

of the existing tissue with little new growth. It is known as morphallaxis (Figure I 3) and 

it is defined by two main characteristics: 1) the “part is transformed directly into a new 

organism, or a part of an organism,” and 2) there is no “proliferation at the cut surfaces” 
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(Morgan, 1901). Classical morphallaxis is a phenomenon that is confined mostly to 

invertebrate regenerating systems, but it is a striking phenomenon that is poorly 

understood at the mechanistic level. One example of organism that undergoes 

morphallaxis would be the hydra. When cut in half, the half containing the head 

regenerates a new basal disc, and the part containing the basal disc regenerates a new 

head. 

 

 
 

Figure I 3| Types of regeneration. Diagram depicting the major types of the named regenerative 

phenomena. Adapted from Carlson, 2007. 

 

Another way to face damage is hypertrophy (Figure I 3), but it is important not 

to confuse it with regeneration. Hypertrophy is the increase of mass after a damage or 

partial removal, and sometimes organs do not need to be damaged to hypertrophy, but 

increase their mass after an increased functional demand (Carlson, 2007). This leads to 

two types of hypertrophy: the compensatory, which increases a paired organ size after 

its pair has been damaged or lost (ex. kidneys and lungs); and the regenerative, which 

restores the mass of damaged internal organs (ex. liver and pancreas). The mass can be 
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increased due to an increase in cell number (hyperplasia) or an increase in cell size 

(hypertrophy) or both (Goss, 1966). 

 

1.2. REGENERATION IN VERTEBRATES AND MAMMALS 

Urodele amphibians, the par-excellence regenerative model, and teleost fish, 

with some species-specific restrictions, can regenerate many complex structures and 

organs including their retina, lens, limbs/fins, tail, jaws, spinal cord, optic nerves, 

intestine, lateral line and heart (Tsonis, 2000). There are some differences on how 

regeneration is accomplished in different structures/organs and species, but there are 

also commonalities. 

 

On the other hand, mammalian species cannot regenerate as extensively as 

invertebrates or lower vertebrates; however, they maintain the capacity to replace lost 

cells from different tissues to maintain organism homeostasis (physiologic 

regeneration). The two main mechanisms for this cell replacement are cell duplication 

such as beta cells (Dor et al., 2004) and hepatocytes (Yanger et al., 2014), or stem cell 

proliferation and differentiation in intestinal epithelium, skin or blood cells (Wagers and 

Weissman, 2004). It is important though not to confuse physiologic regeneration with 

epimorphic regeneration (Raya et al., 2004). However, these mechanisms are not 

enough to counterbalance the tissue loss after a significant injury, and cannot be the 

base to remodel a complex structure. This leads to an inability of adult mammalian 

species to regenerate or replace a damaged or missing organ.  

 

Arguably, some scientists have described two regeneration events in mammals, 

closure of excisioned tissues in ears and digit tips. The ears of some mammals are able 

to undergo scar-free regeneration after the removal of a cylindrical mass of ear tissue 

including epidermis, dermis, muscle and cartilage. This response was first characterized 

in rabbit ears, and after some years it was described that different mouse strains 

regenerate in a variable manner (Gawriluk et al., 2016; Williams-Boyce and Daniel, 

1980). Referring to the digit tip regeneration, it has been observed in mouse (Borgens, 

1982; Neufeld and Zhao, 1995) and other species including humans (Illingworth, 1974). 
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Although not free from controversy, fingertip regeneration in humans is reported to be 

restricted to the distal most or terminal phalangeal element. 

 

1.3. HEART REGENERATION 

Being able to regenerate the human heart has emerged as a worldwide challenge 

in recent years, especially since heart failure remains the major cause of morbidity and 

mortality in the westernized world (Mozaffarian et al., 2016). According to the World 

Health Organization (WHO), 7.5 million people die annually due to cardiovascular 

diseases, and this represents almost 1/3 of all global deaths (Mendis et al., 2011). This 

is mainly due to the fact that human heart, as the majority of adult mammals, has limited 

capacity to recover and regenerate after a major cardiac injury (Laflamme and Murry, 

2011). Currently, the existing pharmacological treatments have been designed to target 

the mechanical characteristics of the cardiovascular system, including the reduction of 

blood pressure (angiotensin converting enzyme inhibitors, angiotensin receptor 

blockers, beta-blockers, isosorbide dinitrate, and hydralazine hydrochloride), the 

reduction of blood volume (aldosterone antagonists, diuretics) and the increase of the 

cardiac contractile force (digoxin) (Leach and Martin, 2018). However, none of these 

available drugs aims to reverse the damage caused by the cardiovascular diseases. 

 

In order to tackle this concern, the only solution would be to find a treatment 

that replaces the damaged myocardium for a functional one; or that induces the 

regeneration potential of human myocardium by activating key genes that have 

demonstrated to be key players in heart regeneration of other species. Different 

therapeutic strategies have been studied involving stimulation of cardiomyocyte 

proliferation, cardiac progenitor or stem cells, cell therapy, reprogramming, and tissue 

engineering which compiles all of them (Amado et al., 2005; Chimenti et al., 2010; Hou 

et al., 2013; Leach and Martin, 2018; Tsifaki et al., 2018). However, none of them have 

succeeded in complete heart regeneration so far.  Currently, the only viable treatment 

when heart failure is stablished is heart transplantation, which is limited by organ donor 

availability and complicated by the lifelong immune suppression needed (Benjamin et 

al., 2018). Therefore, the study of natural heart regeneration that occurs in other 
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organisms (Figure I 4 and Figure I 5) and the understanding of the underlying 

mechanisms stands out as an alternative approach to develop successful clinical 

therapies to regenerate the human heart. 

 

 

Figure I 4| Heart regenerative capacity in warm- or cold-blooded animals. For each species, cardiac 

regenerative ability is indicated in green (ability to regenerate), orange (incomplete capacity to 

regenerate) or red (incapacity to regenerate). In each case, the approach used to induce cardiac 

damage is indicated. In warm-blooded species, cardiac regeneration appears to be restricted to a 

defined early-developmental period during embryonic and early-neonatal life. In cold-blooded animals, 

six out of nine species have the ability to regenerate their heart during adult life, whereas three out of 

nine species show an incomplete capacity or incapacity to undergo heart regeneration. Adapted from 

Vivien et al., 2016. 
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1.3.1. Heart regeneration in urodeles 

Amphibians can be separated into three orders, urodele (newt, salamander and 

axolotl), anuran (frogs and toads), and apoda (caecilians). Urodele amphibians have a 

functional tail in adult life, whereas anuran amphibians lose their tail after 

metamorphosis, and apoda are limbless with a worm-like form. Anuran and urodele 

amphibians are able to regenerate several tissues and organs such as limbs, retina and 

nerve tissue (Vivien et al., 2016). Therefore, urodele and anuran amphibians are useful 

models to explore the mechanisms of cardiac regeneration in aquatic and terrestrial 

tetrapod vertebrates. 

 

The first studies describing the proliferative potential of newt cardiomyocytes in 

injured myocardium were conducted by John Oberpriller and Jean C. Oberpriller at the 

beginning of 1970s (Oberpriller and Oberpriller, 1971, 1974). Although the newt’s heart 

proliferative capacity, authors concluded that newts were not able to completely 

regenerate upon amputation of the ventricular apex, due to the presence of fibrotic 

tissue after injury (Oberpriller and Oberpriller, 1971, 1974). Yet, recent studies provided 

evidence that adult newt heart has the ability to regenerate after the resection of the 

20% of the apex, or the removal of the lateral portion of the ventricle (5-10%) (Mercer 

et al., 2013, 2012; Witman et al., 2011). Newts have also proved to regenerate after 

mechanical injury by repeated crushing of the ventricle with forceps (Borchardt and 

Braun, 2007; Laube et al., 2006). To date, more physiologically injury models such as 

cryoinjury or ischemic injury have not been reported in the newt (Figure I 4 and Figure I 

5). The timing needed to complete the cardiac regeneration depends on the injury 

method, but typically occurs within 60-90 days.  

 

Despite the pioneering role as a heart regeneration experimental model, newt is 

not the most studied organism due to the lack of genetic tools and the limitation of 

molecular and genetic analysis. Sequencing its enormous genome, estimated to be 

1,010 bases or ~10 times the size of the human genome, have been a big challenge 

(Looso et al., 2013). Despite, novel transcriptional an proteomic studies helped to unveil 

the mechanisms involved in newt cardiac regeneration (Looso et al., 2013; Witman et 
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al., 2011). Interestingly, the most significant transcriptional changes in newt cardiac 

regeneration are associated with ECM, which indicates its importance in the 

regenerative process (Mercer et al., 2013). 

 

 

Figure I 5| Different approaches used to study cardiac regeneration in vertebrates. The four main 

methodological approaches used in the literature to induce cardiac damage are indicated. For each 

approach, the type of injury induced, the extent of tissue removal and the extent of inflammation and 

ECM deposition after injury are indicated. The ability to regenerate the myocardium after the defined 

type of injury is indicated for the vertebrate species analyzed. NTC, non-transmural cryoinjury; TC, 

transmural cryoinjury. Adapted from Vivien et al., 2016. 

 

In addition, axolotls (Ambystoma mexicanum and A. dumerilii) have also been 

studied in terms of cardiac regeneration. They have proven to regenerate after 

ventricular resection, cryoinjury and pharmacological heart failure caused by 

isoproterenol (Figure I 4 and Figure I 5) (Cano-Martínez et al., 2010, 2007; Lauridsen and 
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Pedersen, 2014). Following cryoinjury or ventricular resection axolotl can regenerate 

within 60-90 days (Lauridsen and Pedersen, 2014). 

 

To date, there is no study analyzing the heart regeneration capacity in terrestrial 

urodeles such as salamanders or post-metamorphic axolotls. Nevertheless, is it is known 

that land-phase amphibians have worst limb regeneration compared to their water-

based forms (Vivien et al., 2016), suggesting a worse cardiac regeneration. In addition, 

heart regeneration has not been deeply studied in anuran amphibians. There are two 

studies more than 50 years ago, that report adult frog incomplete heart regeneration 

after mechanical injury induced by apex crushing (Figure I 4) (Rumyantsev, 1973, 1961).  

 

1.3.2. Heart regeneration in mice  

Currently, it is accepted that cardiomyocyte turnover in adult mice is very low 

(~1% per year) (Senyo et al., 2013). This allows the heart to partially replace some 

cardiomyocytes during normal aging. On the other hand, this limited renewal is not 

enough to cope with massive cardiomyocyte loss after myocardial infarction. 

Cardiomyocyte turnover after myocardial infarction reaches the ~3% within and 

adjacent the injured area compared to sham-operated mice (Senyo et al., 2013), but is 

also insufficient to completely renew the damaged myocardium. The origin of the newly 

formed cardiomyocytes is not still fully known, since genetic linage tracing studies have 

determined that they come from existing cardiomyocytes and from progenitors 

(Beltrami et al., 2003; Hsieh et al., 2007; Senyo et al., 2013; Van Berlo et al., 2014). 

 

Contrary, embryonic and neonatal mice have cardiac regeneration abilities. 

Sturzu et al. proved, by cardiomyocyte genetic ablation, that mice embryonic 

myocardium is able to regenerate without marks of cardiac dysfunction or hypertrophy 

(Figure I 4 and Figure I 5) (Sturzu et al., 2015). They studied different degrees of 

cardiomyocyte death and determined that, after a cardiomyocyte loss of 50-60%, there 

was a significant proliferation increase of the remaining cardiomyocytes and that these 

were the responsible for the cellular replacement (Sturzu et al., 2015). Thus far, the 

contribution of non-cardiomyocyte cells in this process has not been investigated. 
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When it comes to neonatal mice, several studies have reported cardiac 

regeneration during a brief post-natal developmental window. This have been proved 

through resection of the ventricular apex, ligation of the left anterior descending 

coronary artery (LAD ligation), cryoinjury and genetic ablation (Figure I 4 and Figure I 5) 

(Darehzereshki et al., 2015; Haubner et al., 2012; Hsieh et al., 2007; Jesty et al., 2012; 

Lavine et al., 2014; Notari et al., 2018; Porrello et al., 2013, 2011). After apical resection 

and LAD ligation of 1-day-old mice a blood clot is formed and inflammatory cells are 

recruited to the injury. Later on, ECM is remodeled and cardiomyocyte proliferation is 

globally activated in the heart (Haubner et al., 2012; Porrello et al., 2013, 2011). 

Furthermore, in the LAD ligation model, extensive angiogenesis and revascularization 

are associated with the regeneration process (Aurora et al., 2014; Porrello et al., 2013). 

In the cryoinjury model, epicardial activation has been detected as well (Darehzereshki 

et al., 2015). When it comes to the origin of the new cardiomyocytes, it has been 

demonstrated that the majority of them derive from pre-existing ones (Porrello et al., 

2011). However, in cryoinjury, c-kit+ cardiac progenitors have also been implicated in 

the generation of new myocardium (Jesty et al., 2012). In all of the injury methodologies 

assessed, it has been proved that neonatal cardiac regeneration is limited to a window 

of 7 days after birth (Porrello et al., 2013, 2011). Even so, a recent study may suggest 

that the cardiac regenerative potential may be even more limited in time, and that the 

neonatal ability to regenerate the heart is lost by post-natal day 2 (Notari et al., 2018). 

  

As seen, the cardiac regenerative potential of neonatal mice has been 

reproduced by multiple studies, but this biological process was under some controversy. 

Andersen et al. reported in 2014 that neonatal mice were not able to regenerate their 

hearts after apical resection, failing to detect proliferating cardiomyocytes (Andersen et 

al., 2014). This controversial findings lead to discussion, and others determined several 

technical issues, being the method of injury performed in a different way (Sadek et al., 

2014; Sen and Sadek, 2015). In addition, a systematic analysis by Bryant et al. observed 

that the major determinant of the neonatal regenerative response after apical resection 

is the size of resection (Bryant et al., 2015). Something similar happens with cryosection, 

since structural recovery of the myocardium is described after non-transmural 
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cryoinjury in P1 heart, but is incomplete after transmural injury (Figure I 5) 

(Darehzereshki et al., 2015; Jesty et al., 2012; Strungs et al., 2013). 

 

1.3.3. Limitations of heart regeneration in humans 

For a long time, it was believed that human cardiomyocytes were terminally 

differentiated and post-mitotic, being cardiomyocyte hypertrophy the postnatal heart 

growth mode. Several investigators have tried to measure the number of 

cardiomyocytes in the human heart at normal and pathological conditions, but it is 

complicated and needs many assumptions to be done (Burton et al., 1999; Goldstein et 

al., 1974; Li et al., 1996). Even so, there are two studies that have tried more direct 

approaches to measure DNA synthesis in adult human hearts. The first one, by 

Bergmann et al., took advantage of the worldwide pulse of atmospheric 14C that took 

place during the testing of nuclear weapons during the cold war (Bergmann et al., 2009). 

The 14C entered the human food chain, labelling the newly formed cells. The Limited 

Nuclear Test Ban Treaty of 1963, caused a reduction of the 14C levels and provided 

researchers with pulse-chase conditions. As predicted, cardiomyocytes and non-

cardiomyocyte cardiac cells were found to have incorporated 14C, thus being 

substantially younger than the patient. Mathematical modelling suggested that 

cardiomyocyte turnover was age dependent, with ~1% cardiomyocyte/year renewal at 

age of 20, and 0.4% at age 75. Following this basis, the ~45% of cardiomyocytes would 

be renewed through a normal human lifespan. Further studies of this data, have 

reported that most human cardiomyocytes stop proliferating after the first year of life 

(Bergmann et al., 2015). 

 

The second study, by Kajstura et al., studied post mortem hearts from patients 

with cancer that were treated with the thymidine analogue iododeoxyuridine (IdU) 

(Kajstura et al., 2010). This agent intercalates in the synthesizing DNA and can be 

detected by immunohistochemistry. Cardiomyocyte labelling rates were identified to be 

from 2.5% to 46%. Mathematical modelling suggested a cardiomyocyte turnover of 22% 

per year. Taken together, this studies show evidence from adult human heart plasticity 

although some findings are hard to reconcile. 
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In contrast to the low regenerative potential of adult human heart, there are 

case studies that reveal cardiac regeneration in children and infants (Figure I 4). There 

is evidence of little or absent myocardial scarring of children undergone corrective 

cardiac surgery, or complete recovery of a new-born patient after a severe myocardial 

infarction (Fratz et al., 2011; Haubner et al., 2016). 

 

A possible reason for this insufficient proliferation of mammalian 

cardiomyocytes might be their DNA content. After birth, human and rodent 

cardiomyocytes undergo a period of physiologic growth that is difficult to support with 

a diploid genome. Different approaches have been identified to cope with this problem. 

Almost all rodent cardiomyocytes, experience a final round of DNA replication and 

nuclear division without cytokinesis, generating a ~75% of binucleated cardiomyocytes 

with a diploid (2n) DNA content (Li et al., 1996). By contrast, humans and other primates 

experience a final round of DNA replication without karyokinesis or cytokinesis, giving 

rise to mononucleated cells but with tetraploid (4n) or higher ploidy (Adler and Costabel, 

1975; Bergmann et al., 2015; Olivetti et al., 1996). Although some evidence shown for 

the proliferation of binucleated cardiomyocytes (Naqvi et al., 2014), it is possible that 

mononucleated diploid cardiomyocytes are less differentiated than polynucleated and 

polyploid cardiomyocytes. Thus, they will be able to reenter cell cycle easier, being more 

ready to contribute to myocardial regeneration. Indeed, most of the zebrafish 

cardiomyocytes are mononucleated (Poss, 2007), and this could explain their high 

proliferative capacity.  

 

Thus, the scarce capacity of cardiomyocyte regeneration makes human heart 

one of the least regenerative organs in the body. Consequently, heart failure is an 

increasing health problem, being predicted to reach epidemic proportions as our 

population ages (Mendis et al., 2011). The human ventricle is comprised of 2-4 billion 

cardiomyocytes, and after a myocardial infarction 1 billion cardiomyocytes (~25%) can 

be eradicated in few hours (Murry et al., 2006). Most myocardial infarctions are caused 

by an occlusion of a coronary artery by an atheromatous plaque, and the resulted 

damaged myocardium is replaced by a non-contractile fibrous scar tissue (Figure I 6) 
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(Frangogiannis, 2006). But, not only cardiac diseases are responsible for cardiomyocyte 

loss, but also aging itself is associated with the loss of about 20 million cardiomyocytes 

per year in absence of specific heart disease (Olivetti et al., 1991). 

 

 
Figure I 6| Causes and consequences of myocardial infarction in humans. (A) Schematic 

representation of a human heart in which one of the coronary arteries is occluded by an atheromatous 

plaque (magnified area). When blood flow is interrupted, a region of the myocardium becomes 

ischemic (brown shade). Ischemic myocardium eventually dies and is replaced by fibrotic tissue. (B) 

Anatomical and histological differences between a healthy and an infarcted heart. In contrast to a 

healthy heart, the infarcted ventricle shows a thinning of the affected wall, in which the cardiac muscle 

has been replaced by fibrotic tissue. LV, left ventricle; RV, right ventricle. Adapted from González-Rosa 

et al., 2017. 

 

1.4. HEART REGENERATION IN ZEBRAFISH 

1.4.1. Zebrafish as a model organism 

Zebrafish (Danio rerio, Hamilton 1822) is a small, freshwater, teleost fish (family 

Cyprinidae, order Cypriniformes) native to small rivers, streams, paddy fields, and 

channels in south-eastern Asia, including India, Myanmar, Bangladesh and Nepal 
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(Holtzman et al., 2016). As well as being found in any pet store as ornamental fish, it has 

become widespread as a vertebrate model in research. The advantageous features that 

have given zebrafish such good position in the research world are: 1) a maintenance 

remarkably simpler and cheaper than mammals, 2) a short generation time, 3) large 

number of eggs in one lay, 4) and the ability to follow-up in vivo the development thanks 

to the external fertilization and the transparency of larvae until 72hpf (Figure I 7). It has 

also been of great research interest due to its ability to regenerate numerous organs, 

including all seven fins (Poss et al., 2003), the retina (Vihtelic and Hyde, 2000), optic 

nerve (Becker and Becker, 2000), the spinal cord (Thomas et al., 1998), the 

telencephalon (Kroehne et al., 2011), kidney (Diep et al., 2011), pancreas (Beer et al., 

2016) and heart (Poss et al., 2002; Raya et al., 2003). 

 

Zebrafish was, by the 1920s, recommended as a potential genetic and 

embryologic model (Goodrich, 1929), and was used for the first time in embryologic 

research by Craser (1934) (Creaser, 1934). However, the actual position as an organism 

model started with George Streisinger, who was the first researcher to use the zebrafish 

as a genetic model (Streisinger et al., 1981), and Charles Kimmel, who defined the key 

stages of embryogenesis and characterized the first zebrafish mutants (Kimmel, 1993; 

Kimmel et al., 1989). 

 

 
Figure I 7 | Zebrafish adults and larvae. (A) Female and male adult zebrafish are put in a crossing tank 

to obtain eggs. The size of (B) an adult zebrafish is around 4cm long, and (C) the adult heart is 1-2mm. 

(D) Zebrafish eggs remain in their chorion until 48-72hpf. (E) At 72hpf, larvae have already developed 

many organs, including the heart (F). 
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About 71% of human genes have at least one corresponding gene in zebrafish 

genome, known as ortholog (Howe et al., 2013). Due to the teleost genome duplication 

event, there may be two orthologs in the zebrafish genome for one given human gene 

(Glasauer and Neuhauss, 2014). In addition, the zebrafish genome has several unique 

genes with no corresponding ortholog in mammalian genome. Besides, 84% of genes 

associated with human disease have a zebrafish counterpart. All these genomic 

similarities makes zebrafish a great animal model to study biological processes and 

human diseases (Howe et al., 2013).  

 

1.4.1.1. Molecular tools in zebrafish 

Another aspect that favoured zebrafish to develop as a great research model was 

the numerous molecular tools that were initially developed for studies in developmental 

biology. The first strategy used to identify genes responsible for development was the 

generation of developmental and behavioral mutants through random chemical 

mutagenesis with N-ethyl-N-nitrosourea (ENU), an alkylating agent that modifies single 

DNA bases resulting in randomly distributed point mutations (Solnica-Krezel et al., 

1994). However, the principal drawback of this technique is intensive screening, by 

sequencing, needed to identify the point mutation.  

 

Nowadays, the almost full annotation of the zebrafish genome is available (Howe 

et al., 2013), and it has facilitated the use of zebrafish in research allowing the precise 

selection of any genomic sequence of interest. One of the alternative approaches to 

ENU, that benefited from the zebrafish genome annotation, is the random integration 

of exogenous DNA, also called insertional mutagenesis (Kettleborough et al., 2013). This 

strategy relies on transposon- or viral-based methods to introduce a desired DNA 

fragment into the zebrafish genome. The most known transposon based mutagenesis 

system used in zebrafish is the Tol2 system (Kwan et al., 2007). This system uses flanking 

sequences to integrate a DNA construct within transposon sites with the help of a 

transposase. So, by injecting the DNA construct and the mRNA of the transposase into 

a single cell embryo, transgenic zebrafish can be easily generated. Depending on the 

strategy used, reporter, knock-down or conditional transgenic lines can be generated. 
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Thousands of transgenic zebrafish lines available (at zfin.org) have been generated with 

this method. 

 

Another classical way of knocking down genes is morpholino injection. 

Morpholinos are stable, modified oligonucleotides (the deoxyribose ring has been 

replaced with a morpholine ring) designed to block translation or splicing of targeted 

genes by complementary binding to sequences at gene’s transcription or splicing sites 

(Summerton and Weller, 1997). Although it is efficient until 2dpf when injected into one-

cell stage embryos, the principal drawback of this technology is its transience effect. In 

addition, since it is a strategy directed to block mRNA and not to disrupt the DNA 

sequence, and off-target effects are commonly present, sometimes the resulting 

phenotypes are difficult to interpret. Therefore, these characteristics make the use of 

morpholinos not really suitable for adult purposes. Nevertheless, different approaches 

have attempted to use morpholinos in adult tissues, such as vivo-morpholinos (Hyde et 

al., 2012; Thummel et al., 2011), cerebro-ventricular microinjection (Kizil et al., 2013) or 

morpholino-loaded beads (Becker and Becker, 2014). 

 

Today, generating knock-down phenotypes by using morpholinos has largely 

been replaced by targeted genome editing techniques (TILLING, targeting induced local 

lesions in genomes). This strategy can produce heritable changes in the genome leading 

total ablation of gene products and the generation of mutant lines with relative ease. 

TILLING techniques include Zinc finger nucleases (ZFNs), transcription activator-like 

effector nucleases (TALENs), and clustered regularly interspaced short palindromic 

repeats (CRISPRs)/Cas9 (Figure I 8) (Bibikova et al., 2001; Simone et al., 2018; Wyatt et 

al., 2015). All these techniques are based in the induction of double strand breaks (DSB) 

in the DNA, which are fixed by endogenous DNA repair pathways that can cause 

stochastic insertion or deletion (indel) mutations, and lead to disruption of the open 

reading frame and the subsequent protein structure. The DSBs induced by these 

technologies are frequently repaired by the error-prone non-homologous end joining 

(NHEJ), and less frequently by homology directed repair (HDR). 
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Figure I 8| Guided designed endonucleases used in zebrafish. (A) The fused FokI functions as a 
homodimer that binds both sides of the target DNA and cleaves upon dimerization with the TALEN 
pairs. TALENs are normally used as dimers with 15–20 TALE repeats binding on one strand separated 
by a spacer region of 15–20nt followed by another 15–20 TALE repeats binding the opposite strand; 
consequently, the DSB occurs at around the halfway point of the spacer where the fused FokI domains 
have the greatest probability of dimerization and subsequent DNA cleavage. (B) Zinc-finger nucleases 
fuse, in site-specific manner, 3-6 zinc finger recognition domains to the either side of the DNA and 
catalyze the DNA cleavage by a FokI enzyme that dimerizes with the zinc-finger/DNA hybridization. (C) 
SpCas9 recognizes the target sequence with the assistance of the sgRNA next to the 3’ PAM sequence 
and induces a DSB 3bp 5’ from the PAM. Adapted from Simone et al., 2018. 

 

1.4.1.2. CRISPR/Cas9 

The genome editing field has changed enormously thanks to the CRISPR and 

CRISPR associated protein-9 (Cas9), which reduced price and design complexity, and 

increased the versatility of genome editing. In the commonly used CRISPR-Cas9 system 

derived from the human pathogen Streptococcus pyogenes (SpCas9), a native NGG 3’ 

PAM (protospaced adjacent motif) sequence is required for an efficient cleavage activity 

(Figure I 8C) (Cong et al., 2013). This system needs a Cas9 protein as well as two CRISPR 

RNAs (crRNAs): trans-activating crRNA (tracrRNA) and a precursor crRNA (pre-crRNA). 

The pre-crRNA contains a spacer to target a desired 20bp site (protospacer) of the 

genome that precedes an NGG trinucleotide, the requisite PAM. These two RNAs 

generate a chimera in order to form the single guide RNA (sgRNA).  

 

The Cas9 can be used as a protein or mRNA. To generate the mRNA, the Cas9 

can be cloned into vectors that facilitate the synthesis of capped and polyadenylated 
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Cas9 mRNA via in vitro transcription from either SP6 or T3 promoters (Jao et al., 2013). 

On the other hand, numerous companies sell the Cas9 protein, which generally has 

higher cutting efficiency than the mRNA. To in vitro generate the sgRNA, cloning 

methods have been optimized allowing the synthesis of the sgRNA by using two partially 

overlapping oligonucleotides in a clone-free manner (Bassett et al., 2013). One 

oligonucleotide is specific to the genomic loci of interest whereas the other is a generic 

oligonucleotide that can be used for all constructs and contains the necessary secondary 

structure. These oligonucleotides form a double stranded template by annealing at a 

designed 20nt overlap and are extended via polymerase chain reaction (PCR). Then, the 

duplex DNA generated from this polymerization reaction can be used for the sgRNA 

synthesis via in vitro transcription (Varshney et al., 2016).  

 

1.4.2. Zebrafish heart  

During vertebrate embryo development, heart is the first organ to form and 

function (Bakkers, 2011). However, early stages of zebrafish development are not yet 

completely dependent on a functional cardiovascular system. This is because early 

embryo can obtain oxygen from the medium by diffusion due to its small size (Hu et al., 

2001). This peculiarity makes zebrafish embryo a good model to analyze mutants with 

compromised or no cardiac function, in contrast to mammals (Stainier et al., 1996, 

1993). Still, regarding the general cardiovascular development, heart structure and 

composition, zebrafish are comparable to mammals (Chablais et al., 2011; Hu et al., 

2001). 

 

In comparison to the four-chambered human heart, the adult zebrafish heart is 

more simplistic and is composed of two chambers: one atrium and one ventricle (Figure 

I 9 and Figure I 10A). Moreover, zebrafish lacks pulmonary circulation resulting in a 

single-circulation system and simpler structures (Hu et al., 2001). Besides the two 

contractile chambers, the zebrafish heart is also composed of the sinus venosus and the 

outflow tract (or bulbus arteriosus) (Figure I 9). The blood enters at the atrium through 

the sinus venosus, which collects the blood from all the body, then is pumped to the 
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ventricle and finally exits through the outflow tract, a simple bulbus arteriosus, which 

transfers the blood to the gills for oxygenation (Figure I 9) (Hu et al., 2001).  

 

As in mammals, zebrafish heart is composed of three tissue layers, the 

epicardium, the myocardium and the endocardium. The myocardium is per se the 

cardiac muscle tissue, and is composed by contractile cardiomyocytes. This layer is 

surrounded by one-thick cell layer both inside and outside, named endocardium and the 

epicardium, respectively (Figure I 10B). Structurally, the myocardium can be divided in 

a peripheral wall of compact muscle, and an inner trabecular muscle (Hu et al., 2001). 

Lately, through linage tracing experiments, it has been descried that the compact layer 

can be actually divided into two different layers: the primordial and the cortical (Figure 

I 10B) (Gupta and Poss, 2012). During development, first is originated the primordial 

layer, from where some cardiomyocytes delaminate and generate the trabecular layer. 

It is the trabecular layer that later creates a breach through the primordial layer to finally 

originate the cortical layer (Gupta and Poss, 2012). 

 

 
Figure I 9| Anatomy and morphology of the zebrafish heart. (A) An illustration of a postero-anterior 

view of an adult zebrafish heart and the major vasculature in the cardiac region. (B and C) Comparative 

morphology of adult atrial and ventricular chambers in the zebrafish (B) and mouse (C). Despite 

considerable evolutionary distance and dramatically different life styles, the main features of chamber 

myocardial design (ventricles with trabeculae carneae, Tr; atria with pectinate muscles, pm) are 

conserved. The differences are in higher proportion of trabeculated ventricular myocardium and 

presence of a single atrial and ventricular chamber in the fish. Adapted from Hu et al., 2001 and 

Sedmera, 2011. 
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1.4.3. Zebrafish heart regeneration and injury models 

Ventricular amputation have been, for more than a decade, the exclusive 

method used to study zebrafish heart regeneration. Recently, other injury models that 

induce tissue death have been developed to study heart regeneration in zebrafish. Due 

to zebrafish reduced size, it has not been able to apply common injury methods to 

induce myocardial ischemia employed in larger animals such as coronary artery ligation.  

 

1.4.3.1. Amputation 

The first method to study zebrafish heart regeneration was developed in the 

early 2000’s and helped to report the ability of the zebrafish to regenerate its heart  

(Poss et al., 2002; Raya et al., 2003). In this method, around 20-30% of the ventricle is 

surgically removed at its apex with iridectomy scissors and regeneration is evaluated as 

complete regrowth of the lost tissue (Figure I 10C) (Poss et al., 2002; Raya et al., 2003). 

After amputation, a blood clot rapidly appears sealing the wound and preventing the 

animal to bleed out. Within the next 2-3 days, the blood clot is turned into a fibrin clot 

and further on is invaded by new cardiomyocytes. Epicardium and endocardium 

activation, as well as cardiomyocyte proliferation and new vessel and nerve formation 

are known to be key processes needed for correct cardiac regeneration (Lien et al., 

2012). The regeneration process finishes between 30-60 days where the newly formed 

myocardium is  indistinguishable from the non-injured myocardium (Lien et al., 2012; 

Poss et al., 2002; Raya et al., 2003). Although gene profile analysis suggest that early 

stages of regeneration are similar to a wound healing process, there is a lack of scar 

tissue formation at the end (Lien et al., 2006). 

 

For more than a decade, the amputation model helped to study the zebrafish 

heart regeneration, and the majority of the findings have been achieved using this 

method. Yet, some alternative methods have been developed looking for an injury way 

without tissue loss but death, looking for a model more similar to myocardial infarction.  
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1.4.3.2. Cryoinjury 

Some years ago, three groups in Europe established  an alternative injury model, 

the cryoinjury (Chablais et al., 2011; González-Rosa et al., 2011; Schnabel et al., 2011). 

In this new paradigm, the cardiac tissue is damaged by applying dry ice or a probe 

precooled in liquid nitrogen to the ventricular surface. The fast freezing and thawing of 

cells results in tissue necrosis and further cellular apoptosis of approximately the 20-

25% of the ventricle (Chablais et al., 2011; González-Rosa et al., 2011; Schnabel et al., 

2011). In comparison to ventricular amputation, the cryoinjury model induces more 

apoptotic response affecting different cell types (Figure I 10D). Just after the injury, the 

damaged area is infiltrated with immune cells, leading an important immune response. 

This inflammatory response triggers an extensive disposition of fibrotic tissue greater 

than in the amputation model. Interestingly, this entire fibrotic scar is cleared and 

repopulated by cardiomyocytes allowing zebrafish heart fully regeneration (Gamba et 

al., 2017).  However, all this process is slower than amputation taking 3-4 months to fully 

regenerate (González-Rosa et al., 2011; Lien et al., 2012). The process can take even 

more time when bigger injuries are done, as reported by Hein et al. where a thicker 

copper filament induced a greater injury and hearts regenerated after 180 days post-

injury (dpi) (Hein et al., 2015). This fact suggests that injury severity influences the 

recovery window, probably due to the need to clear all the necrotic tissue and to 

resolute of the grater scar tissue (Lien et al., 2012). Importantly, this model have shown 

that fibrosis is not an inhibitory process for complete cardiac regeneration.  

 

After regeneration, cryoinjured ventricles develop an enlargement of the 

ventricle, a thicker ventricular wall, and more rounded ventricular shape, as signs of 

ventricular remodeling, although heart function is completely restored (González-Rosa 

et al., 2011). Recently it has also been discovered that the primordial layer of the 

myocardium is unable to completely regenerate after cryoinjury (Pfefferli and 

Jaźwińska, 2017), findings not observed after ventricular amputation (Gupta and Poss, 

2012). 
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Figure I 10| The zebrafish heart and injury models. (A) Schematic representation of the anatomical 
position of the heart in the adult zebrafish. The teleost heart is composed of a single atrium and a single 
ventricle. Bulbus arteriosus is an elastic, non-contractile chamber composed of smooth muscle. (B) 
Histological organization of the adult zebrafish ventricle. Cardiac muscle is covered externally by the 
epicardium and internally by the endocardium. The myocardium is divided into three distinctive 
populations: trabecular, primordial, and cortical. The cortical myocardium is highly irrigated by 
coronary vessels. Endothelial cells from the coronary vasculature are frequently surrounded by 
pericytes. For simplicity, the presence of fibroblasts in the uninjured heart has been omitted. (C) Apex 
amputation removes ∼20% of the ventricle and leads to the formation of a fibrin clot. (D) Cryoinjury 
induces local tissue necrosis (∼20% of the ventricle) and triggers apoptosis. (E) Cardiomyocyte genetic 
ablation causes diffuse loss of ∼60% of cardiomyocytes in the heart, while preserving the remaining 
cell types. (F) Hypoxia/reoxygenation induces low levels of diffuse cell death in all cell types of the 
heart. Ant, anterior; AT, atrium; BA, bulbus arteriosus; CM, cardiomyocyte; CV, coronary vasculature; 
Dor, dorsal; EC, endocardium; EP, epicardium; M, myocardium; Post, posterior; V, ventricle; Ven, 
ventral. Adapted from González-Rosa et al., 2017. 

 

1.4.3.3. Genetic ablation 

Another strategy to induce cardiac injury is based on the expression of toxins or 

enzymes catalyzing the production of cytotoxic metabolites in an inducible manner. The 

first to design a transgenic system of genetic ablation were Curado et al.. They expressed 

the bacterial nitroreductase (NTR) specifically in cardiomyocytes (under the mlc2a 
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promoter) (Curado et al., 2007). In the presence of metronidazole (Mtz), a non-toxic 

agent, the NTR generates a toxic metabolite that induces cell death. When expressed 

under cell specific promoters, as Curado et al. did, it can generate the ablation of a 

specific cell type without damaging any other cell type.  It is a conditional system that 

allows a temporal control, since Mtz can be added upon interest in the fish water. When 

Mtz is removed, the toxin is no longer present and cardiomyocytes can recover again. 

Others used the same system to specifically ablate ventricular cardiomyocytes in the 

developing zebrafish (Zhang et al., 2013).  

 

A second system of genetic ablation was created to express the diphtheria toxin 

chain A (DTA) under a cardiomyocyte promoter (Wang et al., 2011). Here, the 

conditional expression of DTA controlled under the CRE/loxP system can produce up to 

a ~60% of cardiomyocyte death (Figure I 10E). Although this may seem a huge loss, it is 

tolerated and regeneration is achieved in ~30 days with no scarring. Since only 

cardiomyocytes are affected, it reassembles more to an advanced cardiomyopathy 

rather than a myocardial infarction, but it is a great model to study factors that promote 

cardiomyocyte proliferation. 

 

The genetic ablation mechanism has not only been used in cardiomyocytes but 

other cell types such as epicardial cells (under the tcf21 promoter) (Cao et al., 2017; 

Wang et al., 2015), fibroblasts (under the col1a2 promoter) (Sánchez-Iranzo et al., 2018), 

or Treg cells (under the foxp3a promoter) (Hui et al., 2017). All these systems used the 

NTR method.  

 

1.4.3.4. Hypoxia/reoxygenation 

The last model implemented has been the hypoxia/reoxygenation, which tries to 

better model the human myocardial infarction (Parente et al., 2013).  This paradigm is 

based on the maintenance of fish for a short time under hypoxia conditions, and 

returning them back to normal oxygen water. The principal limitation of this model is 

that it is not a heart specific and damages other organs. This injury generates 

cardiomyocyte apoptosis and proliferation; however, histologic analysis do not show 
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any gross injuries (Figure I 10F). Zebrafish after hypoxia/reoxygenation also exhibit 

transient reduction in cardiac function. Localized hypoxia, which would reassemble 

more to human myocardial infarction, has not been developed in zebrafish yet.  

 

The comparison of the above-mentioned models is found in Table I 1. In addition 

to these models, different strategies have been developed in other to create milder 

injuries. These include scratching, piercing or stabbing the adult hearts (Gupta et al., 

2013; Itou et al., 2014; Kikuchi et al., 2011b). 

 

 

 

Table I 1| Comparison between different injury models for studying zebrafish heart regeneration. 

 Adapted from González-Rosa et al., 2017. 

 Injury method 

 Apex resection Cryoinjury Genetic ablation Hypoxia/reox. 

Tissue affected 

(%) 
~20% (ventricle) 

~25-30% 

(ventricle) 

60% (atrium + 

ventricle) 
? 

Tissue death 

(affected tissue) 

- (apoptosis limited 

to tissue around 

amputation plane) 

+++ (all cell 

types) 

+++ (only 

cardiomyocytes) 
+ 

Cardiac specific Yes Yes Yes No 

Localized injury Yes Yes No No 

Fibrosis  - or low +++ - - 

Ventricular 

remodelling 
Low High - - 

Hypoxia + (local hypoxia) ? ? 
+ (generalized 

hypoxia) 

Functional 

recovery 

+++ (electrical 

coupling, exercise 

tolerance) 

Pumping 

efficiency ++ 

Segmental 

motility - 

+++ (electrical 

coupling, exercise 

tolerance) 

Pumping 

efficiency ++ 

Regeneration 

time (days) 
30-60 80-130 30 NA 

Requires specific 

transgenes? 
No No Yes No 

Can be applied in 

embryonic/larval 

stages? 

No No Yes Yes 
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1.4.4. Cellular and molecular mechanisms of zebrafish heart 

regeneration 

1.4.4.1. Myocardial contribution 

One of the most important objectives in the study of cardiac regeneration is the 

identification of the origin of the new tissue. When first described the capacity of 

zebrafish heart to regenerate (Poss et al., 2002; Raya et al., 2003), it was unknown if the 

newly formed cardiomyocytes originated from a pre-existing source of cardiac 

progenitor cells, from the transdifferentiation of other cell types, or from the 

proliferation of pre-existing cardiomyocytes. In this first studies, BrdU incorporation 

experiments suggested that proliferating cells could be cardiomyocytes (Poss et al., 

2002; Raya et al., 2003). Later on Lepilina et al. suggested that the new myocardium 

arose from cardiac progenitor cells (Lepilina et al., 2006). The expression of cardiac 

progenitor markers such as hand2, nkx2.5, tbx20 and tbx5 further supported this 

hypothesis (Lepilina et al., 2006). 

 

The origin of the new myocardium was further revised by two independent 

groups, which performed linage tracing of cardiomyocytes during regeneration using 

the Cre/loxP system (Jopling et al., 2010; Kikuchi et al., 2010). They demonstrated that 

new cardiomyocytes were originated from pre-existing ones through cell proliferation. 

They observed that, after cardiac injury, proliferating cardiomyocytes in zebrafish suffer 

several morphological and transcriptional changes. Cardiomyocytes display partial 

sarcomere disassembly (Jopling et al., 2010; Kikuchi et al., 2010) and acquire a 

dedifferentiated state with reduced expression of sarcomeric proteins and reexpresion 

of some embryonic myosins (Sallin et al., 2015; Wu et al., 2016). Cell proliferation assays 

using BrdU or EdU incorporation revealed that cardiomyocyte proliferation started at 

7dpa and peaked at 14dpa (Poss et al., 2002; Raya et al., 2003). The majority of the 

proliferating cardiomyocytes were found at the injury site (65-75%), but there were also 

proliferating cardiomyocytes in other areas throughout the ventricle (10-30%) (Itou et 

al., 2012; Jopling et al., 2010; Sallin et al., 2015). In line with these findings, a 
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subepicardial population of gata4 expressing cardiomyocytes were found to 

preferentially contribute to myocardial regeneration (Figure I 11) (Gupta et al., 2013). 

 

Cardiomyocytes in the wound edge receive numerous signals from non-

myocardial cells that induce their proliferation. Some of these discovered signals which 

cardiomyocytes are exposed to, are: Pdgf, RA, Igf, Shh, Tgfβ ligands, BMP, Nrg1, and 

Notch signaling (Chablais and Jazwinska, 2012; Choi et al., 2013; Gemberling et al., 2015; 

Huang et al., 2013; Kikuchi et al., 2011b; Kim et al., 2010; Münch et al., 2017; Wu et al., 

2016). All these signals are secreted from the epicardium, epicardial derived cells 

(EPDCs), the endocardium, and circulating cells. An important factor secreted by 

circulating cells are infoamatory cytokines which are suggested to induce the activation 

of the NF-κB signaling in cardiomyocytes during regeneration. The blockade of this 

signaling pathway blocks cardiomyocyte proliferation and differentiation, and impairs 

epicardial regeneration (Karra et al., 2015). Another cardiomyocyte autonomous signal 

that induces cardiomyocyte proliferation during regeneration process is Brg1. Xao et al. 

demonstrated that Brg1 increases DNA methylation in collaboration with Dnmt3ab, 

which prevents the expression of cyclin-dependent kinase inhibitors (Xiao et al., 2016). 

The contribution of additional epigenetic mechanisms to cardiac regeneration needs 

further study. 

 

The pro-regenerative role of nerves have been recently described (Mahmoud et 

al., 2015). Nerves are present in the surface of the ventricle, and upon injury are known 

to regrow to the regenerated area. Mahmoud et al. described that the overexpression 

of semaphorin3aa, a neural chemorepellent, by cardiomyocytes inhibited innervation 

and subsequently reduced cardiomyocyte proliferation and impaired regeneration. 

They subsequently validated the results by a chemical inhibition of cholinergic but not 

adrenergic signaling, which also impaired cardiac regeneration. In addition, nerve 

production of Nrg1, but not acetylcholine, stimulate cardiomyocyte proliferation upon 

injury (Mahmoud et al., 2015). Another study identified that zebrafish Nrg1 is produced 

in perivascular cells rather than nerves, and is necessary and sufficient to induce 

cardiomyocyte proliferation (Gemberling et al., 2015). In general, many studies have 
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been centered to decipher the signals produced during regeneration that induce 

cardiomyocyte proliferation.  

 

 

1.4.4.2. Epicardial contribution 

During the regeneration process, epicardium is activated as early as 1-2dpa 

(Figure I 11) and expresses embryonic epicardial markers such as raldh2, encoding for 

retinoic acid (RA), and tbx12, a T-box transcription factor (Kikuchi et al., 2011b). 

 
 

Figure I 11| Summary of events during zebrafish heart regeneration. 

 The process begins at amputation; time points of 3 hours post amputation (hpa) and 1–3, 7, 14 and 30 

days post amputation (dpa) are illustrated. The amputation plane is marked by a red dashed line. Right 

after amputation, a blood clot (red) forms. Within hours, the endocardium (brown) is activated and 

shows morphological and gene expression changes. At 1–3dpa, the blood clot becomes a fibrin clot 

(yellow). The activated raldh2 expression in endocardium becomes localized to the injury site (brown). 

At the same time, the epicardium (blue) is activated and expresses embryonic markers. At 7dpa, the 

epicardium encloses the apex and starts to invade the fibrin clot while a population of gata4:EGFP 

positive cardiomyocytes appears at the sub-epicardium and begins to proliferate. At 14dpa, the 

gata4:EGFP positive cardiomyocytes localize to the apex and newly formed blood vessels vascularize 

the newly formed myocardium. By 30dpa, the myocardium is almost fully regenerated. The new blood 

vessels vascularize the new myocardium. A, atrium; V, ventricle; BA, bulbus arteriosus. Adapted from 

Lien et al., 2012. 
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Epicardial proliferation studies revealed that epicardial cells proliferate from 3 to 7dpa, 

and that at 14dpa activated epicardial cells are localized at the injured apex (Lepilina et 

al., 2006). 

 

There was a considerable interest to study the contribution of epicardium in 

zebrafish heart regeneration, due to numerous evidence from mouse studies suggesting 

that epicardium gave rise to a population of cardiomyocytes during cardiac 

development and after injury (Cai et al., 2008; Katz et al., 2012; Zhou et al., 2008). The 

first description of epicardial activation during zebrafish heart regeneration suggested 

that epicardial cells revascularize the injured area (Lepilina et al., 2006). However, fate-

mapping experiments of cells expressing tcf21, which labels epicardial cells and a 

population of cardiac fibroblasts, demonstrated that epicardium gives rise to 

perivascular cells, but not to cardiomyocytes, endothelial cells, or smooth muscle cells 

(Kikuchi et al., 2011a). This finding was further supported by an alternative approach 

based on tissue transplantation. This study demonstrated that epicardial cells infiltrate 

into the damaged area and differentiate into myofibroblasts and perivascular cells, but 

not into cardiomyocytes or coronary endothelium (González-Rosa et al., 2012).  

 

The formation of new blood vessels is another important event during zebrafish 

regeneration (Figure I 11). Animals lacking well-stablished vascular network, through 

cxcr4a knock-out, were unable to completely regenerate (Harrison et al., 2015). Pointing 

in the same direction, Marín-Juez et al. showed, using cryoinjury, that revascularization 

starts at 15hpi near the wound region. They showed that the inhibition of 

revascularization through the expression of a dominant negative form of vegfaa reduces 

cardiomyocyte proliferation and blocks regeneration (Marín-Juez et al., 2016).  

 

1.4.4.3. Endocardial contribution 

After amputation, endocardial cells are known to activate even faster than 

epicardial cells, as early as 1 hour post-amputation (hpa) (Figure I 11). Transmission 

electron microscopy helped to observe that endocardial cells near to the amputation 

plane, which have elongated nuclei and thin cell bodies attached to cardiomyocytes, 
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round up and detach (Kikuchi et al., 2011b). After activation, endocardium proliferates 

and quickly regenerates to cover internally the wound. Münch et al. studied the 

recovery of endocardium following cryoinjury, and observed endocardial proliferation 

surrounding the wound between 3 and 5dpi, prior to the cardiomyocyte proliferation 

peak at 7dpi (Bednarek et al., 2015; Münch et al., 2017). Endocardium also expresses 

embryonic gens such as raldh2 and recently it has been demonstrated that endocardial 

maturation is Notch-dependent, as mature endocardial cells in the injured area are 

reduced upon Notch inhibition (Münch et al., 2017). 

 

Research done in epicardium and endocardium field indicate that both have 

important roles for cardiac regeneration in zebrafish. However, it is still unclear their 

molecular interaction with cardiomyocytes and more studies about how their organ-

wide activation is triggered need to be done.  

 

1.4.4.4. Immune cell contribution 

 Independently of the method used to induce an injury to the zebrafish heart, an 

early inflammatory response is induced. Inflammatory cytokines and other molecules 

mediate the recruitment of phagocytes and neutrophils to the injury site, as soon as 3 

hpi (Huang et al., 2013). Although we still miss a lot of understanding of the 

inflammation process, there are several evidences that point out that the early 

inflammatory response is essential for cardiac regeneration in zebrafish. Treatment with 

anti-inflammatory drugs and chemical depletion of phagocytes and neutrophils block 

regeneration through an impairment of revascularization and cardiomyocyte 

proliferation,  promoting an accumulation of a fibrotic scar (de Preux Charles et al., 2016; 

Huang et al., 2013). In agreement with these results, leukocyte recruitment impairment 

due to a low activation of cytokines by inhibited matrix metalloproteinases (MMPs) also 

impairs regeneration (Xu et al., 2018). Not only seems important the recruitment of 

immune cells into the injury site, but also the time when they are recruited. Lai et al. 

treated regenerating zebrafish hearts with clodronate liposomes, an established 

method to deplete macrophages, in order to delay macrophage recruitment. They 

observed that this delay compromises revascularization, neutrophil clearance, 
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cardiomyocyte proliferation, and scar clearance (Lai et al., 2017). Furthermore, they also 

observed that the restoration of macrophage recruitment in medaka fish, which fail to 

regenerate the heart, can improve regenerative responses (Lai et al., 2017). Not only 

leukocytes have been demonstrated to be essential in the regeneration process, but also 

Treg cells. Conditional ablation of Treg cells block different organ regeneration in 

zebrafish, such as heart, spinal cord and retina (Hui et al., 2017).  

 

As expressed in the previous three sections, numerous factors required for 

zebrafish heart regeneration have been identified. Still, it is essential to uncover other 

pathways that induce cardiomyocyte proliferation after injury in order to understand all 

the mechanisms governing zebrafish heart regeneration. Several transcriptomic and 

proteomic strategies have been used to characterize it (Lien et al., 2006; Ma et al., 2018; 

Sleep et al., 2010; Wang et al., 2013). Recently, Wu et al. realized a transcriptomic 

analysis of different regions of the cryoinjured heart with TomoSeq (Wu et al., 2016). 

They analyzed the transcripts expressed in the injured zone, in the border zone, and in 

the uninjured myocardium. 

 

1.5. EXTRACELLULAR MATRIX IN ZEBRAFISH HEART 

REGENERATION 

Collagens, proteoglycans and glycoproteins form a complex structure, the ECM, 

which provides structural and mechanical support to tissues. In addition to its structural 

role, the ECM also instructs neighboring cells through biochemical and biomechanical 

signals, resulting in distinct biological responses (Hynes, 2014; Kim et al., 2011). Indeed, 

the composition and mechanical properties of the ECM play crucial roles modulating 

proliferation, migration, differentiation, and apoptosis (Le A. Trinh and Stainier, 2004; 

Lu et al., 2011). Studies using artificial ECM scaffolds have showed that physical 

properties of the ECM such as pore size, stiffness, fiber diameter, and chemical 

crosslinking also have effects on cell fate (Guilak et al., 2009; Yahalom-Ronen et al., 

2015). For instance, substrate stiffness induced myoskeleton reorganization, thus 

determining the cell shape of rat and mice neonatal cardiomyocytes, whereas 
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dedifferentiation of neonatal cardiomyocytes and enhanced proliferation occurred in 

compliant matrices (Yahalom-Ronen et al., 2015). ECM remodeling is an important 

factor to control processes such as development, wound healing and disease states like 

cancer (Bonnans et al., 2014; Dobaczewski et al., 2010; Jessen, 2015; Lu et al., 2012, 

2011). 

 

The role of the ECM during zebrafish heart regeneration has received little 

attention thus far. Gene expression analyses performed in regenerating hearts 

identified transcripts encoding ECM-related proteins among the most differentially 

expressed during this process (Lien et al., 2006; Mercer et al., 2013; Sleep et al., 2010). 

These included inhibitors of metalloproteinases, matrix metalloproteinases, and 

tenascin C (tnc), tnc transcripts being found overexpressed in the border zone between 

the healthy myocardium and the injury site (Chablais et al., 2011; Sallin et al., 2015). 

Another study showed that fibronectin (fn) synthesis by epicardial cells was essential for 

zebrafish heart regeneration, probably by providing cues for cardiomyocyte migration 

(Wang et al., 2013). A role of hyaluronic acid (HA) signaling during zebrafish heart 

regeneration has also been proposed, because components of this pathway were found 

expressed in response to injury, and blocking HA signaling impaired regeneration 

(Missinato et al., 2015). These three ECM components (tnc, fn, and HA) have been 

shown to form a pro-regenerative matrix in newt heart (Jaźwińska and Sallin, 2016; 

Mercer et al., 2013). Moreover, collagen 1a2 and collagen 12 have also been found in 

the regenerating ECM of zebrafish heart (Marro et al., 2016). Recently, Chen et al. 

examined the therapeutic potential of the regenerating zebrafish ECM by injecting 

purified ECM into infarcted mice (Chen et al., 2016), which induced cardiomyocyte 

proliferation and improved cardiac function. Others have centered their studies on the 

ECM-producing cells and defined them as key players in the regenerative process 

(Sánchez-Iranzo et al., 2018).  

 

Another fascinating thing in zebrafish heart regeneration is how fibrosis 

promotes cardiac regeneration, while, in mice, fibrosis seems to be a detrimental 

element. Recently Gamba et al. characterized the collagenolytic activity induced after 
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zebrafish ventricle cryoinjury (Gamba et al., 2017). They detected an increase of 

collagenolytic activity in the injury area around 14-30dpi. This collagenolytic activity 

overlapped with collagen deposition areas, and coincided with the expression of several 

matrix metalloproteinases, such as mmp2 and mmp14a. Thus, a comprehensive study 

of the zebrafish heart ECM composition, characteristics, and degradation may reveal 

other key points in the heart regeneration process.  

 

1.5.1. Periostin 

Periostin is a 90 kDa matricellular protein originally named as osteoblast-specific 

factor 2 (Osf-2) (Horiuchi et al., 1999; Sugiura et al., 1995). Matricellular proteins are 

non-structural extracellular macromolecules which are rapidly turned over and have 

regulatory roles (Frangogiannis, 2012). Periostin is structurally composed of a secretory 

signal peptide, an amino-terminal cysteine-rich EMI domain, a tandem repeat of four 

fascilin-like-1 (FAS1) domains, and a carboxyl-terminal domain (CTD) (Horiuchi et al., 

1999; Kudo, 2011). The sequence from the CTD varies as a result of alterative splicing 

(Figure I 12) (Hoersch and Andrade-Navarro, 2010). Its EMI domain is responsible for 

binding to fibronectin (Kii et al., 2016), and the FAS1 domains bind to tenascin-C (Kii et 

al., 2009), CCN3 (Takayama et al., 2017) and integrins αvß3 and αvß5 (Gillan et al., 2002). 

Through its multiple domains, periostin have been suggested to act as a scaffold of 

assembly of numerous ECM proteins (type I collagen, fibronectin, tenascin-C, and 

laminin γ2) and accessory proteins (BMP-1 and CCN3) allowing the generation of 

complex ECM meshworks. Thus, periostin structure allows the interaction between 

proteins by putting them in a close proximity. It has been demonstrated that periostin 

regulates cell adhesion, motility, cell differentiation and organization of ECM (Gillan et 

al., 2002; Horiuchi et al., 1999; Kii et al., 2009; Maruhashi et al., 2010). 

 

In physiologic conditions, periostin has been described in mouse and human 

samples. It is located in collagen-rich regions such as periodontal ligament (Horiuchi et 

al., 1999; Rios et al., 2005; Suzuki et al., 2004), periosteum (Horiuchi et al., 1999; Rios et 

al., 2005), cardiac valves (R. a. Norris et al., 2009; R. A. Norris et al., 2009) and alveolar 

wall in the lung (Bozyk et al., 2012; Kondoh et al., 2016). In pathologic conditions, 
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periostin have been identified as an important molecule in severe diseases gathered in 

Figure I 13. Some of the pathophysiological conditions in which periostin is found are 

infarcted myocardium (Oka et al., 2007; Shimazaki et al., 2008), fibrosis (Ishikawa et al., 

2014; Naik et al., 2012; Uchida et al., 2012), tissues undergoing wound healing 

(Nishiyama et al., 2011; Norris et al., 2007; Ontsuka et al., 2012), and cancer-associated 

stroma (Conway et al., 2014; Nitsche et al., 2016; Qin et al., 2016; Sung et al., 2016; Tian 

et al., 2015; Underwood et al., 2015). Taking all these conditions together, there is a 

correlation between periostin and tissue regeneration (Conway et al., 2014). Recently, 

some reports relate periostin function with stem cell biology. Khurana et al. have 

reported that periostin regulates hematopoietic stem cells (HSC) maintenance via 

interaction with integrin-αν (Khurana et al., 2016). At the same time, Tanaka et al. 

showed that periostin secreted by stromal cells support hematopoietic progenitor cells 

and leukemia-initiating cells (Tanaka et al., 2016). The association of periostin with the 

matricellular protein CCN3 have further strengthen the role of periostin in stemness. 

There are studies demonstrating the role of CCN3 in regulating HSC and hematopoietic 

progenitor cells (Horiguchi et al., 2009; Ishihara et al., 2014).  

 

 

Figure I 12| Periostin interacts with 

multiple extracellular proteins. The 

interactions of periostin with the 

extracellular/secretory proteins are 

depicted based on the multi-domain 

structure of periostin. CTD; carboxyl-

terminal domain, HBD: heparin-

binding domain. From Kudo, 2017. 

 

Factors that are known to induce periostin expression are TGF-β, and Th2 

cytokines, IL-4 and IL-13, that can enhance periostin expression more effectively than 

TGF-β (Sidhu et al., 2010; Takayama et al., 2006). 

 

Periostin function has been further studied and it has been determined to be 

involved in many processes such as collagen crosslinking, fibronectin secretion, matrix 

metalloproteinase secretion, macrophage migration, and proliferation induction (Kii et 
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al., 2016; Kühn et al., 2007; Maruhashi et al., 2010; Oka et al., 2007; Tanabe et al., 2010; 

Yokota et al., 2017). Regarding collagen cross-linking, periostin promotes the proteolytic 

activation of lysyl-oxidase (LOX), an enzyme responsible for cross-link formation. 

Periostin does not exert this action directly, but through its binding to BMP-1, a protease 

that directly activates LOX (Maruhashi et al., 2010). Recently, it has been also 

demonstrated that periostin interacts with fibronectin in the endoplasmic reticulum 

(ER) to enhance its solubility and prevent its aggregation. Thus, periostin interacts with 

fibronectin in order to promote fibronectin secretion from the ER (Kii et al., 2016). 

Periostin does not only promote fibronectin secretion but also matrix metalloproteinase 

and Notch1 secretion (Tanabe et al., 2010). In terms of cell migration, periostin induces 

cardiac fibroblast migration through engagement with integrin ανβ3 (Oka et al., 2007; 

Shimazaki et al., 2008). It has also been shown to be produced in the lesion of a spinal 

cord injury promoting macrophage migration for scar formation (Yokota et al., 2017). 

The more controversial role of periostin is the induction of cardiomyocyte proliferation. 

Khun et al. proved that periostin induced proliferation of differentiated cardiomyocytes 

after myocardial injury in rats, improving ventricular remodeling and myocardial 

infarction (Kühn et al., 2007). However, others did not observe the same effects on 

cardiomyocyte proliferation and regeneration in the adult heart (Lorts et al., 2009; 

Taniyama et al., 2016). 

 

It is proposed a new periostin action named “Periostin Switch”, which explains 

why periostin may have so many roles. C-terminal cleavage of periostin protein acts as 

a switch of differentiating between initial and late periostin functions (Kudo, 2017). In 

early stages, periostin will promote cell proliferation, migration, and collagen 

production; while after the C-terminal cleavage, collagen cross-linking would be 

induced. 

 

1.5.1.1. Periostin in myocardial infarction 

In the heart, periostin is expressed during embryogenesis at early stages; but, it 

is not detected in the normal adult heart, in exception of the valves (Kruzynska-Frejtag 

et al., 2001; Norris et al., 2007). As stated in some of the above examples, periostin has 
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been described to be synthesized during myocardial infarction in humans and in rodent 

models of myocardial infarction (Oka et al., 2007; Shimazaki et al., 2008; Stanton et al., 

2000). Quite are the studies done regarding periostin and myocardial infarction. Mice 

postn-/- were demonstrated to have reduced fibrosis and hypertrophy after myocardial 

infarction. Paradoxically, other studies showed the role of periostin in myocardial 

regeneration in adult and neonatal mice (Chen et al., 2017; Shimazaki et al., 2008). 

postn-/- adult mice had impaired cardiac healing with increased cardiac rupture due to 

reduced myocardial stiffness (Shimazaki et al., 2008). Moreover, myocardial 

regeneration process of postn-/- neonatal mice was suppressed with a reduction of the 

PI3K/GSK3β/cyclin D1 signaling pathway (Chen et al., 2017). Thus, the role of periostin 

in myocardial infarction still needs further investigation. 

 

 
 

Figure I 13| Periostin and associated diseases. From Kudo, 2017. 

 

1.5.1.2. Homology between species 

The mouse and human periostin genes maintain a homology of 90% in the amino 

acid sequence mature form (814aa). The mouse periostin gene is located in 

chromosome 3, while the human is in the chromosome 13, consisting both genes of 23 

exons. In zebrafish though, the genomic homology lowers to 57% when comparing it to 
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mouse or human genes. As mentioned above, periostin is one of those genes that 

suffered the teleost genomic duplication, so in the zebrafish genome there are two 

periostin genes: periostin A, in chromosome 10, and periostin B, in chromosome 15. The 

former forms a 1016aa protein, and the latter with 26 exons suffers from alternative 

splicing giving rise to two isoforms, isoform 1 (756aa) and isoform 2 (782aa). The 

zebrafish periostin contains the four conserved FAS1 domains, and a newly found C-

terminal repeat sequence (5 or 6 repeats of 13aa) characteristic of zebrafish periostin 

(Kudo et al., 2004). The embryonic expression of zebrafish paralogs was well described 

by Tessie et  al. (Thisse et al., 2001; Thisse and Thisse, 2005) by whole mount in situ 

hybridization (Figure I 14 and Figure I 15). Periostin A is conferred to the nephritic 

system, gut, epidermis, one nucleus in hindbrain, and some pharyngeal arches (Figure I 

14). Instead, Periostin B is expressed in the somites, epidermis, and myotomes (Figure I 

15). Since they have completely different expression patters, we believe that the 

function for each gene would be specific and diverged from the other paralog. 

 

 
Figure I 14| Periostin A expression during development. postna expression at different stages: (A) 20-
25 somites – Prim5 (19-24h); (B) Prim 15 – Prim 25 (30-36h); and (C and D) Highpec – Longpec (42-48h). 
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Figure I 15| Periostin B expression during development. postnb expression at different stages: (A and 
B) 14-19 somites (16h); (C and D) 20-25 somites – Prim5 (19-24h); (E) Prim 15 – Prim 25 (30-36h); and 
(F-H) Highpec – Longpec (42-48h). (A and B) Expression in the somites and (C-H) expression in the 
epidermis and somites/myotomes. 
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The general objectives of the present thesis were to: 

1. Determine which are the ECM proteins differentially expressed during 

zebrafish heart regeneration. 

 

2. Determine the importance of postnb during zebrafish heart regeneration. 

 

 

 

To pursue the mentioned objectives, the specific objectives were the following: 

 

Objective 1: 

1.1 Characterize the decellularization protocol used to enrich the sample with 

ECM proteins. 

1.2 Perform a proteomic analysis of the matrisome of the zebrafish heart and its 

changes during heart regeneration. 

 

Objective 2: 

2.1 Characterize the expression of postnb during cardiac regeneration. 

2.2 Generate a conditional shRNA expressing knock-down transgenic zebrafish 

line for postnb. 

2.3 Generate a knock-out postnb line using CRISPR-Cas9 technology. 

2.4 Determine if postnb is needed for zebrafish heart regeneration. 

2.5 Study the processes in which postnb is needed for a correct cardiac 

regeneration. 
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3.1. ZEBRAFISH BREEDING AND HUSBANDRY 

All the experiments performed in this work have been conducted according the 

procedures approved by the Ethics Committee on Experimental Animals of the 

Barcelona Science Park and the Barcelona Biomedical Research Park. 

 

Adult zebrafish between 3 and 18 months old were used to conduct all the 

experiments. They were maintained in a density of 3 fish/liter, according to the standard 

methodology (Westerfield, 2000). The zebrafish have been maintained in tanks in a 

28.5ºC closed system, and have been feed 2 times per day with fish food (SDS, Essex, 

UK), and 2 times per day with Artemia salina. 

 

In this work, we have used wild type AB (ZIRC_ZL1) and the following transgenic 

strains:  

- Tg(bactin2:Cre-ERt2). Previously created in our laboratory. 

- Tg(Periostin:Citrin). Kindly ceded by Nadia Mercader, CNIC, Madrid (Sánchez-Iranzo 

et al., 2018). 

- dTg((bactin2:Cre-ER)(bactin2:lrl-Act-sh379-GFP)). Created in this thesis. 

- dTg((bactin2:Cre-ER)(bactin2:lrl-Act-sh79-GFP)). Created in this thesis. 

- dTg((bactin2:Cre-ER)(bactin2:lrl-Act-shAB-GFP)). Created in this thesis. 

- PostnB-/-. Created in this thesis. 

 

3.2. VENTRICULAR AMPUTATION SURGERY 

In order to study cardiac regeneration, we used the ventricular amputation 

protocol (Raya et al., 2003). Following this protocol, zebrafish were anaesthetized with 

tricaine. The sedation grade was determined pinching the caudal fin with tweezers, 

starting the experiment as soon as the animals did not respond to the stimulus. Next, 

the fish were arranged in a sponge previously moistened with the ventral face of the 

animal upwards to make it accessible to manipulation. Once the heart area was located 

with the help of a binocular magnifier, the scales of the surface were teared by means 

of microdissection tweezers and a small aperture was ripped through the body wall and 
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the pericardial sac, without damaging the heart. With the help of curved microdissection 

tweezers, the incision was opened and, with iridectomy scissors on the other hand, 

pressure on the abdomen of the fish was applied to force the ventricle to protrude. Once 

the ventricle was on the surface of the fish, the ventricle apex was clamped and the 

amputation of the ventricle’s apex was finally performed with iridectomy scissors (~20% 

of the ventricular volume). In order to stop the initial bleeding, the wound was pressed 

with a tip made of absorbent paper. 

 

Once the surgery was completed, the animals were returned in a tank with 

aquarium water and they were recovered from the anesthetic by pipetting water to the 

gills until a reestablishment of the mobility of the operculum was observed, and the 

animal began to swim normally. Later, the tanks were introduced to the aquarium 

system. As a control of the procedure, a sham intervention was performed. This consists 

in the opening of the pericardial sac without causing any ventricular injury and returning 

the fish back to its tank. 

 

Solutions and material 

Tricaine (anaesthetising solution): 4.2ml of 0.4% tricaine (A5040, Sigma) in 

100ml of aquarium water (final concentration of 0.02%). 

Iridectomy scissors: Moria Pascheff-Wolff Spring Scissors (ref. 15371-92). 

Microdissection tweezers: Dumount #5 – fine forceps (ref. 11254-20). 

Curved microdissection tweezers: Dumount #5/45 forceps (ref. 11251-35). 

 

3.3. EdU LABELLING 

For pulse-chase experiments with EdU, zebrafish that had previously undergone 

ventricular amputation surgery were anaesthetized with tricaine and were injected 

intraperitoneal with 20μl EdU with the help of a Hamilton syringe. The injection of EdU 

was repeated daily between the days 7 and 14 after the amputation. 
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Solutions and reagents 

Tricaine (anaesthetizing solution): 4.2ml of 0.4% tricaine (A5040, Sigma) in 

100ml of aquarium water (final concentration of 0.02%). 

EdU solution: 2.5mg/ml of EdU (900584, Sigma) in PBS. 

 

3.4. CARDIAC TISSUE COLLECTION 

Regenerating hearts at different time points (1, 3, 7, 14 or 30dpa) were collected 

for further analysis. Fishes were slaughtered by submerging them 10min in an overdose 

of tricaine, and 20μl heparin were intraperitoneally injected with a 27G needle to 

prevent blood coagulation. 

 

In order to collect the hearts, the fish were positioned on a wet sponge with the 

ventral face of the animal upward to make it accessible to manipulation. Once the heart 

area was located with the help of a binocular magnifier, the scales of the surface were 

teared by means of microdissection tweezers and an aperture was ripped through the 

body wall and the pericardial sac, without damaging the heart. Once the heart was 

visible, the atrium was carefully separated from the sinus venosus and the heart was 

extracted by taking the outflow tract with the help of microdissection tweezers and 

pulling all the heart out of the cardiac cavity. Once extracted, the hearts were cleansed 

in a solution of PBS with heparin to minimize blood clotting. 

 

Solutions and material 

Tricaine (euthanizing solution): 20ml of 0.4% tricaine (A5040, Sigma) in 100ml of 

aquarium water (final concentration of 0.08%). 

Heparin solution: 1,000U/ml heparin (H3149, Sigma) in PBS. 

Cleaning solution: 100U/ml heparin (H3149, Sigma) in PBS. 

Microdissection tweezers: Dumount #5 – fine forceps (ref. 11254-20). 
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3.5. SAMPLE PROCESSING 

Once extracted, hearts were fixed over-night with PFA at 4°C, washed 3 times 

with PBS, balanced with 30% sucrose over-night, and frozen in OCT (Tissue-Tek) to 

cryosect. For immunohistochemistry and stainings hearts were cut at 10μm and for in 

situ hybridization at 16μm with a Leica CM3050S cryostat. For in situ zymography hearts 

were not fixed with PFA but fast frozen, dipping in cold isopentane, the sample 

embedded in OCT. Hearts were then cryosected at 25µm. The sections were positioned 

in series over 5-10 Superfrost Plus slides (Fisher Scientific), so in each slide there was a 

whole-hearted representation. The sections were dried over-night at RT and 

subsequently stored at -20ºC until used. 

 

Solutions and reagents 

PFA: 4% PFA (Electron Microscopy Sciences) in MQ-H2O. 

30% Sucrose: 30% sucrose (S1888, Sigma) in PBS. 

 

3.6. IMMUNOHISTOCHEMISTRY 

For immunofluorescence detection of proteins in tissues, sections were thawed 

and let dry one night before, and an antigen retrieval treatment was performed with a 

sodium citrate buffer (pH8.5) or pH9 Target retrieval solution for 40min at 80ºC in a 

decloaking chamber (Biocare Madical). Sections were washed 3x5min 1xTBS, and the 

non-specific junctions blocked with blocking solution. Subsequently, the sections were 

incubated over-night at 4ºC with the desired primary antibodies dissolved in TBS++ 

solution. After performing 3x5min TBS++ washes, samples were incubated for 2h at 37°C 

with the desired secondary antibodies dissolved in TBS++ solution. Finally, samples were 

washed 3x5min with TBS; self-fluorescence of the tissue was decreased by treating the 

samples with Sudan Black 4min at RT; samples were again washed 3x5min with 1xTBS; 

and counter stained with 1:10,000 DAPI 10min at RT. Lastly, the stains were preserved 

with mounting medium at 4ºC. 

 

Table MM 1 summarizes the primary antibodies used in this work. 
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Table MM 1| List of primary antibodies. 

Antibody Species Isotype Clonality Dilution Reference 

Myosin heavy chain (MF20) Mouse IgG2b Polyclonal 1:1 MF20 supernatant, DSHB 

α-sarcomeric actin (ASA) Mouse IgM Polyclonal 1:400 A2172, Sigma 

Periostin Rabbit IgG Polyclonal 1:150 NBP1-59151, Novus Biol. 

PeriostinB Rabbit IgG Polyclonal 1:500 
A. Kudo’s lab (Itou et al., 

2014) 

Vimentin Mouse IgM Polyclonal 1:20 40E-C, DSHB 

FITC/Oregon-AlexaFluor 488 Goat  IgG Polyclonal 1:100 A11096, Invitrogen 

 

Table MM 2 summarizes the secondary antibodies used in this work. 

 

Solutions and reagents 

Sodium citrate buffer: sodium trihydrate 10mM (C8532, Sigma) in MQ-H2O. 

Adjust pH at 8.5.  

pH9 Target retrieval solution: dilute 1/10 the 10x pH9 target retrieval solution 

(S2367, Dako) in MQ-H2O. 

TBS 10x: 1M Tris HCl (T3253, Sigma), 160mM Trizma base (T6791, Sigma) and 

1.5M NaCl (S7653, Sigma) in dH2O. Adjust pH at 7.4-7.5. To prepare 1x TBS make 

a 1/10 dilution of 10x TBS in dH2O. 

Blocking solution: 1x TBS with 0.5% Triton X-100 (X100, Sigma) and 3% Donkey 

serum (S30-100ml, Chemicon). 

TBS++ solution: 1x TBS with 0.1% Triton X-100 (X100, Sigma) and 3% Donkey 

serum (S30-100ml, Chemicon). 

Sudan Black: 1% Sudan Black (252069, Panreac) in 70% ethanol. 

Table MM 2| List of secondary antibodies. 

Antibody Species Conjugated Dilution Reference 

Mouse IgG Donkey AlexaFluor 488 1:200 715-545-151, Jackson 

Mouse IgG Donkey Cy3 1:200 715-165-151, Jackson 

Mouse IgG Donkey AlexFluor 647 1:200 715-605-151, Jackson 

Mouse IgM Fcmu spec Donkey Cy3 1:200 715-165-140, Jackson 

Mouse IgM Fcmu spec Donkey Cy2 1:200 715-225-140, Jackson 

Rabbit IgG Donkey AlexaFluor 488 1:200 711-545-152, Jackson 

Rabbit IgG Donkey Cy3 1:200 711-165-152, Jackson 
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DAPI: Rehydrate with 2ml of filtered dH2O the DAPI compound (D21490, 

Invitrogen) to have a solution of 5mg/ml. As working solution use a 1:10,000 

dilution in TBS 1x. 

Mounting medium: 56mM Glycine (G7126, Sigma), 5mM NaOH (S8045, Sigma), 

87mM NaCl (S7653, Sigma), 4.6mM Sodium azide (S2002, Sigma), 0.23M Propyl 

gallate (P3130, Sigma) and 70% Glycerol (G9012, Sigma) in dH2O. Dissolve the 

reagents with heat, maximum 40ºC. 

 

3.6.1. EdU signal development 

EdU signal development was done using the Click-It EdU Alexa Fluor 488 or 555 

Imaging kit (C10337 or C10338, ThermoFisher). An immunohistochemistry protocol was 

followed with some modifications. After the antigen retrieval, samples were blocked 

with blocking solution for 1h, washed 3x5min with 1xTBS, and incubated with the Click-

It reaction cocktail for 30min at RT. Then, samples were washed again 3x5min with TBS, 

and blocked a second time with blocking solution for 1h. At this point, the 

immunohistochemistry was continued as usual after the blocking step. 

 

Solutions and reagents 

Blocking solution: 1x TBS with 0.5% Triton X-100 (X100, Sigma) and 3% Donkey 

serum (S30-100ml, Chemicon). 

Click-It reaction cocktail: for 1ml preparation. All the reagents are from the kit. 

860µl 1x Click-iT® reaction buffer (1/10 dilution in dH2O of the component D), 

40µl of CuSO4 (Component E), 2.5µl Alexa Fluor® azide (component B, AF488 or 

AF555 upon interest) and 100µl of reaction buffer additive (1/10 dilution in dH2O 

of the component F).  

 

3.6.2. TUNEL staining 

The TUNEL signal development was done using the In situ Cell Death Detection 

Kit POD (11684817910, Roche). An immunohistochemistry protocol was followed with 
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some modifications. For TUNEL detection, no antigen retrieval was performed. Slides 

were rinsed three 3x5min with 1xTBS, and treated 30min at RT with the solution 1. After 

rinsing again the slides 3x5min with 1x TBS, samples were treated 5min with the solution 

2 and subsequently 15min in a proteinase K (PK) solution at RT. To stop the PK 

permeabilization, samples were rinsed twice with the solution 3 for 10min each. Then, 

a 10min equilibration in TdT buffer was done, and the development of the TUNEL signal 

was performed for 2h at 37ºC with the In situ Cell Death Detection Kit POD 

(11684817910, Roche) following manufacturer instructions. To finish the TUNEL 

development, samples were rinsed twice with solution 4, and 2x10min with 1xTBS. 

Then, slides were blocked for 1h and, in the primary antibody incubation, an antibody 

anti-FITC/Oregon-AlexaFluor 488 conjugated (Invitrogen) was added to increase the 

TUNEL signal. Immunohistochemistry protocol was resumed after the blocking step. 

 

Solutions and reagents 

Solution 1: 0.2% Triton X-100 (X100, Sigma) and 0.05% Tween-20 (P1379, Sigma) 

in TBS 1x. 

Solution 2: 10mM Tris-HCl (T3253, Sigma) and 5mM EDTA (EDS, Sigma) in dH2O. 

Adjust pH at 8. 

Protease K solution: 20µg/ml Proteinase K (Quiagen), 10mM Tris-HCl (T3253, 

Sigma) and 5mM EDTA (EDS, Sigma). 

Solution 3: 5mM EDTA (EDS, Sigma) in dH2O. 

TdT buffer: 10mM Tris-HCl in dH2O adjust pH at 7.2 and add Sodium cacodylate 

(12310, Electron Microscopy Sciences) and Cobalt(II) chloride anhydrous 

(8025400010, Millipore) at 30mM and 0.02mM respectively. 

In situ cell death detection kit reaction solution: for 50µl add 45µl nucleotide-

FITC, 2.5µl enzyme and 2.5µl TdT buffer. Prepare 100µl for a whole slide and help 

with a pipette tip to extend the solution though the slide.  

Solution 4: 3mM EDTA (EDS, Sigma), 150mM NaCl (S7653, Sigma) and 15mM 

Sodium citrate (W302600, Sigma). 

Blocking solution: 1x TBS with 0.5% Triton X-100 (X100, Sigma) and 3% Donkey 

serum (S30-100ml, Chemicon). 
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3.7. HEMATOXILIN AND EOSIN STAINING 

For Hematoxilin and Eosin staining, sections were thawed and let dry one night 

before, and OCT was washed with a 5min immersion of dH2O. The sections were dyed 

for 5min with Harris Hematoxilin (253949.1612, Panreac), washed with running tap 

water for 5min, and the cytoplasms were destained by dipping the sections in a 

hydrochloric alcohol solution. After another washing with running tap water for 5min, 

the cytoplasms were stained with alcoholic eosin for 30sec. Once dyed, the sections 

were dehydrated with ethanol series (70%, 90%, 96% and 100%), dipped in Xylene 

(251769.2711, Panreac), and finally mounted with DPX (8312-4, Thermo Scientific). All 

dyes were pre-filtered before use. 

 

Solutions and reagents 

Hydrochloric alcohol solution: 1% hydrochloric acid solution in 70% ethanol.  

Alcohol eosin: for 500ml, dissolve 5g Eosin yellowish (251299.1606, Panreac) in 

75% ethanol. To prepare the working solution make a 1:4 dilution with 80% 

ethanol. 

Ethanol: all ethanol solutions are prepared as a dilution with dH2O of absolute 

ethanol (251086.1214, Panreac). 

 

3.8. MASSON’S TRICHROME STAINING 

For Masson’s Trichrome staining, sections were were thawed and let dry one 

night before, and incubated over-night at RT in Bouin (254102.1611, Panreac). Then, the 

sections were washed with running dH2O for 10min, dyed 3min with Weigert 

Hematoxilin, washed subsequently with running tap water for 5min, and running dH2O 

for 3min. Then, the sections were immersed in a Xilidine Ponceau - Acid Fuchine solution 

for 2.5min, and incubated 5min with phosphotungic acid / phosphomolibdic acid 

solution. Sections were then washed 5min in running dH2O and dyed 3min with aniline 

blue solution. Finally, sections were incubated 2min in 1% acetic acid and washed 3min 

with running dH2O. Prior mounting the sections with DPX (8312-4, Termo Scientific) they 
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were dehydrated with 96% ethanol, 100% ethanol and Xylene (251769.2711, Panreac). 

All dyes were pre-filtered for use. 

 

Solutions and reagents 

Weigert’s Hematoxylin: mix at equal volumes solution A (253453.1210, Panreac) 

and solution B (253454.1210, Panreac) of weigert Hematoxylin. 

Xilidine Ponceau - Acid Fuchine solution: to prepare 300ml dissolve 2.7g of 

Biebrich scarlet (253986.1605 , Panreac), 0.3g Acid fuchsine (251331.1605, 

Panreac), 3ml Acetic acid glacial (1.00063.1000, Merck) in 300ml of dH2O. 

Phosphotungic acid / phosphomolibdic acid solution: to prepare 400ml dissolve 

10g of phosphotungic acid (79690, Sigma) and 10g of phosphomolibdic acid 

(79560, Sigma) in 400ml of dH2O. 

Aniline blue solution: to prepare 300ml dissolve 7.2g of aniline blue 

(253708.1606 , Panreac) and 6ml Acetic acid glacial (1.00063.1000, Merck) in 

300ml of dH2O. 

1% acetic acid solution: to prepare 500ml mix 5ml of Acetic acid glacial 

(1.00063.1000, Merck) with 495ml of dH2O. 

Ethanol: all ethanol solutions are prepared as a dilution with dH2O of absolut 

ethanol (251086.1214, Panreac). 

 

3.9. PROBE SYNTHESIS FOR IN SITU HYBRIDIZATION 

Primers were designed in order to amplify a ~500bp region specific of the gene 

of interest and the PCR* product was cloned into the pCR4-TOPO TA vector (450030, 

Life Technologies). The product was transformed in DH5α cells and colonies were 

sequenced to check the directionality of the PCR fragment. Then vectors were digested 

either with NotI (R0189S, New England BioLabs) or PstI (R0140S, New England BioLabs), 

depending on the direction of the PCR fragment. The probe was synthesized with the 

DIG RNA-labelling Mix (11277073910, Roche) and the T7 or T3 RNA polymerases 

(Roche), when digested with PstI or NotI, respectively. RNA probes were finally purified 

using the RNA clean and concentrator-5 (R1015, Zymo research). 
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Table MM 3 shows primers used to amplify the region that was used as mold to 

synthesize the probes. 

 

Table MM 3 | Primers to amplify a postna and postnb region to generate the RNA probes 

Gene  Primer sequence (5’-3’) 

PostnA 
Fw: 5’- TTGATGCTGGCGGAGAAATC -3’ 

Rv: 5’- CTAAACTGGATCTCAGGGTC- 3’ 

PostnB 
Fw: 5’- AGCCTACCATCACCAAAGTG -3’ 

Rv: 5’- CACATAAGAGCACTTACACGTC -3’ 

 

Note 

*The PCR was performed with Phusion High-Fidelity DNA polymerase (F530S, 

ThermoFisher). 

 

3.10. IN SITU HYBRIDIZATION IN CRYOSECTIONS 

Zebrafish hearts were collected as above stated, and fixed over-night with 4% 

PFA. Then they were dehydrated and rehydrated with methanol series (25%, 50%, 75% 

and 100% methanol), washed with 1x PBS (P5493, Sigma) 3 times, balanced with 30% 

sucrose over-night, and frozen in OCT (Tissue-Tek) to cryosect. Hearts were cut at 16μm 

with a Leica CM3050S cryostat. 

 

In situ hybridizations were performed with digoxygenin-labelled RNA probes 

synthesized as explained in the above section. Hybridization was performed over-night 

at 68ºC for postna and postnb probes in Hybridization buffer (1:200 probe dilution). 

Slides were washed 4x30min in wash solution and then washed 3x30min in MABT 

solution. Blocking was performed for 4h in blocking solution and then the solution was 

changed for new blocking solution containing anti-DIG antibody (1:5,000; 11093274910, 

Roche). Antibody incubation was done at 4ºC over-night. Slides were washed 5x30min 

with MABT, and 2x10min with AP staining buffer. Signal was developed in Poly(vinyl 

alcohol) solution containing NBT/BCIP (11681451001, Roche) over-night at 37ºC. When 

the signal appeared, slides were washed twice with PBT, dehydrated with ethanol series 
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(75%, 96% and 100%) and Xylene (251769.2711, Panreac), and mounted in DPX (8312-

4, Thermo Scientific). 

 

Solutions and reagents 

**Make sure that all the solutions are nuclease free** 

PFA: 4% PFA (Electron Microscopy Sciences) in MQ-H2O. 

30% Sucrose: 30% sucrose (S1888, Sigma) in PBS. 

Methanol: all methanol solutions are prepared as a dilution with dH2O of 

methanol (1.06018.2500, Merck). 

10x salts solution: 2M NaCl (S7653, Sigma), 100mM Tris HCl (T3253, Sigma), 

10mM Tris Base (T6791, Sigma), 50 mM NaH2PO4 (S8282, Sigma), 50mM 

Na2HPO4 (S7907, Sigma) and 50mM EDTA (03690, Sigma). Dissolve in Sigma H2O 

(W4502, Sigma) and adjust pH at 7.4. 

Hybridization buffer: 1x Salts (1/10 dilution of 10x salts solution), 50% deionized 

formamide (S4117, EMD Millipore), 10% dextran sulfate (D8906, Sigma), 1mg/ml 

yeast RNA (R6750, Sigma), 1x Denhardt’s (D2532, Sigma). 

Wash solution: 1x SCC (S6639, Sigma), 50% formamide (F7503 Sigma), 0.1% 

Tween-20 (P1379, Sigma). 

5x Maleic acid solution: 0.5M maleic acid (8.00380, Sigma), 0.75M NaCl (S7653, 

Sigma). Dissolve in MQ-H2O and adjust pH at 7.5. 

MABT solution: 0.1% Tween-20 (P1379, Sigma) and 1x Maleic acid solution 

(dilute 1:5 the 5x maleic acid solution). Dilute in MQ-H2O. 

Blocking reagent stock solution: 10% Boehringer Blocking Reagent 

(11096176001, Roche) in 1x maleic acid solution. Heat to dissolve, autoclave, 

aliquot and store at -20ºC.  

Blocking solution: 20% Sheep serum (S3772, Sigma) and 2% Blocking reagent 

(from 10% blocking reagent stock solution) in MABT. 

AP (alkaline phosphatase) staining buffer: 100mM NaCl (S7653, Sigma), 50mM 

MgCl2 (M2393, Sigma), 100mM Tris-HCl pH9 (T3253, Sigma) and 0.1% Tween-20 

(P1379, Sigma). Prepare a stock solution for each component in MQ-H2O. 
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Poly(vinyl alcohol) solution: dilute 4g of Poly(vinyl alcohol) (341584, Sigma) in 

40ml of AP staining buffer. 

PBT: 0.1% Tween-20 (P1379, Sigma) in PBS. 

 

3.11. GENOMIC DNA EXTRACTION FROM EMBRYOS OR FINCLIPS 

Genomic DNA was extracted by adding 100µl of 50mM NaOH to one embryo or a finclip. 

Samples were incubated at -20ºC for 15min and then 5min at 95ºC. To neutralize the 

NaOH, 10µl of Tris-HCl pH 7.5 was added. The resulting solution was used as input 

genomic DNA for genotyping PCRs.  

 

In order to perform a finclip, the fish were anesthetized with tricaine and a portion of 

the caudal fin was cut with a blade. The fins were then processed as the embryos. 

 

Solutions and reagents 

50mM NaOH: NaOH (S8045, Sigma) was dissolved as a 50mM solution in MQ-

H2O. 

Tris-HCl pH 7.5: Tris-HCl (T3253, Sigma) was dissolved as a 1M solution in MQ-

H2O. pH was adjusted with NaOH to 7.5. 

Tricaine (anaesthetising solution): 4.2ml of 0.4% tricaine (A5040, Sigma) in 

100ml of aquarium water (final concentration of 0.02%). 

 

3.12. RNA EXTRACTION 

RNA was extracted from pools of 3-5 ventricles or 1-10 embryos following the 

Trizol/ chlorophorm protocol. Samples were homogenized with 1ml of TRI Reagent (TR-

118, Molecular Research Center Inc.) and with a 25G needle. 200µl of chloroform 

(C2432, Sigma) were added, samples were vortexed intensely and let stand for 15min. 

After 15min of centrifugation at 12,000g at 4ºC, the aqueous transparent phase was 

collected, mixed with the same volume of isopropanol (190764, Sigma) and let stand for 

15min at RT. After 10min of centrifugation at 12,000g at 4ºC, the pellet was washed with 

1ml of 75% ethanol and centrifuged again. The pellet was let dry, making sure that all 
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the ethanol was evaporated and resuspended with 10-15µl of nuclease-free H20 (3098, 

Sigma). RNA was incubated at 55ºC for 10min and stored at -80ºC until further use. 

 

3.13. cDNA SYNTHESIS 

cDNA was synthesized ideally from 1µg RNA with Transcriptor First Strand cDNA 

Synthesis Kit (04379012001, Roche) using random hexamers, and following 

manufacturer’s instructions. 

 

3.14. qRT-PCR PRIMER DESIGN AND EFFICIENCY TEST 

Primers for qPCR were designed with the help of the IDT PrimerQuest Tool 

(https://eu.idtdna.com/PrimerQuest/Home/Index). The characteristics of the chosen 

primers were the following: (1) ~50% GC content, (2) similar Tm between forward and 

reverse primers, and (3) overlapping of at least one primer in an exon junction.  

 

In order to calculate the efficiency of a new set of primers, we took a cDNA 

sample from a pool of embryos at 48hpf and did known concentrations. We generated 

a pattern line with the following cDNA dilutions: 5, 1, 0.5, 0.1, 0.05, 0.01 and 0.005ng/µl. 

A pattern line was plotted using the ΔCt values multiplied for 100 for each known 

concentrations. Known concentrations were plotted at the X-axis and the ΔCt values at 

the y-axis. The slope of the pattern line determined the efficiency of the primer pair and 

calculated with the qPCR Efficiency Calculator from ThermoFisher 

(https://www.thermofisher.com/es/es/home/brands/thermo-scientific/molecular-

biology/molecular-biology-learning-center/molecular-biology-resource-

library/thermo-scientific-web-tools/qpcr-efficiency-calculator.html).  

Efficiencies between 90-110% were considered acceptable.  

 

3.15. qRT-PCR 

qRT-PCRs were done with SybrGreen (4364344, LifeTechnologies) and specific 

primers in a 7900HT Fast Real-Time PCR system (Aplied Byosistems). Each PCR reaction 

https://eu.idtdna.com/PrimerQuest/Home/Index
https://www.thermofisher.com/es/es/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/qpcr-efficiency-calculator.html
https://www.thermofisher.com/es/es/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/qpcr-efficiency-calculator.html
https://www.thermofisher.com/es/es/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/qpcr-efficiency-calculator.html
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contained 5ng of cDNA and the primer concentration was at 100nM. The end volume of 

each PCR reaction was 10µl. Triplicates were done for each sample. 

 

The qRT-PCR primers used in this thesis can be found at Appendix I. 

3.15.1. qPCR data processing 

The triplicate Ct values for each sample were averaged and normalized 

subtracting the Ct average of the housekeeping gene of the given sample. Then ΔCt was 

calculated as 2-normalized Ct. The results were multiplied for 100 and plotted. 

 

3.16. GENERATION OF A POSTNB CONDITIONAL KD ZEBRAFISH 

TRANSGENIC LINE WITH TOL2 SYSTEM 

The shRNApostn expressing zebrafish line was generated following the basic 

principles published in 2012 (De Rienzo et al., 2012).  

 

3.16.1. Generation of the construct 

Hairpins against postnb and postna+b were designed using the Whitehead 

Institute for Biomedical Research hosts a siRNA Selection Program 

(http://jura.wi.mit.edu/bioc/siRNAext/) and following all the instructions given in 

Addgene webpage.  

 

Table MM 4 indicates the postnb sequences targeted were: 

 

 

 

 

The transgenic fish were generated with the Tol2 system. The first part of the 

construct contained the bactin2 promoter fused to a floxed RFP sequence and a STOP 

codon at the end. The second part of the construct contained the first exon, the first 

Table MM 4| postnb sequences targeted 

sh79 AATAGTTGCACACAGCCGTAT 

sh379 AAGGTGCAGGATCATACACCT 

shAB AACTGTGCCAGGATCATTCAC 

http://jura.wi.mit.edu/bioc/siRNAext/
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intron and 22 nucleotides of the second exon of the zebrafish actin gene (actb2, gene 

ID: 57935), fused in-frame to the GFP sequence. In the middle of the intron, we cloned 

the shRNA in the context of the zebrafish miR30e (gene ID: 100033613). This second 

part of the construct was generated following Dong M et.al protocol (Dong et al., 2009). 

 

The detailed cloning protocol is explained below**. The precursor sequence of 

zebrafish mir30e (409bp) was cloned from the genomic DNA of WT-AB adult fish into 

the pSpark®TA vector (C0020, Canvax). The 68-bp mir30e stem-loop region was replaced 

with a linker sequence containing two BbsI sites using two-step PCR. The shRNA 

sequences were synthesized as DNA oligonucleotides (IDT), annealed and inserted at 

the BbsI sites by digestion of the mir30e with BbsI (R3539, New England BioLabs). The 

genomic sequence of zebrafish actb2 containing an intact exon 1 and intron 1, and the 

first 22bp of exon 2 was cloned into pSpark®TA vector. Then, the mir-shRNA was 

inserted into an endogenous BglII site within the actb2 intron 1 by BglII digestion (R0144,  

New England BioLabs). The GFP was cloned into a pcDNA3 vector. The actb2-mir-shRNA 

was then in-frame infused to the open reading frame of the GFP into a pcDNA3 plasmid 

through EcoRI and BamHI (R0101 and R0136, New England BioLabs).  The resultant 

actb2-mir-shRNA-GFP was then inserted into the p3E-PolyA (302) Tol2 vector through 

att specific recombination with the BP clonase (11789020, ThermoFisher), generating 

the p3E element (Kwan et al., 2007). The p5E element was the p5E-bactin2 (299) 

construct from the Tol2kit, and the pME element was previously generated in the lab 

placing loxP sites around a RFP sequence followed by 4 polyA signals. The loxP sites are 

oriented to excise the floxed fragment. Based on the multisite Gateway approach the 3 

entry vectors were recombined, with the LR clonase (12538120, ThermoFisher), inside 

the pDestTol2pA2 (394) destination vector. All primer sequences used are available in 

Table MM 5. 

 

Note 

**The PCRs from this section were performed with Phusion High-Fidelity DNA 

polymerase (F530S, ThermoFisher). 
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Table MM 5| Primers used to generate the postnb KD conditional line 

# Sequence name Sequence with restriction site underlined 

1 
miR30e_F 

miR30e_R 

ATAGAATTCACAGCCATGCCATAGTTTTAGG  

ATCCTCGAGAGTTCATCATATGACCAGTGAC 

2 
miR30e-linker_F 

miR30e-linker_R 

ATGTCTTCGTCTAGAAGAAGACAA AGCCAACTGCTGTTACTCTC (Bbs I) 

TTGTCTTCTTCTAGACGAAGACAT AGCCCGTACTGCCAGCTG (Bbs I) 

3 

mir-shRNA-PostnB-79-F 

 

mir-shRNA-PostnB-79-R 

 

GGCTAGCAAATAGTTGCTTACACAGCCGTATCTGGTGCACATGATGGA

GATACGGCTGTGTGCAACTATTC 

GGCTGAATAGTTGCACACAGCCGTATCTCCATCATGTGCACCAGATAC

GGCTGTGTAAGCAACTATTTGCT 

4 

mir-shRNA-PostnB-379-F 

 

mir-shRNA-PostnB-379-R 

 

GGCTAGCAAAGGTGCAGTTGATCATACACCTCTGGTGCACATGATGGA

GAGGTGTATGATCCTGCACCTTC 

GGCTGAAGGTGCAGGATCATACACCTCTCCATCATGTGCACCAGAGGT

GTATGATCAACTGCACCTTTGCT 

5 

mir-shRNA-PostnAB-F 

 

mir-shRNA-PostnAB-R 

 

GGCTAGCAAACTGTGCCTTAGGATCATTCACCTGGTGCACATGATGGA

GGTGAATGATCCTGGCACAGTTC 

GGCTGAACTGTGCCAGGATCATTCACCTCCATCATGTGCACCAGGTGA

ATGATCCTAAGGCACAGTTTGCT 

6 
ß-actin_F 

ß-actin_R 

ATAGGATCCATGGATGAGGAAATCGCTGCCCTG  

TCAGAATTCGTCCCATGCCAACCATCACTC 

7 
GFP_F_EcoRI 

GFP_R_XhoI 

TATGAATTCTC ATGGTGAGCAAGGGCGAG 

ATACTCGAG GCTTACAATTTACGCCTTAAG 

8 
ß-actin_F_attB2 

GFP_R_pA_attB3R 

GGGGACAGCTTTCTTGTACAAAGTGG 

ATGGATGAGGAAATCGCTGCCCTG 

GGGGACAACTTTGTATAATAAAGTTG GCTTACAATTTACGCCTTAAG 
   

1 To clone the zebrafish miR30e precursor from genomic DNA.  

2 To replace mir30e stem-loop region with the shRNA sequences.  

3 

Primers containing the sh79 sequence and the miR30e loop sequence in the middle. 

Underlined fragments are overhang for the BbsI sticky ended subcloning with the miR30e 

backbone construct.  

4 

Primers containing the sh379 sequence and the miR30e loop sequence in the middle. 

Underlined fragments are overhang for the BbsI sticky ended subcloning with the miR30e 

backbone construct.  

5 

Primers containing the shAB sequence and the miR30e loop sequence in the middle. 

Underlined fragments are overhang for the BbsI sticky ended subcloning with the miR30e 

backbone construct.  

6 To clone the zebrafish actb2 fragment from genomic DNA. 

7 To clone the GFP protein inside the pcDNA3 vector. 

8 
Primer pair with the att specific sites to clone the Actin-miR30e_shRNA-GFP construct 

inside the p3E-polyA (#302) Tol2kit vector. 
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3.16.2. µNeedles and injection plates for zebrafish embryo 

injection 

Glass capillaries (Model G-1, Narishige) were pulled with a micropipette puller 

(Model P-97, Sutter Instrument). With a ramp test of 395, the puller program chosen 

was: Heat 415; pull 85; velocity 130; time 150; and pressure 500. Store the needles stuck 

on a plasticine line in a Petri dish.  

 

Injection plates were prepared with 1% agarose (A9939, Sigma) dissolved in 

embryo medium (heat to dissolve in a microwave). 40ml of the agarose solution were 

poured into a Petri Dish and a microinjection mould was placed to generate six lanes. 

 

Solutions and material 

Microinjection mould: Six ramps, one 90 degree and one 45 degree bevelled 

side.  

Embryo medium: it is prepared as 60x concentrate and diluted at 1x upon need. 

For 1L of the 60x medium add 17.2g NaCl (S7653, Sigma), 4.9g MgSO4·7H2O 

(M1880, Sigma), 2.9g CaCl2·2H2O (C3306, Sigma) and 0.76g KCl (P5405, Sigma) in 

1L of dH2O. Adjust pH to 7.2 with NaOH (221465, Sigma). 

 

3.16.3. In vitro transcription of Cre-nls mRNA 

pCS2-NLS-CRE plasmid was linearized with NotI for 1h at 37ºC. DNA was 

precipitated over-night with ethanol and resupspended in nuclease-free H2O. mRNA was 

synthesized with the mMESSAGE mMACHINE SP6 transcriptor kit (AM1340, 

ThermoFisher) following manufacturer’s instructions. Finally, mRNA was precipitated 

with lithium chloride and resuspended in nuclease-free H2O. 50ng/µl aliquots were 

done. 
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3.16.4. Embryonic injection of Tol2-construct and 

transposase mRNA 

The previous day of the injection, incrosses of Tg(bactin2:CRE-ERt2) were set. 

The same day, the injection mix with the Tol2 vector (pDest) and the transposase was 

prepared and 3µl were loaded into the µ-needle using a microloader pipette. The µ-

needle was then placed into the micromanipulator that was connected to the FemtoJet® 

(Eppendorf). This equipment helped to inject the desired volume to each embryo. One-

cell stage embryos were placed in the lines of the agarose plates and injected in the yolk 

with 10nl of the injection mix.  

 

At 48hpf embryos were screened, and those expressing RFP fluorescence were 

selected and grown.  

 

Solutions and material 

Injection mix: 1µl of transposase mRNA (50ng/µl), 1µl of pDest (50ng/µl), 1µl of 

phenol red (P0290, Sigma) and 7µl of nuclease-Free H2O (3098, Sigma). 

 

3.16.5. Founder, F1 and F2 screening 

When injected fishes (F0) reached adulthood (~3 months of age), fishes were 

outcrossed with Tg(βActin:CRE-ERt2), and those which generated an offspring with 

some RFP positive  embryos were selected as founders. The positive embryos were 

grown to generate the F1 generation. Each founder was used to generate an individual 

line. When F1 reached adulthood, it was again outcrossed with Tg(βActin:CRE-ERt2) to 

generate the F2 generation. In each generation, embryos were screened for RFP 

fluorescence and only the positive ones were grown. Figure MM 1 explains the workflow 

of the transgenic line generation. 

 

Functional analysis with tamoxifen treatment and CRE-nls injection were done in 

order to select the line which recombined and worked the best. 
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3.17. EMBRYONIC TAMOXIFEN TREATMENT 

In order to accomplish construct recombination, 24hpf embryos were treated 

overnight with 5µM tamoxifen (85256, Sigma). Recombination success was observed 

through GFP expression. 

 

Solutions 

5µM Tamoxifen: a 10mM stock soluton was prepared in absolute ethanol. A 

1/2,000 dilution was directly performed in embryo medium. 

 

3.18. EMBRYONIC CRE-NLS INJECTION 

In the previous day, crosses of Tg(βActin:CRE-ERt2) and the shRNA line were set. 

One-cell stage embryos were injected in the yolk with 10nl of injection mix.  

At 48hpf embryos were screened for GFP fluorescence at 24hpf and 48hpf. 

Regeneration experiments were done in the GFP+ fishes when adult (Figure MM 1). 

 

Solutions 

Injection mix: 1µl of CRE-nls mRNA (50ng/µl), 1µl of phenol red (P0290, Sigma) 

and 8µl of nuclease-Free H2O (3098, Sigma). 

 

3.19. ADULT TAMOXIFEN TREATMENT 

The treatment that at our hands accomplished a better change in our shRNA 

lines was 20µl intraperitoneal injection of 1mM 4OH-Tamoxifen (H7904, Sigma) during 

5 consecutive days and 24h of 4µM 4OH-Tamoxifen in-water treatment. In this thesis, it 

has not been accomplished a full recombination in adult hearts from shRNA lines.  

 

Solutions 

4OH-Tamoxifen: a 10mM solution was prepared dissolved in ethanol. To prepare 

the working solutions, the stock solution was dissolved in PBS 1x.  
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Figure MM 1| Workflow to generate the shRNApostnb knock-down line.  

 

3.20. CRISPR-CAS9 POSTNB BIALLELIC KO ZEBRAFISH 

TRANSGENIC LINE 

3.20.1. sgRNA design and synthesis 

The sgRNA targeted sequences were designed with the CRISPR.TEFOR platform 

(www.crispr.tefor.net). A total of 4 sgRNAs were designed against postnb and another 4 

against postna. sgRNAs were synthesized following the Gagnon et. al method (Gagnon 

et al., 2014).  

 

In order to in vitro transcribe the sgRNA, gene-specific oligonucleotides 

containing the T7 (5′-TAATACGACTCACTATA-3′) promoter sequence, the 20bp target 

site without the PAM, and a complementary region were annealed to a constant 

oligonucleotide encoding the reverse-complement of the tracrRNA tail. The ssDNA 

overhangs were filled in with T4 DNA polymerase (M0203S, NEB), and the resulting 

sgRNA templates were purified using the Quiaquick PCR purification kit (28106, Qiagen). 

sgRNAs were transcribed using the MEGAScript T7 Kit (AM 1334, Ambion). All sgRNAs 

were then DNase treated (AM2238, ThermoFisher) and purified with the RNA Clean & 

http://www.crispr.tefor.net/
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Concentrator (R1015, Zymo). RNA concentration was quantified using Nanodrop 

spectrophotometer. All primer sequences used are available in Table MM 6. 

 

 

3.20.2. Cas9 and sgRNA injection 

WT-AB embryos at one-cell stage were microinjected into the cell as specified in 

the 3.16.4 section (Embryonic injection of Tol2-construct and tranposase mRNA) of this 

thesis. 300pg of Cas9 protein (A36497, ThermoFisher) and 25pg of one sgRNA were 

injected at the cell of one-cell stage embryos. 

 

Fluorescence PCR analysis was done at 24hpf in order to assess sgRNAs 

efficiency. Embryos from the same injection from those sgRNAs that cut the genomic 

DNA were grown. 

 

Solutions  

Injection mix: 1.5µl of Cas9 protein (1/10 dilution of A36497, ThermoFisher), 

25pg of sgRNA, 1µl of phenol red (P0290, Sigma) and add nuclease-Free H2O 

(3098, Sigma) up to an end volume of 5µl. 

 

Table MM 6| Primers for sgRNA in vitro synthesis  

 Targeted sequence Primer 

sg_594_PostnB AGGTGAAGAATCTGCCTGGT 
TAATACGACTCACTATAGGTGAAGAATCTGCC

TGGTCAAGTTTTAGAGCTAGAAATAGCAAG 

sg_665_PostnB AGGGTATTCGTGCAAAGAAA 
TAATACGACTCACTATAGGGTATTCGTGCAAA

GAAACAAGTTTTAGAGCTAGAAATAGCAAG 

sg_21_PostnB GTGCAAAAGTAGCTGCAAAG 

GAAATTAATACGACTCACTATAGTGCAAAAGT

AGCTGCAAAGGTTTTAGAGCTAGAAATAGCA

AG 

sg_66_PostnB CATAAGCTGAAGAATCTGCC 

GAATTAATACGACTCACTATAGCATAAGCTGA

AGAATCTGCCGTTTTAGAGCTAGAAATAGCAA

G 
 

Scaffold primer 
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAAC

TTGCTATTTCTAGCTCTAAAAC 
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3.20.3. Fluorescence PCR 

Fluorescence PCR was performed as Varshney GK et al.(Varshney et al., 2016), 

and analyzed using an ABI 3730xl genetic analyzer (Life Technologies). LIZ 500 (4322682, 

Aplied biosystems) was used as size standard. The polymerase used in these PCRs is 

GoTaq DNA polymerase (M3008, Promega). Primers used to follow this strategy can be 

found at Table MM 7. 

  

3.20.4.  Founder, F1 and F2 screening 

At 1 month-of-age injected fishes were finclipped and genotyped for postnb 

insertions and deletions. This screening was done by means of PCR product screening 

and Fluorescence PCR (Varshney et al., 2016). In those fishes that the fluorescence PCR 

detected no WT allele, a PCR* of the region of interest (primers at Table MM 7) was 

performed and cloned into a TOPO-TA pCR2.1 vector (450641, ThermoFisher). 10 

colonies were sequenced for each fish. The fishes were grouped according the number 

of different indels detected and the number of sequences that changed the reading 

frame. Those with low detected mosaicism and low sequences that followed the reading 

frame were selected to be in-crossed when reached adulthood (3 month-of-age), to 

generate a bulk KO F1 line. F1 fishes were genotyped for biallelic KO at 1 month-of-age 

by performing a PCR of the region of interest (primers for fluorescence PCR at Table MM 

7) and cloning it into a TOPO-TA pCR2.1 vector. Experiments were performed on this F1 

compound KO. Figure MM 2 explains the workflow of the postnb-/- line generation. 

 

Note 

*PCRs of this section have been done with GoTaq DNA polymerase (M3008, Promega). 

Table MM 7| Primers to amplify a postnb genomic region for fluorescence PCR and T7 assay 

Primer name Primer sequence (5’-3’) Comment 

M13-FAM GTAAAACGACGGCCAGT 
FAM labelled for fluorescence 

PCR 

M13_sgPostnB_F 
TGTAAAACGACGGCCAGT 

ACTGAAATCGCTGCCTGTGT 

For fluorescence PCR with a 

M13 sequence at the 5’ end. 

Pigtail_sgPostnB_R 
GTGTCTT 

AGCTACACGTGCAAAATAAGAAT 

For fluorescence PCR. With a 

pigtail sequence at the 5’ end. 
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3.20.5. KO stable line generation 

F0 selected fishes were out-crossed with WT-AB fishes. F1 was genotyped 

cloning the postnb region of interest into a TOPO-TA pCR2.1 vector (primers at Table 

MM 7). Different indels were detected, and one with 8bp insertion and 3bp deletion 

(+8,-3) which also changed the reading frame was chosen to generate the stable line.  

 

The desired F1 was out-crossed with WT-AB to maintain a stable line in 

heterozygosis. To generate KO fishes with the same mutation in both alleles, F2 

generation was in-crossed.  

 

 
Figure MM 2| Workflow to generate the CRISPR/Cas9 knock-out transgenic line. An incross of F0 

fishes was done to faster obtain compound postnb-/- zebrafish. To stablish the stable postnb-/- line, F0 

was outcrossed with WT-AB fishes to obtain heterozygous fishes. One F1 heterozygous fish with a 

desired mutation was selected and outcrossed with WT to obtain more progeny. To generate postnb-/- 

fishes this F2 was genotyped and heterozygous fishes were incrossed. 1/4 of the F3 fishes will KO (-/-). 
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3.21. IN SITU ZYMOGRAPHY 

Hearts were processed as specified in the 3.5 section (Sample processing) of this 

thesis. Gelatinolytic activity was assessed by incubating 25µm cryosections with DQ-

gelatin (EnzChek; Molecular Probes) at 28 °C for 1h in the dark. The DQ-gelatin was 

removed with PBS and autofluorescence was reduced with 0.1% Sudan Black solution. 

Finally, sections were fixed, and MMPs inactivated with 4% PFA. 10min washed with PBS 

rinsed the PFA and at the end sections were preserved in mounting medium. Images 

were taken using an SP5 confocal microscope.  

  

The intensity was measured in 3 images of each stack with Fiji program. 

Intensities were normalized by ROI size. 

 

Solutions and reagents 

DQ-gelatin: dissolve one vial (1mg) in 1ml of H2O. If necessary, heat to 50°C to 

better dissolve. For long-term storage at 4ºC, add 2mM sodium azide, NaN3, and 

protect from light. The working concentration is a 1/10 dilution in reaction 

buffer. 

Sudan Black: 1% Sudan Black (252069, Panreac) in 70% ethanol. 

Mounting medium: 56mM Glycine (G7126, Sigma), 5mM NaOH (S8045, Sigma), 

87mM NaCl (S7653, Sigma), 4.6mM Sodium azide (S2002, Sigma), 0.23M Propyl 

gallate (P3130, Sigma) and 70% Glycerol (G9012, Sigma) in dH2O. Dissolve the 

reagents with heat, maximum 40ºC. 

 

3.22. VENTRICLE DECELLULARIZATION  

Animals were slaughtered and hearts were extracted. Only the ventricles were 

decellularized by immersion in a 0.5% SDS solution for 4h. Then ventricles were washed 

with dH2O for 30min. Then immersed into a 1% Triton-X solution for 30min and finally 

washed three times with dH2O for 10min each wash. All solutions were previously 
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filtered with a 0.2µm filter, and all incubations steps were done in a horizontal shaking 

plate at 30ºC and 28 rpm. 

 

Solutions and reagents 

0.5% SDS: SDS (S4390, Sigma) was dissolved in MQ-H2O. 

1% Triton-X: Triton-X 100 (X100, Sigma) was dissolved in MQ-H2O. 

 

3.23. ECM PROCESSING AND STAINING 

The decellularized ventricles were embedded in OCT, snap frozen with 

isopentane (154911, Sigma) and fixed after sectioning incubating them 10min in 4% PFA. 

10µm thick ECM slices were counterstained with DAPI (1:10,000) for 4min, and stained 

with Hematoxylin and Eosin, and Masson’s Thrichrome stainings.  

 

Solutions and reagents 

PFA: 4% PFA (Electron Microscopy Sciences) in MQ-H2O. 

DAPI: Rehydrate with 2ml of filtered dH2O the DAPI compound (D21490, 

Invitrogen) to have a solution of 5mg/ml. As working solution use a 1:10,000 

dilution in TBS 1x. 

 

3.24. GENOMIC DNA EXTRACTION FROM ZEBRAFISH VENTRICLES 

Genomic DNA was extracted from non-decellularized and decellularized 

zebrafish ventricles. Samples were homogeneized by adding 200µl of PBS, 20µl 

Proteinase K (Qiagen) and 4ul of RNAseA (Qiagen) and vortexed. Tissue lysis was done 

adding 200µl of AL Lysis buffer (Qiagen). DNA was purified by chloroform (C2432, Sigma) 

and precipitated using isopropanol (190764, Sigma). Finally, the pellets were dried and 

20µl of TE buffer (Quiagen) was added. DNA concentration was measured with a 

spectrophotometer (NanoDrop ND-100, Thermo Fisher Scientific).   
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3.25. PROTEIN EXTRACTION AND QUANTIFICATION 

Protein was extracted from pools of 3-5 ventricles or 15 embryo at 4dpf. Prior 

protein extraction embryos were deyolked. Hearts were homogenized with the help of 

a 27G syringe and deyolked embryos with a blue pestle in RIPA buffer. Homogenized 

tissues were incubated 2h at 4ºC in RIPA buffer. Then samples were centrifuged at 

10,000rpm for 10min at 4ºC. Supernatant was kept, and protein was quantified with 

Bradford method. 

 

For Bradford quantification, 8 standards were prepared with Bovine Albumin 

Serum (BSA; A7638, Sigma). Samples and standards were measured as triplicates. Each 

reaction consisted with 10µl of the protein and 200µl of Bradford solution. The color 

was let to develop for 10min and read at 595nm with a plate reader. 

 

 

Solutions and reagents 

RIPA buffer: 150mM NaCl (S7653, Sigma), 1% Triton X-100 (X100, Sigma), 0.5% 

sodium deoxycholate (D6750, Sigma), 0.1% SDS (S4390, Sigma), 50mM Tris-HCl 

pH 8.0 (T3253, Sigma). Freshly add protease, PIC (11836153001, Roche), and 

phosphatase inhibitors, PMSF (10837091001, Sigma). 

Bradford solution: do a 1:5 dilution in MQ-H2O of the Bradford reagent (500-

0006, BioRad). 

5x loading buffer: 10% SDS (S4390, Sigma), 10mM beta-mercapto-ethanol 

(M7522, Sigma), 20% Glycerol (03117502001, Roche), 0.2M Tris-Hcl pH 6.8 

(T3253, Sigma) and 0.05% Bromophenolblue (B8026, Sigma). 

 

3.25.1. Deyolking embryos in batches 

Embryos (N=15) were transferred to a 1.5ml tube filled with 1ml deyolking buffer 

and  pipetted with a 200µl tip so that the yolk sac was disrupted. Embryos were shaken 

for 5min at 1,100rpm to dissolve the yolk (Thermomixer, Eppendorf). Cells were pelleted 

at 300g for 30sec and the supernatant discarded. Two wash steps were performed by 
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adding 1 ml of wash buffer, shaking 2min at 1,100rpm and pelleting the cells as before. 

Then protein was extracted as stated in the protein extraction and quantification 

section. 

 

Solutions and reagents 

Deyolking buffer: 55mM NaCl (S7653, Sigma), 1.8mM KCl (P5405, Sigma), 

1.25mM NaHCO3 (S8875, Sigma). 

Washing buffer: 110mM NaCl (S7653, Sigma), 3.5mM KCl (P5405, Sigma), 

2.7mM CaCl2 (C3306, Sigma), 10mM Tris/Cl pH8.5 (T3253, Sigma). 

 

3.26. WESTERN BLOT 

Normalized total protein was subjected to a 7.5-10% acrylamide SDS-PAGE, and 

western blotting was performed according to standard procedure. First, running gel was 

polymerized inside the Mini-PROTEAN system (BioRad), 1.5mm separator was used. 

Some isopropanol was added on top to straight the surface of the running gel. Then, 

isopropanol was cleaned and the stacking gel was poured to polymerized and the well-

combs added at the end. Known concentrations of proteins were then loaded in the gel 

wells, as well as a protein standard (Novex sharp pre-stained protein standards. LC5800, 

Invitrogen). Electrophoresis was run for approximately 1h at 160-180V. Protein was 

transferred in a methanol activated PVDF membrane (IPVH00010, Millipore) for 2h at 

200mA (alternatively over-night at 30mA). Transferred membranes were blocked for 1-

3h with blocking solution, and incubated with primary antibodies in blocking solution 

over-night at 4ºC. Next day, membranes were washed 3x10min with TBST and incubated 

for 2h at RT with the secondary antibodies in blocking solution. After washing the 

membrane 3x10min with TBST, signal was developed with ECL prime western blotting 

system (RPN2232, GE Healthcare) and imaged with a Chemidoc Touch (BioRad). 

 

The primary antibodies used for western blotting were: rabbit anti-postnb at 

1:2,000 (developed by Akira Kudo (Ito et al., 2014)) and mouse anti-βactin at 1:5,000 

(A1978, Sigma). 
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The secondary antibodies used for western blotting were: 1:5,000 anti rabbit-

HRP (NA934, GE Healthcare) and 1:5,000 anti-mouse-HRP (NA931, GE Healthcare). 

 

Solutions and reagents 

Stacking acrylamide gel (3.9%): for 10ml mix the following reagents in the stated 

order, 6ml MQ-H20, 2.5ml 1M Tris-HCl  pH 6.8 (T3253, Sigma), 50µl 20% SDS 

(S4390, Sigma), 1.3ml 30% acrylamide (161-0156, BioRad), 100µl 10% 

ammonium persulfate (A3678, Sigma) and 10µl TEMED (T9281, Sigma). 

Running acrylamide gel (10%): for 30ml mix the following reagents in the stated 

order, 12.2ml MQ-H20, 7.5ml 1.5M Tris-HCl  pH 8.8 (T3253, Sigma), 150µl 20% 

SDS (S4390, Sigma), 9.8ml 30% acrylamide (161-0156, BioRad), 250µl 10% 

ammonium persulfate (A3678, Sigma) and 25µl TEMED (T9281, Sigma). 

Running buffer: 25mM Tris base (T6791, Sigma), 192mM Glycine (G7126, Sigma) 

and 0.1% SDS (S4390, Sigma). 

Transfer buffer: 25mM Tris base (T6791, Sigma), 192mM Glycine (G7126, Sigma) 

and 20% methanol (32213, Sigma). 

10x TBS buffer: 1M Tris-HCl (T3253, Sigma), 160mM Trizma base (T6791, Sigma) 

and 1.5M NaCl (S7653, Sigma) in dH2O. Adjust pH at 7.4-7.5. To prepare 1x TBS 

make a 1/10 dilution of 10x TBS in dH2O. 

TBST buffer: dilute 100ml of 10x TBS buffer in 1L of MQ-H2O. Add 1ml of Tween-

20 (P1379, Sigma) to have a final concentration of 0.1%. 

Blocking solution: add 5g of skim milk powder (70166, Sigma) to 100ml of TBST 

to have a final concentration of 5%. 

 

3.27. LIQUID CHROMATOGRAPHY-MASS SPECTROMETRIC 

ANALYSES 

In this thesis, two different proteomic analyses were performed: one to assess 

the decellularization protocol, and another one to assess the regeneration process. For 

the first one, native zebrafish ventricles, half-decellularized ventricles (after SDS 

treatment), and fully decellularized ventricles were analyzed. For the second one, 
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decellularized zebrafish ventricles at 7days post-amputation (dpa), 14dpa and 30dpa, 

were analyzed compared to sham operated fishes.  

 

For LC-MS/MS spectrometric analysis of the decellularization protocol, we used 

three pools of 3 native zebrafish ventricles per pool, three pools of 10 ventricles after 

SDS treatment per pool, and three pools of 20 decellularized ventricles per pool. A two-

way ANOVA was used for comparing ECM proteins over the decellularization states. 

 

For LC-MS/MS spectrometric analysis during regeneration, 6 ventricles per 

sample were pooled for 7dpa, 14dpa and 30dpa. In control (sham) samples 8 ventricles 

were pooled. Each sample was analyzed in duplicate. One-way ANOVA was used to 

determine the statistical significant differences. Raw p-values have been controlled by 

adjusting the Benjamini-Hochberg False Discovery Rate (FDR). 

 

Proteins of each sample were solubilized by mixing with 50µL of 1% SDS, 100mM 

Tris-HCl pH 7.6, 100mM DTT, 10min sonication and boiling for 3min. Protein extracts 

were clarified by centrifugation at 16,000xg for 5min, and quantified using the RcDc kit 

(BioRad).  

 

In the first proteomic analysis, 12μg of protein of each sample were digested 

with LysC and trypsin using a Filter-Aided Sample Preparation (FASP) protocol and 

further analyzed by mass spectrometry. The LC separation was conducted on an Easy-

nLC 1000 (Thermo) using 0.1% formic acid as Solvent A and acetonitrile with 0.1% formic 

acid as B. Each run was carried out at 250 nL/min with a gradient of 95% of solvent A to 

65% A in 180min. Blank samples with solvent A injections were run in between each 

sample. Sample was concentrated in an Acclaim PepMap 100 trap column (Thermo), 

and fractionated in a Nikkyo Technos Co., 75 um ID, 3 A pore size, 12.5 cm in length with 

built in emitter column, coupled to a Nanospray Flex (Thermo) ESI source. Shotgun LC-

MS/MS analysis was performed online with an electrospray voltage of 1.9 kV using a Q 

Exactive HF mass spectrometer (Thermo) with HCD fragmentation using top 15 

precursor with charge 2 to 5 for data-dependent acquisition (DDA). MS1 spectra were 
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acquired in the mass range 390−1700 m/z at a resolution of 60,000 at m/z 400 with a 

target value of 3x106 ions and maximum fill time of 20ms. MS2 spectra were collected 

with a target ion value of 2x105 and maximum 100ms fill time using a normalized 

collision energy of 27. Dynamic precursor exclusion was set at 15s. The raw files were 

processed with the MaxQuant software (version 1.6.2.6a) using the built-in Andromeda 

Search Engine. The Danio rerio TrEMBL database downloaded from www.uniprot.org 

(Oct, 8th 2018) (62,078 entries) was used to search for peptides. MS/MS spectra were 

searched with a first search precursor mass tolerance of 20ppm. Then, the peptide 

masses were corrected and a second search was performed at 4.5ppm of mass 

tolerance. The fragment tolerance was set to 0.5Da, the enzyme was trypsin and a 

maximum of 2 missed cleavages were allowed. The cysteine carbamidomethylation was 

set as fixed modification, and methionine oxidation as well as protein N-terminal 

acetylation as variable modifications. To improve the identifications the “match 

between runs” was enabled among the replicates of every experimental condition. 

 

In the second proteomic analysis, the protein amount recovered was around 

5µg. The buffer was changed to 2M Urea 50mM Ammonium Bicarbonate using a 5kD 

Amicon Ultrafiltration device and the samples were digested with trypsin. Each sample 

was the analyzed by LC-MS/MS in duplicate. 500ng of each sample was analyzed on a 

Maxis Impact high-resolution Q-TOF spectrometer (Bruker, Bremen), coupled to a nano-

HPLC system (Proxeon, Denmark). The samples, evaporated and dissolved in 5% 

acetonitrile, 0.1% formic acid in water, were first concentrated on a 100mm ID, 2cm 

Proxeon nanotrapping column and then loaded onto a 75mm ID, 25cm Acclaim PepMap 

nanoseparation column (Dionex). Chromatography was run using a 0.1% formic acid - 

acetonitrile gradient (5-35% in 120min; flow rate 300nL/min). The column was coupled 

to the mass spectrometer inlet through a Captive Spray (Bruker) ionization source. MS 

acquisition was set to cycles of MS (2Hz), followed by Intensity Dependent MS/MS (2-

20Hz) of the 20 most intense precursor ions with an intensity threshold for 

fragmentation of 2,500 counts, and using a dynamic exclusion time of 0.32min. All 

spectra were acquired on the range 100-2200Da. LC-MS/MS data was analyzed using 

the Data Analysis 4.0 software (Bruker). Proteins were identified using Mascot (ver. 2.5; 
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Matrix Science, London UK) to search against the Danio rerio proteins in the SwissProt 

20160108 database (43,095 sequences). MS/MS spectra were searched with a precursor 

mass tolerance of 10ppm, fragment tolerance of 0.05Da, trypsin specificity with a 

maximum of 2 missed cleavages, cysteine carbamidomethylation set as fixed 

modification and methionine oxidation as variable modification. 

 

Both mass spectrometry proteomics datasets, for the decellularization protocol 

proteome and for the regeneration proteome, have been deposited to the 

ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the 

PRIDE partner repository (Vizcaíno et al., 2012) with the dataset identifiers 

<PXD011627> and <PXD010092>, respectively. 

 

3.27.1. Proteomic data Availability 

Raw LC-MS/MS data are deposited in PRIDE archive. URL: http://www.ebi.ac.uk/pride 

 

Decellularization protocol proteome 

Project accession: PXD011627 

Username: reviewer98071@ebi.ac.uk 

Password: iicOLdGJ 

Regeneration process proteome 

Project accession: PXD010092 

Username: reviewer79153@ebi.ac.uk 

Password: Qmxk3Bi

 

3.28. CRITERIA FOR PROTEIN IDENTIFICATION 

For the decellularization protocol proteomic analysis, MaxQuant software 

(version 1.6.2.6a) was used to validate the peptides and proteins identifications. The 

final list of peptides was obtained after applying a 5% False Discovery Rate (FDR). For 

proteins, only the proteins with at least 1 assigned peptide after applying a 5% FDR were 

considered. The non-unique peptides were assigned to the corresponding protein group 

according to the Razor peptides rule implemented in the software (principle of 

parsimony). Finally, the identified peptides and proteins were filtered to remove the 

peptides/proteins tagged as “Reverse” (significantly identified in the reverse database) 

and “potential contaminant” (items identified as contaminants in the 

http://proteomecentral.proteomexchange.org/
http://www.ebi.ac.uk/pride
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“contaminants.fasta” file) as well as the proteins “Only identified by site” (proteins 

identified only with modified peptides). The lists can be found in the supplementary 

material uploaded to the PRIDE repository, with project accession code <PXD011627>.  

 

For the regeneration process proteomic analysis, Scaffold (version 

Scaffold_4.0.5, Proteome Software Inc., Portland, OR) was used to validate MS/MS 

based peptide and protein identifications. Peptide identifications were accepted if they 

could be established at greater than 99% probability by the Peptide Prophet algorithm 

(Keller et al., 2002). Protein identifications were accepted if they could be established at 

greater than 98% probability to achieve an FDR less than 1% and contained at least 1 

identified peptide. Protein probabilities were assigned by the Protein Prophet algorithm 

(Nesvizhskii et al., 2003). Protein isoforms and members of a protein family would be 

identified separately only if peptides that enable differentiation of isoforms had been 

identified based on generated MS/MS data. Otherwise, Scaffold would group all 

isoforms under the same gene name. Different proteins that contained similar peptides 

and which were not distinguishable based on MS/MS data alone were grouped to satisfy 

the principles of parsimony. The lists of identified peptides and proteins can be found in 

Supplementary Table 7 and Supplementary Table 8, respectively (Appendix II). 

 

3.29. LABEL-FREE PROTEIN QUANTIFICATION 

For the decellularization protocol proteomic analysis, the proteins were 

quantified with the help of the label-free algorithm (LFQ) implemented in the MaxQuant 

software using the unique and razor peptides. The minimum number of peptides to be 

available in all the pair-wise comparisons was set to 2 and the “stabilize large LFQ ratios” 

option enabled. 

 

For the proteomic analysis of heart regeneration, relative label-free protein 

quantification analysis was performed on the different samples analyzed using spectral 

counting. The “Quantitative Value - Total Normalized Spectra” function of Scaffold 

software was used for quantitative comparison. This function provides the total number 

of spectra that matched to a protein identified in each sample, after normalizing the 
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values for each sample by a factor calculated so that the total number of normalized 

spectral counts is identical for all samples, thus correcting for differences in sample load. 

Only those proteins for which the total sum of spectral counts for the eight runs was 

greater than 5 were considered for quantitative comparison.  

 

3.30. ANALYSIS AND VALIDATION OF PROTEOMIC DATA ON 

REGENERATION 

In order to annotate proteins associated with Extracellular Matrix we 

downloaded the GO annotations of zebrafish, human, and mouse organisms from the 

repository of Gene Ontology Consortium (Ashburner et al., 2000; The Gene Ontology 

Consortium, 2017). The resulting list of proteins falling into the GO Term GO:0031012 

(i.e. Extracellular Matrix) was supervised and curated by hand. 

 

To determine an enrichment in ECM proteins in decellularized samples, the 

proteomics data obtained was compared to zebrafish proteomic data already published 

(Abramsson et al., 2010; Ma et al., 2018) with Panther (pantherdb.org). GO enrichment 

analysis were done with Enrichr tool (version August 24th, 2017).  

 

To stabilize the variance, Variance Stabilization Normalization (VSN) was applied 

to spectral counts (Huber et al., 2002). A hierarchical clustering analysis via 1,000 

bootstrap resampling replications was performed, using the R (version 3.2.3) statistical 

language package pvclust (Suzuki and Shimodaira, 2006), to construct a dendrogram 

with correlation distance and average method. Normalized data values were z-scaled by 

rows in order to build the heatmap.   

 

Validation of the proteomic data was performed by qRT-PCR analyzing 3 

biological replicates comprised of 5 ventricles each for each time point (7dpa, 14dpa, 

30dpa and sham). RNA extraction and cDNA synthesis were done as specified in the RNA 

extraction and cDNA synthesis sections of this thesis.  
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3.31. ATOMIC FORCE MICROSCOPY (AFM) FOR THE 

MEASUREMENT OF THE EXTRACELLULAR MATRIX STIFFNESS 

Zebrafish hearts were extracted, included in OCT and frozen at -80ºC. Then slices 

of 25µm were cut with a cryostat (HM 560, CryoStar Thermo Scientific) and placed on 

top of Superfrost Plus Slides (Thermo Fisher) and stored at -20ºC. Before measurements, 

slices were washed with 1xPBS and decellularized in order to remove all cellular 

components and preserve the ECM. A detergent-based protocol was used to 

decellularize the slices. Briefly, slices were immersed in 0.1% sodium-dodecyl disulfate 

(SDS) during 5min, followed by 10min of 1% Triton X-100 and finally washed during 

20min with 0.9% NaCl solution. The slices were kept in constant moderate agitation. 

 

Immediately after decellularization process, the samples were measured by 

AFM. The perimeter of glass slides was outlined with a water repellent marker (Super 

PAP PEN, Invitrogen), keeping 1ml of 1x PBS over the slices. Then, slides were placed on 

the sample holder of a custom-built AFM coupled to an inverted optical microscope (TE 

2000, Nikon). The Young’s modulus (E) of the ECM was measured using V-shaped Au-

coated silicon nitride cantilever (nominal spring constant of k = 0.06N/m) with a 

spherical polystyrene bead of 2.25μm radius glued at its end (Novascan Technologies, 

Ames, IA), which was previously calibrated by thermal tune method. 3-D piezoactuators 

coupled to strain gauge sensors (Physik Instrumente, Karlsruhe, Germany), allowed to 

place the cantilever on the region of interest with nanometric resolution and to measure 

the vertical displacement of the tip (z). The deflection of the cantilever (d) was measured 

with a quadrant photodiode (S4349, Hamamatsu, Japan) using the optical lever method. 

The slope of a deflection-displacement curve (d-z) obtained on a bare region of the rigid 

substrate was used to calibrate the relationship between cantilever deflection and 

photodiode signal. Therefore, the force exerted by the cantilever was computed as 

F=k·d. The indentation of the sample (δ) was computed as δ = (z − z0) − (d − d0), where 

z0 and d0 are the positions of the contact point. To extract E, F-δ curves were analyzed 

by the spherical Hertz contact model (Jorba et al., 2017). 
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Myocardial stiffness was analyzed at 7, 14 and 30 dpa (n=5 per time point) and 

also in animals with no injury (control, n=5). For each sample time point, two slices were 

measured. In every slice, measurements were performed in two zones: uninjured and 

regenerating heart. In each zone, two locations separated by ~500µm were measured. 

At each of the two locations, 5 measurements were made separated by ~10µm. E of 

each measurement point was the average of five force curves, obtained with ramp 

amplitude of 5µm and frequency of 1Hz, resulting in tip velocity of 5µm/s. 

 

Reagents and Solutions 

0.5% SDS solution: for 50ml preparation, add 250µl of SDS (S4390, Sigma) to 

49.75ml of MQ-H2O. 

1% Triton X-100 solution: for 50ml preparation, add 500µl of Triton X-100 (X-

100, Sigma) to 49.5ml of MQ-H2O. 

0.9% NaCl solution: for 50ml preparation add, 450mg of NaCl (S7653, Sigma) to 

50ml of MQ-H2O. 

 

3.32. STATISTICAL ANALYSIS 

GraphPad software was used to carry out all the statistics. All results are 

expressed as mean ± standard error of mean (SEM). Each specific statistical test is 

specified in each figure legend. 
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CHAPTER 1: STUDY OF THE ECM PROTEIN DYNAMIC CHANGES 

IN ZEBRAFISH HEART REGENERATION 

 

 

4.1.1. Development and characterization of a 

decellularization protocol for zebrafish ventricles 

To study the ECM protein composition of zebrafish ventricles, we developed a 

decellularization protocol consisting on detergent treatment with 0.5% sodium dodecyl 

sulfate (SDS), followed by 1% Triton-X 100 to remove SDS prior to processing for analysis 

(Figure R 1A). This treatment produced translucent decellularized scaffolds that 

structurally resembled the zebrafish ventricle (Figure R 1B). Following decellularization, 

DAPI staining and other histological stainings were used to assess the extent of cell 

removal and the integrity of the ECM. No DAPI staining was seen after treatment (Figure 

R 1C), and spectrophotometric analysis showed an ~80% reduction in DNA content after 

decellularization of zebrafish hearts (Figure R 1D). Moreover, Hematoxylin and Eosin, 

and Masson trichrome stainings revealed no conspicuous damage to the ECM, while 

further confirming the absence of nuclei in decellularized samples (Figure R 1E). To 

analyze whether the decellularization process altered the relative abundance of ECM 

proteins, we characterized the proteome of zebrafish hearts before (native), after SDS 

treatment, and at the end of decellularization by liquid chromatography – tandem mass 

spectrometry (LC-MS/MS). A total of 447 unique proteins were detected in native 

hearts, of which only 15 (3.4%) corresponded to extracellular proteins as annotated by 

Gene Ontology and manual curation (see Experimental Procedures for details). The 

numbers of extracellular proteins detected after SDS treatment and at the end of the 

decellularization protocol increased to 35 and 36, respectively, while those of 

intracellular proteins decreased from 432 in native hearts to 352 after SDS treatment, 
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and 341 in fully decellularized hearts (Supplementary Table 2 in Appendix II). As 

expected, decellularization not only decreased the number of intracellular proteins 

detected, but also their abundance as quantified by peptide peak intensity, whereas the 

opposite trend was observed for extracellular proteins (Figure R 2A). Importantly, all 

extracellular proteins identified in native hearts were also detected in samples after SDS 

treatment, and after complete decellularization, demonstrating that the protocol used 

for decellularizing zebrafish hearts did not introduce bias in our analyses due to 

preferential removal of specific ECM components.  

 

 

Figure R 1| Decelularization protocol for zebrafish hearts. (A) Representation of the protocol used to 
decellularize zebrafish ventricles. (B) Images of the ventricles at different points of the decellularization 
protocol. From left to right, native ventricle, after 0.5% SDS, and at the end of the decellularization 
ptotocol (scale bar 500µm). (C-E) The efficiency of the decellularization process was characterized by 
DAPI staining (scale bar 50µm) (C), spectrophotometric quantification of DNA (N=3) (D), and Masson’s 
trichrome (E, upper images) and Hematoxylin and Eosin (E, lower images) staining (scale bar 100µm). 
Statistical significance of DNA content was analyzed with unpaired Student’s t test. *, p<0.05. 
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The end result of the decellularization protocol was, therefore, an enrichment of 

ECM proteins at the expense of cytoplasmic and nuclear proteins (Figure R 2B). The 

results of these analyses validate the applicability of our zebrafish heart decellularization 

protocol to enrich for ECM proteins, while not altering the relative abundance of ECM 

protein components.  

 

 
 

Figure R 2| Preservation and enrichment of ECM proteins after decellularization. (A) Box plot 
representing an overall distribution of the average intensities of each protein in each sample group. 
ECM proteins and intracellular proteins have been independently plotted to better visualize the effect 
of decellularization in each class of proteins. (B) The profile of specific ECM, cytoplasmic and nuclear 
proteins is plotted to indicate the loss of intracellular proteins while the maintenance and enrichment 
of ECM proteins. 

 

4.1.2. Profile of ECM proteins in adult zebrafish hearts  

Proteomics analysis of the decellularized sham zebrafish hearts by LC-MS/MS 

allowed us to identify a total of 63 proteins with ≥3 spectral counts, of which 24 were 

ECM proteins (Table R 1). Collagens, fibronectin 1b and fibrinogens were the most 
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abundant proteins in the decellularized zebrafish ventricle proteome. Binding, structural 

molecule activity, receptor activity, and catalytic activity were the most represented 

molecular function Gene-Ontology (GO) terms (GO:0005488, GO:0005198, 

GO:0004872, and GO:0003824, respectively) for these identified ECM proteins. A search 

for GO enriched terms using Enrichr analysis revealed that the 10 most enriched 

biological processes in our control proteome (GO:0030199, GO:1905590, GO:0071711, 

GO:0030198, GO:0098784, GO:0010215, GO:0061148, GO:1901148, GO:0021820 and 

GO:0022617) were all ECM related (Figure R 3A). 

 

We next compared the GO cellular component terms represented in our ECM-

enriched zebrafish ventricle proteome with those of whole cardiac zebrafish proteomes 

previously reported by Abramsson et al. (Abramsson et al., 2010) and Ma et al. (Ma et 

al., 2018) Analysis by Panther revealed an enrichment of ECM and extracellular region 

terms in our decellularized samples compared to whole heart proteomes (Figure R 3B). 

These results further confirmed that ventricle decellularization allows a better detection 

of changes in ECM protein composition.  

 

4.1.3. Changes in ECM protein composition during zebrafish 

heart regeneration 

To determine whether ECM protein composition changes during zebrafish heart 

regeneration, we also analyzed with LC-MS/MS decellularized ventricle samples of 

zebrafish hearts at 7, 14, and 30dpa. From the 274 proteins detected among all samples 

(Supplementary Table 3 in Appendix II), 96 were represented by an overall across sample 

averages of >5 spectral counts (Supplementary Table 4 and Supplementary Table 5 in 

Appendix II). From these 96 proteins, 29 corresponded to extracellular proteins and 67 

to intracellular proteins. Of note, 23 out of the 50 most abundant proteins found in these 

analyses were ECM proteins (Supplementary Table 4 and Supplementary Table 5 in 

Appendix II). Heatmap representation of protein profiles showed large differences 

between control and 7dpa samples. However, profile changes among other 

regeneration time points were less evident (Figure R 4A). Overall, hierarchical clustering  
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Figure R 3| Decellularization increases ECM protein detection. (A) Representation of the 10 most 

enriched Biological Process GO terms in our proteome of control hearts. Combined score is taken from 

Enrich program, which takes the log of the p-value from the Fisher exact test and multiplies it by the z-

score of the deviation from the expected rank. (B) Representation of the Cell Component Gene 

Ontology (GO) of the published zebrafish heart proteome of Abramsson et al. (Abramsson et al., 2010), 

the published sham heart proteome of Ma et al. (Ma et al., 2018) and our proteomic analysis of 

decellularized zebrafish ventricles. Panther assigned GO terms to 138, 1902, and 60 proteins from the 

proteomes described in Abramsson et al. (Abramsson et al., 2010), Ma et al. (Ma et al., 2018), and the 

one described here, respectively. 

 

analysis grouped sample replicates together for all time points with good Approximately 

Unbiased p-values (AU) indexes, except for those of the 14dpa condition. Control and 

30dpa samples clustered together, and away from 7dpa samples, while the 14dpa 

samples clustered apart from each other (Figure R 4B). ANOVA analysis revealed that 17 

out of the overall 96 proteins detected showed statistically significant changes during 

regeneration, of which 9 were ECM proteins (Supplementary Table 6 in Appendix II). 

Among the ECM proteins whose levels changed significantly during regeneration, 
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fibrinogen a, b, and g, as well as fibronectin 1b and periostin b, showed a peak at 7dpa. 

In contrast, the levels of collagens and fibrillin 2b showed a statistically significant 

decrease during regeneration, which was more evident at 7dpa.  

 

 

 
Figure R 4| Changes in ECM protein composition during heart regeneration. (A) Heat-map for the 96 
proteins detected across samples in zebrafish control decellularized hearts (Ctl) and at different time 
points of regeneration. The time points analyzed were 7 days post-amputation (dpa), 14 dpa, and 30 
dpa. Red indicates increased protein expression and blue indicates reduced protein expression. The 
ECM column indicates the ECM proteins in orange. Data are row scaled. (B) Hierarchical clustering with 
bootstrap analysis of all the samples. AU, Approximately Unbiased p-value; BP, Bootstrap Probability 
value.  

 

To ascertain if changes in protein abundance were the result of differential gene 

expression, we measured by quantitative reverse transcription polymerase chain 

reaction (qRT-PCR) the expression level of 6 genes encoding ECM proteins that change 

in abundance during regeneration. We found positive correlation between mRNA and 

protein levels in the case of fibronectin/fn1b and periostin b/postnb, in which increased 

transcription levels were also found peaking at 7 dpa (Figure R 5C-D). However, 

expression levels of col4a2, col5a1, col5a2a, and fbn2b were all found to be upregulated 

at 7dpa (Figure R 5E-H), in contrast with the decreased protein levels found in 
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regenerating heart ECM (Supplementary Table 6 in Appendix II). This suggests that 

changes in fn1b and postnb protein levels during regeneration are regulated 

transcriptionally, whereas the regulation of col4a2, col5a1, col5a2a, and fbn2b would 

be post-transcriptional.  

 

 
Figure R 5| mRNA expression chances of ECM proteins significantly changed during zebrafish heart 

regeneration. (A-F) Gene expression assessment by real time qPCR of the ECM proteins significantly 

changing in the proteomic analysis during the regeneration process. fn1b, fibronectin 1b; postnb, 

periostin b; col5a1, collagen type 5 α1 chain; col4a2, collagen type 4 α2 chain; col5a2a, collagen type 

5 α2a chain; fbn2b, fibrillin 2b. Significance was analyzed with Kruskal-Wallis followed by a Dunn’s 

multiple comparisons test. *, p<0.05; **, p<0.01. 

 

4.1.4. Changes in ECM biomechanical properties during 

zebrafish heart regeneration 

Changes in ECM protein composition can result in modifications in the 

biomechanical properties of the matrix. Atomic Force Microscopy (AFM) allowed us to 

measure and compare the stiffness of the ECM during heart regeneration (Figure R 6). 
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For this purpose, 25µm thick slices of control or regenerating zebrafish hearts were 

decellularized and the ECM regions of interest identified by phase contrast microscopy 

(Figure R 6A-C). The Young’s modulus of control zebrafish ventricle ECM was calculated 

at 8.1 ± 1.7 kPa. We then compared these values with those of regenerating hearts at 7 

and 14dpa (Figure R 6D). We chose these time points because our proteomic analysis 

had revealed the major ECM changes at 7dpa (Figure R 4A and B, and Supplementary 

Table 4 and Supplementary Table 5 in Appendix II). AFM measures of the non-injured 

myocardium and the regenerating area revealed an overall significant decrease of the 

ventricular ECM stiffness at 7dpa (myocardium 2.8 ± 0.5 kPa and wound 3.7 ± 1.0 kPa).  

 

 
Figure R 6| Stiffness of the extracellular matrix of regenerating hearts. (A-C) Bright field images of 
decellularized zebrafish hearts being analyzed by AFM at the myocardium away from the injury area. 
(B’-C’) Bright field images of decellularized zebrafish hearts being analyzed by AFM at the regenerating 
area. (A) Control decellularized heart, (B,B’) 7dpa decellularized hearts, (C,C’) 14dpa decellularized 
heart. The triangular shape in A-C and B’-C’ is the AFM cantilever. (D) Young’s modulus of the heart 
ECM of non-injured, 7dpa, and 14dpa hearts (N=5 each). dpa, Days post-amputation. Statistically 
significance was assessed with Man-Whitney test. *, p<0.05 

 

The stiffness of decellularized ventricles returned back to control values by 14dpa 

(myocardium 14.4 ± 4.8 kPa and wound 11.9 ± 4.0 kPa) (Figure R 6D). No significant 

differences were detected between the non-injured myocardium and the regenerating 

area in any time points analyzed, suggesting that the ECM changes observed take place 

at the organ level.  
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Table R 1| Proteome of decellularized zebrafish ventricles. List of proteins identified in the proteomic analysis that were represented over 3 spectral counts. Spectral 

counts were normalized by the total spectral counts in the proteomic analysis. MW, molecular weight. GO, gene ontology. 

 Gene 
symbol 

NAME 
Accession 
number 

% Seq. 
Coverage 

Unique 
peptides 

MW 
ECM 

proteins 

Spec. 
Counts 

Average 
normalized 

GO Molecular function 

1 myh7l Ventricular myosin heavy chain-like F1QSE1 49.3 108 223 kDa  306 
Enzyme regulator activity, catalytic activity, 
structural molecule activity 

2 my7 Myosin-7 A0A0G2L365 18 3 225 kDa  86 
Enzyme regulator activity, catalytic activity, 
structural molecule activity 

3 col6a3 Collagen Type VI, α3 chain F1Q4X1 17.1 41 309 kDa * 68 Receptor activity, transporter activity 

4 col1a2 Collagen Type I, α2 chain Q6IQX2 18.4 20 127 kDa * 64 
Receptor activity, transporter activity, 
structural molecule activity 

5 hspg2 
Heparan sulfate proteoglican 2 
(Perlecan) 

F1RCP6 17.7 50 391 kDa * 56 Receptor activity 

6 desma Desmin a F1R8W4 48.8 24 54 kDa  55 Structural molecule activity 

7 fn1b Fibronectin 1b A2CEW3 51.7 94 276 kDa * 50 Binding 

8 ahnak AHNAK nucleoprotein F1QZ50 8.8 40 685 kDa  48 Binding 

9 fga Fibrinogen, α polypeptide B8A5L6 49.1 48 75 kDa * 41 Binding 

10 actc1a Actin, alpha, cardiac muscle 1a Q6IQR3 61.3 23 42 kDa  39 Structural molecule activity 

11 tpm4a Tropomyosin 4a Q7T3F0 27.8 5 33 kDa  38 Catalytic activity, structural molecule activity 

12 col1a1b Collagen Type I, α1b chain F1QDL1 13.2 20 137 kDa * 37 
Structural molecule activity, receptor activity, 
transporter activity 

13 cmlc1 Cardiac myosin light chain-1 B0R0F7 60.7 11 22 kDa  35 Structural molecule activity 

14 fgg Fibrinogen, γ polypeptide Q7ZVG7 78.7 43 49 kDa * 35 Binding 

15 spna2 Spectrin alpha 2 F1R446 24.6 44 285 kDa  34 Binding, structural molecule activity 

16 fgb Fibrinogen, β polypeptide Q6NYE1 76.1 50 54 kDa * 25 Binding 

17 col1a1a Collagen Type I, α1a chain F1QJC9 14.6 17 137 kDa * 24 
Receptor activity, transporter activity, 
structural molecule activity 

18 col6a1 Collagen Type VI, α1 chain F1Q6P3 22.8 21 107 kDa * 22 
Receptor activity, transporter activity, 
Structural molecule activity 

19 fbn2b Fibrillin 2b E7FG71 13.1 19 212 kDa * 21 Binding, structural molecule activity 

20 actb2 ß-Actin 2 A8WG05 32 13 42 kDa  21 Structural molecule activity 
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Gene 

symbol 
NAME 

Accession 
number 

% Seq. 
Coverage 

Unique 
peptides 

MW 
ECM 

proteins 

Spec. 
Counts 

Average 
normalized 

GO Molecular function 

21 emilin1b Emilin 1b F1Q9G3 28.3 25 117 kDa * 20 Binding 

22 myhb Myosin, heavy chain b F1QVX3 7 1 223 kDa  20 
Enzyme regulator activity, binding, catalytic 
activity, structural molecule activity 

23 ttna Titin a F1R7N8 1.6 29 
3090 
kDa 

 20 
Catalytic activity, structural molecule activity, 
binding, enzyme regulator activity  

24 atp5b ATP synthase subunit beta A8WGC6 46.2 17 55 kDa  20 Catalytic activity, transporter activity, binding 

25 atp5a1 ATP synthase subunit alpha Q08BA1 32.8 15 60 kDa  18 
Receptor activity, transporter activity, binding, 
catalytic activity 

26 sptb Spectrin, beta, erythrocytic F1QQE5 14.9 25 273 kDa  16 Binding, structural molecule activity 

27 postna Periostin A F1QM50 20.9 2 97 kDa * 16 Binding 

28 mybpc3 Myosin binding protein C, cardiac F1Q615 15.2 17 144 kDa  15 Binding, structural molecule activity 

29 col6a2 Collagen Type VI, α2 chain E7FCV8 24.2 21 107 kDa * 15 
Receptor activity, transporter activity, 
structural molecule activity 

30 sptbn1 Spectrin, beta, non-erythrocytic 1 A0A0G2L1F5 12.1 24 263 kDa  15 Binding, structural molecule activity 

31 actn2b Actinin, alpha 2b E9QFR8 22.7 17 103 kDa  15 Binding 

32 krt8 Keratin, type II cytoskeletal 8 K2C8 19.6 12 58 kDa  15 Structural molecule activity 

33 myl7 Myosin light chain 2 Q801M3 58.1 6 19 kDa  13 Structural molecule activity 

34 itih2 
Inter-alpha-trypsin inhibitor heavy 
chain 2 

Q5RH29 16.5 13 106 kDa  12 Enzyme regulator activity, Binding 

35 col4a1 Collagen Type IV, α1 chain F1Q8S5 3.5 4 154 kDa * 11 
Receptor activity, transporter activity, 
structural molecule activity 

36 col4a2 Collagen Type IV, α2 chain F1QZI8 4.9 6 165 kDa * 10 
Receptor activity, transporter activity, 
Structural molecule activity 

37 col5a1 Collagen Type V, α1 chain F6NPA4 3.8 6 199 kDa * 10 Structural molecule activity, binding 

38 ttnb Titin b B0S6Y0 0.8 4 627 kDa  9 Catalytic activity, binding 

39 col5a2a Collagen Type V, α2a chain F1QT86 4.7 5 147 kDa * 9 Structural molecule activity 

40 lamc1 Laminin subunit γ-1 Q1LVF0 8.1 10 176 kDa * 9 Receptor activity 

41 emilin1a Emilin 1a F1QC17 12.9 10 113 kDa * 8 Binding 

42 col6a6 Collagen Type VI, α6 chain F1Q924 10.4 20 278 kDa * 7 Receptor activity, transporter activity 
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Gene 

symbol 
NAME 

Accession 
number 

% Seq. 
Coverage 

Unique 
peptides 

MW 
ECM 

proteins 

Spec. 
Counts 

Average 
normalized 

GO Molecular function 

43 atp2a2a Calcium-transporting atpase A9C3Q4 12.5 10 115 kDa  6 Transporter activity, catalytic activity 

44 mb Myoglobin Q6VN46 51.7 6 16 kDa  6 Transporter activity, binding 

45 palm1b Paralemmin 1b B0V0Y4 18.9 4 27 kDa  6 Protein binding, D3 dopamine receptor binding 

46 atp1a1a.1 
Atpase, Na+/K+ transporting, alpha 
1a polypeptide, tandem duplicate 1 

Q9DGL6 8.7 6 113 kDa  6 Transporter activity, catalytic activity 

47 mfap5 Microfibrillar associated protein 5 E9QCC4 16.7 3 15 kDa * 5 Structural molecule activity 

48 slc25a5 Solute carrier family 25 alpha Q8JHI0 13.1 4 33 kDa  5 Transporter activity 

49 aldoaa Fructose-bisphosphate aldolase Q803Q7 25 7 40 kDa  4 Catalytic activity 

50 flna Filamin A, alpha E9QI62 3.6 6 273 kDa  4 Binding 

51 mfap2 Microfibrillar-associated protein 2 F1QSF1 6.3 1 18 kDa * 4 - 

52 slc8a1a Solute carrier family 8 F1R4F4 9.8 6 107 kDa  4 Transporter activity 

53 slmapa Sarcolemma associated protein a F6NHV5 8.3 6 94 kDa  4 Binding 

54 tln1 Talin 1 A0A0R4IDZ8 6.3 8 271 kDa  4 Binding 

55 tpma Tropomyosin 1 (alpha) F6NVA3 27.8 6 33 kDa  4 Binding 

56 palm2 Paralemmin 2 E7F8N8 7.8 6 92 kDa  4 - 

57 pleca Plectin a A5WV02 1.5 6 523 kDa  4 Binding, structural molecule activity 

58 postnb Periostin B Q75U66 37.1 19 86 kDa * 4 Binding 

59 sorbs1 Sorbin and SH3 domain containing 1 A0A0R4IP30 11.2 7 86 kDa  4 Binding 

60 wfdc2 Wfdc2 E7F3G3 26.8 5 18 kDa  4 Binding, catalytic activity 

61 aco2 Aconitate hydratase, mitochondrial F8W4M7 10.9 6 86 kDa  3 Binding, catalytic activity 

62 ldhba L-lactate dehydrogenase B-A chain Q9PVK4 11.4 3 36 kDa  3 Catalytic activity 

63 myom1b Myomesin 1b A0A0R4IGQ8 4.9 7 181 kDa  3 Binding, structural molecule activity 
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CHAPTER 2: ROLE OF POSTNB DURING ZEBRAFISH HEART 

REGENERATION 

 

 

4.1.5. Characterization of postnb in zebrafish cardiac injury 

One of the proteins observed in the proteome to be dynamically expressed 

during cardiac regeneration was periostin B (postnb). Thus, first we wanted to confirm 

and characterize its expression during zebrafish heart regeneration. By qRT-PCR, we 

corroborated that postnb levels increase after adult ventricular resection, raising above 

baseline at 3dpa and peaking at ~7-fold above sham levels by 7dpa. Sham postnb 

expression levels were already acquired by 14dpa (Figure R 7A). We also checked the 

expression pattern of the other periostin paralog, postna, having a ~4-fold increase 

above baseline at 7dpa, but not being differentially expressed in any other time point 

assessed (Figure R 7B). To examine the expression patterns of the individual postn 

paralogs during zebrafish heart regeneration, we did in situ hybridization with DIG-

labelled RNA probes specific for either postna or postnb. Both postna and postnb were  

 

 
Figure R 7| Periostin is dynamically expressed during cardiac regeneration. Ventricular expression of 
postnb (A) and postna (B) during zebrafish heart regeneration by qRT-PCR. Expression relative to ß-
actin. Kluskal Wallys analysis with Dunn’s multiple comparison test was used to assess for statistical 
significance. ***, p<0.001; ****, p<0.0001. 
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Figure R 8| Periostin is expressed in the injury site. (A-F) In situ hybridization for postna in uninjured 
(A) and regenerating hearts at 1dpa (B), 3dpa (C), 7dpa (D), 14dpa (E), and 30dpa (F). (G-R) In situ 
hybridization for postnb in uninjured (I,M) and regenerating hearts at 1dpa (H,N), 3dpa (I,O), 7dpa (J,P), 
14dpa (K,Q), and 30dpa (L,R). (M-R) Epicardial expression of postnb in uninjured (M) and regenerating 
hearts (N-R). In each section, violet indicates positive signal. (S) Periostin expression by 
immunohistoquemistry in uninjured (sham) and regenerating hearts 1dpa, 3dpa, 7dpa, 14dpa, and 
30dpa. dpa, days post-amputation; postn, periostin. Scale bars 100µm. 
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undetectable in the uninjured ventricle (Figure R 8A and G) but some minor staining in 

the epicardium. The expression of both paralogs was also localized in the out-flow tract 

and valves in uninjured hearts. postna was shyly localized in the injured ventricular apex 

by 3dpa (Figure R 8C) and higher expressed in the inner part of the injury and 

endocardium by 7dpa (Figure R 8D). By 14dpa, some endocardial localization was still 

detected (Figure R 8E), and by 30dpa, a time when the myocardial wall has been typically 

replaced, we detected little or no postna (Figure R 8F). Contrary, postnb paralog was 

expressed along the epicardium of injured ventricles (Figure R 8M-R), and was strongly 

induced at 3dpa and 7dpa in the injured ventricular apex (Figure R 8J and I). By 14dpa, 

the expression was maintained at the injury but clearly reduced (Figure R 8K), and by 

30dpa little expression was detected (Figure R 8L). These results revealed dynamic 

distribution of both postn paralogs, possibly in different cell type(s) within the injured 

apex. The postnb paralog displayed an injury profile that suggested a role specific to 

ventricular regeneration. 

 

It is known that the cell type that express periostin is a group of activated 

fibroblasts called myofibroblasts (Sánchez-Iranzo et al., 2018). Thus, we further checked 

whether the observed periostin expressing cells were fibroblasts. By 

immunohistoquemistry against vimentin, a fibroblast specific marker, we observed that 

citrin positive cells fom the Periostin:citrin line were also vimentin positive (Figure R 9A 

and B). When calculated the Pearson correlation coeficient with ImageJ program, a 

highly confident correlation between both signals was obtained (r=0.913) (Figure R 9B). 

We checked also the periostin signal during regeneration, and cells expressing periostin 

were also vimentin positive (Figure R 9C). Contrary, when checking periostin 

colocalization with a cardiomyocyte marker no colocalization was observed (Figure R 

8S). Thus, we corroborated that the periostin expressing cells were not cardiomyocytes 

but fibroblasts. 

 

To confirm the induction at protein level, we assessed the ventricles injured by 

apical resection at different time points, using an antibody that recognizes zebrafish 

postn. We identified a strong localization of the protein in injury site at 3dpa and 7dpa 
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(Figure R 8S), indicating that the presence of the protein is conferred to the more 

external part of the wound. 

 

 

Figure R 9| Periostin colocalization with vimentin. (A) Citrin signal from periostin:citrin zebrafish 

colocalizes with vimentin signal in the out-flow tract and valves of zebrafish heart. (B) Colocaliztion 

analysis with Imagej between periostin (green) and vimentin (red) signals. r, pearson correlation value. 

(C) Cells at the wound site of 7dpa regenerating hearts expressing periostin and vimentin. OFT, out-

flow tract; Va, valve. 

 

4.1.6. Generation of a conditional shRNA expressing knock-

down zebrafish line for postnb to study cardiac regeneration 

Periostin has been implicated in numerous biological processes related to 

collagen cross-linking, wound healing, cell migration, cell proliferation and development 

(Nishiyama et al., 2011; Norris et al., 2007; Rios et al., 2005; Shimazaki et al., 2008; 

Yokota et al., 2017). In order to know if postnb is also needed for zebrafish heart 

regeneration, we generated a shRNA-mediated LOF transgenic zebrafish strain 

expressing a shRNA under the ubiquitous promoter β-actin, which knocked-down 

postnb all over the organism (dTg((bactin2:loxP-RFP-STOP-loxP-bactin2-miR30-shRNA-

GFP)(bactin2:CRE-Ert2)), from now on Tg(bactin2:lRFPl-shRNA-GFP)) (Figure R 10). We 
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designed this transgenic strain following Dong et. al and De Rienzo et. al strategy, where 

the shRNA is within the context of the miR30e and placed inside the intron of the bactin2 

gene to help its processing and increase its efficiency (De Rienzo et al., 2012; Dong et 

al., 2009). The map of the construct can be found at Supplementary Figure 2 in appendix 

III. We decided to generate a knock-down transgenic line instead of a knock-out, since 

literature regarding postn-/- mice revealed valve developmental defects and perinatal 

death (Rios et al., 2005). Therefore, we wanted to deplete postnb only in adult zebrafish 

during regeneration.  

 

 
 
Figure R 10| Constructs of the conditional shRNA expressing knock-down transgenic zebrafish line 
for postnb. (1) and (2) are the independently integrated constructs of the double-transgenic (dTg) 
zebrafish line. (1) The ubiquitous promoter bactin2 controls the expression of the downstream 
construct, which contains a floxed RFP with an STOP codon at the end followed by 4 polyA tails. Then 
the first exon, the first intron and 22bp of the second exon of the bactin2 gene were cloned. Inside the 
intron the shRNA was placed in the context of the miR30e. At the end, the GFP protein was in frame 
fused. (2) The second construct of the dTg line allows the expression of an inducible Cre recombinase 
fused to an estrogen receptor. Thus, fishes with these two constructs express RFP but not GFP in basal 
conditions. (3) When fishes are treated with 4OH-tamoxifen (an estrogen analogous) the construct 
recombines within the loxP sites (black triangles) and the RFP with the STOP codon is excised (4). After 
transcription and splicing (5) the shRNA and the GFP can be correctly processed in order to be 
recognized by the Argo/RISC complex and correctly translated, respectively. loxP sites, black triangles. 
Promoter has an arrow shape and proteins a round shape. 

 

Three different shRNAs were designed targeting different regions of the postnb 

mRNA. The sh79 was designed against exon 1, the sh379 against exon 4 and the shAB 
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against exon 6. The last one targeting a small region conserved in both postna and 

postnb (Figure I 11). After generating one construct for each shRNA, they were 

individually injected at one cell stage of Tg(bactin2:CRE-Ert2) embryos in order to create 

three individual transgenic lines (Figure R 12A). When the injected fishes reached 

adulthood (~3 months), they were crossed with Tg(bactin2:CRE-Ert2) fishes in order to 

look for positive offspring, and therefore identify founder fishes. The percentage of 

founder fishes detected varied among the shRNAs from 17% to 39% (Figure R 12B). The 

identified founders had also variability among the percentage of insertion (percentage 

of positive offspring) and fluorescence intensity. The percentage of insertion varied 

between 1 and 24%, and the intensities could be sorted into low (+), middle (++), and 

high (+++) (Figure R 12C-E). All the founders detected were individually assessed for 

correct construct functionality in order to generate a stable transgenic line from the 

selected ones. 

 

 
 
Figure R 11| Localization of the designed shRNAs. Mapping of the shRNAs over postnb transcript 1. 

 

Correct CRE recombination was assessed by 4OH-tamoxifen and nuclear CRE 

(CRE-nls) injection (Figure R 13A and B). Both systems displayed a good recombination 

rate in many lines from different shRNAs, increasing the GFP signal all over the embryo 

indirectly being a sensor for shRNA expression. After detecting a good recombination 

and verifying that all the construct was inserted in the genome by the GFP fluorescence 

detection, efficiency of the shRNAs to decrease the postnb mRNA was evaluated by qRT-

PCR (Figure R 13C). Four different lines from different shRNAs were selected, since they 

displayed good construct recombination and reduction of postnb RNA (Figure R 13). The 

reduction of postnb after embryonic 4OH-tamoxifen treatment for the founders nº6 and 
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nº27 from sh79, nº44 from sh379 and nº7 from shAB was 26.86%, 47.16%, 54%, and 

60.83%, respectively (Figure R 13C). When CRE-nls was injected the postnb reduction 

was 25.22%, 22.37%, 18%, and 60.41%, respectively. Not any effect on postna RNA was 

observed in any of the shRNAs. Hence, the shAB line from the founder nº 7 was the one 

obtaining a greater decrease of postnb RNA and the one from which the definitive 

shRNA line was originated.  

 

 
 

Figure R 12| shRNA construct injection and founders. (A) Representative injected fishes from each 
shRNA. Bright Field, RFP and GFP channels are shown. (B) Number of founders encountered for each 
shRNA injected. (C-E) Characteristics of all the founders detected from sh79 (C), sh379 (D), and shAB 
(E). Fishes highlighted in grey were the selected ones after functionality assessment. *, died before 
functional assessment. M, Male; F, Female; +, low; ++, middle; +++, high. 

 

To sum up, the final Tg(bactin2:lRFPl-shRNA-GFP) line contained the shAB and 

achieved a ~10-fold increase of GFP levels at 48hpf upon 4OH-tamoxifen treatment. 

Moreover, levels of postnb were decreased by 60% on average, while postna levels did 

not change (Figure R 13C). This decrease may reflect mosaic expression of the shRNA, 
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conferred by the 4OH-tamoxifen treatment efficiency, or targeting efficiency of the 

shRNA.  

 

 
Figure R 13| Functionality assessment of the best shRNA lines. (A) F2 embryos at 48hpf from the best 
founders from different shRNAs with (+ TAM) and without (- TAM) 4OH-tamoxifen treatment. GFP 
expression indicates construct recombination. (B) GFP expression at 24hpf after Cre-nls injection at 1 
cell-stage. (C) RNA expression of RFP, GFP, postna and postnb by qRT-PCR of 48hpf embryos (+ TAM) 
and without (- TAM) 4OH-tamoxifen treatment. Kluskal Wallys analysis with Dunn’s multiple 
comparison test was used to assess for statistical significance. *, p<0.05; **, p<0.01; ***, p<0.001; 
****, p<0.0001. 
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Figure R 14| Embryonic postnb protein expression in the shRNA line and after recombination. (A) 
postnb and actin western blot of WT, shRNA line (shAB) and shRNA line after recombination with CRE-
nls injection at 1 cell-sage. Samples are embryos at 4 days post-fertilization. (B) Quantification of the 
western blot band intensity corrected by actin band intensity. 

 
 

Consistent with shRNA-mediated targeting, an ~88% reduction of postnb protein 

levels were also detected by western blot in embryos when compared with WT or the 

transgenic line without recombination (Figure R 14). Following shRNA induction by 4OH-

tamoxifen treatment or CRE-nls, transgenic embryos did not display any apparent 

morphological alteration nor swimming defect as reported upon morpholino injection 

against periostin (Kudo et al., 2004). postnb expression levels were also evaluated in 

adult zebrafish at 7dpa, since postnb expression in adult hearts is low and 7dpa is the 

expression peak of postnb in cardiac regeneration. Adult fish injected with CRE-nls at 1-

cell stage did not display any detectable alterations in general nor in cardiac 

development. These animals were amputated (Figure R 15A) and at 7dpa postnb, as well 

as GFP, RFP and postna, RNA expression levels were evaluated, resulting in a reduction 

of ~44% of postnb expression (Figure R 15B). In terms of RFP RNA levels, a ~88% and 

~99% reduction was found in partially recombined and completely recombined adult 

hearts, respectively. Moreover, an increase of >100-fold in GFP expression in 

recombined hearts was detected (Figure R 15A and B). This RNA level reduction resulted 

in a 32.8% decrease of postnb protein levels, assessed by Western Blot (Figure R 15C 

and D). Recombination by tamoxifen treatment in adult individuals was evaluated 

without success. Hearts were unable to successfully recombine, although the offspring 

of the treated adult animals recombined upon embryonic tamoxifen treatment 

(Supplementary Figure 3 in appendix III). Same tamoxifen treatment was evaluated in  
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Figure R 15| Adult postnb reduction by shRNA at 7dpa. (A) Zebrafish hearts at 7dpa of not 
recombined (control) and recombined hearts by CRE-nls injection at 1 cell-stage. 
Arrowheads mark the wound. Asterisk marks those hearts not completely 
recombined. (B) RFP, GFP, postna and postnb RNA expression by qRT-PCR. Animals 
were separated in mid recombination when some RFP was detected under the 
microscope or high recombination when no RFP fluorescence was observed. Control 
stands out for not recombined hearts. (C) postnb and actin western blot of shRNA line 
(shAB) and shRNA line after recombination with CRE-nls injection at 1 cell-sage. 
Samples are hearts at 7dpa. (D) Quantification of the western blot band intensity 
corrected by actin band intensity. Mann-Whitney analysis was used to assess for 
statistical significance. *, p<0.05; **, p<0.01. 
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Figure R 16| Cardiac regeneration difficulty by postnb knock-down. (A) Zebrafsh hearts at 30dpa of 
not recombined (control) and recombined hearts by CRE-nls injection at 1 cell-stage. Arrowheads mark 
the wound. Asterisk marks those hearts not completely recombined.  (B) Masson Trichrome staining 
of not recombined (control) and recombined hearts by CRE-nls injection at 1 cell-stage at 30dpa. 

 

other transgenic lines available in our group, which recombined satisfactorily 

(Supplementary Figure 4 in appendix III). 

 

Ventricles of Cre-nls injected animals were also extracted at 30dpa in order to 

evaluate their regeneration capability. Recombined hearts appeared to have bigger 

wounds compared to non-recombined clutchmates (Figure R 16A). Masson trichrome 
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staining confirmed this result, where shRNA expressing hearts had not appropriately 

grown the myocardium after 30dpa (Figure R 16B). Even so, we were not sure that the 

protein reduction accomplished by this knock-down line would be enough to assess the 

possible role of postnb during zebrafish heart regeneration process. This fact together 

with the lack of increased embryonic or adult mortality in 1 cell-stage recombined fishes, 

we decided to generate a genomic knock-out.  

 

4.1.7. Generation of a knock-out postnb line using CRISPR-

Cas9 technology to study cardiac regeneration 

CRISPR/Cas9 has been recently a great tool for genome editing and knock-out 

(KO) generation (Gonzales and Joanna Yeh, 2014). Thus, in order to know which is the 

role of postnb during zebrafish heart regeneration, we decided to generate a KO line 

with CRISPR/Cas9 technology. We designed 4 different sgRNAs targeting the first intron 

of the postnb gene (data not shown) and after analyzing the cutting efficiency of them 

we chose the one starting 9bp downstream the ATG of the gene (Figure R 17A). The 

chosen sgRNA was able to cut the postnb genomic region with good efficiency (Figure R 

17B) generating different indels in the postnb locus (Figure R 17C). We only considered 

acceptable, those indels that changed the reading frame, having the likelihood to 

generate an early stop codon and truncate the protein as a result. We chose the (+8, -3) 

indel in order to generate our transgenic line. This indel was predicted to generate a 

protein of 29 amino acids with a premature stop codon (Figure R 17D).  

 

While generating the stable postnb-/- line with the selected mutation, we decided 

to obtain compound postnb-/- fishes incrossing the F0 (those that the sgRNA and the 

Cas9 were injected) in order to perform the first regeneration experiments. To select 

the KO fishes, all the F1 was genotyped to characterize both postnb alleles. All the alleles 

selected during the genotyping (Figure R 17C) generated an early stop codon. Biallelic 

KO embryos and adult fishes did not display any detectable phenotype nor 

developmental defect (Figure R 17E, F and G). Moreover, adult postnb-/- fishes had a 

normal growth having no effect on body length (Figure R 17G). These animals showed a  



CHAPTER 2: Role of postnb during zebrafish heart regeneration  

 

111 

 
Figure R 17| postnb-/- line by CRISPR/Cas9. (A) Design of the sgRNA against postnb targeting the 1st 
exon. Target sequence is highlighted in orange, and PAM region is shown in purple letters. (B) 
Comparison of an uninjected embryo and an embryo where sgRNA+Cas9 was injected into the cell at 
one-cell stage. Red asterisk marks the WT peak at 474bp, the other peaks in the injected embryo are 
indicative of the activity of the sgRNA. (C) Mutation pattern of sgRNA and Cas9 protein coinjected 
embryos. Numbers in the brackets show the number of nucleotides that were deleted (-) or inserted 
(+). Inserted nucleotides are shown in blue, while orange indicate the original nucleotides of the sgRNA 
target site. (D) Prosite predicted protein sequences from WT and the KO allele (+8,-3). (E) Images of 
2dpf WT and postnb-/- embryos. (F) Images of an adult male and a female of WT and postnb-/- zebrafish. 
(G) Boxplot of the body length from head to tail-base of WT and postnb-/- zebrafish. (H) qRT-PCR of 
postna and postnb gene expression of 2dpf WT and postnb-/- embryos. Expression relative to ß-actin. 
(I) Western Blot for postnb and actin in 4dpf WT and postnb-/- embryos. (J) Western blot quantification 
of band intensity corrected by actin. Three biological replicates were quantified. WT, wild-type; dpf, 
days post-fertilization. Two-tailed T-test was used to assess for statistical significance. **, p<0.01; n.s., 
non-significant. Scale bars 5mm. 

 

reduction in postnb RNA levels of ~80%, while no effect on postna expression (Figure R 

17H), and a complete absence of the postnb protein (Figure R 17I and J). Same results 

were observed in regenerating adult hearts assessed at 7dpa, where a reduction of ~65% 

postnb RNA and no effect on postna expression (Figure R 18A), as well as no postnb 

protein were observed (Figure R 18B and C). The reminiscent presence of some RNA 
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content may be due to the fact of the non-sense mediated decay effect. The presence 

of postnb protein was corroborated with an immunohistoquemistry at 7dpa, where 

postnb presence in the wound was observed in WT but not in postnb-/- hearts (Figure R 

18D).  

 

We injured adult postnb-/- and WT clutchmates and assessed regeneration. 

During all the regeneration process, postnb-/- fishes had a bigger and withier wound in 

comparison to WT clutchmates (Figure R 18E). After 30dpa, postnb-/- fish were less 

frequently able to regenerate a contiguous wall of new muscle. Moreover, no collagen 

was observed in postnb-/- wounds in comparison to WT at 30dpa with Masson trichrome 

staining (Figure R 18F). Same results were observed at 7dpa, where a bigger wound was 

seen in postnb-/- ventricles (Figure R 18D). Based on these data, we conclude that postnb 

is required for correct heart regeneration. 
 

 

Figure R 18| Cardiac regeneration is impaired in postnb-/- zebrafish. (A) qRT-PCR of postna and postnb 
gene expression of 7dpa WT and postnb-/- hearts. Expression relative to ß-actin. (B) Western Blot for 
postnb and actin of 7dpa WT and postnb-/- hearts. (C) Western blot quantification of band intensity 
corrected by actin. Three biological replicates were quantified. (D) Immunohistoquemistry of postnb 
and myosin heavy-chain (MF20) of WT and postnb-/- hearts at 7dpa. White squares indicate the 
magnification site. (E) Representative regenerating hearts of WT and postnb-/- zebrafish. The time 
points pictured are: 7dpa, 14dpa and 30dpa. (F) Masson Trichrome staining of ventricles at 30dpa of 
WT and postnb-/- hearts. Black arrows in E and F indicate the injury site. dpa, days post-amputation; 
WT, wild-type. Two-tailed T-test was used to assess for statistical significance. **, p<0.01; ****, 
p<0.0001. Scale bars 100µm. 
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4.1.8. Macrophage recruitment, matrix metalloproteinase 

activity and revascularization are not affected in postnb-/- 

regenerating zebrafish 

In the literature, the processes where periostin is involved are numerous and its 

effects too. One of the described periostin activities, is its role on promoting 

macrophage recruitment in the injury in after spinal cord injury, or the recruitment of 

macrophages in a glioma (Guo et al., 2016; Yokota et al., 2017). Then we pursued to 

check for macrophage infiltration with the leukocyte marker L-plastin (LCP1). We did not 

observe any difference in macrophage infiltration between WT and postnb-/- ventricles 

at 7dpa (Figure R 19A and B). Quantification of L-plastin+ cells per field in the wound site 

revealed no differences between WT and postnb-/- (Figure R 19B).  

 

Another role is the induction of active matrix metalloproteases (MMPs) 

secretion by periostin (Hakuno et al., 2010). It is also known that, during zebrafish heart 

regeneration, matrix metalloproteinases are expressed on the injured tissue (Xu et al., 

2018). For this reason, we looked at the capacity of postnb to induce the expression of 

different MMPs. We analysed RNA expression of different MMPs by qRT-PCR, and found 

that postnb-/- hearts at 7dpa had a significant increase in mmp2, mmp13a, mmp14a and 

mmp14b transcription in comparison to WT hearts (Figure R 19C). Thus, by in situ 

zymography we profiled the level of MMP enzymatic activity at 7dpa of WT and postnb-

/- hearts (Figure R 19D and E). We could not visualize any MMP activity differences in the 

injured area between WT and postnb-/- hearts (Figure R 19D). Moreover, after 

quantification of the signal intensity no changes on MMP activity were still detected 

(Figure R 19E). 

 

It has been recently determined that periostin has also an effect on 

revascularization after myocardial infarction in mice models (Chen et al., 2017). Thus, 

we checked for revascularization after amputation at 10dpa by alkaline phosphatase 

staining of coronary vasculature. No differences were seen in the revascularization  
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Figure R 19| postnb does not have any effect on macrophage recruitment, MMPs activation or 
revascularization of coronary vasculature. (A) Immunohistoquemistry of L-plastin (green) and myosin 
heavy-chain (Red) of 7dpa WT and postnb-/- hearts. (B) Quantification of L-plastin positive cells per field 
of view of WT and postnb-/- hearts. (C) Expression of different matrix metalloproteinases (MMPs) by 
qRT-PCR. N=6 (D) MMPs activity by in situ zymography of 7dpa WT and postnb-/- hearts. (E) Intensity 
quantification of in situ zymography signal of 7dpa WT and postnb-/- hearts. Intensity values were 
corrected by ROI size. (F) Revascularization assessment by Alkaline phosphatase staining of 10dpa WT 
and postnb-/- hearts. Mann-Whitney analysis was used to assess for statistical significance. *, p<0.05. 
Scale bars 100µm. 
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capacities of WT and KO hearts, observing in both cases coronary vasculature in the 

injury site (Figure R 19F). 

 

4.1.9. postnb-/- had decreased collagen cross-linking and a 

softer ECM. 

One of the most studied effects of periostin, is its effect on promoting collagen 

cross-linking (Kudo, 2017; Maruhashi et al., 2010; Norris et al., 2007). In the masson 

trichrome staining at 30dpa, we observed absence of collagen staining in postnb-/- 

hearts, thus we believe that collagen deposition is being altered. To further investigate 

this fact, we histologically analyzed 7dpa regenerating ventricles by transmission 

electron microscopy (TEM), and detected collagen fibers in both WT and KO 

regenerating hearts (Figure R 20A). After measuring the collagen fiber diameter, we 

found that the collagen fiber width histogram was shifted to smaller values in postnb-/- 

fishes (Figure R 20B), resulting in an average collagen fiber width significantly thinner 

(Figure R 20C). Thus, postnb is required for correct collagen cross-linking in regenerating 

zebrafish hearts.  

 

It is known that changes in collagen crosslinking or concentration have an impact 

on ECM stiffness, obtaining stiffer matrices in more cross-linked collagens, and vice 

versa (Brower et al., 2006; Mujumdar et al., 2001). Thus, we analyzed, weather the 

effects observed in collagen cross-linking had any impact on ECM stiffness. By Atomic 

Force Microscopy (AFM), we measured the stiffness of control and regenerating (3, 7 

and 14 dpa) WT and postnb-/- hearts (Figure R 20D). Already from the beginning, we 

found that ECM from postnb-/- hearts had half the stiffness of WT hearts, indicating that 

periostin had an effect on ECM stiffness. When studying the regeneration process at 

different time points (3, 7 and 14 dpa), we observed that, as already seen in previous 

experiments, the ECM stiffness from WT hearts decreased during the first days of 

regeneration (3dpa and 7dpa) and started to recover by 14dpa. This dynamic effect on 

ECM stiffness was not appreciated in postnb-/- hearts, where a stiffness decrease was 

observed at 3dpa but it was maintained low during the other time points analyzed. At  
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Figure R 20| Collagen cross-linking and ECM stiffness are reduced in postnb-/- zebrafish while 
cardiomyocyte proliferation increases. (A) Transmission electron microscope images from collagen 
rich areas of WT and postnb-/- hearts at 7dpa. Longitudinal and transversal collagen fibers can be 
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observed. (B) Histogram representation of the collagen fibril width of WT and postnb-/- hearts at 7dpa. 
(C) Boxplot representation of the mean values of the fibril width of each heart (N=5) of WT and postnb-

/- hearts at 7dpa. (D) ECM Stiffness measuring by Atomic Force Microscopy of WT and postnb-/- hearts 
at 7dpa. (E) Immunohistoquemistry of EdU (green) and myosin heavy-chain (Red) of 14dpa WT and 
postnb-/- hearts. (F) Quantification of the percentage of EdU positive cardiomyocytes in WT and postnb-

/- hearts at 14dpa. (G) Immunohistoquemistry of TUNEL (green) and myosin heavy-chain (Red) of 7dpa 
WT and postnb-/- hearts. (H) Quantification of the percentage of TUNEL positive cardiomyocytes in WT 
and postnb-/- hearts at 7dpa. Mann-Whitney analysis was used to assess for statistical significance. *, 
p<0.05; #, p<0.05 in comparison to WT sham values; †, p<0.05 in comparison to postnb-/- sham values. 
Scale bars (A) 200µm, and (E and G) 100µm. 

 

 

14dpa the stiffness was not increasing to recover control values, as observed in WT 

hearts (Figure R 20D). This proves the importance of periostin to regulate cardiac ECM 

stiffness both in physiologic conditions and during regeneration. 

 

Periostin is known not only to have effects at ECM level, but also to act at cellular 

level promoting migration or proliferation (Kühn et al., 2007; Oka et al., 2007; Shimazaki 

et al., 2008; Yokota et al., 2017). Then, we examined whether postnb would have any 

effect on cardiomyocyte proliferation. We compared the cardiomyocyte proliferation at 

14dpa of WT and postnb-/- hearts. Fishes were amputated and EdU was daily injected in 

the abdominal cavity between 7dpa and 14dpa. Proliferation was calculated counting 

the percentage of EdU positive cardiomyocytes in the wound area of regenerating 

hearts at 14dpa. Compared to WT, postnb-/- hearts experienced an increase of EdU 

positive cardiomyocytes in the injury site (Figure R 20E and F). In addition, cellular death 

was also assessed by TUNEL assay (Figure R 20G and H). WT and postnb-/- hearts at 7dpa 

were immunostained and TUNEL positive cardiomyocytes were calculated. A reduction 

of TUNEL positive cardiomyocytes in postnb-/- hearts was observed when compared to 

WT hearts (Figure R 20H). 
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Extracellular matrix (ECM) remodeling is a critical step in development, wound 

healing and regeneration (Bayomy et al., 2012; Bonnans et al., 2014; Dobaczewski et al., 

2010; Jessen, 2015; Wang et al., 2013). The present thesis characterized the ECM 

composition and its changes during zebrafish regeneration, as well as determined the 

need of postnb for a complete regeneration. We have developed a decellularization 

protocol for zebrafish ventricles that results in ECM enrichment, as well as facilitating 

the analysis of the proteomic profile of the zebrafish ventricle ECM. Moreover, we have 

analyzed the ECM changes during heart regeneration and assessed the stiffness of the 

ECM at different time points of this process. Finally, we have also studied the 

importance of the matricellular protein postnb in the context of zebrafish heart 

regeneration. Altogether, the results from our studies should help better understanding 

the role of the ECM in zebrafish heart regeneration.  

 

The ECM composition has not been fully studied and described in the specific 

context of the zebrafish cardiac regeneration. Few are the studies done to analyze the 

ECM in the zebrafish heart. The proteome of different zebrafish organs, including the 

heart, were analyzed by Abramsson and colleagues and only 4 collagen proteins were 

detected in the heart proteome (Abramsson et al., 2010). In the present study, we have 

described the presence of 7 additional collagens (col1a2, col1a1b, col6a2, col4a1, 

col4a2, col5a2a, and col6a6) in control samples, corroborating that they are the main 

structural element of the zebrafish heart ECM. Collagens provide tensile strength, 

regulate cell adhesion, support chemotaxis and migration, and direct tissue 

development (Frantz et al., 2010). Recently Chen and colleagues analyzed the 

decellularized ECM of zebrafish heart using a mechanical decellularizing approach (Chen 

et al., 2016). They qualitatively described the presence of 4 ECM proteins, of which we 

detect 3 as well as 21 new ones. Thus, our decellularization process followed by LC-

MS/MS analysis provided a more comprehensive, as well as quantitative, method to 

define the ventricular ECM of the zebrafish. 

 

In terms of the cardiac regeneration process, there was no study to our 

knowledge that analyzed the importance of the ECM itself in the zebrafish cardiac 
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regeneration model. Transcriptomic and proteomic approaches have sought to profile 

the whole gene expression and protein changes during zebrafish heart regeneration. 

The former identified gene expression changes during regeneration process and 

described an increase of transcripts related with secreted molecules, catepsins and 

metalloproteinases, and wound response/inflammatory factors (Lien et al., 2006; Sleep 

et al., 2010). Also, transcripts coding for ECM and adhesion molecules were detected to 

be commonly and differentially expressed when comparing the transcriptomes of 

zebrafish regenerating hearts and fins (Sleep et al., 2010). On the other hand, proteomic 

studies have been mainly done on native cardiac samples without decellularization prior 

to protein detection, where ECM proteins could be masked by the large amount of 

intracellular proteins (Chen et al., 2016; Ma et al., 2018; Missinato et al., 2015; Wang et 

al., 2013). Moreover, these previous proteomic studies have focused on early 

regenerating time points and do not provide an overview of the proteomic changes 

during the entire regenerating process (Chen et al., 2016; Missinato et al., 2015).  

  

It is also worth noting that, in our studies, ECM proteins were overrepresented 

among those that showed significant changes in abundance during heart regeneration. 

Thus, enrichment analysis using Enrichr tool on all proteins that showed significant 

changes during regeneration identified Biological Process GO terms related with ECM as 

the most represented (Supplementary Figure 1A in Appendix II). In contrast, a similar 

analysis of published proteomic data (Ma et al., 2018) only identified enrichment of the 

ECM-related GO terms fibrinolysis (GO:0042730) and plasminogen activation 

(GO:0031639), and not among the most enriched in that dataset. A summary of the 10 

most-enriched Biological Process GO terms during zebrafish heart regeneration 

identified in our studies and in those of Ma and colleagues (Ma et al., 2018) is presented 

in Supplementary Figure 1B in Appendix II.  

 

Both transcriptomic and proteomic studies have identified some ECM proteins 

important during regeneration. Wang and colleagues described the importance of 

fibronectin during regeneration after ventricular resection, suggesting a positive effect 

on cardiomyocyte migration (Wang et al., 2013). Also, tenascin C (tnc) has been found 
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to be expressed at the border zone, and suggested to mediate loosening of 

cardiomyocyte attachment to the substrate, thereby facilitating cardiomyocyte 

migration (Chablais et al., 2011). Another proteomic study identified the hyaluronic acid 

receptor (Hmmr) to be important for the epicardium EMT migration towards the injury 

(Missinato et al., 2015). All these suggest that tissue remodeling and ECM dynamics are 

important factors during zebrafish heart regeneration. 

 

The fact that our analysis did not detect changes in some ECM proteins found in 

previous studies, such as tnc, may be due to technical limitations. In LC-MS/MS-based 

analyses, signals of abundant proteins such as collagens and structural proteins can 

mask the signals of low-abundance proteins. Also, new proteomic analytical tools have 

been developed, but we strongly believe that proteomic analyses of ECM enriched 

samples is a powerful approach to study the ECM components in heart regeneration. In 

this study, we have identified the main changes in ECM protein composition during 

zebrafish heart regeneration. Decreased amounts of collagen IV, collagen V, and fibrillin 

2b, as well as increased amounts of fibrinogens, fibronectin 1b and periostin b comprise 

the initial regenerating ECM. We have been also able to detect proteins that were not 

previously detected in any transcriptomic or proteomic study, such as col4a2 and fbn2b. 

Two groups of proteins appear to be regulated differently. In the first group, positive 

correlation between protein abundance and gene expression in the case of fn1b and 

postnb, indicates a transcriptional regulation of these genes during heart regeneration 

(Le A. Trinh and Stainier, 2004; Sleep et al., 2010). In the second group, decreased levels 

of col4a2, col5a1, col5a2a and fbn2b proteins inversely correlate with gene expression, 

which we interpret as a regulatory feedback mechanism in an attempt to recover the 

protein levels.  

 

Stiffness is itself a mechanical property of the ECM. It is known to be involved in 

cell processes such as the regulation of cell proliferation (Balestrini et al., 2012; 

Yahalom-Ronen et al., 2015), dedifferentiation (Yahalom-Ronen et al., 2015), migration 

(through durotaxis) (Lo et al., 2000) and stem cell differentiation (Wen et al., 2014). We 

analyzed the stiffness of the regenerating zebrafish ventricle and found a significant 
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decrease in ECM stiffness at 7dpa. It is known that an increase in collagen concentration 

or cross-linking is associated with stiffer myocardium (Brower et al., 2006), whereas an 

extensive degradation of myocardial collagen is associated with a decrease in ventricular 

stiffness (Brower et al., 2006; Mujumdar et al., 2001). Thus, this result correlates well 

with the decrease in abundance of several collagens identified in our proteomic analysis 

suggesting an association between these two evidences. An unexpected finding of our 

mechanical characterization of the regenerating heart ECM was that we did not detect 

any conspicuous differences in stiffness between the regenerating area and the non-

injured myocardium located far away from the lesion. This suggests that changes in ECM 

composition result in organ-wide effects at the biomechanical level. Interestingly, recent 

data from our laboratories have identified a low ECM stiffness as a permissive factor 

regulating the heart regeneration ability of neonatal mice (Notari et al., 2018). The exact 

mechanism(s) by which ECM stiffness regulates heart regeneration competence in adult 

zebrafish and/or neonatal mice require further investigation.  

 

Changes in ECM composition and stiffness are likely to instruct specific cell 

behaviors, and may also trigger further changes in the properties of the ECM itself. The 

ability of the zebrafish cardiac ECM to induce mammal heart regeneration has been very 

recently assessed by Chen and colleagues (Chen et al., 2016). They observed that the 

zebrafish cardiac ECM exhibited pro-proliferative and chemotactic effects in vitro and 

contributed to a higher cardiac contractile function in mouse. In general, fibrillins are 

known to play important roles in TGFβ signaling by controlling the amounts of cytokines 

and in endocardium morphogenesis (Dietz, 2010; Mellman et al., 2012). Signaling by the 

TGFβ/Activin pathway is known to promote cardiomyocyte proliferation and deposition 

of ECM proteins (Chablais and Jazwinska, 2012). Moreover, fibronectin 1b promotes 

cardiomyocyte migration during zebrafish cardiac regeneration (Wang et al., 2013). 

Periostin may stimulate healing after myocardial infarction in mice through induction of 

cardiomyocyte proliferation, and it is known to be responsible of collagen cross-linking 

(covalent linkage of collagen fibers) (Norris et al., 2007; Shimazaki et al., 2008). Collagen 

cross-linking, in turn, increases at the same time the accumulation of collagen, matrix 

rigidity and resistance to degradation (Badenhorst et al., 2003; Norton et al., 1997). 
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Further studies to clarify in detail the function of each ECM protein during cardiac 

regeneration may lead to a better understanding of this process, and to the 

development of new avenues for therapeutic intervention to promote regeneration of 

the mammalian heart. 

 

One of the proteins identified in the proteomic analysis was postnb. Periostin is 

a protein that has been studied in the context of regeneration of various tissues such as 

skin, bone and heart, as well as cancer (Kudo, 2011). However, the role of periostin in 

cardiac regeneration has been lately controversial. There are studies claiming that 

periostin is needed for correct healing after myocardial infarction (MI). Oka et al. 

reported that Postn-/- mice had less fibrotic response after MI, leading to greater rates 

of LV rupture and death (Oka et al., 2007). This results were further confirmed by 

Shimazaki et al. (Shimazaki et al., 2008). Moreover, Cho et al. claimed that periostin 

promotes myocardial regeneration in the infarcted adult rat heart by administrating 

mesenchymal stem cells overexpressing periostin (Cho et al., 2012). In contrast, other 

reports suggest that periostin is not involved in post-infarction regeneration of adult 

hearts (Lorts et al., 2009; Taniyama et al., 2016), proposing periostin inhibition as a good 

therapeutics for MI treatment. Similarly, the in vitro effects of periostin on neonatal 

rodent cardiomyocytes disputed the ability of periostin on promoting regeneration 

(Kühn et al., 2007; Lorts et al., 2009). A recent study by Chen et al. indicated that the 

ablation of periostin in P2 neonatal mice suppressed post-infarction myocardial 

regeneration (Chen et al., 2017). Taking into account that cardiac regeneration is absent 

in the adult mammalian heart, but its existence is confirmed in the neonatal mammalian 

heart, we believe that the controversies around periostin are normal (Notari et al., 2018; 

O’Meara et al., 2015; Porrello et al., 2013, 2011). Thus, we consider that studying the 

contribution of periostin in a regenerating model such as zebrafish could better define 

its role in myocardial regeneration.  

 

We used two different strategies in order to generate a reduction or a complete 

deficiency of postnb in zebrafish. To avoid developmental defects and perinatal death 

(Rios et al., 2005), the first strategy aimed to generate a conditional LOF of postnb by 



5. Discussion 

 

126 

the expression of a shRNA controlled by the CRE/loxP system. The shRNA expression 

accomplished a 32.8% of postnb protein reduction, a fact that we considered insufficient 

to perform functionality experiments. Others have demonstrated that the multiplex 

shRNA constructs accomplish higher shRNA expression and achieve a higher reduction 

of the protein of interest (Dong et al., 2009). Still shRNA expression will generate a 

knock-down of the protein of interest that in some cases won’t be enough to evaluate 

functionality. On the other hand, we have also used the CRISPR/Cas9 technology which 

allowed us to generate a postnb null zebrafish line. We were able to use this system 

since the shRNAs allowed us to determine that the depletion of postnb during 

development did not confer any detectable developmental defect nor in the adulthood. 

Others reported that the injection of a morpholino against periostin resulted in 

morphological and swimming defects (Kudo et al., 2004). However, morpholinos have 

been proved to cause effects not related with the LOF of the desired gene, but off-target 

activity (Bedell et al., 2011). Thus, CRISPR/Cas9 technology is a great tool to generate 

knock-out lines that do not affect any gene important for development.   

 

Our results showed how the deficiency of postnb in zebrafish lead to a lack of 

myocardial wall growth indicating the importance of this protein in zebrafish heart 

regeneration. Our findings further confirmed the implication of periostin on fibrosis, 

specifically on collagen cross-linking. Similar results have been observed in MI mice 

models where the lack of periostin altered the fibrotic response (Oka et al., 2007; 

Shimazaki et al., 2008), and its overexpression in mice spontaneously developed cardiac 

fibrosis and hypertrophy with age (Oka et al., 2007). As mentioned above, modifications 

of collagen cross-linking are known to modulate stiffness, where an increase in collagen 

concentration or cross-linking is associated with stiffer myocardium (Brower et al., 

2006). We analyzed the stiffness of regenerating zebrafish ventricles of WT and postnb-

/- zebrafish, and observed a decrease of ECM stiffness during the regeneration process 

on WT hearts. This dynamic stiffness changes were not observed on postnb-/- hearts, 

where stiffness was lower than in WT, and decreased during regeneration but was 

maintained low without a tendency to increase at 14dpa. We suggest these stiffness 

dynamic changes to be important during cardiac regeneration in zebrafish. 
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Cardiomyocyte proliferation has been one of the actions of periostin not free 

from controversy. Some studies have claimed that periostin promotes rat 

cardiomyocyte proliferation by the administration of recombinant protein either in vitro 

or in vivo (Kühn et al., 2007). However, in vitro overexpression of periostin by infection 

with a recombinant adenovirus have not reported any effect regarding cardiomyocyte 

proliferation (Lorts et al., 2009). Moreover, any effects on cardiomyocyte proliferation 

were observed in Postn-/- adult mice after MI (Lorts et al., 2009). Similar results were 

observed in a MI rat model where periostin was inhibited with an antibody (Taniyama 

et al., 2016). Thus, we assessed for cardiomyocyte proliferation in our postnb-/- zebrafish 

model and observed a proliferation increase in postnb-/- regenerating hearts. 

 

It is not the first time where ECM stiffness has been postulated as an important 

factor to conduct a proper regeneration process. In muscle regeneration, an appropriate 

ECM stiffness is needed for satellite cells to regenerate myofibrils. A decrease of ECM 

stiffness resulted in a decrease in the regeneration properties of satellite cells (Urciuolo 

et al., 2013). Another example would be mice neonatal cardiac regeneration. Notari et 

al. also reported that a reduction of the ECM stiffness by BAPN treatment rescued the 

ability of mice to regenerate heart tissue after apical resection (Notari et al., 2018). Thus, 

we believe that the ECM stiffening promoted by the presence of postnb during zebrafish 

heart regeneration is needed for a correct progression of cardiac regeneration. Indeed, 

the expression of postnb may be the conductor to drive the shift of ECM stiffness by 

changing from a softer ECM observed in the first days of regeneration, to a stiffer ECM. 

We proposed that this stiffness shift is needed for the correct progression of the 

regenerating process being a key signal for cardiomyocytes to stop proliferating and 

start the migration to the injury site. Therefore, a determined environment is necessary 

for biological processes to take pace, and we believe that postnb is not only forming part 

of the regenerative scaffold but also promotes its organization. It has to be taken into 

account that periostin is not only present in zebrafish cardiac regeneration, but it is also 

expressed after human myocardial infarction and mice cardiac injury (Chen et al., 2017; 

Shimazaki et al., 2008). Thus, how can it be possible that in one scenario it promotes 

regeneration ant it does not have any effect in human or mice? We believe that it is the 
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combination of secreted signals and other ECM proteins that give zebrafish ECM a 

favorable environment to promote regeneration. Further studies to determine the 

detailed molecular function of postnb may help to better understand its effect to 

zebrafish ECM organization and stiffness. 
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1. The detergent based decellularization protocol presented in this thesis allows an 

enrichment of the ECM protein content without a conspicuous clearance of a 

determined group of ECM proteins, allowing to better identify the ECM proteins 

present in the zebrafish heart and its changes during regeneration. 

2. During zebrafish cardiac regeneration, the ECM undergoes dynamic changes. 

There is an early increase of fibrinogen a, b and g (fga, fgb and fgg), fibronectin 

1b (fn1b), and periostin b (postnb). On the other hand, different collagens 

(col4a1, col5a1 and col5a2a) and fibrillin 2b (fbn2b) experienced a reduction 

more evident at 7dpa. 

3. Dynamic changes of ECM proteins during heart regeneration result in changes of 

ECM mechanichal proterties, reducing stiffness at early regeneration time 

points. However, there are no stiffness differences between the healthy 

myocardium and the injury site. 

4. postnb is expressed by fibroblasts in the injured area of zebrafish resected 

ventricles, and is essential for proper zebrafish heart regeneration, since 

CRISPR/Cas9 postnb-/- zebrafish failed to regrow a contiguous wall of myocardial 

muscle. 

5. During regeneration, postnb does not have any effect on general MMPs 

activation, leukocyte migration or revascularization during zebrafish 

regeneration. However, it is essential for correct collagen cross-linking 

regeneration.  

6. postnb controls the stiffness of ventricular ECM, since the absence of postnb 

results in reduced ventricular stiffness. This stiffness control by postnb seem to 

be important to correctly modulate stiffness for a complete cardiac 

regeneration. Stiffness analysis toguether with proliferation analysis suggest 

that postnb is needed to increase the stiffness in the injury border to instruct 

cardiomyocytes to stop proliferating and migrate to the injury site. 
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APENDIX I 

 

The qRT-PCR primer sequences used for this thesis can be found in the following table. 

Supplementary Table 1| qRT-PCR primer sequences. 

Gene Name Primer (5’-3’) 

postna 
Fw: TGAAGGACCTGATTTCTCAAAG  

Rv: GAACGTCCATCCTTGATGATT  

postnb 
Fw: CGAAGCGGAGGTGAGAAAT  

Rv: TTAGTGAGGAGACGCTTGTTG  

col4a2 
Fw: AGGGTGAACATGGTGAAGTATT  

Rv: GCATACCCTCCATACCAAAGT  

col5a1 
Fw: TCCCATCATCGACACCAAAG  

Rv: CTGGATGTCACCCTCAAACA  

col5a2a 
Fw: CAAGACGGTGAGGATGAGTTG  

Rv: ATGGCTCAGGTTTCCAGATG 

fbn2b 
Fw: ATGAATGTGACCTGAACCCTAAT 

Rv: CACTCGTCCACATCTGTACATC 

fn1b 
Fw: ACCTGATGCTCCAACCAATC 

Rv: CACCACACGATAGCCAGTAAT 

elfa 
Fw: TTTGCTGTGCGTGACATGAG  

Rv: TGCAGACTTTGTGACCTTGC  

ßactin 
Fw: AACGACAACATTGGCATGGC  

Rv: AACATTGCCGTCACCTTCAC  

GFP 
Fw: GAACCGCATCGAGCTGAA  

Rv: TGCTTGTCGGCCATGATATAG  

RFP 
Fw: CCCAGACCATGAAGATCAAG  

Rv: GTACATGAAGCTGGTAGCC  
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Gene Name Primer (5’-3’) 

mmp2 
Fw: GAGCTCTATGGAGAACCAACAG 

Rv: ATCTGGGCTACAGCATCAAATA 

mmp9 
Fw: CCAGTGAGCTTCTCTTCACATT 

Rv: CGTCCTTCTGTAGTGCATGAAT 

mmp13a 
Fw: CATGTATCCCACCTACGTTTAC  

Rv: TCAGTGTTTGGGCCATAAAG 

mmp13b 
Fw: CTATCATGCGTTCAATCTGTTC 

Rv: GGAGTAAACCGGGTACATAAG  

mmp14a 
Fw: GATGTGGCGTTCCTGATAAA  

Rv: TGTAGTTCTGGATACTGAAAGTG  

mmp14b 
Fw: TTCTTGGCCCATGCTTAC 

Rv: ACATCATTACCCAGCAAGTC 
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APPENDIX II 

 

Supplementary material from chapter 1. 

In order to see the supplementary tables 2-8 please refer to the excel file named 

“Supplementary Tables 2_6” in the CD provided with this thesis. 

 

7 Supplementary Tables as individual sheets in attached Excel file: 

 

Supplementary Table 2| Proteins identified during the decellularization process. 

Native zebrafish hearts, after SDS treatment (half), and at the end of decellularization 

(fully), were analyzed by LC-MS/MS. Log2 raw intensities and VSN normalized intensities 

are given for each replicate of each sample group.  

 

Supplementary Table 3| Peptides identified in the decellularized samples. Table of all 

the entries identified in our samples. The table contains the protein name, accession 

number, molecular weight and the spectral counts values obtained per each replicate. 

 

Supplementary Table 4| List of proteins represented with an overall of >5 spectral 

counts. The table contains for each protein the gene name, the accession number, the 

molecular weight (MW), the ANOVA value (F), the p-value, and the adjusted p-value 

(FDR), the values obtained per each replicate and the average. The ECM proteins are 

identified with an asterisk. 

 

Supplementary Table 5| List of proteins represented with an overall of >5 spectral 

counts, normalized by VSN method. The table contains for each protein the gene name, 

the accession number, the molecular weight (MW), the ANOVA value (F), the p-value, 
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and the adjusted p-value (FDR), the values obtained per each replicate and the average. 

The ECM proteins are identified with an asterisk. 

 

Supplementary Table 6| List of proteins differentially expressed during heart 

regeneration. The table contains for each protein the gene name, the accession 

number, the molecular weight (MW), the ANOVA value (F), the p-value, and the adjusted 

p-value (FDR), the values obtained per each replicate and the average. The ECM proteins 

are identified with an asterisk. p-value obtained from an ANOVA test of all the samples.  

 

Supplementary Table 7| List of the peptide identification in LC-MS/MS analysis. 

 

Supplementary Table 8| List of protein identifications. 
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Supplementary Figure 1| Biological Process GO enrichment analysis on the differentially-expressed 
proteins during cardiac regeneration. Comparison of the enriched Biological Process GO terms on our 
differentially expressed proteins (A) and the 209 differential protein groups of Ma et al. (Ma et al., 
2018) (B).  



 

 

158 



 

 

159 

 

 

APPENDIX III 

 

Supplementary figures from chapter 2. 

 

 
Supplementary Figure 2| Map of the construct bactin2:loxP-RFP-STOP-loxP-bactin2-miR30-shRNA-
GFP. Construct for the generation of the conditional shRNA transgenic line. 
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Supplementary Figure 3| Adult tamoxifen treatments of the shRNA lines. Two different fishes from 
the sh379 #44 line (A and B) were treated with tamoxifen at adult stage. One fish from the shAB #7 
line (C) was treated with tamoxifen at adult stage. Their offspring, prior adult tamoxifen treatment, 
was also assessed for correct recombination by tamoxifen treatemtn at 24hpf. 
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Supplementary Figure 4| Adult tamoxifen treatment of dTg ((eab2:loxP-GFP-loxP-RFP)(bactin2:Cre-
Ert2)).  Two different tamoxifen treatments were tested to assess the construct recombination grade. 
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APPENDIX IV 

 

Articles, published or under publishing process, written during this thesis: 

 

Article 1 

Tekeli, I†; Garcia-Puig, A†; Notari, M; García-Pastor,C; Aujard, I; Jullien, L; Raya, A. Fate 

predetermination of cardiac myocytes during zebrafish heart regeneration. Open Biol. 

7, (2017). 

†, These authors contributed equally to this study. 

 

Article 2 

Traction forces at the cytokinetic ring regulate cell division and polyploidy in the 

migrating zebrafish epicardium 

Authors: Uroz, M; Garcia-Puig, A; Tekeli, I; Elosegui-Artola, A; Albertazzi, L; Roca-

Cusachs, P; Raya, A and Trepat, X. 

 

Currently under revision. Submitted to the journal Nature Materials with impact factor 

(2017): 39.235 on January 24th, 2018. 

 

Article 3 

Proteomics analysis of extracellular matrix remodelling during zebrafish heart 

regeneration 

Authors: Garcia-Puig, A; Mosquera, JL; Jimenez-Delgado, S; Garcia-Pastor, C; Jorba, I; 

Navajas, D; Canals, F and Raya, A. 

 

Currently under revision. Submitted to the journal Molecular and Cellular Proteomics 

with impact factor (2017): 5,232 on June 22nd, 2018.
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