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Abstract 

Ischemic heart disease ranks among the leading causes of death worldwide. Following 

myocardial infarction, cardiomyocyte loss through necrosis leads to inflammation, fibrosis, and 

permanent scarring, impairing heart function and leaving it susceptible to failure. Clinical 

efforts employing progenitor or stem cell-derived cardiomyocyte transplantation or utilizing 

biomaterials to induce cardiomyocyte proliferation, have proven ineffective in renewing the 

myocardium due to the human heart’s almost non-existent inherent self-renewal capacity. 

Unlike most adult mammals, neonatal mice and several non-mammalian vertebrates 

demonstrate the ability to regenerate cardiac tissue following myocardial infarction. Cardiac 

regeneration is a complex process, demanding a delicate orchestration of multiple cellular and 

molecular events. One fundamental aspect of regeneration is the resolution of scarring 

following injury and its replacement with new cardiomyocytes, partially attributed to fibroblast 

inactivation. However, a comprehensive understanding of the entire regeneration process is 

lacking, impeding the development of effective therapeutic strategies. 

The immune response is a significant event following ischemic injury, with macrophages 

as primary effectors. These cells are implicated in various processes, from dead cell clearance 

to tissue remodeling. Their initial pro-inflammatory phenotype is critical for cell influx into the 

injury area, and their subsequent anti-inflammatory phenotype contributes to the activation of 

fibroblasts, facilitating collagen deposition for extracellular matrix organization. 

Consequently, exploring the mechanisms that govern macrophage functional diversification is 

vital for elucidating the regeneration process. 

Additionally, the nervous system plays a pivotal role in immune modulation, with 

sensory neurons capable of relaying the immune state of peripheral locations to the central 

nervous system to regulate the immune response. Both sympathetic and parasympathetic 

signaling was shown to be critical for proper regenerative response. Transcriptomic studies in 

zebrafish have revealed that blocking cholinergic signaling post-cardiac injury impairs the 

immune response, and sympathetic signaling influences macrophage phenotype. The 

immunomodulatory capabilities of the nervous system, in conjunction with the multifaceted 

roles of macrophages, underscore the importance of neuro-immune interactions in cardiac 

regeneration. 
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This dissertation revealed previously unidentified neural modulation of myocardial 

regenerative response and delineated the distinct roles of a macrophage subset. Utilizing 

zebrafish, known for its robust regenerative capacity, genetic tractability, and larval 

translucency allowing real-time injury event tracing, to model human myocardial infarction, 

this study identifies adrenergic receptor alpha-1 (Adra1) as a potent modulator of regenerative 

response and macrophage diversification. Utilizing a macrophage-specific loss-of-function 

model for Adra1 signaling and single-cell transcriptomics, this study uncovered the activation 

of an ‘extracellular matrix remodeling’ macrophage population that regulates the extracellular 

matrix composition and turnover. In vivo and ex vivo validation of the in-silico analyses 

elucidated the Adra1-activated macrophages’ roles in activating a pro-regenerative collagen 

XII-expressing fibroblast subset through Mdka-Lrp1aa crosstalk, regulating the cardiac 

regenerative niche, promoting vessel formation and cardiomyocyte proliferation. 

In short, this project emphasizes the potential of Adra1-mediated neural input as a key 

regulator of macrophage function, unveiling a novel mechanism of neuro-immune interactions 

that modulate fibrosis and myocardial renewal during the regeneration process. The insights 

into nervous modulation of immune response to regulate cardiac fibrosis and facilitate 

myocardial self-renewal provide a substantial foundation for development of a much-needed 

therapeutic strategy for cardiac regenerative medicine. 
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Zusammenfassung 

Ischämische Herzkrankheiten sind weltweit eine der häufigsten Todesursachen. Nach 

einem Myokardinfarkt führt der Verlust von Kardiomyozyten durch Nekrose zu Entzündung, 

Fibrose und dauerhafter Narbenbildung, was die Herzfunktion beeinträchtigt und das Herz 

anfällig für ein Versagen macht. Klinische Versuche, Kardiomyozyten aus Vorläufer- oder 

Stammzellen zu transplantieren oder Biomaterialien zu verwenden, um die Proliferation von 

Kardiomyozyten zu induzieren, haben sich als unwirksam erwiesen, da das menschliche Herz 

kaum über eine eigene Selbsterneuerungskapazität verfügt. Im Gegensatz zu den meisten 

erwachsenen Säugetieren zeigen neonatale Mäuse und einige Nicht-Säugetiere die Fähigkeit, 

Herzgewebe nach einem Herzinfarkt zu regenerieren. Die Regeneration des Herzens ist ein 

komplexer Prozess, der ein fein abgestimmtes Zusammenspiel zahlreicher zellulärer und 

molekularer Ereignisse erfordert. Ein grundlegender Aspekt der Regeneration ist die 

Auflösung der Narbenbildung nach einer Verletzung und deren Ersatz durch neue 

Kardiomyozyten, was teilweise auf die Inaktivierung von Fibroblasten zurückzuführen ist. Es 

fehlt jedoch ein umfassendes Verständnis des gesamten Regenerationsprozesses, was die 

Entwicklung wirksamer therapeutischer Strategien behindert. 

Die Immunantwort ist ein wichtiges Ereignis nach einer ischämischen Verletzung, wobei 

Makrophagen als primäre Effektoren fungieren. Diese Zellen sind an verschiedenen Prozessen 

beteiligt, die von der Beseitigung abgestorbener Zellen bis zum Gewebeumbau reichen. Ihr 

anfänglicher proinflammatorischer Phänotyp ist entscheidend für den Einstrom von Zellen in 

den verletzten Bereich, und ihr späterer antiinflammatorischer Phänotyp trägt zur Aktivierung 

von Fibroblasten bei, die die Ablagerung von Kollagen für die Organisation der extrazellulären 

Matrix erleichtern. Die Erforschung der Mechanismen, die die funktionelle Diversifizierung 

der Makrophagen steuern, ist daher für das Verständnis des Regenerationsprozesses von 

entscheidender Bedeutung. 

Darüber hinaus spielt das Nervensystem eine entscheidende Rolle bei der 

Immunmodulation. Sensorische Neuronen sind in der Lage, den Immunstatus peripherer Orte 

an das zentrale Nervensystem weiterzuleiten, um die Immunantwort zu regulieren. Es konnte 

gezeigt werden, dass sowohl die sympathische als auch die parasympathische 

Signalübertragung für eine adäquate Regenerationsantwort entscheidend sind. 
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Transkriptomische Studien am Zebrafisch haben gezeigt, dass die Blockade der cholinergen 

Signalübertragung die Immunantwort nach einer Herzverletzung beeinträchtigt, während die 

sympathische Signalübertragung den Phänotyp von Makrophagen beeinflusst. Die 

immunmodulatorischen Fähigkeiten des Nervensystems in Verbindung mit den vielfältigen 

Funktionen der Makrophagen unterstreichen die Bedeutung der Neuro-Immun-Interaktionen 

für die Herzregeneration. 

In dieser Dissertation wurde eine bisher unbekannte neuronale Modulation der 

myokardialen Regenerationsantwort aufgedeckt und die differenzielle Rolle einer 

Makrophagen-Subgruppe beschrieben. Unter Verwendung des Zebrafisches, der für seine 

robuste Regenerationsfähigkeit, seine genetische Rückverfolgbarkeit und seine larvale 

Transparenz bekannt ist, die es erlaubt, Verletzungen in Echtzeit zu verfolgen, wurde in dieser 

Studie der adrenerge Rezeptor alpha-1 (Adra1) als potenter Modulator der 

Regenerationsantwort und der Makrophagen-Diversifizierung identifiziert, um einen 

menschlichen Myokardinfarkt zu modellieren. Mit Hilfe eines Makrophagen-spezifischen 

Funktionsverlustmodells der Adra1-Signaltransduktion und der Einzelzell-Transkriptomik 

konnte die Aktivierung einer Makrophagenpopulation für den Umbau der extrazellulären 

Matrix nachgewiesen werden, die die Zusammensetzung und den Umsatz der extrazellulären 

Matrix reguliert. Die in vivo- und ex vivo-Validierung der in silico-Analysen zeigte, dass 

Adra1-aktivierte Makrophagen über den Mdka-Lrp1aa-Crosstalk eine pro-regenerative, 

Kollagen XII-exprimierende Fibroblasten-Subpopulation aktivieren, die die kardiale 

Regenerationsnische reguliert und die Vaskularisierung und Proliferation von Kardiomyozyten 

fördert. 

Zusammenfassend unterstreicht dieses Projekt das Potenzial des Adra1-vermittelten 

neuronalen Inputs als Schlüsselregulator der Makrophagenfunktion und deckt einen neuartigen 

Mechanismus der Neuro-Immun-Interaktionen auf, der die Fibrose und die Erneuerung des 

Herzmuskels während des Regenerationsprozesses moduliert. Die Erkenntnisse über die 

nervale Modulation der Immunantwort zur Regulation der kardialen Fibrose und zur 

Erleichterung der myokardialen Selbsterneuerung bilden eine wesentliche Grundlage für die 

Entwicklung einer dringend benötigten therapeutischen Strategie für die kardiale 

Regenerationsmedizin. 
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1 Introduction 

1.1 Myocardial infarction 

Heart failure remains a leading cause of death and morbidity worldwide despite the vastly 

improved prompt revascularization techniques and increased prevalence rates after an acute 

ischemic event 1–5. Critical factors contributing to heart failure include hypertension, acute 

myocardial infarction (MI), and any ischemic event that leads to blood flow obstruction in parts 

of the heart, resulting in ischemic damage and death of millions of cardiomyocytes 2,4. Even 

with the magnitudes of leaps made in detection and treatment techniques for such events that 

result in cardiomyocyte loss, MI remains the culprit of more than 30% of deaths attributable to 

heart failure 1–3. MI leads to heart failure through the persistent scarring caused by the loss of 

cardiomyocytes 1,2. Infarcted regions with scarring result in desynchronization during the 

beating and impaired cardiac output. This increases left ventricular wall stress, triggering 

morphological changes that compromise overall heart function and eventually lead to heart 

failure 1,3.  

Being one of the significant weights on the global health system with over 190 million 

cases in recent years, ischemic heart diseases like MI have attracted extensive research interest 

over the years 1,2,5. Various strategies have been investigated over 40 years to prevent or reverse 

the progression to heart failure following MI 1,2,5. Most of these approaches have targeted left 

ventricular pathological remodeling after MI or adjusting a person’s daily habits or precursor 

cardiovascular parameters through pharmaceutical interventions 1,2,5. From renin-angiotensin 

system blockers such as angiotensin II converting enzyme (ACE) inhibitors to sympathetic 

nervous system signaling regulators such as beta-blockers, several pharmacological methods 

exist among these treatment options. Although beta-blockers can reduce recurrent MI risk by 

30% and angina risk by 10%, they also have side effects such as worsening heart failure by 

10% or increasing cardiogenic shock risk. ACE inhibitors can also improve post-MI survival 

or reduce the risk of MI. However, they have systemic effects and were shown to worsen renal 

function. Furthermore, to achieve increased efficiency, combinatorial treatments were shown 

to be necessary, which increases the load on systemic health. Therefore, a definitive solution 

to pathological conditions after ischemic injuries has yet to be elucidated 1–4,6,7. 
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Another major field of research aims to uncover more precise and effective treatments to 

sustain post-MI damage. This endeavor’s straightforward yet challenging question is how to 

replace the lost cardiomyocytes following MI. To address this, various implantation strategies 

have emerged. These involve the use of harvested natural or engineered cell types or 

synthesized biomaterials, which are implanted into the injured heart after MI to replace the lost 

cardiomyocytes 1,4,8, to compensate for impaired heart function, or induce cardiomyocyte 

proliferation 1,4,9. However, several challenges remain, such as optimizing adverse immune 

responses to implanted cells or biomaterials and achieving sufficient cell renewal or 

colonization of implanted cells.   

The replacement of cardiomyocytes is challenging due to their terminal differentiation 

and inability to re-enter the cell cycle 1,2,4. Even though it was shown that humans and other 

mammals have around 50% cardiomyocyte turnover throughout life 4,10, a timely increase in 

the insignificant proliferation rate of cardiomyocytes following MI is needed to restore the lost 

ones. On the other hand, it has been discovered that some organisms, such as amphibians and 

teleost fish, and even early post-natal mammalians like mice, can replace the damaged tissue 

after MI with fully functional cardiomyocytes. Given this distinction in proliferative capacity 

among species, a new and promising field of research has emerged, aiming to combat MI-

induced heart failure by regenerating damaged hearts to their fully functional state. 1,2,4,10,11.  

1.2 Cardiac regeneration 

Among several studies aimed at remedying pathological changes following MI, the repair 

and regeneration of damaged tissue was particularly focused on. Investigations led to the 

revealing of events following MI to a certain degree (Fig. 1.1). Currently, MI is seen as an 

irreversible injury to the myocardium when sustained ischemia, imbalanced perfusion, and 

altered supply-demand dynamics of blood and oxygen 1,2,4,10,12–15. Following an MI, the lack of 

oxygen damages the ventricle, leading to the loss of millions of cardiomyocytes 1,2,4,10. Necrotic 

cardiomyocytes trigger an immune response and attract the first line of defense, mononuclear 

leukocytes, to clear the debris and molecules that could exacerbate pathological levels of 

immune response 1,2,4,15,16. This initial response usually lasts 3-7 days post-MI and results in 

the clearance of necrotic and apoptotic cells and inflammatory particles from the 

microenvironment, leading to the resolution of the immune response 1,15,16 (Fig. 1.1). 
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Subsequently, fibrosis is initiated to replace the lost tissue and repair the injury. This process 

involves deposition and remodeling of the extracellular matrix (ECM) and eventually results 

in scar formation in the injury area 1,2,4,10,15,17 (Fig. 1.1). Typically, the repair process takes 

around 5-6 weeks 1,4,10. The scar formed during this process is persistent and usually followed 

by another remodeling round, leading to interstitial fibrosis. This fibrotic tissue alters heart 

muscle contractility, eventually leading to heart failure 1,4,10.  

Figure 1.1 Myocardial infarction and following events in non-regenerative (human) and 

regenerative (zebrafish) hearts. Human and zebrafish heart repair processes are depicted. Post-injury, 

hearts undergo similar inflammatory phases and form scars in both organisms. In the final phase, the 

human heart is left with persistent scarring, leading to heart failure. In contrast, the zebrafish heart 

resolves the scar tissue and replaces it with functional cardiomyocytes, restoring itself to a healthy state. 

Adapted from Ryan et al. 2020.  

Regeneration studies aim to restore the heart function to its initial state after MI. 

Considering the general stages following MI (Fig. 1.1), the removal of scar tissue and its 

replacement with functional cardiomyocytes, as well as physiological restoration of the heart 

microenvironment components, including blood vessels, the lymphatic system, and nerves, is 
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the primary goal in this field 1,4,12.  Negligible mitotic activity of cardiomyocytes in the human 

heart was identified as one of the primary reasons behind the failure to regenerate to a fully 

functional heart 4,10. Cardiomyocytes, during development, may go through cytokinesis and 

karyokinesis, but soon after birth, they cease to divide either cytoplasm or nucleus, despite 

ongoing DNA replication leading to polyploidy 1,4,10,18. This phenomenon is also observed in 

other mammals like mice or rodents 1,4,10,18. Studies suggest that this shared inability for cell 

cycle re-entry is one of the significant reasons behind the lack of regenerative capacity in 

mammals 10,18.  

Over the years, it was discovered that early post-natal mammals possess an intrinsic 

regenerative capacity after MI but lose this ability early after birth.1,2,4,10. Studies investigating 

the reasons for this have found that certain amphibians and some teleost fish, such as zebrafish, 

maintain the ability to regenerate such injuries throughout adulthood (Fig. 1.1) 2,4,11,19. For 

example, while the initial stages following MI in zebrafish are similar to those in mammals- 

including the removal of apoptotic cells, fibrosis, and varying levels of inflammatory response- 

scar tissue in zebrafish is eventually replaced by fully functional cardiomyocytes, and re-

vascularization and re-innervation occurs 2,4,10,19. A critical factor contributing to this 

regenerative capacity in zebrafish, contrary to mammals, is the continued ability of their 

cardiomyocytes to re-enter the cell cycle 4,19. One hypothesis is that the maintenance of both 

cytokinesis and karyokinesis in zebrafish cardiomyocytes, leading to mononucleated diploid 

cells, is a key difference between mammals and zebrafish that enables regeneration as these 

mechanisms irreversibly change in mammals shortly after birth 1,2,4,10,19. However, a more 

detailed understanding of the exact mechanisms underlying regeneration remains to be 

elucidated.  

The changes to the heart environment after an ischemic damage and repair process affect 

not only cardiomyocytes but also fibroblasts, endothelium, and interstitium. Therefore, several 

strategies have targeted different cell/tissue types to achieve regeneration 1,4,12 and basic 

research to understand the exact mechanism behind the regenerative function of teleost fish or 

amphibians 1,4,11,20,21. Therapeutic approaches often focus on reestablishing blood flow to the 

injured area or balancing the microenvironment to manage unregulated immune responses. 

Some examples include methods such as coronary artery bypass grafting surgery (CAGB) 1,22, 

as well as treating possible blood clotting and imbalanced microenvironment to alleviate non-

regulated immune response through pharmacotherapy or thrombolytic therapy 1,3,12,16.  On top 
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of this, research into the regenerative capacity of organisms such as zebrafish uncovered 

several critical factors such as content of mono-nucleated cardiomyocytes, collagen content in 

the fibrotic tissue, ECM regulation and content such as Agrin and Dag1 levels, and metabolic 

pathway regulation, that differentiate regenerative animals from mammals to adapt new 

therapeutic approaches 4,10,19,23,24, yet there is still no definitive treatment to fully restore MI 

damaged heart to its full potential.  

Apart from the ability of cardiomyocytes in regenerative animals to re-enter the cell 

cycle, other systems and cell types were shown to be critical for adequate regenerative capacity. 

For example, the importance of the immune system through the removal of macrophages (MPs) 

via clodronate-loaded liposomes 4,25, of fibroblasts through suppression or activation via the 

manipulation of secreted ECM components such as collagen I-V or matrix metalloproteases 

(MMPs)4,17,26, of nerves through chemical sympathectomy or pharmacological inhibition of 

selective signaling pathways 4,27, and of endothelial cells through lineage tracing and 

differentiation studies 4,28,29  were established for proper regenerative response. Most of these 

factors are also vital in early post-natal mammals, which exhibit transient regenerative abilities 
2,21,30–32. However, some of these factors undergo changes shortly after birth, similar to the 

cardiomyocyte proliferative capacity, resulting in an irreversible shift from regenerative 

function to mere repair and scar formation 1,2,21.  

Overall, the current synopsis on regeneration suggests key differences in several stages 

of post-MI repair between mammals and regenerative animals like zebrafish. The promise of 

converting irreversible injury into reversible damage still seemingly hinges on fully 

understanding these regenerative functions and their underlying mechanisms. In this endeavor, 

exploring the role of other systems involved in regeneration and communication among them 

is crucial. 

1.3 Immune system in cardiac regeneration 

In the intricate spatiotemporal orchestration of events during cardiac repair and 

regeneration, one of the critical systems involved is the immune system 2,4,15,33,34. The heart 

environment has been shown to include several types of immune cells both during 

physiological conditions and following cardiac injury. MPs, monocytes, neutrophils, dendritic 

cells (DCs), T and B cells, and mast cells reside in the cardiac environment either through 
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permanently occupying space since development, namely hematopoiesis, or infiltration later, 

depending on the situational demand. 2,4,15,33,34.  

The immune system is critical for maintaining homeostasis and as the first line of 

defense; for instance, neutrophils are initial responders to injury or infection, and together with 

already residing mast cells, they are the first to organize the initial immune response 15,33,34. In 

injury cases, for example, neutrophils are attracted to the injury site by damage-associated 

molecular patterns (DAMPs) released from the necrotic cells, initiating the clearance of the 

dead cells 4,33–35. These cells also set the environment as more pro-inflammatory through the 

secretion of cytokines, including Tumor Necrosis Factor (TNFα) and Interleukin (IL) 6, which 

orchestrate subsequent immune responses from other immune cell types 4,33–35. The ensuing 

pro-inflammatory microenvironment activates both resident and recruited MPs and monocytes 
4,33,34. Natural killer (NK) cells help regulate the initial immune response by limiting the 

infiltration of pro-inflammatory cells through anti-inflammatory cytokine secretion 33. 

Adaptive immune cells are also involved in mounting the immune response and its resolution. 

Initially, DCs activate the CD8+ T cells, leading to a pro-inflammatory response. Subsequently, 

CD4+ T cells infiltrate the injury area to regulate MP activity 15,16,33,34. T regulatory cells 

contribute to the resolution of the immune response, whereas B cells are found to be essential 

for pro-inflammatory response by promoting infiltration of pro-inflammatory monocytes and 

MPs 15,16,33,34. MPs are critical for multiple functions, including tissue repair, dead cell 

clearance, killing bacteria, and organ growth from early developmental stages 15,33,34. Findings 

on the diverse roles of immune cells—particularly MPs—at different stages of the immune 

response post-MI and implications of these discoveries for adaptation of regenerative function 

to mammals attracted more focus onto the role of MPs in regeneration. Despite the leaps made 

in this field, the exact roles of MPs in regeneration and a detailed understanding of differences 

between regenerative animals such as zebrafish and mammals require more work for a 

definitive answer. 
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1.4 Macrophage diversity and role in regeneration 

1.4.1 Macrophage origin and heterogeneity 

MPs are found in all tissues and represent a heterogeneous population with diverse roles, 

ranging from immunity to tissue repair 33,36–38. Despite years of research attempting to elucidate 

the various types of MPs, their origin, and their functions in the body 33,36–38, many questions 

remain unanswered. As a broad definition, they are phagocytic mononuclear cells responsible 

for tasks such as clearing necrotic debris following injury or responding to pathogens. 

However, this general definition falls short of capturing their intricate functionalities as well as 

their origin and mechanism of persistence within tissues 33,36–38. The traditional view that all 

MPs arise solely from the bone marrow through circulating blood monocytes has dramatically 

shifted with the observation that MPs from embryonic progenitors can persist into adulthood and 

self-maintain by local proliferation. Emerging evidence proposes that MPs may originate from 

three possible sources: the yolk sac, fetal liver, and hematopoietic stem cells (HSCs) 33,37–39. 

During development, organs are populated by other progenitors like erythroid-myeloid-

progenitor and, slightly coinciding with these HSCs, both of which can give rise to monocyte 

and MPs40–42. The early-appearing, yolk sac-derived MPs are commonly referred to as 

‘primitive MPs’, whereas MPs appearing later (in mice around E13.5) are believed to stem 

from erythroid-myeloid-progenitors found in the fetal liver 40–42. However, the contribution of 

HSC to these MPs cannot be ruled out. Mature MPs in certain organs were shown to replace 

the primitive ones or reside with them in those organs 40,42,43. These are non-fetal liver-derived 

MPs produced from circulating monocytes, HSCs, and they are either circulating or residing in 

tissues during development 40–43. The combination of cardiac MPs from varying origins has a 

marked effect on cardiac repair. Embryonic MPs play a crucial role in replenishing 

cardiomyocytes in neonatal mouse hearts, while circulating monocyte-derived MPs typically 

display an inflammatory phenotype that hinders the repair process 44–46. A decline in the self-

renewal capability of embryonic MPs, along with their gradual replacement by monocyte-

derived MPs, has been suggested as a factor contributing to the diminished regenerative 

capacity found in adult mammalian hearts 47. Interestingly, the immune responses in zebrafish, 

both innate and adaptive, are quite comparable to those in higher vertebrates48. The 
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heterogeneous origin of MP populations identified in mammals can also be observed in 

zebrafish 49–51. 

In addition to their origin, MPs are also heterogeneous in terms of their functions, and 

exert these diverse functions by changing their phenotype in response to different 

environmental stimuli 36,38,52–58 (Fig. 1.2). Classically activated MPs, commonly referred to as 

‘type 1’ or ‘M1’ MPs, promote the secretion of pro-inflammatory cytokines 38,52,59,60. On the 

other hand, alternatively activated MPs, known as ‘type 2’ or ‘M2’ MPs, counteract 

inflammation 38,59–61. Additionally, M2 MPs play a role in tissue repair, ECM regulation, and 

wound healing 46,53,56,57,62. It is important to note that these subtypes serve as simplified models 

to capture the complexity and plasticity of MP activation. The M1/M2 classification is not a 

dichotomy but a spectrum 63,64. 

Figure 1.2 MP 

polarization in response 

to environmental stimuli. 
MPs respond to pro-

inflammatory stimuli such 

as IFN and TNF by 

becoming ‘classically 

activated’ with 

inflammatory and 

microbicidal functions. 

They respond to stimuli 

such as IL4 and IL13 by 

becoming ‘wound healing’ 

MPs with roles in tissue 

repair, and they respond to 

stimuli such as IL10 and 

GCs by becoming ‘regulatory’ with anti-inflammatory functions. 

Another key aspect of MP diversity is their spatial distribution within a fully developed 

organism. Spatial distribution within various heart regions, such as myocardium, perivascular 

spaces, and endocardium, can significantly influence their phenotype and function 41,46,58,64–67. 

Recent transcriptomic studies unveiled a spectrum of MP subsets within the cardiac tissue, each 

potentially possessing distinct roles in homeostasis, disease progression, and tissue repair 68–71. 
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Despite the earlier dogma that MPs residing in the cardiac niche are derived from circulating 

monocytes, emerging evidence suggests that the presence of a distinct population of resident 

MPs in the heart that are embryonically derived and capable of self-renewal without a 

significant contribution from circulating monocytes 45,70–72. For example, studies involving 

Cx3cr1 knockout mice showed that a resident MP pool in the heart originating from embryonic 

precursors can persist even without hematopoiesis 73. Transcriptomic analyses deepened our 

understanding by revealing that this cardiac resident MP pool with embryonic origin expresses 

specific marker genes, such as Timd4 and MHC-II, albeit at lower levels compared to other MP 

populations72. Furthermore, C-C Motif Chemokine Receptor 2 (Ccr2) negative MPs within this 

resident pool were shown to sustain themselves through local proliferation rather than relying 

on monocyte input from the circulation70,74.  

 Thus, a comprehensive understanding of the dynamics of MPs, including their origin, 

localization, and function in the heart, is crucial for developing targeted therapeutic strategies 

for treating cardiac diseases and injuries. 

1.4.2 Role of macrophages in cardiac regeneration 

Although studies underlined the importance of MPs during regeneration 37,38,56, 

conflicting reports make it challenging to comprehend the whole immune response tapestry 36–

38,53,55–57,75,76. MP ablation through knock-out of the irf8 gene, essential for MP maturation, or 

chlodronate liposome injection in zebrafish, for instance, has led to impaired regenerative 

responses such as lower cardiomyocyte proliferation or larger scar size after injury 75,76. 

However, excessive expansion of MPs leading to prolonged inflammatory response was also 

detrimental to proper repair response in mice 77. These findings so far point towards the need 

for fine-tuned control of inflammatory/anti-inflammatory response for the apt regeneration 

process.  

MPs are classically activated and pro-inflammatory in the initial phases following cardiac 

injury 77–79. Initially, resident MPs respond first to cell debris and DAMPs from the necrotic 

tissue 38,56,79. Later, from the spleen and bone marrow, circulating Ly6C-expressing monocytes 

replace this population 42,70,79–81. These monocytes infiltrate the tissue and differentiate into 

MPs with diverse functions 42,81,82. In this initial pro-inflammatory phase, the secretion of 

cytokines and chemokines such as TNFα, IL1β, IL6, or Chemokine (C-C motif) ligand 2 
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(CCL2) help maintain the required proper inflammatory response in the environment 79,81,83. 

They contribute to necrotic debris clearing via phagocytosis 79,81. Phagocytosis leads to 

upregulation of anti-inflammatory and pro-fibrotic genes such as Transforming Growth Factor 

β (TGF-β), IL-4, and IL-10 36–38,54. This marks the shift towards an anti-inflammatory profile 

in the injury microenvironment 2,19,36,84,85. Studies showed the presence of anti-inflammatory 

MPs in this second phase of regeneration that are involved in tissue remodeling functions 
2,11,84,85. MPs were shown to be involved in the activation of pro-fibrotic myofibroblasts and 

even contribute to the deposition of ECM components 20,53,84–87. They balance the MMPs and 

their inhibitors in the microenvironment, thus allowing ECM turnover to stabilize the injury in 

non-regenerative models 20,57,87,88. Their role in ECM regulation, thereby influencing 

subsequent regenerative processes such as revascularization, was also shown to be critical in 

regenerative organisms11,19,57,88–91. This modulation is critical for non-contractile scar tissue 

resolution and myocardium renewal11,19,89–91.  

Studies elucidating functional differences and similarities between regenerative and non-

regenerative hearts underlined the importance of strict spatiotemporal regulation of the immune 

response for regeneration 24,51,68,92,93. Imbalance in this dynamic, for example, an excessive or 

prolonged ‘M1’ response could lead to exacerbated tissue damage, fibrosis, and maladaptive 

cardiac remodeling, potentially culminating in heart failure 2,11,36–38,81,84. On the other hand, an 

imbalance favoring an overly dominant ‘M2’ response could lead to insufficient debris 

clearance and suboptimal scar formation, thus compromising the structural integrity of the heart 
36–38,53,55,57,67,94,95. For instance, even though the initial stages are similar in regenerative 

animals, evidence points towards minor but critical differences in immune cell activities that 

are vital for adequate regenerative capacity 2,4,33,34. In zebrafish, the absence of MPs impairs 

regeneration after MI 33,34,76. MPs that are Tnfa +/+ in the early stages post-MI were shown to 

be essential for proper ECM remodeling and collagen deposition 57,68,69,96,97 whereas Tnfa-/- 

MPs were shown to be critical for scar resolution via ECM turnover 33,57,72,96,97. These MP 

functions also influence the subsequent re-vascularization and cardiomyocyte proliferation 
11,34,52,67,98–100. Overall, MPs and monocytes are instrumental in orchestrating the response to 

cardiac injury 8,11,33,34,67,81. However, the extent and direction of their influence and the role of 

diverse subsets and underlying mechanisms are still elusive. 



23 

 

1.4.3 Macrophage interaction with injury microenvironment 

MPs are also heterogeneous regarding interaction partners, affecting their functionality 

through environmental cues 65,81,82,101–103. Such cues can include various growth factors, 

cytokines, ECM components, and cell-cell interactions 33,65,101–103 (Fig. 1.3). These elements 

modulate the behavior of MPs, driving them toward either pro-inflammatory or reparative 

states, depending on the context33,65,101–103. In the cardiac microenvironment, for example, 

unique factors such as myocardial-derived exosomes, tissue oxygenation levels, and 

mechanical forces from the beating heart can direct MP polarization 33,65,101–104. These 

interactions heavily influence the post-MI outcomes. 

The cardiac microenvironment undergoes several changes with activation state 

transitions of residing cell types. The initial inflammatory phase involves infiltration of 

immune cell types, recruited by cell debris and signaling molecules increasing in the 

environment due to dying cells. Fibroblasts are becoming activated, contributing to the initial 

remodeling of the ECM, making it inducive for further recruitment of required cells. MPs 

contribute to cell debris clearance through phagocytosis. In the following proliferative phase, 

distinct fibroblast populations emerge, regulating ECM remodeling by collagen-rich 

contribution. MPs start to become more anti-inflammatory by signaling mediators in the 

environment. In this phase, ECM provides a signaling hub for directing residing cells to 

required functions. In the final maturation phase, fibroblasts and MPs start to return to their 

homeostatic states, recruited MP numbers subside, ECM becomes more rigid with interstitial 

fibrosis, and a mature scar is formed (Fig. 1.3). 

One of the major interaction groups for MPs is fibroblasts, and their primary regulation 

targets ECM 20,36,57,67,86,94. For instance, studies in axolotl showed that MP depletion leads to 

impaired fibrosis 20,105. MPs were shown to secrete collagen components such as collagen I or 

collagen IV in zebrafish after injury, and it was shown in vitro that human MPs could secrete 

type VIII collagen 33,56,68,106. The interaction of MPs with ECM and fibroblasts is also diverse 

depending on the MP subtype57,67,107–109. In line with this information, M1-like MPs were 

shown to be able to upregulate several MMPs, such as MMP1, 3, 10, 13 57,67,107–109. This is 

thought to be facilitative of necrotic debris cleaning and establishing the wound area for the 

upcoming remodeling events 33,34,38,57,110. In the anti-inflammatory reparative phase, MPs are 

shown to upregulate genes such as vascular endothelial growth factor (VEGF), myeloid-
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derived growth factor, collagen V and XII, which are in various studies shown to be facilitative 

of neo-vascularization, proliferation of neighboring cells or remodeling of scar tissue 75,100,111–

116. It was shown that in neonatal mice, depletion of MPs leads to impaired neo-vascularization 
24,44,46. In zebrafish, it was revealed that MPs act as chaperons for capillary network formation 

after injury 117. They are also shown to express factors like TGF-β and IL10, known activators 

of pro-fibrotic fibroblasts 36,67,94. A mouse model cardiac injury study demonstrated that type 

V collagen deficiency in pro-fibrotic fibroblasts leads to increased scar size, and several single-

cell RNA-sequencing (scRNAseq) studies showed that MPs could also express collagen V in 

zebrafish 71,116,118. All the findings so far showing MPs with fibroblast-like expression profiles 

in some cases lead researchers to hypothesize that MPs might undergo fibroblast-like transition 
86. However, conflicting findings didn’t provide a conclusive result yet 36,67,87,94. Therefore, 

even though both ECM deposition/turnover and activation of critical fibroblast types require 

MP involvement, the underlying mechanisms of this involvement are still unclear. 

Another role of MPs is to support the transition from a pro to an anti-inflammatory profile 

in the environment 33,36–38,91. MPs start to switch their profile to more anti-inflammatory 

through the expression of TGF-β and IL1033,34,36,38. On top of this, other mechanisms were 

shown to be potentially crucial for the microenvironmental change in inflammatory profile9,15. 

For instance, LDL receptor-related protein 1 (LRP1), a scavenger receptor involved in mostly 

regulation of diverse molecule availability in the microenvironment, was shown to be 

potentially involved in the recruitment of M2-like activated MPs107,108,119,120. LRP1 deletion or 

inhibition was implicated in the upregulation of IL1b, TNFa, and CCL2, known pro-

inflammatory genes, upregulated in the initial phases after injury120–122. TGF-β signaling, on 

top of changing the MP phenotype, is also vital for fibroblast activation and fibrosis 

regulation20,36,67,87,94. LRP1 depletion was also shown to reduce TGF-β response in 

myoblasts123. In a murine skeletal muscle damage model, for instance, it was demonstrated that 

the LRP1/decorin modulatory pathway increases in correlation with TGF-β and connective 

tissue growth factor, which are essential for proper regeneration and fibronectin 

accumulation124. LRP1 was shown to promote fibroblast survival, proliferation, and activation, 

which sets the environment for following scar formation121. Even though the exact mechanisms 

of how MPs contribute to inflammatory profile change of the microenvironment, it is 

undeniable that they are critical for this process. 
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Overall, there is a plethora of evidence about the interaction of MPs with other actors in 

the cardiac regeneration niche, pointing out the critical role of diverse MP subsets. However, a 

clear picture of the multi-system interactions and underlying mechanisms regulating the 

general regenerative response is still missing. 

Figure 1.3 Cardiac microenvironment phases following myocardial infarction. Dynamic changes 

occur within the cardiac microenvironment during tissue repair, delineating three distinct but 

interrelated phases: inflammatory, proliferative, and maturation. In the initial inflammatory phase, 

immune cells infiltrate the damaged area, drawn by increased levels of cell debris and signaling 

molecules. Concurrently, fibroblasts become activated and start remodeling the ECM to facilitate the 

recruitment of additional cells. MPs contribute to clearing cellular debris through phagocytosis. The 

proliferative phase sees a shift in fibroblast populations that produce collagen-rich ECM, while MPs 

take on an anti-inflammatory role influenced by local signaling mediators. The ECM serves as a crucial 

signaling hub during this stage, directing cell behavior for tissue repair. Finally, the maturation phase 

marks a return to homeostasis: fibroblasts and MPs revert to their baseline states, the number of 

recruited MPs decreases, the ECM stabilizes into a more rigid structure through interstitial fibrosis, and 

a mature scar is formed.  
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1.5 Fibroblasts and ECM in regeneration 

1.5.1 Fibroblast role in cardiac regeneration 

Traditionally perceived as a homogenous milieu, the cardiac environment is now 

recognized to harbor a remarkable heterogeneity of fibroblast populations, each with distinct 

origins, markers, and functions 17,87,125. The appreciation for this intricacy emanated from 

lineage tracing and single-cell transcriptomic analyses17,87,125,126. For instance, utilizing the 

Postn-CreER system to trace fibroblasts, it became evident that different fibroblast 

subpopulations emerge at various developmental stages, originating from the epicardium and 

endocardium127,128. Additionally, the advent of scRNAseq unveiled distinct transcriptional 

profiles among cardiac fibroblasts, highlighting differences in ECM component synthesis, 

receptor expression, and growth factor production17,87,127,128. Collagen diversity is an example 

of the distinct functions of fibroblasts. Specific subpopulations were shown to have elevated 

expression of collagen XII and collagen V, which are believed to contribute to the intricate 

architecture of the cardiac ECM and modulate fibroblast-collagen interactions17,111–113,116. 

Therefore, it is imperative to appreciate the importance of the heterogeneity of fibroblasts and 

their role in the modulation of the cardiac microenvironment (Fig. 1.3). 

Fibroblasts are the primary cell type that regulates ECM after MI in mammalian and 

zebrafish hearts, and they exert their influence by transitioning between quiescent and activated 

states in response to environmental cues17,86,87 (Fig. 1.3). They are mostly inactive in 

homeostasis conditions with minimal proliferative and ECM regulatory activity17,129–131. 

Hypoxia conditions, growth factors, or tissue injury can trigger their activation17,129–131. For 

instance, in post-cardiac injury, a distinct subset of fibroblasts undergoes activation, 

transitioning to myofibroblasts characterized by the expression of alpha-smooth muscle actin 

(α-SMA) and the enhanced production of ECM proteins94,129,130,132. While initially beneficial 

for tissue stability, the resultant fibrotic response can impede functional cardiac regeneration 

in non-regenerative organisms such as adult mammals17,24,131,133. Conversely, fibroblast 

activity in regenerative organisms like zebrafish is precisely modulated, ensuring transient scar 

formation followed by complete cardiac tissue restoration17,24,129–131,133,134. 

The functional regulation process of fibroblasts, driven by factors such as TGF-β and 

mechanical stress, is essential for initial wound closure but can precipitate pathological fibrosis 
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if unchecked 17,129–131. MPs were shown to be one of the primary activators, resulting in 

fibroblast differentiation to myofibroblasts 17,94,129–131. Experiments utilizing murine models 

with targeted deletion of the Tgfb1 gene showed attenuated fibroblast activation and reduced 

scar formation post-MI 135,136. On top of this, indicating the involvement of MPs in the 

activation of fibroblast subsets, a study with Ccl2, the ligand for Ccr2, knockout mice, which 

have impaired MP infiltration post-MI, displayed diminished fibroblast activation and reduced 

scar formation, underscoring the importance of both MP and fibroblast heterogeneity 137. MP 

input can be attributed mainly to the shift in the expression profile after the debris clearance 

following injury 38,81. Phagocytic debris clearance leads to TGF-β upregulation, activating 

fibroblasts, resulting in abundant ECM component deposition or ECM regulatory enzyme 

secretion 36,38,67,81,94. Concurrently, fibroblasts can secrete chemokines, such as CCL2, 

promoting MP recruitment and polarization 137. In regenerative species, MP-fibroblast 

interactions appear transient and controlled, fostering a milieu conducive to regeneration 20,36,94. 

In contrast, in non-regenerative models, persistent activation of this crosstalk can exacerbate 

fibrosis, compromising cardiac function 36,67,94. 

Understanding the regulatory networks guiding cardiac fibroblasts and MP behavior in 

distinct organisms can provide pivotal insights for therapeutic advancements in cardiac 

regeneration. 

1.5.2 Extracellular matrix remodeling role in cardiac regeneration 

Regulation of ECM components plays a pivotal role in cardiac regeneration88. Following 

cardiac injury, a swift deposition of ECM components, predominantly driven by collagen 

isoforms such as COL1A1 and COL3A1, stabilizes the damaged tissue, and this early response 

is governed by resident fibroblasts and infiltrating immune cells, particularly MPs1,10,57,67,94,131. 

Notably, specific collagens exhibit dynamic changes: Collagen V and Collagen XII are 

involved in the initiation and organization of the fibrillar structure of the ECM and provide the 

developing ECM with elasticity111–113,116,138. At the same time, Collagen IV establishes the 

basement membrane architecture139. Responding to cues such as TGF-β, Midkine (MDK), 

reactive oxygen species, and metabolic changes in the microenvironment, resident fibroblasts 

modulate these ECM transitions, affecting subsequent fibroblast proliferation and 

migration17,87,129,130. MPs, on the other hand, play dual roles: secreting matrix components and 
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cues, including MDK, a heparin-binding growth factor that influences cellular adhesion and 

migration, and regulating fibroblasts through growth factors like TGF-β36,57,67,68,94,140,141. The 

physical properties of the ECM, like stiffness, evolve as the injury progresses and directly 

influence resident cardiac cell behaviors 36,88,131 (Fig. 1.3). 

 In regenerative organisms like the zebrafish, efficient removal of these ECM 

components, orchestrated by MMPs such as MMP9, facilitates cardiomyocyte proliferation 

and heart muscle regeneration17,71,129,131,142,143. Contrastingly, in non-regenerative organisms 

like adult mammals, persistent activation of fibroblasts and sustained MP signaling often leads 

to pathological fibrosis, with the ECM failing to return to its homeostatic composition, thus 

impeding regeneration24,129,131,142. The differential regulation of the ECM in tandem with MP 

behavior underscores the complexity of cardiac repair mechanisms and highlights the 

divergence between regenerative and non-regenerative organisms in addressing cardiac injury. 

1.6 Autonomic nervous system in regeneration 

The autonomic nervous system (ANS) serves as a regulatory conduit between the central 

nervous system (CNS) and peripheral organs across vertebrates, with both zebrafish and 

mammals exemplifying its foundational architecture 144–146. In each, the ANS bifurcates into 

the sympathetic and parasympathetic divisions, orchestrating an array of involuntary 

physiological processes144,146 (Fig. 1.4). In the context of neurochemical signaling, both 

zebrafish and mammals deploy catecholamines, including norepinephrine, for sympathetic 

communication, targeting a spectrum of α- and β-adrenergic receptors like ADRA1 and 

ADRB2144,146–148. Conversely, the parasympathetic dialogue is primarily mediated by 

acetylcholine, interacting with muscarinic and nicotinic receptors in both organisms144,146–148. 

However, the common point of both ANS branches is that all the receptors are G protein-

coupled149–151. G protein-coupled receptors (GPCRs) represent one of the most extensively 

studied and diversified protein families, pivotal in transmitting extracellular signals into 

cells149,150. Downstream activation mechanisms for GPCRs of sympathetic signaling can be 

summarized as follows; the α-adrenergic receptors, comprising of ADRA1 and ADRA2, 

predominantly activate phospholipase C (PLC) through the Gq protein, leading to inositol 

triphosphate (IP3) production and consequent intracellular calcium mobilization151,152 (Fig. 

1.5). In contrast, β-adrenergic receptors, notably ADRB1, ADRB2, and ADRB3, are mainly 
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coupled to Gs proteins, which stimulate adenylate cyclase, augmenting cyclic AMP (cAMP) 

levels and activating protein kinase A (PKA)151,152 (Fig. 1.5). Other G proteins, notably Gi and 

Go, can act diversely by inhibiting adenylate cyclase, reducing cAMP150,152,153 (Fig. 1.5). 

Parasympathetic signaling receptors such as muscarinic acetylcholine receptors, are a classic 

example of utilizing these G proteins149,150,153,154. Notably, the M2 receptor, when activated, 

couples to Gi, attenuating heart rate and myocardial contractility149,150,154. On the other hand, 

the M3 receptor, prominent in smooth muscle, engages Gq, promoting muscle 

contraction149,155. Additionally, some receptors can couple with multiple G proteins. The 

muscarinic M3 receptor, besides engaging Gq, can also activate Go in specific contexts149,155. 

Figure 1.4 Autonomic 

nervous system and its 

interaction with the 

heart. Schematic 

representation of two 

branches of the ANS, 

sympathetic and 

parasympathetic, and the 

primary pathways 

through which they can 

interact with the heart. 

Both sympathetic and 

parasympathetic input 

were shown to effect the 

cardiac repair. They may 

influence immune 

response by an impact on 

spleen, probably through 

celiac ganglia, or locally 

in the heart through 

signaling mediators. The nervous system has a multifaceted interaction scheme. However, the 

mechanisms underlying its ultimate influence on cardiac repair still require elucidation. Adapted from 

Filosa and Sawamiphak 2021.  
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Figure 1.5 G protein-coupled receptor signaling pathway. Diagram showing the downstream 

signaling pathways of different G protein subtypes coupled receptors. Gq-coupled receptors signal 

through PLC and subsequent IP3 production. Diacylglycerol (DAG) leads to protein kinase C (PKC) 

activation. Gs-coupled receptors signal through adenylate cyclase activation and cAMP production, 

leading to PKA activation. Contrary to Gs, Gi-coupled receptors can inhibit adenylate cyclase and 

downstream cAMP production. All G protein types and coupled receptors ultimately lead to diverse 

consequences in the cell. 

The ANS and its intricate molecular signaling cascades are critical in cardiac repair and 

regeneration regulation27,30,145,156,157. Several studies underlined their importance in both 

regenerative and non-regenerative organisms 27,30,145,156,157. For instance, a salamander study 

showed that nerve signals are required for proper regenerative response after limb loss 27,158. 

Furthermore, studies in zebrafish showed that blocking sympathetic signaling through 

adrenergic signaling antagonists impairs the regenerative response of the heart 27,156. Further 

studies showed the requirement of cardiac innervation for regenerative response in zebrafish 

and proper reparative response in mice following MI 30,156. When sympathetic nerves 

degenerated, both responses were impaired, indicated by increased scar size in zebrafish and 

increased fibrosis and cardiac function in mice 27,30,156. Furthermore, it was shown that with 

chemical sympathectomy in neonatal mice hearts, regeneration was impaired30. Although 

several studies indicate a critical role for neuronal influence on the regenerating heart, the 

underlying mechanism for how ANS exerts this influence still needs to be elucidated. 
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1.6.1 Neuro-immune interactions in cardiac regeneration 

Emerging evidence provides insights into the mechanistic underpinning of neuronal 

influence on regeneration by showing the inflammatory dynamics as one of the primarily 

affected processes 149,157,159,160. The dynamic interplay of these systems in physiological and 

regenerative contexts presents divergences. Notably, zebrafish harness their ANS in facilitating 

robust regenerative processes, especially in cardiac tissues, whereas mammalian counterparts 

exhibit more restrained regenerative outcomes, albeit with ANS still modulating tissue 

remodeling responses77,149,157,159–162. 

Figure 1.6 Gq-coupled receptor signaling induced by catecholamines. Diagram showing the 

downstream pathway of Gq-coupled receptor signaling. When induced by epinephrine or 

norepinephrine, phospholipase C (PLC) and subsequent IP3 production occurs. IP3 releases calcium 

from intracellular stores, such as endoplasmic reticulum. Activation of the Gq-coupled receptor 

signaling was shown to rely on the interaction of 3rd intracellular loop of the receptor and Gq protein 

subunit.  
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Focusing on ANS branches separately, sympathetically driven processes are diverse; for 

instance, stimulation of the ADRB2 receptor triggers a cascade involving cAMP and 

downstream protein kinases, modulating cardiomyocyte function and survival 151,152,163,164. 

Additionally, the ADRA1 receptor activates PLC through Gq protein-mediated pathways, 

leading to the production of IP3 and DAG 151,152,163–165. This elevation in IP3 triggers calcium 

release from intracellular stores and influences cellular processes, including those in MPs 
163,164,166 (Fig. 1.6). It was observed that ADRA1 stimulation can have nuanced effects. Some 

studies suggest that activation of ADRA1 might promote pro-inflammatory M1 MP 

polarization, characterized by increased production of inflammatory cytokines like IL-6 and 

TNFα 163,166,167. At the same time, ADRA1 activation is also linked to a shift toward a pro-

fibrotic phenotype, characterized by the augmented secretion of factors such as TGF-β that are 

central to ECM synthesis and fibrosis initiation 163,165,166. As such, the ADRA1 pathway in MPs 

has garnered attention as a potential therapeutic avenue to fine-tune tissue repair mechanisms 

in response to injury; however, it still lacks a complete understanding.  

The parasympathetic arm, acting mainly through acetylcholine acting on muscarinic 

receptors, exerts a scope of anti-inflammatory actions, which are crucial in tempering the post-

injury inflammatory response 27,157,168. For instance, cholinergic signaling blocking was shown 

to impair regeneration through an excessive inflammatory response in zebrafish 27. Also, in 

mice, it was shown that the cholinergic receptor nicotinic alpha 7 subunit (CHRNA7) promotes 

inflammation suppression through MP phenotype modulation 168–170. This regulation was 

shown to be important for the prevention of excessive fibrosis 27,31. Other studies showed that 

lymphocytes from spleens of vagotomy-applied mice had increased pro-inflammatory 

phenotype marked by high IFNγ and TNFα expression 171,172. Moreover, when specific 

pathways involving IP3 and calcium modulation were targeted, this further illuminated the 

nuances of how ANS signaling intersects with cardiac and immune responses 173–175. However, 

due to the intricacy of signaling networks involved in this interaction and the global effect of 

nervous signaling on other cell types and primarily on cardiac function, it was not possible to 

develop a targeted therapy with a compound effect 31,156. Therefore, despite the provided 

insights, the role of neuro-immune interactions in cardiac regeneration still requires further 

research.  
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1.7 Zebrafish as a model organism 

The zebrafish (Danio rerio) has steadily ascended as a preferred model organism in 

cardiovascular research, especially in the study of cardiac injury and repair mechanisms 
91,133,176–178. Its transparent embryos, coupled with its rapid developmental pace, make it an 

ideal candidate for real-time visualization of cardiogenesis and injury dynamics 11,91,92,133,176,178. 

At the molecular level, zebrafish possess a high degree of genetic conservation with mammals, 

facilitating the translation of findings 91,92,147,176–178. A hallmark study by Poss et al. unveiled 

the zebrafish’s astonishing capacity to regenerate its heart after apex resection, a phenomenon 

largely absent in adult mammals 90. This regenerative process is underpinned by the 

reactivation of the myocardial program, with genes such as gata4, hand2, and tbx5 playing 

instrumental roles 179–181. Genetic lineage tracing experiments have shown that pre-existing 

cardiomyocytes, rather than a progenitor population, are the primary source of new cardiac 

tissue following injury 89,179,182. Moreover, the zebrafish model has also elucidated the intricate 

interplay between cardiomyocytes and the immune system during regeneration 33,183,184. 

Notably, a study by Huang et al. highlighted the essential role of MPs in clearing necrotic 

debris post-injury, with subsequent experiments revealing complex signaling crosstalk 

involving factors like TNFα that promote cardiomyocyte proliferation 185. Given its 

unparalleled regenerative capabilities and genetic tractability, the zebrafish will undoubtedly 

continue to shed light on cardiac repair’s molecular and cellular orchestration, offering 

potential therapeutic insights for mammalian heart diseases. 

1.8 Aim of the thesis 

Ischemic heart disease is a predominant global health concern, with the central issue 

being the irreversible loss of cardiomyocytes, leading to fibrotic scar formation, which impairs 

cardiac function. While certain organisms inherently possess cardiac regenerative capabilities 

after injury, the human heart demonstrates limited self-renewal ability, emphasizing the 

importance of understanding regenerative mechanisms. As crucial mediators in both 

inflammatory and reparative responses, MPs exhibit distinct subsets with varied roles in heart 

repair. This phenotypic diversity, observed in mammals, is also evident in regenerative 

organisms like zebrafish, where MPs regulate fibroblast differentiation and contribute to 

fibrosis through collagen deposition. The nervous system, which maintains immune 
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homeostasis, interacts profoundly with the immune response, especially MPs, to efficiently 

regulate inflammation and subsequent repair. Recent studies indicate the intrinsic role of both 

the sympathetic and parasympathetic branches of the ANS in heart regeneration. However, 

targeted therapies with isolated effects are hard to develop due to the varying effects of nervous 

signaling on cardiac function or wide expression of some of the receptors involved in these 

signaling in multiple cell types. Thus, it is pivotal to grasp the multifaceted influence of specific 

MP pools in this nexus, as their capacity to orchestrate temporally precise and harmoniously 

balanced inflammatory and fibrotic responses on top of their modulation by ANS interactions, 

holds the key to innovative therapeutic interventions. Studies so far provide some insights into 

the critical role of the players in this nexus, either separately or partially in relation to others. 

However, comprehension of the whole regenerative tapestry is still missing a lot of links. 

Therefore, a deeper understanding of neuro-immune interactions in cardiac repair is imperative 

for advancing cardiac regenerative medicine. Accordingly, the primary objective of this 

dissertation was to explore how diverse MP subsets orchestrate the neuronal influence on the 

regenerating heart, particularly through interactions with other cardiac niche components, 

leading to scar-free myocardial repair.  

More specifically, the project focused on the following points. 

1. Examining the neural signaling pathways pivotal to the regenerative response, 

probing the extent to which MPs mediate these effects on the recuperating heart. 

2. Deciphering the ways distinct MP subpopulations influence and adjust regenerative 

outcomes in response to neuronal input.  

3. Investigating subsequent biological processes to gain insights into the mechanisms 

underlying the MP modulation of regenerative responses and delineating their 

interactions with other cardiac niche residents, namely fibroblasts, to pinpoint 

pathways that might redefine therapeutic interventions for cardiac injuries. 
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2 Materials and Method 

2.1 Materials 

2.1.1 Laboratory devices  

 SUPPLIER CAT NUMBER 
Agarose Gel Chamber Thermo Scientific Owl Easycast B1 
Bacteria Incubator Infors HT N/A 
Cell Culture Incubator Binder CB210 
Centrifuge Eppendorf 5417R 
Cryostat Microtome Leica N/A 
Electrophoresis Power Supply BioRad PowerPac Basic 
Fluorescence-Activated Cell 
Sorting 

BD Biosciences Aria II 

Fluorescent Microscope Olympus SZX16 
Heating Block Eppendorf 5382000015 
Illumina NovaSeq 6000 Illumina N/A 
Incubator Zebrafish Velp Scientifica FOC215L 
Incubator 37°C  LLG Labware  uni INCU 20 
Leica DM6 CFS confocal 
microscope 

Leica  DM6 CFS  

Steamer WMH N/A 
Magnetic Stirrer VWR VMS-C7 
Magnetic Stir Bar Carl Roth X171.1 
Microscale Fisher Scientific PAS214 
Microinjector World Precision Instr. PV820 
Microinjection Molds MDC, self-made N/A 
Microwave  Exquisit N/A 
Mini Centrifuge Santa Cruz N/A 
Mini Vortex  Carl Roth  HXH6.1 
Nano Drop / Photometer Eppendorf D30 
Needle Puller Narishige PC-100 
Pipette 10, 100, 200, and 1000 μl  Eppendorf  Research Plus 
Pipetboy  Integra  Acu 2 
PCR Machine  Eppendorf 6337000019 
Ph-Meter Mettler-Toledo Five Easy 
Real-Time PCR Machine Thermo Fisher Step One Plus 
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Shaker (Rotator) Stuart SRT6 
Stereomicroscope  Leica S6 
Tecan Spark 20m plate reader Tecan N/A 
Thermo Block  Eppendorf  5382000015 
Transmitted Light Microscope  Zeiss Axiovert 40CFL 
UV Transilluminator Alpha Imager HP N/A 
Vortex Device Grant Bio PV-1 
Water Bath GFL 11347017J 
Weighing Balance Kern EW4200 
Zeiss LSM 800 confocal 
microscope 

Zeiss  LSM 800 

2.1.2 Laboratory materials 

 SUPPLIER CAT NUMBER 
Bacterial culture tubes  TPP  352059 
Cell Strainer 40µm Neolab 352340 
Cell culture plate, 24 well Sarstedt 83.3922.005 
Centrifuge tubes (15 and 50 ml) TPP  91015, 91050 
Flow cytometry tubes Falcon 352058 
Forceps Dumont N/A 
Gauge needle B.Braun 4657705 
Glass Capillaries  Science Products  GB120F-8P 
Microcentrifuge tubes (1.5 and 2 ml) Sarstedt  72.706.400, 72.695.400 
qPCR plates (Fast Optical 96-Well 
Reaction Plate) 

Life Technologies 4346907 

Pellet Pestle, 1.5 ml  Fisher Scientific  11872913 
Petri dish (35, 60, and 100 mm) Sarstedt  82.1135.500, 83.3901, 

82.1473 
Plastic pipette 3 mL  Pastette  LW4111 
PCR tubes  Sarstedt  72.991.002 
pellet pestle Fisher Scientific 11872913 
pellet pestle gun Fisher Scientific 12-141-361 
Pipette tips (10, 200, and 1000 μl) Sarstedt  701130, 70.760.002,  70.1186 
Serological pipette tips (10 and 25 ml) Sarstedt 86.1254.001, 86.1685.001 
Syringes B.Braun 9161406V 
Ultrasonic cell distruptor VWR N/A 
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2.1.3 Solutions and Buffers 

30x Danieau’s medium 

 

1x PTU 

  

1xPBS 

 

1xPBST 

 

 

 

 

 

 

Reagent Final concentration  Amount 
NaCl 1740 mM 101.7 g 
KCl 21 mM 1.56 g 
MgSO4 12 mM 2.96 g 
Ca(NO3)2 18 mM 4.25 g 
HEPES 150 mM 35.75 g 
MilliQ H2O  Add to 1 L 
Total  1 L 

Reagent Final concentration  Amount 
N-Phenylthiourea (PTU) 0.003% 30 mg 
1x Danieau’s medium 1x Add to 1 L 
Total  1 L 

Reagent Final concentration  Amount 
PBS 1x 5 tablets 
MilliQ H2O  Add to 1 L 
Total  1 L 

Reagent Final concentration  Amount 
Triton X-100 0.1% 500 μl 
1xPBS  Add to 500 mL 
Total  500 ml 
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4% PFA + 0.03% TritonX-100 

 

 

10 % KOH 

 

Bleaching solution 

 

0.3% Tween20  

 

0.1% Tween20  

 

 

 

Reagent Final concentration  Amount 
PFA 16% 4% 10 ml 
Triton X-100 0.03% 12 μl 
1xPBS  Add to 40ml 
Total  40 ml 

Reagent Final concentration  Amount 
KOH 10% 10 % 10 g 
MilliQ H2O  Add to 100 ml 
Total  100 ml 

Reagent Final concentration  Amount 
H2O2 30% 3% 100 μl 
KOH 10% 0.5% 50 μl 
PBST  850 μl 
Total  1 ml 

Reagent Final concentration  Amount 
Tween20  0.3 % 300 μl 
PBS  Add to 100 ml 
Total  100 ml 

Reagent Final concentration  Amount 
Tween20  0.1 % 100 μl 
PBS  Add to 100 ml 
Total  100 ml 



39 

 

1% BSA in HBSS 

 

0.05 % BSA in HBSS 

 

Explant medium 

 

5x SSCT 

 

Tricaine 

 

 

 

Reagent Final concentration  Amount 
BSA 1% 0.1 g 
HBSS 1% Add to 10 ml 
Total 1x 10 ml 

Reagent Final concentration  Amount 
BSA %1 0.05 % 500 μl 
HBSS 1% Add to 10 ml 
Total 1x 10 ml 

Reagent Final concentration  Amount 
FBS 10% 5 ml 
MEM-NEAA (100X) 1x 500 μl 
Penicillin-Streptomycin  
(10.000 U/ml) 

100 ug/ml 500 μl 

Primocin  (50 mg/ml) 100 μg/ml 100 μl 
2-mercaptoethanol (50mM) 50 μM 50 μl 
DMEM  Add to 50 ml 

Reagent Final concentration  Amount 
Tween 20 0.1 % 10 μl 
Sodium chloride sodium citrate (20X)  5X 2.5ml 
Water   Add to 10 ml 
Total 1x 10 ml 

Reagent Final concentration  Amount 
Tricaine 4 mg/mL 2 g 
1x Danieau’s medium 1x Add to 500 ml 
Total  500 mL 
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1.5 % agarose 

 

Immunostaining blocking solution for larvae 

 

Immunostaining blocking solution for adult  

 

2.1.4 Chemicals and Reagents 

 SUPPLIER CAT NUMBER 
Acetic Acid Carl Roth 6755.1 
Acid fuchsin Carl Roth T128.1 
Agarose, Low Melting Point Sigma A4018 
Agarose NEEO Ultra Qualität Carl Roth  2267.3 
Ampicillin Sigma  A9518 
Aniline Blue Santa Cruz 28631-66-5 
Atropine sulfate salt monohydrate 
  

Sigma A0257 

Bacterial LB Agar Carl Roth  X969.2 
Bacterial LB Medium Carl Roth 964.2 
Bovine Serum Albumin  Serva 11943.02 
Calcium Nitrate (Ca(NO3)2) Honeywell  C1396 
Carvedilol Sigma 3993 
Chloroform Fisher Chemical C/4960/15 
Citric acid Serva 38640 

Reagent Final concentration  Amount 
Agarose, NEEO 1.5% 1.5 g 
MilliQ H2O  Add to 100 ml 
Total  100 mL 

Reagent Final concentration  Amount 
Goat serum 5% 500 μl 
BSA 1% 0.1 g 
1xPBS  Add to 10 ml 
Total  10 ml 

Reagent Final concentration  Amount 
Goat serum 5% 500 μl 
BSA 10% 1 g 
1xPBS  Add to 10 ml 
Total  10 ml 
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Collagen Hybridizing Peptide, 5-
FAM Conjugate 

3-Helix FLU300 / FLU60 

Competent E. coli 5-alpha (High 
Efficiency) 

NEB C2987H 

DAPI Sigma D9542-5MG 
DAPI staining solution for FACS Milteny Biotec 130-111-570 
Dimethyl Sulfoxide (DMSO) Th. Geyer  23419.3 
DNaseI  Roche  10104159001 
Dulbecco’s Modified Eagle 
Medium, high glucose, GlutaMAX 

GIBCO 31966021 

Entellan Sigma 1.07960 
Ethanol  Carl Roth  9065.2 
5-Ethynyl-2′-deoxyuridine (EdU) Santa Cruz 61135-33-9 
Fetal Bovine Serum GIBCO 10270106 
Fibronectin Bovine Protein, Plasma Thermo Fisher 33010-018 
Fluoromount Aqueous Mounting 
Medium 
 

Sigma F4680 

Formamide Thermo Fisher 17899 
Gel Red Nucleic Acid Stain  Linaris  41003 
GeneRuler 1kb DNA Ladder  Thermo Fisher  SM0311 
Glycogen Serva,  23550 
Goat serum  Sigma  G6767 
Hank’s Balanced Salt Solution LIFE Technologies  

 
14175095 

HCR™ IF + HCR™ RNA-FISH 
Products 

Molecular Instruments  

Hydrochloric Acid (HCl)  Sigma  H1758 
Hydrogen Peroxide (H2O2) 30%  ChemCruz  sc-203336A 
HEPES Carl Roth  9105.4 
Isopropanol Carl Roth 7343.2 
Liberase TL Research Grade Roche 5401020001 
Loading Dye (Orange G)  Carl Roth  0318.2 
Magnesium Sulfate (MgSO4)  ChemCruz  sc-211764 
Master Mix Taq 2x  New England Biolabs  M0270 
MEM Non-Essential Amino Acids 
Solution (100X) 

Thermo Fisher 11140050 

2-Mercaptoethanol Sigma M3148 
Methanol  Roth  4627.1 
Methoxamine hydrochloride 
  

Sigma M6524 

Morphine Ratiopharm N/A 
N-Phenylthiourea (PTU) Sigma P7629 
Orange G Santa Cruz 1936-15-8 
Penicillin-Streptomycin 
(10.000 U/ml) 

Thermo Fisher 15140122 

Paraformaldehyde (PFA)  Sigma  P6148 
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Phenol/Chloroform/Isoamyl alcohol Roth A156.2 
Phenol Red  Sigma  P0290 
Phosphate-Buffered Saline (PBS)  Sigma  P4417 
Pluron F-68 polyol, 100 ml MP Biomedicals 092750049 
Potassium Chloride (KCl)  ChemCruz  sc-203207 
Potassium Hydroxide (KOH)  Alfa Aesar  A16199 
Prazosin hydrochloride Sigma P7791 
Primocin InvivoGen ant-pm-2 
Propranolol hydrochloride Sigma P0884 
Recombinant zebrafish LRPAP1 
protein 

This study  

RNase H  Life Technologies  EN0201 
SOC-Medium  New England Biolabs  B9020S 
Sodium Acetate Calbiochem 567418-500GM 
Sodium Chloride (NaCl)  Serva  39781.02 
SYBR Safe DNA Gel Staining 
Solution 

Life Technologies S33102 

O.C.T Compound  Sakura Tissue Tek 4583 
Tricaine  PHARMAQ N/A 
Tris  Sigma  T1503 
TRIzol Life Technologies 15596026 
Trypsin-EDTA  Sigma  T4049 
Triton X-100  Carl Roth  3051.3 
Trizma hydrochloride  Sigma  T2694 
Tween 20  Santa Cruz  SC-29113 
Water H2O RNase/DNase free  LIFE Technologies  R0581 

2.1.5 Critical Commercials/Kits 

 SUPPLIER CAT NUMBER 
Chromium Next GEM Single Cell 
3ʹ GEM, Library & Gel Bead Kit 
v3.1 

10x Genomics PN-1000121 

Chromium Next GEM Chip G 
Single Cell Kit 

10x Genomics PN-1000120 

Click-iT™ EdU imaging kit Thermo Fisher C10640 
In-Fusion® Snap Assembly Master 
Mix 

Takara-Bio 638948 

IP3(Inositol Triphosphate) ELISA 
Kit 

Biocat E-EL-0059-ELS 

Phusion High-Fidelity PCR Kit Life Technologies F553L 
NucleoSpin Gel and PCR Clean-up Macherey-Nagel 740609.250 
NucleoSpin Plasmid kit Macherey-Nagel 740588.250 
Single Index Kit T Set A 10x Genomics PN-1000213 
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SuperScript III First Strand Kit Life Technologies 18080051 
Qubit dsDNA HS Assay Kit LIFE Technologies Q32851 

2.1.6 Antibodies 

 SUPPLIER CAT NUMBER 
Rabbit anti-MEF-2 Antibody (C-
21) 

Santa Cruz sc-313 

Rat anti-mCherry Antibody 
(16D7)-100µl 

LIFE Technologies M11217 

Mouse anti-PCNA antibody [PC10] Abcam ab18197 
Chicken anti-GFP antibody LIFE Technologies A10262 
Goat anti-Chicken IgY (H+L) 
Secondary Antibody, Alexa Fluor 
488 

LIFE Technologies A11039 

Goat Anti-rat IgG (H+L), (Alexa 
Fluor(R) 555 Conjugate) 

Cell Signaling 4417S 

Rabbit anti-cd31 antibody Abcam ab28364 
Rabbit anti-Collagen I antibody  Abcam ab233639 
Mouse anti-alpha smooth muscle 
Actin antibody [1A4] 

Abcam ab7817 

Mouse anti-Tubulin, Acetylated 
antibody [6-11B-1] 

Sigma T6793 

Mouse anti-TNF alpha antibody 
[52B83] 

Abcam ab1793 

Rabbit anti-Col1a1a antibody GeneTex GTX133063 
Goat anti-mouse IgG (H+L), (Alexa 
Fluor(R) 488 Conjugate) 

Cell Signaling 4408S 

Goat anti-mouse IgG (H+L), 
F(ab’)2 Fragment (Alexa Fluor(R) 
647 Conjugate) 

Cell Signaling 4410S 

Goat anti-rabbit IgG (H+L),(Alexa 
Fluor(R) 488 Conjugate) 

Cell Signaling 4412S 

2.1.7 RT-PCR Primers 

Forward primer 
adra1 3i loop 

5’-CACACGAATTCGCCGCCACCATGGTGGCCAAAATGACCACTAA-3’ 
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Reverse primer 1 
for adra1 3i loop 

5’-
CGTCACCGCATGTTAGAAGACTTCCTCTGCCCTCACCAGATCCTTTCTTTT
CCCTGGAAAACTTG-3’ 

Reverse primer 2 
for adra1 3i loop 

5’-
AGCTCTTCACCCTTGCTGACAGGGCCGGGATTCTCCTCCACGTCACCGCAT
GTTAGAAG-3’ 

Forward primer for 
CFP 

5’-TGGAGGAGAATCCCGGCCCTGTCAGCAAGGGTGAAGAGC-3’ 

Reverse primer for 
CFP 

5’-TATGATCTAGAGTCGCGGCCGCTCACTTATACAGTTCGTCCATACCC-3’ 

Forward primer for 
adra1aa 
 

5’-TATCGTGGTGGGATGCTTCG-3’ 

Reverse primer for 
adra1aa 
 

5’-CGTTGGGAAGATGGAACCGAT-3’ 

Forward primer for 
adra1bb 
 

5’-TTTGCCAATTGTTTCATTCAACACC-3’ 

Reverse primer for 
adra1bb 
 

5’-AGCAGGGGTAGATGATGGGA-3’ 

Forward primer for 
adrb1 
 

5’-GGGTTACTGGTGGTGCCATT-3’ 

Reverse primer for 
adrb1 
 

5’-GCGTGACGCAAAGTACATC-3’ 

Forward primer for 
adrb2a 
 

5’-GCTTCCAGCGTCTTCAGAAC-3’ 

Reverse primer for 
adrb2a 
 

5’-CCGAAGGGAATCACTACCAA-3’ 

Forward primer for 
adrb2b: 

5’-CTCGTTCCTACCCATCCACA-3’ 

Reverse primer for 
adrb2b 
 

5’-ATGACCAGCGGGATGTAGAA-3’ 
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2.1.8 Software and Algorithms 

 SOURCE IDENTIFIER 
CellChat 
package 
v1.6.1  

https://github.com/sqjin/CellChat RRID:SCR_021
946 

ClusterProfi
ler package 
v4.6.2  

http://bioconductor.org/packages/release/bioc/html/cluster
Profiler.html 

RRID:SCR_016
884 

Fiji/ImageJ http://fiji.sc RRID:SCR_002
285 

Imaris 
v9.5.0 

Oxford Instruments RRID:SCR_007
370 

Graphpad 
Prism 8.0 

GraphPad Software, San Diego, California USA, 
www.graphpad.com 

RRID:SCR_002
798 
 

FlowJo BD (Becton, Disckinson & Company), 
https://www.flowjo.com/solutions/flowjo 

N/A 

MAST 
package 
v1.24.1  

https://bioconductor.org/packages/release/bioc/html/MAS
T.html 

RRID:SCR_016
340 

scvelo 
v0.2.5  

https://github.com/theislab/scvelo RRID:SCR_018
168 

Scanpy 
v1.9.1  

https://github.com/theislab/scanpy RRID:SCR_018
139 

Seurat 
package 
v4.1.0  

https://satijalab.org/seurat/get_started.html RRID:SCR_016
341 

Velocyto  http://velocyto.org/ RRID:SCR_018
167 

ZEN 
software  

Zeiss  N/A 

https://github.com/sqjin/CellChat
http://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
http://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
http://fiji.sc/
https://bioconductor.org/packages/release/bioc/html/MAST.html
https://bioconductor.org/packages/release/bioc/html/MAST.html
https://github.com/theislab/scvelo
https://github.com/theislab/scanpy
https://satijalab.org/seurat/get_started.html
http://velocyto.org/
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2.2 Methods 

2.2.1 Animal care and strains 

Zebrafish maintenance and all associated experimental protocols were rigorously 

executed in compliance with the ethical and animal welfare guidelines set by the Max Delbrück 

Center for Molecular Medicine, Landesamt für Gesundheit und Soziales Berlin (LAGeSo 

Berlin), and German federal regulations. Standardized environmental conditions were 

maintained for zebrafish husbandry, including a water temperature of 28.5°C and a 14-hour 

light/10-hour dark photoperiod. Both embryos and larvae were maintained in Danieau’s 

medium, composed of 58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3), and 

2.5 mM HEPES, with the pH adjusted to 7.0. Gender differentiation among the zebrafish was 

not a parameter considered in this study. Adult specimens aged between one and two years and 

larval specimens aged up to either 5dpf or 7dpf were utilized as detailed in specific 

experimental sections. 

Transgenic zebrafish lines previously established and used in this research include 

Tg(myl7:H2B-GFP)zf521, TgBAC(csf1ra:Gal4-VP16)i186, Tg(UAS:NTR-mCherry)c264, 

Tg(14xUAS:GCaMP6s)mpn101, Tg(tbp:Gal4,myl7:Cerulean)f13, and Tg(tnfa:EGFPF)ump5. 

2.2.2 Microinjections in zebrafish embryos 

For the creation of injection plates, a 2% agarose solution in Danieau’s medium was 

prepared through microwave-assisted heating. The melted agarose was subsequently dispensed 

into a 10 cm diameter Petri dish, onto which a specialized multi-lane mold was laid. Upon 

solidifying the agarose, the mold was carefully removed to reveal the lanes for embryo 

placement. These plates were stored at 4ºC until use and equilibrated to room temperature prior 

to any injection procedures. For breeding setups, adult male and female zebrafish were co-

housed in breeding tanks but separated by a transparent partition overnight. The intervening 

barrier was taken away the following morning, allowing for breeding. Eggs were harvested 

from the base of the breeding tanks within a 20-minute interval post-barrier removal. 

Microneedles for injection were made from glass capillaries using a needle-pulling device. The 

needles were subsequently loaded with the designated injection solution. A fine-tipped forceps 
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was utilized to fracture the needle tip, ensuring a precise aperture for injection. Zebrafish 

embryos at the 1-2 cell stage were methodically aligned within the lanes of the prepared 

injection plates. The injection solution was then microinjected directly into the cells. Post-

injection, the embryos were maintained in fresh Danieau’s solution. Later in the day, a 

stereomicroscopic examination was carried out to identify and remove any non-viable or 

unfertilized embryos. 

2.2.3 Generation of constructs and transgenic animals 

The UAS:adra1-3i-T2A-CFP construct was generated through amplification of the 

encoding sequences of 3rd intracellular loop of adra1bb, corresponding to the 231st to 291st 

amino acids, T2A self-cleaving peptide, and CFP. Primers used, listed in the materials section, 

also added the sequence for the T2A linker peptide to the amplified oligonucleotides, and they 

were: 

Forward primer adra1 3i loop 5’-

CACACGAATTCGCCGCCACCATGGTGGCCAAAATGACCACTAA-3’ 

Reverse primer 1 for adra1 3i loop 5’-

CGTCACCGCATGTTAGAAGACTTCCTCTGCCCTCACCAGATCCTTTCTTTTCCCTG

GAAAACTTG-3’ 

Reverse primer 2 for adra1 3i loop 5’-

AGCTCTTCACCCTTGCTGACAGGGCCGGGATTCTCCTCCACGTCACCGCATGTTA

GAAG-3’ 

Forward primer for CFP 5’-

TGGAGGAGAATCCCGGCCCTGTCAGCAAGGGTGAAGAGC-3’ 

Reverse primer for CFP 5’-

TATGATCTAGAGTCGCGGCCGCTCACTTATACAGTTCGTCCATACCC-3’. 

To generate the Tg(UAS:adra1-3i-T2A-CFP) line, the UAS:adra1-3i-T2A-CFP construct 

was injected into embryos at the 1-cell stage, along with mRNA encoding the Tol2 transposase. 

Injected embryos were sorted for CFP signal under a fluorescence microscope and raised. 

Grown zebrafish were crossed again to identify the founders with stable integration of the 
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transgene, and their offspring were raised to expand the transgenic line and establish F2 

generation. 

2.2.4 Imaging techniques 

Confocal microscopy was employed for the imaging of both live and fixed specimens, 

utilizing either a Zeiss LSM 880 confocal microscope or a Leica DM6 CFS confocal 

microscope. For the specific task of capturing Acid Fuchsin Orange G (AFOG) stained 

samples, an Olympus SZX16 stereo microscope was used. For real-time imaging, zebrafish 

larvae were immobilized using 1.5% low-melting-point agarose in petri dishes. 

2.2.5 Myocardial infarction models 

In larval models, focal ventricular necrosis was induced via the application of a two-

photon laser. Larvae were anesthetized with tricaine and immobilized in petri dishes containing 

1.5% low-melting-point agarose dissolved in Danieau’s medium. A region of the agarose 

overlaying the heart was carefully excised. Five pulses of a 920 nm wavelength laser, each with 

a duration of approximately 0.8 ms, were then focused on the ventricle using a Zeiss W Plan-

APOCHROMAT 20x/1.0 DIC (UV) VIS-IR dipping lens. Post-injury, larvae were freed from 

the agarose and transferred to fresh Danieau’s medium. 

For adult models, anesthesia was applied with Danieau’s medium containing 0.168 

mg/ml tricaine. Fish were positioned on a sponge featuring a small, medium-soaked groove. 

Following an incision in the body wall and the pericardium to reveal the heart, the ventricular 

apex was subjected to cryoinjury via a cryoprobe pre-chilled in liquid nitrogen. After the 

procedure, fish were transferred to system water containing 1.5 μg/ml morphine. Morphine 

treatment was terminated at 6 hours post-injury (dpi), after which fish were either left to recover 

under standard conditions or received additional pharmacological intervention up to 7dpi. 

2.2.6 Pharmacological Interventions 

Following the 2-photon laser-induced necrosis in larval zebrafish, pharmacological 

inhibitors of neurotransmitters were administered for a 24-hour period. These compounds, all 
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dissolved in Danieau’s medium, included carvedilol, propranolol, atropine, and prazosin at 

concentrations of 50 μM, 50 μM, 50 μM, and 100 μM, respectively. Control groups received 

the solvent (vehicle) alone in equal volumes. To assess cellular proliferation, 500 μM of EdU 

was added to the medium at 6hpi. Following the 24-hour incubation period, larvae were 

anesthetized with tricaine, euthanized, and fixed overnight in a 4% PFA solution containing 

0.03% Triton X-100 at 4°C. For adult specimens, prazosin was supplied at a concentration of 

100 μM in the system water post-injury, with daily water changes up to 7 dpi. 

2.2.7 Heart dissection and cryosectioning 

In adult zebrafish, euthanasia was induced through hypothermic immersion in ice-cold 

water (0-4°C) for a minimum duration of 20 minutes. Post-euthanasia, decapitation was carried 

out from the base of the pectoral fin using a surgical razor blade, followed by heart excision. 

The extracted hearts were fixed overnight in a 4% PFA solution containing 0.03% Triton X-

100 at 4°C. Following fixation, the hearts were washed in PBS with 0.1% Triton X-100 (v/v) 

(PBST). For long-term storage, the hearts were preserved in methanol at -20°C or left overnight 

in the same solution at 4°C prior to subsequent steps. For cryosectioning, the hearts were 

rehydrated by decreasing concentrations of methanol solutions diluted in PBS, ending with a 

PBS wash. The hearts were then submerged in 15% sucrose solution for a period of 3-5 hours, 

followed by immersion in 30% sucrose solution overnight for cryopreservation. The specimens 

were embedded in molds filled with OCT and stored at -80°C. Cryosections of 10 μm thickness 

were obtained for subsequent histological and immunofluorescence analyses. 

2.2.8 Tissue dissociation 

Tissues were transferred to a dissociation buffer comprising 0.26 U/ml LiberaseTM 

enzyme mixture and 1X Pluronic F-68 in Hank’s Balanced Salt Solution (HBSS). Tissues were 

incubated at 37°C with shaking at 750 rpm for 30 minutes, with intermittent pipetting executed 

at 5-minute intervals. The dissociation process was halted by adding an equal volume of 1% 

bovine serum albumin (BSA) in HBSS, followed by centrifugation at 200xg at 4°C. The 

isolated cells were washed in a 0.05% BSA in HBSS solution, resuspended, and filtered 

through a 40 μm cell strainer. 



50 

 

2.2.9 Recombinant Lrpap1 protein production 

The zebrafish Lrpap1 gene sequence, retrieved from the UniProt protein database under 

the accession number Q7ZW96, was synthesized and subcloned into a pET-24(+) expression 

vector. The construct, under the transcriptional regulation of the T7 promoter, was transfected 

into Escherichia coli (E. coli). The resulting recombinant protein was isolated using 6xHis 

affinity chromatography. Post-purification, the histidine tag was cleaved by TEV protease. The 

purity, size, and mass of the protein were verified using sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) and liquid chromatography/time-of-flight mass spectrometry 

(LC/MS TOF). 

2.2.10  Explant culture and cryoinjury 

Heart explant cultures were established with hearts from euthanized zebrafish, as 

described earlier. The hearts were cultured in explant medium comprising DMEM, 10% fetal 

bovine serum (FBS), 1% MEM-NEAA, 100 U/ml penicillin, 100 μg/ml streptomycin, 100 

μg/ml primocin, and 50 μM 2-mercaptoethanol. The cultures were maintained in 24-well plates 

at 28°C. Ex vivo cryoinjury was administered by applying a precooled cryoprobe to the 

ventricular wall for a 20-second duration. Following cryoinjury, the hearts were transferred to 

a fresh explant medium and returned to the incubator for 7 days. Lrpap1 protein, at a 

concentration of 10 μg/μl, was added to the culture medium starting from the first day post-

cryoinjury. To activate α1-adrenergic receptors, which would otherwise be absent in explanted 

hearts, 500 μM methoxamine was supplemented starting from the fourth day post-injury and 

continued until the seventh day. Explant medium, LRPAP1, and methoxamine were refreshed 

daily following their respective times of initial administration. 

2.2.11 Enzyme-linked immunosorbent assay (ELISA) 

Transgenic zebrafish larvae of strains Tg(tbp:Gal4, myl7:Cerulean)f13; Tg(UAS:adra1-

3i-T2A-CFP) and as control group Tg(tbp:Gal4, myl7:Cerulean)f13 at 5dpf were treated with 

either vehicle, 200 μM methoxamine, or 100 μM prazosin. Additionally, wild-type 5dpf larvae 

were exposed to 50 μM carvedilol, 200 μM methoxamine, a combination of both, or a vehicle. 
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Subsequent to these treatments, the intracellular levels of IP3 were assessed using the IP3 

ELISA kit as per the manufacturer’s instructions. Treated groups of larvae were pooled and 

subjected to tissue dissociation, as previously explained. The cells were subsequently lysed 

using an ultrasonic cell disruptor. Following lysis, the samples were centrifuged at 5000xg at 

4°C for 10 minutes, and the supernatants were collected for analysis. Both standard solutions 

and the prepared samples were added to the ELISA plate wells. Biotinylated detection antibody 

solution and horseradish peroxidase (HRP) conjugate working solutions, supplied with the kit, 

were also added as per the protocol. Signal intensities were measured using a Tecan Spark 20m 

plate reader at specified incubation times recommended by the manufacturer. 

2.2.12  Calcium measurements 

Transgenic zebrafish larvae strains TgBAC(csf1ra:Gal4)i186; Tg(UAS:NTR-

mCherry)c264; Tg(UAS:adra1-3i-T2A-CFP; Tg(14xUAS:GCaMP6s)mpn101 were utilized for 

calcium measurement. The larvae were immobilized in 1.5% low-melting-point agarose. 

Baseline calcium signaling in CFP-negative and CFP-positive MPs within the same larvae was 

captured at a frequency of every 0.2 seconds for a total duration of 3 minutes. Subsequently, a 

200 µM methoxamine solution was added, and imaging continued at the same frequency for 

an additional 10 minutes. GCaMP6s fluorescence was quantified using the ImageJ 186 software. 

MPs expressing both mCherry and GCaMP6s were manually selected as regions of interests. 

These MPs were categorized as either CFP-positive or CFP-negative. The fluorescence 

intensity changes ΔF/F0 ((F – F0)/F0) were calculated for individual cells, where F0 represents 

the average baseline fluorescence intensity, and F denotes the average fluorescence intensity 

following the addition of methoxamine.  

2.2.13  Immunofluorescence and other histological staining protocols 

Whole mount zebrafish larvae immunofluorescence staining 

For the immunofluorescence staining of zebrafish larvae, I adhered to an established 

whole-mount immunostaining procedure 187. Following fixation, specimens were gradually 

transitioned to 100% methanol and subjected to overnight incubation at -20°C. Subsequently, 

they were rehydrated into PBST. For non-PTU treated samples, pigmentation of the skin was 
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quenched via a 30-minute exposure to a bleaching solution of 3% hydrogen peroxide and 0.5% 

potassium hydroxide at room temperature, followed by PBST rinsing. Antigen retrieval was 

conducted via a 5-minute room temperature incubation in 150 mM Tris buffer (pH 5.0), 

followed by a 15-minute incubation at 70°C with shaking at 600 rpm. To enhance membrane 

permeability, samples were treated with a 1:20 dilution of Trypsin-EDTA (500 BAEE units) 

in PBST for 35 minutes on ice. A blocking buffer consisting of 5% (v/v) goat serum and 1% 

(w/v) BSA in PBS was used to reduce non-specific binding with 1 hour room temperature 

incubation. The larvae were then subjected to primary and secondary antibody (dissolved in 

blocking solution) incubation, both for 72 hours at 4°C and shielded from light. EdU labeling 

was performed post-permeabilization, as per the Click-iT™ Plus EdU Cell Proliferation Kit 

Alexa 647 instructions. The following primary antibodies were used for larval zebrafish 

staining: rat anti-mCherry (1:300) and chick anti-GFP (1:500). The following secondary 

antibodies were used for larval zebrafish staining: Alexa Fluor 488 anti-chicken (1:1000), 

Alexa Fluor 555 anti-rat (1:500). DAPI (1:300) was added during the secondary antibody 

incubations. Finally, specimens were mounted using Fluoromount aqueous mounting medium 

for subsequent imaging. 

Immunofluorescence staining of adult heart sections 

Cryosections from adult zebrafish were initially fixed in ice-cold acetone for 10 minutes 

at -20°C and then washed thrice with PBS. Permeabilization was achieved via a 10-minute 

treatment with 0.2% Triton X-100 in PBS, followed by another triple wash in PBS. Sections 

were blocked using a solution of 5% (v/v) goat serum and 10% (w/v) BSA in PBS. Primary 

antibody incubations were done overnight at 4°C, with a subsequent triple wash using PBS 

with 0.3% Tween 20. After secondary antibody incubation, sections were washed and mounted 

in Fluoromount aqueous mounting medium for imaging. DAPI was added during the secondary 

antibody incubation. The following primary antibodies were used: rabbit anti-Mef2 (1:300), 

mouse anti-PCNA (1:300), rabbit anti-CD31 (1:300), rabbit anti-Col1 (1:300), mouse anti-a-

SMA (1:150,), mouse anti-acTub (1:300), rat anti-mCherry (1:300), chick anti-GFP (1:500), 

mouse anti-Tnfa (1:200), rabbit anti-col1a1a (1:100). The following secondary antibodies were 

used: Alexa Fluor 488 anti-chicken (1:1000), Alexa Fluor 555 anti-rat (1:500), Alexa Fluor 

647 anti-mouse (1:500), Alexa Fluor 488 anti-mouse (1:500), Alexa Fluor 647 anti-rabbit 

(1:500), Alexa Fluor 488 anti-rabbit (1:500). Integration of collagen hybridizing peptide (CHP) 

into the cryosection immunofluorescence staining was performed by first heating the CHP at 
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80°C for 5 minutes and quenching it to room temperature in ice water quickly before using it, 

in line with manufacturer’s instructions. Subsequently, during the secondary antibody 

incubations, 30 µM of CHP solution was added to the samples. 

Acid Fuchsin Orange G staining 

For fixation in Bouin’s solution, cryosections were incubated at 58°C for two hours and 

then at room temperature for an additional hour. After a 20-minute rinse under tap water, 1% 

phosphomolybdic acid and 0.25% phosphotungstic acid solution was applied to sections for 5 

minutes, followed by an AFOG staining solution containing 1g Aniline Blue, 3g acid Fuchsin, 

2g Orange G in distilled water (pH adjusted to 1.1). Samples were then washed with water, 

dehydrated through a series of ethanol and xylene baths, and mounted with Entellan. 

Hybridization Chain Reaction (HCR) Fluorescent In Situ Hybridization (FISH) 

The mRNA expressions of postnb, col12a1a, cxcl12b, lrp1aa, mdka, lyve1, col5a1, and 

sdc2 genes were evaluated using HCR-FISH staining in accordance with supplier’s protocols. 

Following immunofluorescence, sections were post-fixed with 4% PFA for 10 mins at room 

temperature and washed with PBS containing 0.1% (V/V) Tween 20 for 5 minutes twice and 

with 5x SSCT solution containing sodium chloride sodium citrate (SSC) and 0.1% (V/V) 

Tween 20 for 5 minutes, both at room temperature. Subsequently, sections were incubated with 

probe hybridization buffer for 10 minutes at 37°C and left for overnight incubation with 

appropriate 16mM probe solutions at 37°C. Afterward, they were subjected to a series of 

washes, each lasting 15 minutes in this order: 75% of probe wash buffer / 25% 5× SSCT, 50% 

of probe wash buffer / 50% 5× SSCT, 25% of probe wash buffer / 75% 5× SSCT, and 100% 

5× SSCT. Sections were incubated with amplification buffer at room temperature for 30 

minutes and left to overnight incubation with amplification buffer containing 60 n M of 

appropriate hairpins at room temperature in the dark. Hairpins were snap-cooled by heating at 

95°C for 90 seconds and cooling at room temperature before application to sections. The 

sections were washed with 5x SSCT for 2x5 minutes, 2x15 minutes, and 1x5 minutes at room 

temperature and mounted using Fluoromount aqueous mounting medium for subsequent 

imaging. 
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2.2.14  Image analysis methodology 

To evaluate the recruitment of MPs to the site of cardiac injury, I employed a transgenic 

zebrafish line with csf1ra:Gal4; UAS:NTR-mCherry; UAS:adra1-3i-CFP; tnfa:EGFPF. To 

quantify the involvement of Adra1 signaling-deficient MPs (CFP+mCherry+) in comparison 

to the control MPs (mCherry+), in both tnfa expressing (EGFPF+) and non-tnfa expressing 

(EGFPF-) MP subpopulations post 2-photon laser-induced necrosis, time-lapse imaging was 

performed from 30 minutes post-injury (mpi) to 24hpi. At each designated time point, MP 

subpopulations situated within a 100 μm radius from the point of injury were counted. 

To assess the proliferation rate of cardiomyocytes in the larval hearts, I counted the nuclei 

demonstrating colocalization of H2B-GFP and EdU in individual z-planes acquired through 

confocal microscopy, which spanned the entire ventricular region. The counting of these nuclei 

was conducted using ImageJ 186 software. Imaris software was employed to assess the total 

number of cardiomyocytes. Furthermore, both the total and proliferating MP content, marked 

with NTR-mCherry and EdU, respectively, were quantified within an area extending 100 μm 

from the demarcated injury zone. MPs expressing either or both adra1-3i-T2A-CFP and tnfa 

were categorized and counted based on the respective fluorescence markers. 

For adult cardiac tissue sections, cell counting was performed within the injury site and 

the adjoining 100 μm zone proximal to the injury border zone. Comparative evaluations were 

also carried out in sham-operated hearts by assessing a similarly sized ventricular apex region. 

Each data point represents the mean value derived from a minimum of three tissue sections per 

heart specimen. Levels of Collagen I, CD31, acTub, and CHP were determined through image 

thresholding techniques using ImageJ 186, and the extent of area occupied by the respective 

signals was assessed. Proportional areas in both the injured and sham-operated specimens were 

subsequently calculated. For the quantification of collagen content, detected through AFOG 

staining, I employed the color threshold tool in ImageJ 186 to measure the percentage of collagen 

(represented in blue) covered area within the injured region or the similar sized apex region in 

sham-operated specimens. For HCR-FISH quantifications, the area for measurement was 

defined as previously stated. Cells displaying positive signals were counted, and the integrated 

density of HCR-FISH staining signals were quantified using ImageJ 186, followed by 

normalization against the measurement area. 
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2.2.15  Fluorescence activated cell sorting (FACS) 

Tissue samples from either dissociated whole larvae or adult hearts were subjected to cell 

sorting using a BD FACSAria II machine. To be utilized in scRNAseq, cells were pre-stained 

with DAPI to provide the distinction between viable and non-viable cells. The initial gating 

strategy involved employing forward scatter area (FSC-A) versus side scatter area (SSC-A) 

plots to account for the variables of cellular size and granularity. This step was crucial for the 

exclusion of both cellular debris and aggregated cells. Subsequent gating was executed through 

the examination of FSC-Height (FSC-H) versus FSC-Width (FSC-W) and SSC-Height (SSC-

H) versus SSC-Width (SSC-W) plots. These plots enabled the isolation of single cells that fell 

within the expected physiological size range. Cells conforming to these initial gating criteria 

were then subjected to further downstream gating procedures. These subsequent steps were 

designed to either isolate live cells or specifically focus on cells expressing either mCherry or 

CFP markers whenever appropriate. Gating for cells based on mCherry or CFP fluorescence 

was carried out using reference samples lacking any transgenes, which served as negative 

controls for background fluorescence signals. 

2.2.16  Single-cell RNA sequencing protocol and analysis 

Hearts from zebrafish csf1ra:Gal4; UAS:NTR-mCherry; UAS:adra1-3i-T2A-CFP and 

their control counterparts csf1ra:Gal4; UAS:NTR-mCherry were harvested at 7dpi following 

cryoinjury and dissociated as previously described. Live cell populations were isolated via 

FACS and subsequently loaded onto a Chromium 10x Genomics instrument for encapsulation 

into droplets. Library construction ensued, guided by the Chromium Single Cell 3’ Reagent 

Kits User Guide (v3.1 Chemistry) CG000204. Concentrations of cDNA and the resulting 

library were quantified utilizing a Qubit dsDNA HS Assay Kit and analyzed on a high-

sensitivity DNA tape-station. Sequencing was executed on an Illumina NovaSeq6000 system, 

configured for 400 million reads per lane with 50 bp paired-end read lengths. 

For data alignment and custom reference genome assembly, Cell Ranger software 

(v6.0.1) was deployed. The zebrafish reference genome Danio_rerio.GRCz11 (release 104) 

obtained from the Ensembl database was modified to include the CFP sequence through the 

mkgtf function. Subsequent data processing was performed using the R package Seurat 
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(version 4.1.0). Filtering parameters were applied to exclude cells with less than 200 genes and 

more than 2500 genes and cells that have more than 15% mitochondrial content. Following 

normalization and variable gene selection (2500 genes), principal component analysis (PCA) 

and Louvain clustering were conducted using default settings, with K-nearest neighbor graph 

with a resolution of 1.0 for whole heart clustering and 0.5 for MP and fibroblast population 

clustering. The dimensionality of the data was further reduced through t-Stochastic Neighbor 

Embedding (t-SNE). Differentially expressed genes within each cell cluster were identified 

employing the MAST algorithm within Seurat. This yielded insights into monocytes/MPs, 

which were further subdivided based on CFP expression for additional clustering and 

differential expression analysis. An analogous approach, barring the MP/monocyte 

subdivision, was employed for control heart samples. The same approach was also utilized for 

fibroblast population analysis in both datasets. Heatmaps, scatter plots, and violin plots were 

created via vlnPlot, doHeatmap, and DimPlot functions in Seurat. Gene ontology (GO) 

overrepresentation analysis was performed with clusterProfiler package in R. GO terms with 

more than 5 and less than 500 annotated genes from the DEG list were taken into account and 

filtered according to Bonferroni-Holm adjusted p values (0.05 cutoff). For cellular interaction 

analysis, the CellChat package in R was employed. Interactions and their respective strengths 

were initially tabulated for all MP and fibroblast clusters. Subsequently, significant interactions 

involving the ‘ECM remodeling’ cluster were highlighted. RNA velocity analysis was 

conducted utilizing scanpy (v1.9.1) and scvelo (v0.2.5), incorporating PAGA for trajectory 

inference. Velocity data were sourced from the datasets, Cell Ranger-aligned reads mapped to 

the Danio_rerio.GRCz11 (release 104) genome. RNA velocity values were quantified using 

default parameters of stochastic model scvelo (v0.2.5) and plotted on to uniform manifold 

approximation and projection (UMAP) representation of the cell populations. 

2.2.17  Quantification and Statistical Analysis 

Initial evaluation of all collected datasets involved administering the Shapiro-Wilk test to 

ascertain normal distribution. The outcome revealed that the datasets conformed to normal 

distribution parameters. Subsequently, statistical significance was gauged via the 

implementation of two-tailed Student’s t-tests, executed in GraphPad Prism software. To 

evaluate the variance of datasets, whether they are equal or unequal, Fisher’s F test was 

employed. Should datasets display unequal variances, t-tests incorporating Welch’s correction 
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were conducted. In instances requiring the comparison of multiple datasets, p-values were 

adjusted in compliance with the Holm-Bonferroni correction method. Statistical significance 

was acknowledged for p-values less than 0.05. Detailed statistical annotations, inclusive of the 

specific tests applied, sample dimensions, and parameters for center and dispersion, are 

documented within the figures and corresponding figure legends. 
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3 Results 

This study was accepted to be published as the article titled ‘Alpha-1 adrenergic signaling 

drives cardiac regeneration via an extracellular matrix remodeling transcriptional program in 

zebrafish macrophages’ in the journal Developmental Cell on its 20th November 2023 issue. 

All experiments and results were performed by Onur Apaydin unless otherwise stated in the 

figure legends. 

3.1  Pharmacological blockage of α1 adrenergic receptor signaling disrupts 

regenerative response of cardiomyocytes and macrophages to laser-

induced necrosis in the larval zebrafish heart.  

To identify the neurotransmitter receptors pivotal for myocardial regeneration via 

immune modulation, with an emphasis on MP functional dynamics, I employed a two-photon 

laser technique to produce localized necrosis in the ventricle of myl7:H2B-GFP zebrafish 

larvae where the cardiomyocyte nuclei exhibit GFP fluorescence at 7dpf (Fig. 3.1). I then used 

this larval cardiac necrosis model for pharmacological experiments investigating the role of 

MP-neuron interactions in myocardial repair. This methodology facilitates targeted and 

consistent cardiac injury in a small, transparent organism. Such characteristics make the 

zebrafish model exceptionally suitable for pharmacological assessments, given its amenability 

to real-time visual observations and drug interactions. 

Figure 3.1 2-photon laser-

induced necrosis of the larval 

heart. Confocal images 

showing the heart of a 7dpf 

zebrafish larva before (left) and 

after (right) 2-photon laser 

pulses were delivered to the 

ventricle. Cardiomyocyte 

nuclei are shown in green. The 

reporter line, myl7: H2B-GFP, expresses histone 2B fused to GFP under the control of a cardiomyocyte-

specific myl7 promoter. Scale bar is 20 µm. 
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After the injury, myl7:H2B-GFP larvae were exposed to either control (vehicle) or a 

range of sympathetic and parasympathetic neurotransmitter receptor antagonists for 24 hours. 

Along with the pharmacological signaling blockers, larvae were treated with EdU from 8hpi to 

24hpi. This allowed me to quantify the mitotic activity of cardiomyocytes at 24hpi. At the end 

of the treatment, 24hpi, larvae were stained for EdU to assess proliferation and immunostained 

with anti-GFP antibody to label cardiomyocytes (Fig. 3.2a). Notably, inhibiting adrenergic 

pathways via carvedilol, a comprehensive antagonist for α1, β1, and β2 adrenoreceptors, 

diminished the proliferation of cardiomyocytes within the injured myocardial tissue relative to 

the control treatment (Fig. 3.2a-c). Although carvedilol is widely recognized as a beta-blocker, 

it also exerts inhibitory effects on α1 adrenoreceptors. To assess the extent of carvedilol’s 

ability to block the adrenergic α1 receptor (Adra1) signaling in zebrafish, I examined its impact 

on the activation of downstream elements of the Adra1 signaling. For this, I used ELISA for 

IP3, a secondary messenger downstream of this receptor. By also using methoxamine, an 

agonist of Adra1, I found that the Adra1 activation, induced by methoxamine, was attenuated 

in the presence of carvedilol in zebrafish larvae. (Fig. 3.2d).  

Figure 3.2 Alpha 1 and beta-adrenergic receptor blockage by carvedilol impairs cardiomyocyte 

proliferation after 2-photon laser-induced necrosis in larval zebrafish and inhibits Alpha-1 

adrenergic receptor signaling. (a) Scheme of experimental setup representing the timepoints of 2-

photon laser-induced cardiac necrosis of 7dpf myl7:H2B-GFP; csf1ra:Gal4; UAS:NTR-mCherry 

larvae, their treatment with the appropriate drug until 24hpi, and with EdU from 8 to 24hpi, their fixation 
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and staining at 24hpi. (b) Confocal images showing the 2-photon laser applied and control sibling hearts 

from control (vehicle) and carvedilol treated larvae at 24hpi. CMs are immunostained for GFP shown 

in green, and proliferating cells are marked by EdU shown in magenta. Dashed lines mark the injured 

area, white circles mark the colocalization of GFP and EdU signals, indicating proliferating CMs. Scale 

bar is 20 µm. (c) Bar graph depicting the percentage of proliferating CMs as Edu+ CMs over total CMs 

in cardiac ventricles of uninjured and injured control or carvedilol treated larvae. Data points indicate 

individual animals and n numbers denote the number of animals used for each group. (d) Bar graph 

depicting the IP3 levels relative to unstimulated control in lysates of whole 5dpf larvae treated with, 

methoxamine, carvedilol, and methoxamine + carvedilol. Data points indicate average values of 

individual experiments with 30 pooled larvae and n numbers denote the number of individual 

experiments used for each group. All data are presented as mean ± S.E.M. * p<0.05, ** p<0.01, *** 

p<0.001, n.s. not significant, two-tailed t-test. 

Similarly, propranolol, a β-blocker, and prazosin, an α1-blocker, also hindered the post-

injury proliferative response of cardiomyocytes (Fig. 3.3a-d). On the other hand, atropine, 

which blocks muscarinic receptor signaling, had a lesser impact on cardiomyocyte proliferation 

(Fig. 3.3a-b, e).  
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Figure 3.3 Alpha 1-adrenergic receptor is a robust regulator of cardiomyocyte response to 2-

photon laser-induced necrosis in larval zebrafish. (a) Scheme of experimental setup representing the 

timepoints of 2-photon laser-induced cardiac necrosis of 7dpf myl7:H2B-GFP; csf1ra:Gal4; UAS:NTR-

mCherry larvae, their treatment with the appropriate drug until 24hpi, and with EdU from 8 to 24hpi, 
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their fixation and staining at 24hpi. (b)Confocal images showing the 2-photon laser applied and control 

sibling hearts of control (vehicle), propranolol, prazosin, and atropine treated larvae at 24hpi. CMs are 

immunostained for GFP shown in green, and proliferating cells are marked by EdU shown in magenta. 

Dashed lines mark the injured area, white circles mark the colocalization of GFP and EdU signals 

indicating proliferating CMs. (c, d, e) Bar graphs depict the percentage of proliferating CMs as Edu+ 

CMs over total CMs in cardiac ventricles of the 2-photon laser applied and control siblings treated with 

propranolol (c), prazosin (d), and atropine (e) compared to control (vehicle) treated groups. Data points 

indicate individual animals and n numbers denote the number of animals used for each group, scale bar 

is 20 µm. All data are presented as mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant, 

two-tailed t-test. 

Regenerative response after injury heavily depends on the immune system. Thus, in 

addition to cardiomyocyte proliferation, I examined whether inhibition of adrenergic and 

cholinergic pathways influence MP recruitment to the injury site in 7dpf myl7:H2B-GFP; 

csf1ra:Gal4; UAS:NTR-mCherry larvae labeling cardiomyocytes with GFP and MPs with 

mCherry. In control conditions, MP numbers increased after injury (Fig. 3.4). Blockage of 

adrenergic β, α1, or β/α1 receptor signaling strongly reduced numbers of MPs (Fig. 3.4b-e) 

infiltrating the injured heart compared to cholinergic signaling (Fig. 3.4b, f). Importantly, the 

data here showed that blocking the Adra1 pathway alone induced a reduction of both 

cardiomyocyte proliferation and MP accumulation after cardiac injury comparable to the effect 

of carvedilol, the drug with broader adrenergic inhibitory action, suggesting that the adra1 

pathway is a significant modulator of cardiac regenerative response. 
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Figure 3.4 Alpha 1-adrenergic receptor is a robust regulator of macrophage response to 2-photon 

laser-induced necrosis in larval zebrafish. (a) Confocal images showing the 2-photon laser applied 

and control sibling hearts of 7dpf myl7:H2B-GFP; csf1ra:Gal4; UAS:NTR-mCherry larvae treated with 
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control (vehicle), carvedilol, propranolol, prazosin, and atropine until 24hpi, same experimental setup 

as in Fig. 3.3a. CMs are immunostained for GFP shown in green, and MPs are immunostained for 

mCherry shown in magenta. Dashed lines mark the injured area. (b, c, d, e) Bar graphs depict the 

numbers of MPs recruited to the injury area in ventricles of the 2-photon laser applied and control 

siblings treated with carvedilol (b), propranolol (c), prazosin (d), and atropine (e) compared to control 

(vehicle) treated groups. Data points indicate individual animals and n numbers denote the number of 

animals used for each group, scale bar is 20 µm.  All data are presented as mean ± S.E.M. * p<0.05, ** 

p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 

To investigate whether the impaired MP accumulation results from reduced MP 

proliferation, I assessed the mitotic rate in MPs using csf1ra:Gal4; UAS:NTR-mCherry larvae 

upon 2-photon laser application followed by 24h prazosin treatment (Fig. 3.5a). Proliferating 

MPs in larval hearts were labeled with anti-PCNA and anti-GFP antibodies by immunostaining 

(Fig. 3.5b). I found that the treatment did not affect MP proliferation, indicating that the effect 

of Adra1 signaling on MP response is not through the local expansion but rather through 

regulation of their phenotypic or recruitment dynamics (Fig. 3.5c).  

These findings suggest that adrenergic signaling is crucial in proper MP response and 

cardiomyocyte renewal during regeneration after myocardial injury. As Adra1 signaling alone 

critically affects cardiomyocyte proliferation and MP accumulation profoundly, I further 

explored its influence on cardiac regeneration by elucidating neuro-MP interactions and how 

MPs mediate this influence. 
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Figure 3.5 Macrophage proliferation is not affected by alpha 1-adrenergic receptor signaling 

inhibition after 2-photon laser-induced necrosis in larval zebrafish. (a) Confocal images showing 

the 2-photon laser applied and control sibling hearts of 7dpf csf1ra:Gal4; UAS:NTR-mCherry larvae 

treated with control (vehicle) or prazosin until 24hpi, same experimental setup as in Fig. 3.3a, except 

the EdU treatment. MPs are immunostained for mCherry shown in green, and proliferating cells are 

marked by EdU shown in magenta. Dashed lines mark the ventricle, white circles mark the 

colocalization of GFP and EdU signals indicating proliferating MPs. (b) Bar graph depicts the 

percentage of proliferating MPs as Edu+ MPs over total MPs in cardiac ventricles of the 2-photon laser 

applied and control siblings treated with prazosin compared to control (vehicle) treated groups. Data 

points indicate individual animals and n numbers denote the number of animals used for each group, 

scale bar is 20 µm.  All data are presented as mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. not 

significant, two-tailed t-test. 
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3.2 Establishment and characterization of macrophage-specific adra1 loss 

of function model  

To investigate if MPs are the mediators of Adra1 signaling influence on the regenerative 

response of the heart, we developed a MP specific loss-of-function model. This loss-of-

function model is designed to interfere with the signal transduction pathway of the Adra1 

receptor. Adra1 belongs to the class of GPCRs and operates through Gq/11 type G proteins 188. 

It was shown that the majority of GPCRs engage with G proteins via their third intracellular 

loops, and expressing this segment as a mini-gene can hinder downstream pathway activation 
188–190. This strategy was previously employed to impede the downstream signaling pathway of 

the receptor in a dominant negative manner 188,191,192. This mechanism potentially involves an 

interaction between the third intracellular loop and the intracellular domain of the parent 

receptor. This interaction has the capacity to sustain the receptor in an inactive conformation, 

thus culminating in a specific inhibition of the receptor’s functionality.  

The adrenergic α1 receptor has three subtypes: α1A, α1B, and α1D. These are Gq/11-

coupled receptors that primarily signal through PLC activation. This activation elevates IP3 

and intracellular Ca2+ levels 193. Among the five zebrafish orthologs corresponding to these 

receptors—namely adra1aa, adra1ab, adra1ba, adra1bb, and adra1d—only adra1d and adra1bb 

demonstrate notable expression in the regenerating zebrafish heart, as evidenced by available 

databases http://zebrafish.genomes.nl/tomoseq/ and http://www.zfregeneration.org/ 194,195. In 

the early pro-inflammatory phase, adra1d expression was observed to increase temporarily but 

quickly diminished by 3dpi. In contrast, adra1bb expression seemed to be sequentially initiated 

and sustained through the later stages of cardiac repair. Given this expression pattern, I chose 

to focus on the role of the adra1bb receptor in neuro-MP interactions modulating cardiac repair. 

First, I aimed to examine the expression of adrenergic receptors in MPs. For this purpose, 

I isolated MPs from csf1ra:Gal4; UAS:NTR-mCherry larvae by fluorescence-activated cell 

sorting (FACS) and detected mRNA encoding adrenergic receptors by real-time reverse 

transcription-PCR (RT-PCR) (Fig. 3.6). This showed that indeed adra1bb was expressed in 

MPs. 

http://zebrafish.genomes.nl/tomoseq/
http://www.zfregeneration.org/


67 

 

Figure 3.6 Expression of 

adrenergic receptors in 

macrophages. Agarose gel 

electrophoresis image showing 

the RT-PCR detected mRNAs 

encoding adrenergic receptors 

in MPs isolated by FACS from 

csf1ra:Gal4; UAS:NTR-

mCherry larvae. Control lanes 

contain samples in which RT-

PCR was performed without cDNAs. 

In order to inhibit the adra1bb pathway, I engineered a genetic tool utilizing the third 

intracellular loop of the adra1bb receptor, fused with the fluorescent protein CFP (adra1-3i-

T2A-CFP), and inserted it under the control of the UAS promoter (transgene hereinafter 

referred to as adra1-3i). This construct enables specific expression within MPs using the 

csf1ra:Gal4 driver line (Fig. 3.7).  

Figure 3.7 Macrophage specific expression design of 

alpha 1-adrenergic receptor Bb. Scheme of the 

UAS:adra1-3i-T2A-CFP construct, when paired with 

the csf1ra:Gal4 line, ensures its expression specifically 

in MPs.  

To characterize the loss-of-function model, I first examined the expression pattern in the 

csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry zebrafish line both as whole larvae 

(Fig. 3.8a-b) and adult hearts (Fig. 3.8c-d), which demonstrated a mosaic expression of adra1-

3i with around 45% (Q2 in Fig. 3.8b, d) of all MPs (Q1+Q2 in Fig. 3.8b, d), identifiable by 

NTR-mCherry labeling. To test the effect of the dual UAS system on the resulting MP 

populations, I compared the MP populations from the hearts of adult fish with csf1ra:Gal4; 

UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry and csf1ra:Gal4; UAS:NTR-mCherry. I found 

that similar amounts of total MPs (Q2+Q3 in Fig. 3.8e-h), indicated by NTR-mCherry labeling, 

are present in both hearts (Fig. 3.8e-h). The observed mosaicism, which might be accentuated 

by the competitive nature of the dual UAS system, enables the evaluation of functional changes 

in MPs expressing the adra1-3i transgene relative to control MPs without the adra1-3i 

expression within the same hearts. 
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Figure 3.8 Mosaicism of adra1-3i-T2A-CFP expression in macrophages of csf1ra:Gal4; 

UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry transgenic line. (a-d) Plots depict the gating strategy 

for flow cytometry analysis of Adra1 signaling deficient cells (CFP+) in the whole MP population 

(mCherry+) from a pool of 50 dissociated 5dpf larvae (a, b) and pool of 3 adult hearts (c, d), shown as 

dot (a, c) and contour plots (b, d). In both larvae and adult hearts, CFP+ (Q2 in b and d) MPs are 

approximately 45% of the total (mCherry+) MP population (Q1 + Q2 in b and d). (e-h) Plots depict the 

gating strategy for flow cytometry analysis of cells from dissociated adult hearts of csf1ra:Gal4; 

UAS:NTR-mCherry (e, f) and csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry (g, h) 

zebrafish shown as dot (e, g) and contour plots (f, h). mCherry+ MPs are approximately 23% and 19% 

(Q2 + Q3 in f and h) in csf1ra:Gal4; UAS:NTR-mCherry and csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; 

UAS:NTR-mCherry, respectively. 

To validate the impairment of MP-specific Adra1 signaling in the loss-of-function model, 

I initially quantified the transient intracellular calcium surges in MPs post-activation, as 

activation of Adra1 receptors prompts the release of calcium from intracellular reservoirs 196. I 

adopted calcium imaging techniques, leveraging the genetically encoded calcium indicator, 

GCaMP6s in 5dpf csf1ra:Gal4; UAS:NTR-mCherry; UAS:adra1-3i-T2A-CFP; 

14XUAS:GCaAMP6s larvae 197. The csf1r:gal4 transgene was used to direct the expression of 

GCaMP6s, adra1-3i-T2A-CFP, and mCherry, specifically in MPs (Fig. 3.9a). Introducing 



69 

 

methoxamine triggered a transient rise in intracellular calcium within control MPs, which are 

not expressing adra1-3i. Expression of adra1-3i-T2A-CFP notably diminished the amplitude 

of this calcium surge (Fig. 3.9a). This evidence shows that the adra1-3i-T2A-CFP expression 

effectively obstructs signaling downstream of the Adra1 receptor in MPs. 

Figure 3.9 adra1-3i-T2A-CFP expression effectively inhibits Adra1 signaling indicated by calcium 

levels and IP3 production. (a) Bar graph depicts the impairment of calcium signaling mediated by 

adra1-3i expression in 5dpf csf1ra:Gal4; UAS:NTR-mCherry; UAS:adra1-3i-T2A-CFP; 

14XUAS:GCaMP6s larvae before and after application of the Adra1 agonist methoxamine. Calcium 

signals were measured by time-lapse imaging of control adra1-3i– and adra1-3i+ MPs in the same 

csf1ra:Gal4; UAS:NTR-mCherry; UAS:adra1-3i-T2A-CFP; 14XUAS:GCaMP6s larvae and 

represented on the graph as change of fluorescent intensity (∆F) relative to fluorescence intensity in 

resting condition (F0) Data are presented as mean ± S.E.M with data points of individual cells, and n 

numbers denoting the number of cells from 12-15 larvae per treatment group. (b) Bar graph depicts the 

impairment of IP3 production mediated by adra1-3i expression in 5dpf tbp:Gal4 (control) and 

tbp:Gal4; UAS:adra1-3i-T2A-CFP whole larvae before and after application of the Adra1 agonist 

methoxamine. IP3 amounts were measured by ELISA using the lysates from all groups and presented 

as fold change relative to unstimulated controls. Data are presented as mean ± S.E.M with data points 

of independent experiments and n numbers denoting the biological replicates, each containing 30 pooled 

larvae per group. 

To further characterize the loss-of-function approach, I assessed other critical outcomes 

of Adra1 signal transduction via IP3 measurement. I utilized 5dpf tbp:Gal4; UAS:adra1-3i-

T2A-CFP larvae, where the majority of cells are expressing adra1-3i, as the experiment group 

and 5dpf tbp:Gal4 larvae as control group. I measured the amount of IP3 after activating or 

inhibiting the Adra1 pathway with methoxamine and prazosin, respectively, using ELISA. In 
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control fish, methoxamine triggered an elevation in IP3 levels (Fig. 3.9b). This elevation was 

abolished by the presence of the prazosin, showing that it is mediated by Adra1 receptors (Fig. 

3.9b). Significantly, the rise of IP3 amount was hindered in adra1-3i larvae, further confirming 

efficient inhibition of Adra1 signaling by adra1-3i expression (Fig. 3.9b). These results suggest 

that deploying adra1-3i in a cell type specific manner is a reliable and efficient loss-of-function 

approach. 

3.3 Adra1 signaling in macrophages reduces macrophage recruitment to 

the injured heart in larval zebrafish 

After evaluating the efficacy of the loss-of-function tool in inhibiting adra1 signaling, I 

explored whether disrupting Adra1 signaling, specifically in MPs, could affect their 

accumulation at cardiac injury sites. I conducted live imaging on 7dpf csf1ra:Gal4; UAS:NTR-

mCherry; UAS:adra1-3i-T2A-CFP larvae upon cardiac necrosis induced by a 2-photon laser. 

This line displays mosaic expression of the adra1-3i-T2A-CFP. Therefore, it allowed me to 

investigate adra1-3i+ and adra1-3i- MPs in the same sample, providing a better comparison 

of their behaviors. At 24hpi, the hearts contained fewer adra1-3i+ MPs compared to adra1-3i- 

(Fig. 3.10). This indicates that specific inhibition of the Adra1 pathway in MPs influences their 

accumulation at the injury site, mirroring results from the pharmacological approach. 

Figure 3.10 Cell-type specific effect of Adra1 signaling 

on macrophage response after cardiac injury. (a) 

Scheme of experimental setup representing the timepoints 

of 2-photon laser-induced cardiac necrosis of 7dpf 

csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-

mCherry larvae, and their time-lapse imaging from 30mpi 

to 24hpi. (b) Bar graph depicts the percentages of adra1-

3i+ and adra1-3i- MPs among the total MP population 

recruited to the cardiac lesion, assessed at 24hpi timepoint 

only. Data points indicate individual animals and n 

numbers denote the number of animals used for each 

group.  All data are presented as mean ± S.E.M. * p<0.05, 

** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-

test. 
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3.4 Cell-autonomous Adra1 signaling impacts macrophage polarization 

after cardiac injury in larval zebrafish 

I wanted to further investigate the influence of Adra1 signaling on distinct MP 

subpopulations. MPs are known to execute a two-phase response following MI: initially 

adopting a pro-inflammatory phenotype during recruitment to the site of injury, followed by a 

phenotypic shift to anti-inflammatory status as the local environment transitions to an anti-

inflammatory state. Both phases are pivotal for effective cardiac regeneration. Relying on this 

information, to distinguish between pro-inflammatory and anti-inflammatory MPs, I employed 

a transgenic reporter line, tnfa:EGFP, which labels cells expressing the pro-inflammatory 

cytokine TNFα. It has been previously established that tnfa expression serves as a reliable 

marker for pro-inflammatory MPs and can be utilized to differentiate between pro- and anti-

inflammatory MP phenotypes in both zebrafish and mammalian models. By combining 

tnfa:EGFP with csf1ra:Gal4; UAS:NTR-mCherry; UAS:adra1-3i-T2A-CFP transgenes in the 

same zebrafish larvae, I was able to simultaneously evaluate the role of Adra1 signaling on 

both pro- and anti-inflammatory MPs post-injury (Fig. 3.11a). Time-lapse imaging was 

performed starting at 30mpi and continued until 24hpi (Fig. 3.11b). 

Figure 3.11 Heterogeneous macrophage pools in csf1ra:Gal4; UAS:NTR-mCherry; UAS:adra1-3i-

T2A-CFP; tnfa:EGFPF larval heart after cardiac injury. (a) Scheme illustrating the diverse MP 

populations in a larval heart at 24hpi. (b) Scheme of experimental setup representing the timepoints of 



72 

 

2-photon laser-induced cardiac necrosis of 7dpf csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-

mCherry; tnfa:EGFPF larvae, and their time-lapse imaging from 30mpi to 24hpi. (c) Representative 

confocal images of 7dpf csf1ra:Gal4; UAS:NTR-mCherry; UAS:adra1-3i-T2A-CFP; tnfa:EGFPF 

larval heart showing total recruited MPs (mCherry+) in red, adra1-3i+ (CFP+) MPs in blue, and tnfa+ 

(EGFP+) ones in green at 24hpi. Dashed lines mark the injured area, scale bar is 20 µm. 

Quantitative analysis revealed that the effect of Adra1 signaling on MP subtypes was 

not homogeneous (Fig. 3.12). Specifically, the population of adra1-3i+ anti-inflammatory 

(tnfa-) MPs’ contribution to the total tnfa- MP pool was significantly lower in comparison to 

their adra1-3i- tnfa- counterparts (Fig. 3.12b). Conversely, the pro-inflammatory (tnfa+) MP 

population displayed a higher proportion of adra1-3i+ tnfa+ MPs relative to adra1-3i- tnfa+ 

MPs (Fig. 3.12a). 

These observations clarified that the previously noted reduction in overall MP numbers 

(Fig. 3.4) was not attributable to a decrease in tnfa+ MPs. This is substantiated by the 

considerable contribution of adra1-3i+ MPs to the tnfa+ population (Fig. 3.12a). Moreover, 

the majority of tnfa- MPs were adra1-3i- (Fig. 3.12b), indicating that Adra1 signaling may 

have a role in fostering the presence of anti-inflammatory MPs following MI.  

Figure 3.12 Macrophage cell-autonomous Adra1 signaling promotes the presence of anti-

inflammatory macrophages. Segmented bar graphs depict the distribution of adra1-3i– and adra1-

3i+ MPs within the pro-inflammatory (tnfa+) (a) and anti-inflammatory (tnfa–) (b) MP populations in 

the same heart around the injured area at 6, 12, 18 and 24hpi as percentages. Experimental setup in Fig. 

3.11b was used and the recruited populations in 2-photon laser applied csf1ra:Gal4; UAS:NTR-

mCherry; UAS:adra1-3i-T2A-CFP; tnfa:EGFPF larval hearts were quantified. All data are presented 

as mean ± S.E.M, and n numbers denote the number of animals used in this experiment. * p<0.05, ** 

p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 
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3.5 Adra1 signaling is required for cardiomyocyte and macrophage 

regenerative response in adult zebrafish model of myocardial infarction 

Having delineated the crucial role of adra1 signaling in cardiac regeneration following 

laser-induced cardiac necrosis in larval zebrafish, I sought to extend these findings to fully 

developed adult zebrafish. Adult zebrafish offer a more comprehensive model to examine 

cellular events during cardiac regeneration post-MI. My first objective was to ascertain the 

impact of Adra1 signaling inhibition on cardiomyocyte and MP responses during adult cardiac 

regeneration, with the aim of corroborating my previous observations in the larval model (Fig. 

3.3d, Fig. 3.4e). For this purpose, I employed cryoinjury in adult csf1ra:Gal4; UAS:NTR-

mCherry zebrafish and initiated treatment with either prazosin or vehicle control from 0dpi to 

7dpi (Fig. 3.13a). Tissue analysis was performed at 7dpi using immunofluorescence staining 

(Fig. 3.13a). Cardiomyocyte mitotic activity was significantly elevated in control-treated 

hearts following cryoinjury when compared to sham-operated control-treated hearts, as 

assessed at 7 dpi (Fig. 3.13b, c). Notably, pharmacological inhibition of Adra1 signaling with 

prazosin impaired the cardiomyocyte mitotic response at 7dpi, mirroring the phenotype 

observed in the larval model (Fig. 3.13b, c; Fig. 3.3d). 

Figure 3.13 Alpha 1-adrenergic receptor regulates cardiomyocyte response to cryoinjury in adult 

zebrafish hearts. (a) Scheme of experimental setup representing the timepoints of cryoinjury on adult 

csf1ra:Gal4; UAS:NTR-mCherry hearts, their treatment with prazosin until 7dpi, their fixation and 
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staining. (b) Confocal images showing csf1ra:Gal4; UAS:NTR-mCherry heart cryosections treated with 

control (vehicle) or prazosin for 7 days after sham operation or cryoinjury. Sections are 

immunofluorescence stained for CMs with Mef2 shown in green, for proliferating cells with PCNA 

shown in magenta, and for cell nuclei with DAPI shown in blue. Dashed lines mark the injured area, 

white circles mark the colocalization of Mef2 and PCNA signals indicating proliferating CMs, scale 

bar is 50 µm. (c) Bar graph depicts the proliferating cardiomyocytes (Mef2+/PCNA+) inside and in the 

proximity of the injury zone, quantified as percentages of cardiomyocytes within the observed area. In 

sham-operated cryosections, similar sized areas are used for quantification. Data points indicate 

individual animals and n numbers denote the number of animals used for each group. All data are 

presented as mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 

In the same experimental set, I also assessed the MP accumulation. Control-treated 

hearts displayed elevated MP presence post-cryoinjury compared to sham-operated hearts, 

while this accumulation was diminished in prazosin-treated hearts at 7dpi (Fig. 3.14b, c). This 

phenotype closely paralleled observations from the larval model (Fig. 3.4e). 

Figure 3.14 
Alpha 1-

adrenergic 

receptor 

regulates 

macrophage 

response to 

cryoinjury in 

adult 

zebrafish 

heart. Same 

experimental 

setup as in Fig. 

3.13a (a) 

Confocal images showing csf1ra:Gal4; UAS:NTR-mCherry  heart cryosections treated with control 

(vehicle) or prazosin for 7 days after sham operation or cryoinjury. Sections are immunofluorescence 

stained for MP with mCherry shown in magenta, and for cell nuclei with DAPI shown in blue. Dashed 

lines mark the injured area, scale bar is 50 µm. (b) Bar graph depicts number of MPs (mCherry+) inside 

and in the proximity of the injury zone, quantified as cell numbers per 1 mm2 ventricular area. In sham-

operated cryosections, similar sized areas are used for quantification. Data points indicate individual 
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animals and n numbers denote the number of animals used for each group. All data are presented as 

mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 

To dissect the underlying mechanisms of impaired MP accumulation, I examined MP 

mitotic activity (Fig. 3.15). Intriguingly, MP proliferation remained unaltered following 

cryoinjury in the presence of Adra1 signaling blockage, as evidenced by comparable levels of 

PCNA+ MP percentages in both prazosin and control-treated hearts around the injury site (Fig. 

3.15). Thus, the observed reduction in MP accumulation in prazosin-treated hearts is not 

attributable to an inhibition of MP proliferation (Fig. 3.15). 

These data collectively underscore the pivotal role of Adra1 signaling in modulating 

the cardiac regenerative response in adult zebrafish. Specifically, inhibition of Adra1 signaling 

systemically led to similar impairments in both cardiomyocyte proliferation and MP 

accumulation, corroborating the observations made in the larval cardiac necrosis model. 

Figure 3.15 Macrophage proliferation is not affected by alpha 1-adrenergic receptor signaling 

inhibition after cryoinjury in adult zebrafish hearts. Same experimental setup as in Fig. 3.13a (a) 

Confocal images showing csf1ra:Gal4; UAS:NTR-mCherry  heart cryosections treated with control 

(vehicle) or prazosin for 7 days after sham operation or cryoinjury. Sections are immunofluorescence 

stained for MP with mCherry shown in magenta, for proliferating cells with PCNA shown in green, and 

for cell nuclei with DAPI shown in blue. Dashed lines mark the injured area, white circles mark the 

colocalization of mCherry and PCNA signals indicating proliferating MPs, scale bar is 50 µm. (b) Bar 

graph depicts the proliferating MPs (mCherry+/PCNA+) inside and in the proximity of the injury zone, 
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quantified as percentages of MPs within the observed area. In sham-operated cryosections, similar sized 

areas are used for quantification. Data points indicate individual animals and n numbers denote the 

number of animals used for each group. All data are presented as mean ± S.E.M. * p<0.05, ** p<0.01, 

*** p<0.001, n.s. not significant, two-tailed t-test. 

3.6 Macrophage cell-autonomous Adra1 signaling is required for cardiac 

regenerative response and macrophage polarization in adult zebrafish 

heart 

Following the confirmation that Adra1 signaling plays an indispensable role in regulating 

cardiomyocyte and MP responses to cardiac injury in adult zebrafish via pharmacological 

inhibition, my next objective was to explore whether MP cell-autonomous Adra1 signaling 

serves as the principal mediator in shaping the regenerative response in adult hearts. To this 

end, I used transgenic adult zebrafish expressing csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; 

UAS:NTR-mCherry and evaluated cardiomyocyte mitotic activity and MP accumulation at 

7dpi, in comparison with control csf1ra:Gal4; UAS:NTR-mCherry adult zebrafish hearts (Fig. 

3.16). As anticipated, cardiomyocyte proliferation was enhanced in control hearts following 

cryoinjury when compared to sham-operated controls (Fig. 3.16b, c). However, in adra1-3i 

hearts, cryoinjury led to a significant attenuation of cardiomyocyte proliferation, with activity 

levels comparable to those observed in sham-operated adra1-3i hearts at 7 dpi (Fig. 3.16b, c). 

Concurrently, MP accumulation was found to be diminished in adra1-3i hearts relative to 

control hearts post-cryoinjury (Fig. 3.17). 
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Figure 3.16 Macrophage cell-autonomous Adra1 signaling is critical for cardiomyocyte response 

to cryoinjury in adult zebrafish hearts. (a) Scheme of experimental setup representing the timepoints 

of cryoinjury on adult csf1ra:Gal4; UAS:NTR-mCherry (control) and csf1ra:Gal4; UAS:adra1-3i-T2A-

CFP; UAS:NTR-mCherry hearts, and their fixation and staining at 7dpi. (b) Confocal images showing 

sham-operated or cryoinjured csf1ra:Gal4; UAS:NTR-mCherry (control) and csf1ra:Gal4; UAS:adra1-

3i-T2A-CFP; UAS:NTR-mCherry heart cryosections at 7dpi. Sections are immunofluorescence stained 

for CMs with Mef2 shown in green, for proliferating cells with PCNA shown in magenta, and for cell 

nuclei with DAPI shown in blue. Dashed lines mark the injured area, white circles mark the 

colocalization of Mef2 and PCNA signals indicating proliferating CMs, scale bar is 50 µm. (c) Bar 

graph depicts the proliferating cardiomyocytes (Mef2+/PCNA+) inside and in the proximity of the 

injury zone, quantified as percentages of cardiomyocytes within the observed area. In sham-operated 

cryosections, similar sized areas are used for quantification. Data points indicate individual animals and 

n numbers denote the number of animals used for each group. All data are presented as mean ± S.E.M. 

* p<0.05, ** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 
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Figure 3.17 Macrophage cell-autonomous Adra1 signaling is critical for macrophage response to 

cryoinjury in adult zebrafish hearts. Same experimental setup as in Fig. 3.16a (a) Confocal images 

showing sham-operated or cryoinjured csf1ra:Gal4; UAS:NTR-mCherry (control) and csf1ra:Gal4; 

UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry heart cryosections at 7dpi. Sections are 

immunofluorescence stained for MPs with mCherry shown in magenta, for adra1-3i-T2A-CFP with 

CFP shown in green, and for cell nuclei with DAPI shown in blue. Dashed lines mark the injured area, 

scale bar is 50 µm. (b) Bar graph depicts number of MPs (mCherry+) inside and in the proximity of the 

injury zone, quantified as cell numbers per 1 mm2 ventricular area. In sham-operated cryosections, 

similar sized areas are used for quantification. Data points indicate individual animals and n numbers 

denote the number of animals used for each group. All data are presented as mean ± S.E.M. * p<0.05, 

** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 

Considering these observations regarding the role of MP Adra1 signaling in the cardiac 

regenerative response, I proceeded to examine its influence on various MP subtypes, mirroring 

my prior investigation in the larval model. To this end, I performed immunostaining for Tnfα 

on sections of adra1-3i hearts to evaluate shifts in pro- and anti-inflammatory MP populations 

(Fig. 3.18). Remarkably, the contribution of adra1-3i+ MPs to the tnfa+ MP pool was elevated 

(Fig. 3.18b), while their contribution to the tnfa- MP population was considerably reduced 

(Fig. 3.18c) compared to adra1-3i- contributions to both populations. Given that 7 dpi 

represents a critical juncture in cardiac regeneration - when tnfa+ pro-inflammatory MPs are 
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generally supplanted by tnfa- anti-inflammatory MPs - this disruption of equilibrium due to the 

inhibition of MP Adra1 signaling suggests a potential role for Adra1 signaling in transitioning 

MP phenotypes from pro- to anti-inflammatory. 

Figure 3.18 Macrophage cell-autonomous Adra1 signaling promotes the presence of anti-

inflammatory macrophages in adult zebrafish hearts. (a) Confocal images showing sham-operated 

or cryoinjured csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry heart cryosections at 7dpi. 

Sections are immunofluorescence stained for MPs with mCherry shown in magenta, for adra1-3i-T2A-

CFP with CFP shown in green, with Tnfa shown in red, and for cell nuclei with DAPI shown in blue. 

Dashed lines mark the injured area, scale bar is 50 µm. Experimental setup in Fig. 3.16a was used. (b, 

c) Segmented bar graphs depict the distribution of adra1-3i– and adra1-3i+ MPs within the pro-

inflammatory (tnfa+) (b) and anti-inflammatory (tnfa–) (c) MP populations in the same sham-operated 

or cryoinjured hearts at 7dpi as percentages. All data are presented as mean ± S.E.M, and n numbers 

denote the number of animals used for each group, sham-operated or cryoinjured. * p<0.05, ** p<0.01, 

*** p<0.001, n.s. not significant, two-tailed t-test. 
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In summary, these findings affirm that MP cell-autonomous Adra1 signaling is 

instrumental in modulating core regenerative processes such as cardiomyocyte proliferation 

and MP accumulation, as well as the phenotypic differentiation of MPs following cryoinjury 

in adult zebrafish hearts, consistent with observations made in the larval cardiac necrosis 

model. 

3.7 Adra1 signaling promotes ‘Extracellular matrix remodeling’ 

expression profile in a macrophage subset after cryoinjury 

After observing the pivotal role of Adra1 signaling in cardiac regeneration and its 

potential impact on MP phenotype, I aimed to dissect its effects on MP subsets to a greater 

extent. I conducted scRNAseq on cryoinjured csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; 

UAS:NTR-mCherry hearts at 7dpi, sorting viable cells through FACS (Fig. 3.19a). This 

transgenic line allowed the simultaneous analysis of adra1-3i+ and adra1-3i- MPs within the 

same heart post-cryoinjury, minimizing sample variability, due to the mosaic expression (Fig. 

3.19b). Through unbiased clustering, I identified the majority of expected cardiac resident cell 

types using established marker genes (Fig. 3.19c).  I was able to identify cardiomyocytes (myl7, 

tnnt2a), MPs (mpeg1.1, lygl1), monocytes (lcp1, lyz), neutrophils (lect2l, mpx), fibroblasts 

(fn1b, tagln) and more (Fig. 3.19c). I then separated MP populations and further divided them 

based on adra1-3i-CFP expression into two subpopulations: adra1-3i+ and adra1-3i- (Fig. 

3.19d). Four distinct clusters emerged within the adra1-3i- MP population, each identified by 

their top 70 most differentially expressed genes (Fig. 3.20a, b). Cluster 1 was highly expressing 

genes related to antigen-presenting and T cell activation, such as ctss2.1, ifi30, cd74a, cd74b, 

mhc2a, and mhc2dab. Cluster 2 was expressing atp5mc1, atp5pd, cox6b1, cox6b2, cox7a2a, 

and pdrx6 genes, which are related to anti-inflammation phenotype through oxidative stress 

protection and mitochondrial oxidative metabolism. Cluster 3 had genes such as hp, timp4.2, 

timp2b, and csf3b among its top 70 most differentially expressed genes list, which are related 

to wound repair processes such as hemolytic-related antioxidation, platelet recruitment, and 

neutrophil chemotaxis. Cluster 4 had an ECM remodeling and fibrosis related expression 

profile with higher expression of genes such as mmp2, col1a1a, col1a2, col5a1, fn1b, sparc, 

mdka, and tagln. Strikingly, the adra1-3i+ MP population lacked cluster 4, suggesting a critical 
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role for adra1 signaling in modulating ECM remodeling transcriptional profile in MPs (Fig. 

3.19d).  

Figure 3.19 Adra1 signaling inhibition alters macrophage cluster content in the cryoinjured heart. 

(a) Scheme of experimental setup representing the timepoints of cryoinjury on adult csf1ra:Gal4; 

UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry hearts, and at 7dpi sorting of viable cells and using them 

for scRNAseq. A dissociated pool of 3 hearts was used for this experiment. (b) Scheme illustrating 

mixed MP populations consisting of control (adra1-3i-) and Adra1 signaling-deficient (adra1-3i+) MPs 

in the same cryoinjured heart. (c) Graph depicts clustering results of the whole heart with t-distributed 

stochastic neighbor embedding (t-SNE) representation. Dashed line outlines all the cells identified as 

MP/monocyte populations. (d) Graphs depict the clusters within adra1-3i- and adra1-3i+ MP 
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populations with t-SNE representation, indicating 4 clusters in the adra1-3i- and 3 clusters in adra1-

3i+ populations. 

Figure 3.20 Differentially expressed genes of clusters in adra1-3i- and adra1-3i+ macrophage 

populations.  (a) Heatmaps of the 70 most differentially expressed genes in each cluster from Fig. 

3.19d, which were used as identifier genes for each cluster to determine their phenotype/function. 

Clusters 1-3 in both adra1-3i- and adra1-3i+ populations share similar expression profiles with 

common identifier genes. Cluster 4, present only in the adra1-3i- population, has identifier genes related 

to ECM remodeling. (b) Violin plots of cluster-defining genes depicted in (a). 

To investigate the possibility of UAS:adra1-3i-T2A-CFP transgene causing alterations 

in MP expression profile, I wanted to validate the presence of MP subsets after cryoinjury in a 

control heart. I carried out scRNAseq of cryoinjured csf1ra:Gal4; UAS:NTR-mCherry hearts 

and did the same analysis I performed on adra1-3i hearts (Fig. 3.21). Control hearts contain 

most cardiac resident cell types identified by same marker gene expressions after clustering in 
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parallel with adra1-3i hearts such as cardiomyocytes (myl7, tnnt2a), MPs (mpeg1.1, lygl1), 

monocytes (lcp1, lyz), neutrophils (lect2l, mpx), fibroblasts (fn1b, tagln) (Fig. 3.21b). After 

separating MPs from the rest of the clusters and performing re-clustering on them, I found the 

same four clusters among MPs with similar differentially expressed gene sets as in adra1-3i 

hearts (Fig. 3.19, Fig. 3.20). 

Figure 3.21 Adra1-3i- macrophage cluster content and phenotype/function are conserved in 

csf1r:Gal4; UAS:NTR-mCherry (control) after cryoinjury. (a) Scheme of experimental setup 

representing the timepoints of cryoinjury on adult csf1ra:Gal4; UAS:NTR-mCherry hearts, and at 7dpi 

sorting of viable cells and using them for scRNAseq. A dissociated pool of 3 hearts was used for this 

experiment. (b) Graph depicts clustering results of the whole heart with t-SNE representation. Dashed 

line outlines all the cells identified as MP/monocyte populations. (c) Graph depicts the clusters within 
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MP population with t-SNE representation, indicating 4 clusters. (d) Heatmap of the 70 most 

differentially expressed genes in each cluster from (c), used as identifier genes for clusters to determine 

their phenotype/function. All clusters share a similar expression profile and have common identifier 

genes with Fig. 3.20a adra1-3i- clusters. (e) Violin plots of cluster-defining genes depicted in (d). 

To further establish that the profile of cluster 4, ECM remodeling transcription 

program, is influenced by Adra1 signaling, I also examined the expression of adra1bb and 

adra1d in MP populations (Fig. 3.22). Analysis of adra1-3i heart scRNAseq data revealed that 

adra1bb was enriched in cluster 4 of adra1-3i- MPs, while adra1d expression was negligible 

(Fig. 3.22). Immunostaining coupled with HCR-FISH validated the presence of marker genes 

for cluster 4, such as col1a1a, fn1b, and tagln (Fig. 3.23). I found a reduction in the proportion 

of fn1b+/col1a1a+ MPs in total (marked by mCherry) MPs as well as a reduction in their 

absolute numbers normalized to injury area in adra1-3i hearts compared to control hearts at 

7dpi (Fig. 3.23b, c). These observations, on top of validating the in-silico findings, provided 

further support for the specific role of Adra1 signaling in cluster 4, ECM remodeling, identity 

emergence among MPs. 

Figure 3.22 Expression of adra1bb 

and adra1d in macrophage clusters of 

7dpi csf1ra:Gal4; UAS:NTR-mCherry 

hearts. (a, b) Feature plots depict the 

cells expressing adra1bb (a) and adra1d 

(b) in MPs from 7 dpi hearts with the 

same t-SNE representation as in Fig. 

3.21c but marking the cells with color 

gradient according to the expression level of the gene depicted on the plot. Cells that fall under cluster 

4, designated as the ‘ECM remodeling’ subset, are marked with a red circle in each plot. Gradient color 

bars indicate normalized expression values of the genes in each plot. 
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Figure 3.23 Verification of 

macrophage cluster 4 

identifier gene expressions 

in cryoinjured hearts. (a) 

Confocal images showing 

cryoinjured csf1ra:Gal4; 

UAS:NTR-mCherry 

(control) and csf1ra:Gal4; 

UAS:adra1-3i-T2A-CFP; 

UAS:NTR-mCherry heart 

cryosections at 7dpi. 

Sections are 

immunofluorescence stained 

for MPs with mCherry 

shown in magenta and HCR-

FISH stained for col1a1a 

shown in green, fn1b shown 

in red, and cell nuclei stained with DAPI shown in blue. Dashed lines mark the injured area, white 

circles mark col1a1a+/fn1b+ MPs, scale bar is 20 µm. (b) Graph depicts the number of col1a1a+/fn1b+ 

MPs inside and in the proximity of the injury zone, quantified as cell numbers per 1 mm2 ventricular 

area. (c) Bar graph depicts the col1a1a+/fn1b+ MPs inside and in the proximity of the injury zone, 

quantified as percentages of MPs within the observed area. All data points indicate individual animals 

and n numbers denote the number of animals used for each group. All data are presented as mean ± 

S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 

I also performed pathway analysis comparing adra1-3i+ and adra1-3i- MPs and 

revealed the suppression of heart/muscle cell/circulatory system development-related pathways 

and activation of hydrogen peroxide/reactive oxygen species metabolism-related pathways 

when Adra1 signaling was inhibited (Fig. 3.24). 
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Figure 3.24 Adra1 

signaling activates tissue 

regenerative pathways in 

macrophages. (a, b) GO 

enrichment analysis of 

differentially expressed 

genes in adra1-3i+ MPs 

compared to adra1-3i+ 

MPs and depiction of 

suppressed (a) and 

activated (b) pathways. 

Graphs depict the 

pathways with gene ratio 

(differentially expressed 

genes related to GO term / 

total number of 

differentially expressed 

genes). Dot size in the 

graph represents the count, 

which is the number of 

differentially expressed 

genes belonging to a GO 

term. The color gradient bar represents the Bonferroni-Holm adjusted p values, and dots are colored 

according to this scale. 

In summary, these findings elucidate the instrumental role of Adra1 signaling in 

selectively activating distinct MP subtypes during the transition from the acute inflammatory 

to the fibrotic resolution phase within the cardiac regenerative cascade. The transcriptomic 

profiles of these MP populations point to their critical involvement in ECM modifications, 

essential for the regulation of fibrotic activity and subsequent myocardial regeneration. 
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3.8 Adra1-activated macrophages are critical for fibroblast activation, 

collagenous scar turnover, and blood and lymphatic neovascularization 

during cardiac regeneration 

To elucidate the role of Adra1-activated MPs in cardiac regeneration, I compared the 

regenerative processes in csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry 

cryoinjured hearts to those in control csf1ra:Gal4; UAS:NTR-mCherry cryoinjured hearts. I 

first evaluated scar formation dynamics at 7dpi using AFOG staining (Fig. 3.25a). In adra1-3i 

hearts, deposition of fibrin- and collagen-rich ECM was significantly reduced compared to 

control hearts, although it was still increased relative to sham-operated hearts (Fig. 3.25b, c). 

Figure 3.25 Extracellular matrix deposition is impaired after cryoinjury when macrophage 

Adra1-activation is inhibited. (a) Scheme of experimental setup representing the timepoints of 

cryoinjury on adult csf1ra:Gal4; UAS:NTR-mCherry (control) and csf1ra:Gal4; UAS:adra1-3i-T2A-

CFP; UAS:NTR-mCherry hearts, and their fixation and staining at 7dpi. (b) Confocal images showing 

sham-operated or cryoinjured csf1ra:Gal4; UAS:NTR-mCherry (control) and csf1ra:Gal4; UAS:adra1-

3i-T2A-CFP; UAS:NTR-mCherry heart cryosections at 7dpi. Sections are stained with AFOG for 

visualization of fibrin and collagen-rich scar tissue formation after cryoinjury. Healthy muscles are 

stained in brown, fibrin in red, and collagen in blue, black dashed lines mark the injury zone, scale bar 

is 0.1 mm. (c) Bar graph depicts the collagen content in the injury zone, quantified as percentage of 

collagen covered area within the measurement area. Data points indicate individual animals and n 

numbers denote the number of animals used for each group. All data are presented as mean ± S.E.M. * 

p<0.05, ** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 

I performed further analysis on collagen I, the primary structural component of the ECM, 

with the same experimental setup. Immunostaining of collagen I and quantification of Col1+ 
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area around the injury site revealed a marked decrease in collagen I content in adra1-3i hearts 

compared to control hearts (Fig. 3.26a, b). Additionally, CHP staining showed impaired ECM 

turnover in adra1-3i hearts, as evidenced by decreased levels of degraded collagen (Fig. 3.27). 

Collectively, these findings underscore the pivotal role of Adra1-activated MPs in ECM 

regulation, corroborating scRNAseq data that highlighted the importance of Adra1 signaling 

in MP subset associated with ECM remodeling. 

Figure 3.26 Collagen I 

deposition is impaired 

after cryoinjury when 

macrophage Adra1-

activation is inhibited. 

Same experimental 

setup as in Fig. 3.25a (a) 

Confocal images 

showing sham-operated 

or cryoinjured 

csf1ra:Gal4; 

UAS:NTR-mCherry (control) and csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry heart 

cryosections at 7dpi. Sections are immunofluorescence stained for Collagen I shown in red, and for cell 

nuclei with DAPI shown in blue. Dashed lines mark the injured area, scale bar is 20 µm. (b) Bar graph 

depicts the collagen I content in the injury zone, quantified as percentage of collagen I covered area 

within the measurement area. Data points indicate individual animals and n numbers denote the number 

of animals used for each group. All data are presented as mean ± S.E.M. * p<0.05, ** p<0.01, *** 

p<0.001, n.s. not significant, two-tailed t-test. 
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Figure 3.27 Collagen turnover 

in the cardiac injury zone 

requires Adra1-activated 

macrophages. Same 

experimental setup as in Fig. 

3.25a (a) Confocal images 

showing sham-operated or 

cryoinjured csf1ra:Gal4; 

UAS:NTR-mCherry (control) and 

csf1ra:Gal4; UAS:adra1-3i-T2A-

CFP; UAS:NTR-mCherry heart 

cryosections at 7dpi. Sections are 

immunofluorescence stained for 

degraded collagen content with CHP shown in green, and for cell nuclei with DAPI shown in blue. 

Dashed lines mark the injured area, scale bar is 20 µm. (b) Bar graph depicts the degraded collagen 

content in the injury zone, quantified as percentage of CHP covered area within the measurement area. 

Data points indicate individual animals and n numbers denote the number of animals used for each 

group. All data are presented as mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant, 

two-tailed t-test. 

To investigate the underlying mechanisms of altered ECM composition and dynamics, 

I focused on fibroblasts, the primary cell type responsible for ECM regulation. Particularly in 

zebrafish, activated fibroblasts are known to upregulate ECM components and remodeling 

proteins such as matrix metalloproteinases (MMPs) following cardiac injury. 

Immunofluorescence staining for markers of activated (postnb+) and differentiated (α-SMA+ 

and Col1+) fibroblasts was performed at 7dpi (Fig. 3.28). While fibroblast activation was 

comparable between adra1-3i and control hearts (Fig. 3.28a, b), differentiation into pro-

fibrotic fibroblasts was reduced in adra1-3i hearts, indicated by reduced Col1+/α-SMA+ 

fibroblast content post-injury (Fig. 3.28a, c). This suggests that Adra1-activated MPs influence 

fibroblast differentiation during cardiac regeneration. 
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Figure 3.28 Adra1-activated macrophages are required for fibroblast differentiation to fibrotic 

fibroblasts.  Same experimental setup as in Fig. 3.25a (a) Confocal images showing sham-operated or 

cryoinjured csf1ra:Gal4; UAS:NTR-mCherry (control) and csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; 

UAS:NTR-mCherry heart cryosections at 7dpi. Sections are HCR-FISH stained for activated fibroblasts 

with postnb probe shown in red, immunofluorescence stained for pro-fibrotic fibroblasts with a-SMA 

and Collagen I shown in green and magenta respectively, and for cell nuclei with DAPI shown in blue. 

Dashed lines mark the injured area, scale bar is 20 µm. (b, c) Bar graphs depict the activated fibroblast 

(postnb+) numbers (b) and pro-fibrotic fibroblast (a-SMA+/Col1+/postnb+) numbers (c) in the injury 

zone, quantified as cell numbers per 1 mm2 ventricular area. Data points indicate individual animals 

and n numbers denote the number of animals used for each group. All data are presented as mean ± 

S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 
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Figure 3.29 Adra1-activated macrophages are required for re-vascularization but not for re-

innervation of the cardiac injury zone. Same experimental setup as in Fig. 3.25a (a, c, e) Confocal 

images showing sham-operated or cryoinjured csf1ra:Gal4; UAS:NTR-mCherry (control) and 

csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry heart cryosections at 7dpi. Sections are 

immunofluorescence stained for blood vasculature with CD31 shown in red (a), HCR-FISH stained for 

lymphatic vasculature with lyve1 probe shown in red (c), immunofluorescence stained for nerves with 

acTub shown in magenta (e), and for cell nuclei with DAPI shown in blue. Dashed lines mark the 

injured area, scale bars are 20 µm (a, c, e). (b, d, f) Bar graphs depict the blood vessel area (b), lymphatic 

endothelial cell numbers (d), nerve density (f) in the injury zone, quantified as percentage vessel area 

(CD31+) in the measurement area (b), cell numbers (lyve1+) per 1 mm2 ventricular area (d), and 

percentage of nerve covered area (acTub+) in the measurement area. All data points indicate individual 

animals and n numbers denote the number of animals used for each group. All data are presented as 

mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 

In summary, these results indicate that Adra1-activated MPs play a crucial role in 

cardiac regeneration by modulating ECM composition and turnover. Their absence leads to 

impairments in critical regenerative pathways, such as angiogenesis and lymphangiogenesis, 
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in the context of altered ECM dynamics, emphasizing the central role of Adra1-activated MPs 

in cardiac tissue repair and regeneration. 

3.9 Macrophage-derived paracrine signaling promotes activation of a pro-

regenerative fibroblast subset 

Cardiac regeneration in zebrafish entails a complex interplay among various cell types, 

each displaying different activation states crucial for myocardial renewal and scar resolution. 

Consistent with my earlier findings, Adra1-activated MPs significantly contribute to this 

process by stimulating pro-fibrotic fibroblasts. To better understand these interactions, I delved 

deeper into the heterogeneity of fibroblast subsets and their relationship with Adra1-activated 

MPs. Examining scRNAseq data from cryoinjured 7dpi csf1ra:Gal4; UAS:adra1-3i-T2A-

CFP; UAS:NTR-mCherry and csf1ra:Gal4; UAS:NTR-mCherry hearts, I focused on 

fibroblasts, re-clustered them and identified seven distinct subsets based on differentially 

expressed genes (Fig. 3.30). Particularly, cluster 1 fibroblasts exhibited elevated expression 

levels of ECM remodeling genes, such as collagen types (col1a1a, col12a1a, col5a1), MMPs, 

and pro-fibrotic markers (postnb, sparc, rgcc, and edil3a) (Fig. 3.30c). This subset closely 

resembled a previously identified, transient pro-regenerative fibroblast population termed 

col12a1a+ fibroblasts, which were shown to be vital for cardiac regeneration. 
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Figure 3.30 Identification of fibroblast sub-populations after cryoinjury in control and 

macrophage-specific Adra1-signaling deficient hearts. scRNAseq data from Fig. 3.19 and 3.21, 

populations identified as fibroblasts from csf1ra:Gal4; UAS:NTR-mCherry (control) and csf1ra:Gal4; 

UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry hearts are analyzed separately. (a, b) Graphs depict 

clustering results of the fibroblasts from cryoinjured 7dpi csf1ra:Gal4; UAS:NTR-mCherry (control) 

hearts (a) and csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry hearts (b) with t-SNE 

representation, indicating 7 clusters in each group. (c) Heatmaps of the 50 most differentially expressed 

genes in each cluster from (a) and (b), respectively, were used as identifier genes for clusters to 

determine their phenotype/function. Fibroblast clusters in each group share a similar expression profile 

and have common identifier genes. 

Similar expression profiles of the pro-regenerative col12a1a+ fibroblasts and the Adra1-

activated MPs in regard to ECM remodeling related genes led me to consider the potential of 

Adra1-activated MP transdifferentiation into col12a1a+ fibroblasts. Utilizing RNA velocity 
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based trajectory inference analysis with partition-based graph abstraction (PAGA), I found no 

evidence of transdifferentiation events between MPs and fibroblasts (Fig. 3.31b). Instead, I 

discovered that col12a1a+ fibroblasts predominantly originated from cluster 7 fibroblasts, 

corroborated by a recent study (Fig. 3.31b). Cluster 7 fibroblasts showed a distinct, less pro-

fibrotic gene expression profile (sparc, edil3a, postnb) (Fig. 3.30d). Cluster 7 fibroblasts had 

higher expression levels of genes (hbba1, hbaa1, krt91) in support of their more ‘pre-activated’ 

state, emphasizing their potential to be the source for cluster 1 (Fig. 3.30d). 

Figure 3.31 ‘ECM remodeling’ macrophages do not transdifferentiate into fibroblasts.  MP and 

fibroblast clusters from scRNAseq data of csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry 

hearts depicted in Fig. 3.19 and Fig. 3.30 used for RNA velocity based analysis. (a) Graph depicts the 

UMAP representation of MP and fibroblast clusters of csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; 

UAS:NTR-mCherry hearts, showing the RNA velocity vectors for each cell indicating no transitions 

from MPs to fibroblasts however, showing cluster 7 fibroblasts as a possible precursor of cluster 1 

fibroblasts (col12a1a+ subset). (b) Graph depicts the trajectory inference analysis with partition-based 

graph abstraction (PAGA) of MP and fibroblast clusters. Indicating no lineage relationship between 

MPs and fibroblasts, however, representing cluster 7 fibroblasts as a source for cluster 1 fibroblasts 

(col12a1a+ subset). 
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Figure 3.32 Paracrine crosstalk of Adra1-activated macrophages and pro-regenerative 

fibroblasts in cardiac regeneration. Communication probabilities of Adra1-activated MPs, depicted 

as ECM in (a) and as cluster 4 MPs in (b), with fibroblast clusters quantified with CellChat inference 

method using scRNAseq data of csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry hearts 

(Fig. 3.19). (a) Plot depicts the communication probabilites of cluster 4 MPs with fibroblast clusters 

and also shows through which receptor-ligand pair with probabilities represented as dot color based on 

gradient scale and with p values represented as dot size. (b) Chord diagrams depict all communications 

between MP clusters and fibroblast clusters through Mdka-Lrp1aa, Mdka-Lrp1ab, and Mdka-Sdc2. 

Colored outer segments of the diagrams represent cluster identity, and the thickness of the colored lines 

between clusters in the inner segments of the diagrams represent the interaction strength of clusters 

through respective receptor-ligand pairs. 

Next, I wanted to investigate other possible mechanisms for Adra1-activated MPs to 

influence pro-regenerative fibroblasts. For this purpose, I focused on paracrine interactions and 

employed CellChat, a quantitative inference method for cell-cell communications, analyzing 

scRNAseq data from adra1-3i hearts (Fig. 3.32). I found various possible communications 

between different fibroblast clusters and Adra1-activated MPs (Fig. 3.32). Interestingly, this 

analysis revealed a high probability of interaction between Cluster 7 fibroblasts and Adra1-

activated MPs, mediated by the Mdka-Lrp1aa receptor-ligand pair (Fig. 3.32a). This 

observation led me to focus on possible alterations in the expression profile of cluster 1 

fibroblasts when Adra1 signaling was inhibited in MPs via comparison of adra1-3i hearts and 
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control hearts (Fig. 3.30). Control heart cluster 1 fibroblasts were high in expression of ECM 

regulatory genes such as collagens and MMPs whereas cluster 1 in adra1-3i hearts were 

expressing the same genes at lower levels that are not considered differentially expressed 

anymore (Fig. 3.33a). On the other hand, there was a higher level of expression for the same 

genes in cluster 7 of adra1-3i hearts compared to control, which indicates the possibility of an 

attempt at functional compensation for the impairment in cluster 1 (Fig. 3.33a). To validate 

these computational findings, I performed HCR-FISH on 7dpi adra1-3i and control hearts. The 

expression of key ECM components, collagen I and V, were significantly reduced in adra1-3i 

hearts marked by probes for col1a1a and col5a1 (Fig. 3.33b, c, d). These results showed altered 

main fibrillar component of ECM, collagen I, and a minor fibrillar component, collagen V, 

which was shown to be critical for scar size limitation after injury, in the absence of Adra1-

activated MPs. 
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Figure 3.33 Adra1-activated macrophages alter the expression profile of specific fibroblast 

subsets. (a) Cluster-defining genes of fibroblast clusters identified in scRNAseq data of csf1ra:Gal4; 

UAS:NTR-mCherry (control) and csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry hearts are 

represented. Heatmap depicts cluster-defining genes, represented with color gradient based on 

normalized average expression values in each cluster of each group. Selected ECM component genes 

are shown. (b) Confocal images showing sham-operated or cryoinjured csf1ra:Gal4; UAS:NTR-

mCherry (control) and csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry heart cryosections 

at 7dpi. Sections are HCR-FISH stained for col5a1 shown in red, immunofluorescence stained for 

Col1a1a shown in green, and for cell nuclei with DAPI shown in blue. Dashed lines mark the injured 

area, scale bars are 20 µm. (c, d) Bar graphs depict the relative expression of col1a1a (c) and col5a1 

(d) in each group, quantified as the integrated density of the respective signal normalized by 

measurement area. All data points indicate individual animals and n numbers denote the number of 
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animals used for each group. All data are presented as mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001, 

n.s. not significant, two-tailed t-test. 

I also examined the expression of col12a1a, the main identifier of pro-regenerative 

cluster 1 fibroblasts, and lrp1aa with HCR-FISH on the same samples coupled with 

immunofluorescence staining of α-SMA to mark the fibroblast population in general at 7dpi 

(Fig. 3.34). I observed increased col12a1a relative expression in adra1-3i hearts compared to 

control hearts at 7dpi in line with computational findings (Fig. 3.34b, c). Also, I observed a 

decrease in lrp1aa expressing col12a1a+ fibroblasts in adra1-3i hearts compared to controls 

at 7dpi, verifying their presence and affirming the importance of Adra1-activated MPs for the 

activation of this fibroblast subset (Fig. 3.34b, d). 

Figure 3.34 Pro-regenerative fibroblast subset activation requires Adra1-activated macrophage 

input. (a) Scheme of experimental setup representing the timepoints of cryoinjury on adult csf1ra:Gal4; 

UAS:NTR-mCherry (control) and csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-mCherry hearts, 

and their fixation and staining at 7dpi. (b) Confocal images showing sham-operated or cryoinjured 

csf1ra:Gal4; UAS:NTR-mCherry (control) and csf1ra:Gal4; UAS:adra1-3i-T2A-CFP; UAS:NTR-

mCherry heart cryosections at 7dpi. Sections are HCR-FISH stained for lrp1aa and col12a1a shown in 
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green and red, respectively, immunofluorescence stained for a-SMA shown in gray, and for cell nuclei 

with DAPI shown in blue. Dashed lines mark the injured area, scale bars are 20 µm. (c, d) Bar graphs 

depict the relative expression of col12a1a (c), quantified as quantified as the integrated density of the 

respective signal normalized by measurement area, and content of lrp1aa+ fibroblasts among 

col12a1a+ fibroblasts (d), quantified as percentage of lrp1aa+/col12a1a+/a-SMA+ fibroblasts in total 

col12a1a+/a-SMA+ fibroblasts within the observed area. All data points indicate individual animals 

and n numbers denote the number of animals used for each group. All data are presented as mean ± 

S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. 

In the same experimental setup (Fig. 3.34a), I performed HCR-FISH to examine mdka 

expression, coupled with immunofluorescence staining for mCherry to mark the MPs, therefore 

validating the expression of mdka in MPs and assess mdka+ MPs when Adra1 signaling is 

inhibited (Fig. 3.35). I observed impaired mdka+ MP presence in adra1-3i hearts compared to 

control hearts at 7dpi (Fig. 3.35). 

 All in all, I have discovered a previously unknown paracrine crosstalk between specific 

MP subset, activated through Adra1 signaling, and fibroblasts through Mdka-Lrp1aa receptor-

ligand pair and resulting in activation of pro-regenerative fibroblast subset during cardiac 

regeneration.  

Figure 3.35 Adra1-signaling in macrophages alters mdka expression. (a) Confocal images showing 

sham-operated or cryoinjured csf1ra:Gal4; UAS:NTR-mCherry (control) and csf1ra:Gal4; UAS:adra1-

3i-T2A-CFP; UAS:NTR-mCherry heart cryosections at 7dpi. Sections are immunofluorescence stained 

for MPs with mCherry shown in magenta, HCR-FISH stained for mdka shown in green, and for cell 

nuclei with DAPI shown in blue. Dashed lines mark the injured area, scale bar is 20 µm. (b) Bar graph 

depicts the number of mdka expressing MPs (mCherry+), quantified as cell numbers per 1 mm2 

ventricular area. Data points indicate individual animals and n numbers denote the number of animals 
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used for each group. All data are presented as mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. 

not significant, two-tailed t-test. 

3.10 Mdka-Lrp1aa signaling underlies macrophages-fibroblast crosstalk  

To further elucidate the role of Adra1-activated MPs in the activation of pro-regenerative 

col12a1a+ fibroblasts, I focused on the impact of mdka signaling on cardiac regeneration. 

Initially, I generated a recombinant zebrafish protein, Lrpap1, a known antagonist of the LRP1 

receptor, with the aim of inhibiting Mdka-Lrp1aa signaling in cryoinjured hearts for subsequent 

evaluations. Lrpap1 is an endoplasmic reticulum protein with high-affinity binding to the LRP1 

receptor. I employed an explant culture approach, wherein zebrafish hearts were dissected, 

subjected to cryoinjury, and cultured in the presence of either vehicle control or Lrpap1 until 

7dpi (Fig. 3.36a). I first assessed collagen I deposition and ECM turnover in Lrpap1-treated 

hearts versus controls at 7dpi using immunofluorescence staining (Fig. 3.36b-e). Consistent 

with my in vivo observations in adra1-3i hearts, I found diminished collagen I deposition 

indicated by Col1+ area around the injury site (Fig. 3.36b, c) and a significantly reduced ECM 

turnover indicated by CHP+ area (Fig. 3.36d, e) in Lrpap1-treated hearts. 

Figure 3.36 Cardiac fibrosis dynamics after cryoinjury are dependent on Mdka-Lrp1 signaling. 

(a) Scheme of experimental setup representing the timepoints of adult wild-type zebrafish heart 
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dissection, cryoinjury, and explant culture preparation, their treatment with recombinant zebrafish 

Lrpap1 protein until 7dpi, with Adra1 agonist methoxamine from 4dpi to 7dpi, and their fixation and 

staining at 7dpi. (b, d) Confocal images showing cryoinjured explant heart sections treated with control 

(vehicle) or Lrpap1 at 7dpi. Sections are immunofluorescence stained for Collagen I shown in red (b), 

degraded collagen content with CHP shown in green (d), and for cell nuclei with DAPI shown in blue. 

Dashed lines mark the injured area, scale bars are 20 µm. (c, e) Bar graphs depict the Collagen I 

deposition, quantified as percentage of Collagen I covered area within the measurement area (c), and 

degraded collagen content, quantified as percentage of CHP covered area within the measurement area 

(e), of cryoinjured explant hearts at 7dpi. All data points indicate individual animals and n numbers 

denote the number of animals used for each group. All data are presented as mean ± S.E.M. * p<0.05, 

** p<0.01, *** p<0.001, n.s. not significant, two-tailed t-test. This data was generated by Altaikyzy A. 

Subsequently, I evaluated other regenerative processes, such as cardiomyocyte 

proliferation, and blood and lymphatic vessel formation in Lrpap1-treated hearts (Fig. 3.37). 

Blocking Mdka-Lrp1aa signaling led to a decline in cardiomyocyte proliferation, underlining 

its essential role in cardiomyocyte response to cardiac injury (Fig. 3.37a, b). Additionally, 

Lrpap1-treated hearts displayed compromised blood (Fig. 3.37c, d) and lymphatic (Fig. 3.37c, 

e) vessel density at 7dpi, highlighting the detrimental effects of dysregulated fibrosis on 

regenerative processes and emphasizing the critical role of Mdka-Lrp1aa signaling in this 

context. 
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Figure 3.37 Cardiomyocyte proliferation, and blood and lymphatic vascularization require 

Mdka-Lrp1 signaling during cardiac regeneration. Same experimental setup as in Fig. 3.36a. (a, c) 

Confocal images showing cryoinjured explant heart sections treated with control (vehicle) or Lrpap1 at 

7dpi. Sections are immunofluorescence stained for CMs with Mef2 shown in green (a), for proliferating 

cells with PCNA shown in red (a), white circles mark the colocalization of Mef2 and PCNA signals 

indicating proliferating CMs (a). Sections are immunofluorescence stained for blood vasculature with 

CD31 shown in green (c), HCR-FISH stained for lymphatic vasculature with lyve1 probe shown in red 

(c). All sections are also stained for cell nuclei with DAPI shown in blue and all dashed lines mark the 

injured areas, scale bars are 20 µm. (b, d, e) Bar graphs depict the proliferating cardiomyocytes 

(PCNA+/Mef2+), quantified as percentages of total cardiomyocytes within the measurement area (b), 

the blood vessel area, quantified as percentage vessel area (CD31+) in the measurement area (d), and 

lymphatic endothelial cell numbers, cell numbers (lyve1+) per 1 mm2 ventricular area (e) in the injury 

zone at 7dpi. All data points indicate individual animals and n numbers denote the number of animals 

used for each group. All data are presented as mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001, n.s. 

not significant, two-tailed t-test. The data in (a) and (b) was generated by Altaikyzy A. 

Finally, I examined changes in pro-regenerative col12a1a+ fibroblasts when Mdka-

Lrp1aa signaling was inhibited at 7dpi (Fig. 3.38). A significant reduction in 

lrp1aa+/col12a1a+ fibroblasts among the total col12a1a+ fibroblasts was observed in 

Lrpap1-treated hearts at 7dpi (Fig. 3.38a, b). This further supported the notion that Adra1-
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activated MP-mediated Mdka-Lrp1aa signaling is crucial for activating a pro-regenerative 

subset of fibroblasts during cardiac regeneration. 

Figure 3.38 Mdka-Lrp1 signaling is critical for pro-regenerative fibroblast activation. Same 

experimental setup as in Fig. 3.36a. (a) Confocal images showing cryoinjured explant heart sections 

treated with control (vehicle) or Lrpap1 at 7dpi. Sections are HCR-FISH stained for lrp1aa and 

col12a1a shown in green and red, respectively, immunofluorescence stained for a-SMA shown in gray, 

and for cell nuclei with DAPI shown in blue. Dashed lines mark the injured area, scale bar is 20 µm. 

(b) Bar graph depicts the content of lrp1aa+ fibroblast among col12a1a+ fibroblasts, quantified as 

percentage of lrp1aa+/col12a1a+/a-SMA+ fibroblasts in total col12a1a+/a-SMA+ fibroblasts within 

the observed area. All data points indicate individual animals and n numbers denote the number of 

animals used for each group. All data are presented as mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001, 

n.s. not significant, two-tailed t-test. 

In summary, the data presented in this dissertation substantially elucidates the pivotal role of 

Adra1-activated MPs in fostering a cardiac microenvironment conducive to effective 

regeneration. This specialized MP subset influences scar tissue composition and degradation 

kinetics, thereby facilitating subsequent phases of myocardial repair. This is partially achieved 

through paracrine signaling mechanisms that activate a specific pro-regenerative fibroblast 

subset. By modulating the regenerative microenvironment, Adra1-activated MPs also affect 

myocardial lesion revascularization, thus underscoring their multifaceted contributions to the 

overall cardiac regenerative program.  
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4 Discussion 

Ischemic heart disease remains a predominant global health concern, often leading to 

significant mortality and morbidity 198,199. At its core lies the irrevocable loss of 

cardiomyocytes, cells which, once lost, prove challenging to replace due to the limited self-

renewal capacity inherent to the human heart 4,133,200. As these cells perish, fibrotic scars take 

their place, culminating in compromised cardiac function and heart failure4,10,133,142,200. While 

a myriad of clinical interventions has been tried, primarily focused on cellular replacements 

via stem and progenitor cells, their effectiveness remains minimal 2,3,201,202. However, in 

neonatal mammals and several other vertebrates, such as zebrafish, hearts show a remarkable 

ability to regenerate post-injury 19,20,31,90,133,203. This points towards a necessity for therapies 

that not only target cell replacement but also manage fibrotic responses to ensure scar 

regression underpinned by the post-injury cardiac microenvironment. 

The heterogeneity seen among MPs, with diverse activation states and functions, implies 

their central role in the intricate relationship of repair and scar formation 42,65,71,101–103. 

Historically perceived as solely inflammatory agents causing more harm than good post-

cardiac injury, our understanding of these cells has evolved 37,38,44,58,67,75. In fact, these versatile 

immune cells play dual roles: they can instigate inflammation while also aiding in regeneration 
15,33,37,38,67. The challenge now lies in understanding the mechanisms guiding these diverse MP 

functions and determining the elements that direct their activation. 

Intriguingly, the nervous system, essential for maintaining immune balance and resolving 

inflammation, appears to have a pivotal role in this scenario 27,31,156. Sensory neurons constantly 

communicate with our immune system and, under conditions like tissue injury, initiate 

responses to mitigate excessive inflammation 31,149,155,156,168,200,204,205. The efficiency of this 

neural control system, particularly over MPs, is evident in its direct and swift action compared 

to other pathways. Findings up to date hint at the importance of the nervous system in heart 

regeneration, emphasizing the entwined nature of neuro-immune interactions 152,159,161,163. 

Due to the complex nature of the cardiac niche during regeneration and the intricate 

relationship of the residing cells and other components, even though a plethora of studies 

revealed several critical aspects either as individual roles of the niche residents or with respect 

to other components, a complete picture of the network of interactions is still missing 
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9,15,34,200,206. The findings in this dissertation provide a comprehensive examination of the 

nuanced relationship between the nervous and immune systems. I specifically investigated the 

indispensable role of neuro-immune crosstalk in determining the phenotypic reprogramming 

of MPs, which in turn could allow new perspectives for potential therapeutic strategies in 

cardiac regenerative medicine.  

4.1 Sympathetic regulation of macrophage phenotypes and its impact on 

cardiac regeneration 

Nervous regulation of the immune system is a widely studied topic 152,163,164,204,207. The 

ANS is known to take a role in both inflammation resolution and its induction 152,159,161,205,207–

209. For instance, one of the primary cases that leads to altered nervous signaling is stress 210–

213. It has long been linked to systemic inflammation by studies that show chronic stress 

induction of pro-inflammatory phenotypes in MP through toll-like receptor (TLR) pathways 
214–217. Catecholamines secreted by peripheral neurons were shown to drive MP phenotype 

towards pro-inflammatory by the same pathways 204,218–220. Studies showed that sympathetic 

input from the nervous system through adrenergic receptor beta 3 (ADRB3) can suppress 

mobilization of myeloid-derived suppressor cells to increase activation of HSCs  221. This was 

shown to selectively increase MP/monocyte accumulation, thus pro-inflammatory phenotype 
221. On another note, TLRs and receptors of IL1 are present in afferent neurons that can take 

up local cues and activate systemic nervous response to regulate inflammatory response 222–224. 

These peripheral afferent neurons transmit these signals to the brain and can activate the vagus 

nerve, which can inhibit the inflammatory phenotype of MPs in specific locations 
171,218,222,223,225.  In fact, it was shown that MPs can be shifted towards an anti-inflammatory 

phenotype through muscarinic 2 and CHRNA7 activity in the gut 226–228. These responses were 

attributed to reflex control of immunity with the purpose of alerting the CNS to threats before 

they are severe 218,225,229. Although inputs such as stress, leading to excessive inflammation, or 

inputs leading to alterations in cholinergic regulation of immunity, seem to be detrimental to 

the homeostasis of an organism, acute sympathetic response was shown to be required for an 

adaptive reparative response to injury 27,145,149,156. However, various receptors involved in 

nervous signaling and differences between systemic and site-specific effects of these in 

inflammation regulation still require further research. Research on elucidating the mechanisms 
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underlying the regulation of inflammation and the importance of acute sympathetic response 

for regeneration showed that accumulation of DAMPs or other molecules from the damaged 

cells, for instance, leads to pro-inflammatory response from the responding immune cells 
104,159,161,172,207–209,219,222. These, in turn, can also activate TLRs and interleukin receptors of 

sensory neurons, leading to similar inflammation regulation response mechanisms with stress 
222,223. The exact mechanisms of how nerves regulate such sterile inflammation cases like injury 

are not fully understood. For instance, in adult mice, when sympathetic signaling is inhibited, 

increased cardiomyocyte proliferation with more mononucleated cardiomyocyte presence was 

seen 230, thereby suggesting a detrimental effect for sympathetic signaling in non-regenerative 

models. However, when sympathetic innervation of the heart is disrupted in neonatal mice 

hearts, their normally existing regenerative capability was significantly impaired 30. On top of 

that, in zebrafish, when adrenergic signaling is blocked, regeneration was impaired, as seen by 

reduced cardiomyocyte proliferation and increased scar size following MI 27. These reports 

clearly suggest a critical role for sympathetic input in regeneration in terms of immune 

modulation.  

In line with previous findings indicating the critical role of sympathetic signaling in 

regeneration 27,30, data in this dissertation showed impaired regenerative response upon 

adrenergic signaling blocking through adrenergic alpha and beta receptors. Utilizing MP-

specific Adra1-loss-of-function, I detected reduced cardiomyocyte proliferation and selective 

reduction in the anti-inflammatory subset of MPs around the injury site. Results of Adra1 

inhibited MP contribution to the tnfa+ MP pool mostly, and very little contribution to the tnfa- 

MP pool also suggests a phenotypic regulation of MPs. These results indicate a novel role of 

Adra1 signaling in MP phenotypic determination during regeneration. 

By delving into MP phenotypic differences using scRNAseq, I showed activation of an 

‘ECM remodeling’ transcription program in a subset of MPs. This is noted by the increased 

expression of ECM remodeling genes translated into collagen types such as I, II, and V or 

proteases such as Mmp2 and Mmp9. To elucidate the functional consequences of this 

activation, I assessed subsequent regenerative processes. The data showed impaired blood and 

lymphatic vascularization, altered ECM composition, impaired turnover, and reduced pro-

regenerative fibroblast population after injury when Adra1 activation is inhibited in MPs. These 

results provide new insights into the role of sympathetic input in immune modulation functional 

diversification of MPs during regeneration, expanding the previous findings mechanistically. 
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However, the exact location of this neuro-immune interaction is still not clear. I detected 

a normal proliferative rate for MPs even though their numbers were reduced when Adra1 

signaling was blocked. This shows the possibility of sympathetic regulation of MPs outside of 

the heart. However, further studies using optogenetic tools such as light-activatable chimeric 

Adra1 receptors will be needed to express them in an MP-specific way that can help us 

selectively activate this signaling in various locations to assess the subsequent effect on 

regeneration. 

4.2 Mechanistic insights into functional diversity of macrophage subsets in 

cardiac regeneration 

MPs are critical in cardiac regeneration with various functions 65,101–103. A Plethora of 

studies showed their functions during regeneration, such as activation of fibroblasts through 

TGF-β signaling, thus providing ECM regulatory elements to the environment, such as 

proteinases like MMPs, contributing to the collagen deposition themselves, clearing debris and 

contributing to the inflammatory phenotype shift of the microenvironment, acting as chaperons 

for vascular sprouting through VEGF signaling, providing inflammatory cytokines to mount 

up the initial inflammatory response through IL1β, TNFα, contribute to sending signals to CNS 

through activation of TLRs on the peripheral neurons 20,57,65,68,73,75,101,103,115,117,131,142. However, 

it is important to note that these functions are not uniformly exhibited by all MPs, given their 

significant heterogeneity in terms of origin, activation mechanisms, final localization, and 

interaction partners. Understanding this diversity is essential for a more comprehensive view 

of MP roles in cardiac regeneration 65,71,103,183.  

Studies in zebrafish showed that in the absence of MPs, regeneration is impaired 75,231. 

Similarly, the presence of MPs is required for neonatal mice to mount a proper regenerative 

response 44. Further studies to elucidate the role of specific MP subsets showed distinctions 

between cardiac resident and circulating MPs 70–72,232. For instance, depleting resident MPs by 

chlodronate liposome (CL) injection in zebrafish 8 days prior to MI resulted in impaired 

regenerative processes such as vascularization defect, indicating that the circulating MP 

population is not enough to compensate critical MP functions 71. Further elucidating distinct 

roles of MPs, a zebrafish study showed different maintenance dynamics of MP subsets 

following injury 72. For instance, timd4 expressing resident MP population, noted by lacking 
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ccr2 expression, was shown to self-renew with negligible circulating monocyte contribution 72. 

Furthermore, the injury was shown to reduce both the timd4+ and timd4- resident MP 

populations, but when all resident MPs were ablated, regeneration was impaired 72. Resident 

MPs were also found to be enriched in ECM regulatory genes such as collagen types and MMPs 

compared to circulating ones 68,70,71,74. These reports provide evidence about the resident MP 

function being distinct and not redundant in regeneration. Other studies revealed the distinction 

of activation mechanisms among MP subsets 41,63,71,231,233,234. For instance, when mice with 

Adrb3 knockout were analyzed for MP population expansion following MI, it was shown that 

MP and neutrophil levels were not increased 235. This shows an impairment in the initial 

inflammatory response necessary for mounting a proper regenerative response 235. Another 

study showed that Adrb2 was important for CCR2 activity regulation in MPs, affecting their 

proper recruitment to the injury site 236,237. Altogether, it is now known that distinct MP subsets 

have specific functions and modes of activation. However, a complete picture of MP functional 

and phenotypical diversification with spatial and temporal regulation and subsequent 

modulation of the regenerative response is still required for targeted and effective regenerative 

therapies. 

In this dissertation, I found that a specific MP subset was activated through Adra1 

signaling after MI. scRNAseq results showed that this population is enriched in ECM 

remodeling genes such as col1a1a and mmp2 and genes suggestive of their interaction with 

fibroblasts such as mdka, sparc, and fn1b. Findings here also show that when Adra1 signaling 

was impaired in MPs, it led to altered ECM regulation, such as reduced collagen I and collagen 

V content indicated by antibody and in-situ staining, respectively, and reduced turnover 

indicated by lower CHP levels. A pro-regenerative fibroblast population activation was 

compromised, providing a mechanistic link as to how these Adra1-activated MPs influence 

ECM organization. To further elucidate the mechanism underlying this influence, I showed via 

in silico analysis the interaction between Adra1-activated MPs and fibroblast subsets. I also 

provided experimental verifications. I found that the Mdka-Lrp1aa receptor-ligand pair was, 

with high probability, responsible for the activation of the pro-regenerative fibroblast subset 

by Adra1-activated MPs. Firstly, I showed that in-silico, mdka was enriched in this MP subset. 

Also, there was a reduction in mdka expressing MPs when Adra1 in them was inhibited. 

Furthermore, I revealed a reduction in lrp1aa+col12a1a+ fibroblasts (pro-regenerative) when 

Adra1 signaling in MPs was inhibited. Together with my results showing impairment in the 
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subsequent regenerative processes such as cardiomyocyte proliferation, lymphatic and blood 

vessel formation, I expand the understanding of the neuronal influence on regeneration through 

novel mechanistic insight such as MP functional and phenotypical diversification.   

Although my findings show a specific function and a novel activation and regulation 

mechanism of the particular MP subset here, the heterogeneity in terms of origin or location is 

still debatable. Therefore, further research with localized tools to elucidate this MP subset’s 

niche and location of nervous interaction is required. Optogenetic tools enabling localized 

activation of MPs through specific pathways might come in handy in this endeavor. Alongside 

possible site-specific delivery methods to inquire about the effects of possible cues coming 

from such MPs on other residents of the injury niche, it would provide valuable insight into the 

intricate tapestry of cardiac regeneration for future therapeutic strategies. 

4.3 Extracellular matrix provides not only structural support but also 

actively influences cardiac regeneration 

The ECM is an intricate network of proteins, glycoproteins, and proteoglycans that not 

only provide structural support to cells but also play a pivotal role in cellular functions such as 

adhesion, migration, differentiation, and proliferation 131,134,142. In the context of the heart, the 

ECM is especially critical, given its role in transmitting mechanical signals, maintaining 

structural integrity, and mediating cellular interactions through mechanisms such as the release 

of growth factors and cytokines that promote the repair of damaged tissue 88,131,142,238. 

During cardiac regeneration, the ECM provides a niche for cardiac cells, including 

cardiomyocytes, fibroblasts, endothelial cells, and MPs 88,142. Specific components of the ECM, 

such as collagen, fibronectin, laminin, and proteoglycans, are known to affect the cardiac niche, 

steering cellular behaviors fundamental for regeneration. For instance, fibronectin was 

identified as a vital component in zebrafish heart regeneration, mediating the activation of 

epicardial cells after injury 239. Similarly, laminins, particularly laminin-511, have been shown 

to enhance cardiomyocyte adhesion and promote their maturation 240. Proteoglycans can bind 

growth factors and cytokines and help to deliver these signals to cells 241. 

ECM is not just a passive structural entity but actively influences cardiac regeneration, 

adding another layer of complexity in the pursuit of effective cardiac repair strategies 
88,131,142,238. Harnessing the ECM’s potential could pave the way for novel therapeutic 



110 

 

approaches to treat heart diseases and injuries. Findings in this study provide novel insights 

into the regulation of ECM properties that were reported to be critical for subsequent 

regenerative processes from myocardium renewal to revascularization while revealing novel 

mechanistic underpinnings. 

4.3.1 Neuro-Immune modulation of extracellular matrix dynamics and its 

implications for cardiac regeneration 

Following cardiac insult and subsequent cardiomyocyte death, the ECM undergoes 

significant temporal changes that can be broadly summarized as the inflammatory phase, the 

proliferative phase, and the maturation phase 88,142,242,243. Triggered by the death of 

cardiomyocytes, an influx of inflammatory mediators fosters increased vascular permeability, 

leading to an accumulation of plasma proteins like fibrin and fibrinogen and intensifying MMP 

activity, thus resulting in the degradation of the existing interstitial matrix, paving the way for 

the formation of the provisional ECM, a unique matrix saturated with growth factors (such as 

VEGF) and cytokines 142,243,244. The provisional ECM allows infiltration of inflammatory cells 

and facilitates fibroblast adhesion 142,244. This allows further activation and expansion of 

fibroblasts by differentiating into myofibroblasts and proliferation 142,244. Clearance of debris 

through phagocytosis leads to a shift in the environment towards anti-inflammatory through 

pathways such as TGF-β/smad3 supporting the activation of fibroblasts and ECM regulation 
142,244. The provisional matrix at this proliferative phase exhibits more of a secretory purpose 

rather than structural support. The inputs from the provisional matrix, with the shift in the 

environment, lead to the degradation of the provisional matrix and subsequent deposition of 

ECM components, primarily collagen I 142. Later, the maturation phase starts to initiate as 

collagen content becomes enriched, and collagen cross-linking occurs, thus forming a rigid 

scar 142,245,246. The shift from the proliferative phase to the maturation phase, where the 

complete scar is formed, was thought to be marked by myofibroblast 142,243,247. Although the 

importance of ECM properties for regeneration was partially revealed, a complete 

understanding of ECM dynamics is still missing for efficient regulation of fibrotic response for 

regenerative therapies.  

Studies trying to elucidate the dynamics of fibrotic response in cardiac regeneration 

revealed differences between regenerative organisms such as zebrafish and non-regenerative 
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organisms, most mammals 131,133,244. A recent study showed that myofibroblasts, rather than 

being completely removed or completely undergoing apoptosis, are being inactivated 134. Other 

studies showed periostin and collagen I in the injury border zone are critical for inducing CM 

cell cycle re-entry and guiding the rapid vascular sprouting occurring in the zebrafish after 

injury, respectively 142,248,249. Paracrine interaction with endothelial cells and ECM was also 

shown to be important for vascularization through Vegfc signaling, inducing Emilin2a ECM 

protein secretion and subsequently resulting in cxcl8a expression in epicardial cells, resulting 

in vascularization and myocardium renewal115. Thus, the availability of the input from ECM 

seems to be an important factor in its role in inducing proper regenerative response. 

Fibrosis was once believed to be detrimental to cardiac repair. However, the importance 

of fibrosis for proper repair or regeneration is beginning to draw more attention 94,129,130,142. For 

example, a lineage tracing study showed that epicardial Tcf21-derived cells give rise to Postn 

expressing activated fibroblasts after MI in mice, and ablation of Postn+ cells decreased 

survival after MI 127. Another study showed that increased MMP activity is a common process 

in both zebrafish and newts, which are regeneration-capable 133. MMP inhibition in neonatal 

mice was also shown to be detrimental to its regenerative ability 250. In zebrafish, it was shown 

that collagenous ECM deposition precedes cardiomyocyte renewal, and collagen deposition is 

dynamic, reducing around 7dpi and up to 21dpi 143. Taken together, it is evident that the 

availability of a tightly regulated fibrotic response is not at all mutually exclusive with 

regeneration and required. However, the presence of innate systems that modulate matricellular 

signals to shield the myocardium from ongoing fibrosis in a fully developed ECM setting and 

the dynamics of this setting are yet to be thoroughly investigated.  

The results presented here revealed that when neuro-immune interaction is inhibited by 

both pharmacological treatments and genetic manipulation, ECM regulation during the 

regeneration process is impaired. I showed impairment in the collagen I deposition and ECM 

turnover, indicated by a reduction in CHP amount. The data indicating impairment in 

subsequent regenerative processes, such as cardiomyocyte proliferation and revascularization, 

provides a link between proper ECM dynamics and regeneration. I showed that Adra1-

activated MP activity is critical for this regulation, thereby providing mechanical insight into 

ECM regulation. Furthermore, these findings revealed anti-inflammatory MPs, being the 

primarily affected population, support the requirement of an anti-inflammatory shift in the 

microenvironment for proper fibrotic response. This was also evident by the reduced collagen 
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I expressing fibroblast presence, which reportedly requires also preceding proper immune 

response. All in all, this work supports the necessity of timely ECM regulation for regenerative 

response and provides novel mechanistic insights into how neuro-immune interaction is 

involved. 

4.3.2 Differential roles of collagen types in extracellular matrix regulation: 

insights from neuro-immune modulation 

Strict regulation of fibrotic response is critical for proper regeneration of the heart 142,143. 

Studies investigating ECM’s role in cardiac regeneration showed the critical role of its 

composition for a proper regenerative response on top of its precise regulation dynamics 
131,142,238,244,250. 

One of the major components of the ECM, collagen I, is a prominent member of the 

fibrillar collagen family, stands as a pillar of structural and functional integrity within the 

cardiac ECM 68,142,243,251–254. Its robust fibrillar network serves as a scaffold, conferring the 

myocardium its requisite tensile strength and elasticity 142,252–254. In the acute phase post-MI, 

collagen III to collagen I ratio is higher in the ECM. However, collagen III is lysed and replaced 

rapidly by collagen I, which provides tensile strength to the injured area to temporarily 

compensate for the cardiac function 142,254,255. In fact, elevated levels of collagen I were 

observed in infarcted hearts, leading to fibrosis and scar formation 142,255. A study showed that 

collagen I promotes differentiation and proliferation of myofibroblasts through modulation of 

α2β1 integrin expression 256. Whereas another study showed that MMP2 and MMP9 mediated 

degradation of type I collagen reduced the scar formation and induced angiogenesis 257. It was 

also shown that the presence of collagen I is important for the guidance of vascular sprouting 

following injury 258. Even though the reports about collagen I are seemingly conflicting, the 

requirement of its presence and strict regulation for proper regenerative response remains.  

Another component of the ECM, collagen V, was reported to be critical for scar size 

regulation after MI 116. Mice lacking collagen V were shown to be exhibiting significantly 

increased scar size after MI116. It was shown that collagen V is usually highly expressed before 

the other components of ECM and later becomes buried under them, thus being critical for 

ECM organization initiation, supporting its role in scar size modulation 116,138. It was shown 

that it is critical for remodeling in usual interstitial pneumonia in human biopsy samples 259. 
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Varying levels of fibrosis were shown to be correlated with collagen V density in these samples 
259. On top of its role in the organization of ECM components, collagen V was shown to affect 

the mechanical properties of the ECM 116. It was shown that it can modulate mechanosensitive 

feedback provided by the integrin-related inputs in the ECM 116. Based on these reports, 

collagen V seems to be one of the critical components of the ECM, necessary for proper 

regenerative response.  

ECM contains several collagen types with largely unknown functions related to 

regeneration 88,142,251. Another one is collagen XII. This is a non-fibrillar collagen and largely 

non-existent in homeostasis conditions and transiently upregulated following cardiac injury 87. 

It was shown to have critical functions related to regeneration 111–113. Epicardial cells were 

shown to be guided by collagen XII to the heart surface and to the adjacent pericardial region, 

thus providing a bridge for epicardial connective tissue 260. It is largely associated with fibrillar 

collagens such as collagen I and was shown to have a role in ECM organization by providing 

connective support for its components 260–262. It forms bridges in the ECM and promotes cell-

to-cell communications, which are critical during regeneration 111,113,260. Furthermore, when 

collagen XII-expressing cells were ablated, regeneration of the heart was impaired 87. Although 

its exact role in the regenerative processes is not fully understood, it was shown that collagen 

XII, around 7dpi in zebrafish hearts, localizes to the edge of the wound area between healthy 

CMs and injury zone 87. Based on its connective role, it might be regulating the accessibility 

of the wound area for the influx of cells following injury. Its regulation was reported to be 

correlated with TGF-β activity in the environment, linking it to the shift in the 

microenvironment during the regeneration process and even MPs 260. In fact, its relationship 

with MPs was further supported by findings in collagen XII overexpressing mice, where 

inflammatory MPs were increased 111. These findings suggest a requirement for strict 

regulation of collagen XII content in ECM for proper regenerative response. 

Although ECM content, in general, seems to be important for regeneration, the exact role 

of this content, its regulation mechanisms during regeneration, and subsequent effects on 

complete myocardial renewal are not fully understood.  My findings showed reduced collagen 

I deposition and impaired collagen turnover indicated by reduced CHP. I also showed reduced 

relative expression of col5a1 and increased relative expression of col12a1a. On top of reporting 

alterations in ECM content, I also showed reduced vascularization and cardiomyocyte 

proliferation. This provides a link between these collagen types and regenerative processes. 
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Furthermore, alterations in the ECM after Adra1 signaling inhibition in MPs show novel 

mechanistic insights into immune modulation of ECM dynamics. My findings are in line with 

previous findings of collagen I’s role in vascularization 258, ECM organizational change with 

varying collagen V and XII levels, and resulting failure to induce cardiomyocyte proliferation, 

impairment in the necessary fibroblast activation and expansion 111,113,116,260. However, findings 

in this dissertation, resulting from neuro-immune interactions and comprehensive assessments 

of subsequent events, provide a novel sequential insight into the regulation of ECM 

composition and its effect on regeneration. 

4.4 Neuro-immune interaction and functional diversity of fibroblast 

subsets: implications for cardiac regeneration 

The role of fibroblasts in cardiac tissue has been a subject of intricate research, with 

growing evidence supporting their multifaceted contributions to cardiac regeneration and repair 
87,129–131. Previous studies have noted the importance of fibroblasts in cardiac tissue, but these 

have often been generalized as a uniform population 129–131. Recent studies started to indicate 

the functional, ontogenic, and spatial heterogeneity of fibroblasts in cardiac 

regeneration17,87,126,131,263. For instance, studies showed that activated fibroblasts with α-SMA 

expression emerged in the proliferative stage after MI 127,142,251. These are often called 

myofibroblasts and are responsible for collagen I deposition, organizing the microenvironment 

for initial rapid wound closure, and providing necessary signaling inputs for upcoming events 

leading to maturation phase 127,251. They were shown to express Postn and mostly Tcf21, 

indicating that they are of epicardial origin127,264. Periostin provided by the fibroblasts near the 

injury border zone was shown to induce cardiomyocyte cell cycle re-entry 248. Another study 

showed that α-SMA, Postn, and Tcf21 expressing myofibroblasts are high in content around 3-

7dpi , for instance, indicating their dynamic activation 127. Furthermore, it was shown that both 

in the early stages after injury and around 10dpi, there are other myofibroblasts that can be 

distinguished by their expression profile 265. Furthermore, improving scRNAseq technologies 

showed that there are actually transient states of fibroblasts following injury that are not present 

in homeostatic conditions 87. A collagen XII expressing fibroblast population was transiently 

increased after MI 87. When collagen XII-expressing cells were ablated, regeneration was 

impaired in zebrafish, showing their importance for regenerative function 87. A mesh network 
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of fibroblast and collagen XII was shown to be localized to junctions of healthy/injured tissue 

in the heart, and this was shown to be critical for the mechanical organization of ECM 260.  

Mechanical properties of the ECM are critical for regenerative response as they can 

facilitate cell-to-cell interactions and signaling input for other residents of the cardiac 

microenvironment 94,142,251,253,254. Fibroblast functions to deposit different types of collagens, 

such as type I, III, IV, V, XII, and MMPs, are the main factors regulating these mechanical 

properties of the ECM 131,142,243,244,254. This helps the shift towards repair/regeneration phase 
142. For instance, collagen V was shown to affect mechanosensitive myofibroblasts. The 

absence of collagen V leads to augmented activation of these cells 116. These mechanical 

properties can also alter the inflammatory input to the other residents of the regenerative 

microenvironment 142,251. Such an occurrence was exemplified by showing the differential 

effect of tense or relaxed ECM’s effect on the inflammatory profile of MPs, for instance 
116,142,266. Collagen V was also shown to be involved in the initiation of collagen fibril 

formation, and lack of collagen V in mice was shown to lead to severe lack of fibril 

formation138. ECM’s critical role in regenerative response and its varying regulation by 

fibroblast populations of distinct origin and phenotype shows that understanding fibroblast 

heterogeneity is critical to developing therapeutic strategies involving fibrotic response 

modulation.  

Although recent studies provided insights into specific functions of distinct fibroblast 

subsets, exact mechanisms governing such functions and the activation of such subsets still 

require extensive work. Findings in this dissertation showed that Adra1-activated MPs are 

responsible for the activation of a pro-regenerative fibroblast population through the Mdka-

Lrp1aa pathway. I show a novel activation mechanism of such transient and critical fibroblast 

subsets through neuro-immune interactions. Furthermore, I showed that collagen V and 

collagen I, together with ECM turnover, were impaired when this activation mechanism was 

disrupted. Collagen XII expression was increased, but the population of fibroblasts expressing 

lrp1aa and collagen XII was reduced. Together with the findings showing impaired 

regenerative processes such as vascularization and cardiomyocyte proliferation, I unveil a 

complex interaction network involving specific fibroblast subset activation, which leads to 

proper regulation of the ECM and subsequent regenerative response.   

Although this work expands the understanding of fibroblast functional heterogeneity by 

providing specific mechanistic insight and showing their involvement in the neural influence 
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on the regenerating heart, the ontogeny analysis I performed is mostly in silico. Also, ex vivo 

findings where I blocked Lrp1 with its antagonist, Lrpap1 recombinant protein, show similar 

impaired regenerative processes as Adra1 inhibition in MPs. Even though these parallel results 

provide a link between MP and fibroblast during regeneration, fibroblast-specific loss-of-

function or gain-of-function studies would shed more light on the underlying mechanisms 

behind this interaction. 

4.5 Neuro-immune interaction influence on functional diversity of 

fibroblast subsets in cardiac regeneration 

Timely activation/inactivation of fibroblasts was shown to be critical for strict regulation 

of ECM remodeling and microenvironment switch from one phase of repair to another after 

cardiac injury 134,142. Recent studies showed distinct fibroblast roles in regeneration; however, 

to have a complete picture of multi-system interaction in regeneration, elucidating the specific 

mechanisms leading to activation of critical and often transient fibroblast subsets is 

indispensable 87,127. One of the major ways of fibroblast activation, namely differentiation to 

myofibroblast, was shown to be TGF-β/smad3 pathway upregulation in the microenvironment 

following the debris cleaning phase after MI 267. It was shown that MPs are primary 

contributors to this event 67,94,128,142,267. Following phagocytosis, TGF-β release from MPs 

supports such change in the environment 20,36,67,94,142. This helps switch to a more anti-

inflammatory microenvironment and MP phenotype 36,67,94,142. Factors such as IL4 and IL6 

secreted from anti-inflammatory MPs lead to fibrosis 67,94,135,244,267. However, excessive 

presence of inflammatory MPs was also shown to lead to fibrosis through factors such as TNF 
36,67,94,142. One study showed that even though there are conflicting reports about which type of 

MPs lead to fibrosis, regulation of inflammatory to anti-inflammatory phenotypic switch of 

MPs can alter the ECM modulation 36,67,94. Therefore, it is critical to have a balanced immune 

response for proper ECM modulation.  

It is known that MPs can alter ECM modulation by either directly providing MMPs and 

depositing several collagen types, such as collagen I and IV or through activating fibroblasts 
68. Supporting this, a study showed reduced myofibroblast when MPs were ablated during 

cardiac regeneration 20. Furthermore, ECM composition and rigidity were also shown to be 

affected by the impaired MP fibroblast interaction 57,88,94,142,251. Prolonged inflammatory MP 
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presence was shown to increase collagen I content in the ECM 15,57. However, the exact 

mechanisms behind MP fibroblast interaction and resulting ECM changes are still not clear.  

One possible interaction mechanism is through LRP1 receptor activity on fibroblasts 
121,268–270. A study on rat kidneys showed that LRP1 is required for TGF-β mediated fibrotic 

response 268. It can induce collagen I expressing fibroblasts121,271. Also, LRP1 was shown to 

mediate fibroblast survival through downstream ERK1 pathway 269–271. Thus, previous reports 

showed that LRP1 is critical for fibroblast activation and survival. On top of this, LRP1 activity 

was indicated in adjusting the availability of several molecules in the microenvironment critical 

for ECM remodeling 119,120,268,272. Studies showed that LRP1 in fibroblasts can mediate 

internalization of the MMP2/TIMP2 complex and MMP9/TIMP1 complex, which are critical 

for ECM remodeling 108,272,273. Thus, reports show that LRP1 activity is important for 

regulating ECM through balancing matrix proteinase activity 123,268,270,272. Its expression in the 

cardiac tissue following injury was shown to shift, also suggesting a link with the presence of 

transient fibroblast subsets 121,274. For instance, a study in mice showed that LRP1 expression 

was significantly higher around 10 days and 21 days after MI and with differing levels based 

on location, focused on peri-infarct areas, thus suggesting a timely regulation requirement for 

LRP1 function 270. Studies focusing on its role in cardiac regeneration showed that LRP1 

agonist treatment provided prolonged cardioprotective effects in mice and patients 121,270,274,275. 

A Plethora of research indicates the critical role of LRP1 receptor activity in fibroblast for 

proper cardiac repair/regeneration; however, due to its several distinct ligands and crosstalk 

with various downstream intracellular pathways, it is difficult to pinpoint its exact role.  

One interesting ligand for LRP1 is MDK 140. It was shown to increase in several tissues, 

such as the heart, fin, and retina, during regeneration 140,141,276–280. Furthermore, it was indicated 

as a cardioprotective agent in studies with Mdk knockout mice, where following cardiac injury, 

these animals showed increased scar size and impaired heart function 279,281. MDK is also 

involved in processes critical for proper cardiac repair, such as ECM remodeling and 

vascularization 276,282–284. For instance, a study with rat hearts showed that prolonged exposure 

of injured hearts to mdk increased collagen deposition, leading to maladaptive fibrosis 285. 

Other studies showed its role in angiogenesis, where injured rat hearts showed increased 

vasculature following MDK treatment 285,286. These reports also showed Mdk transient 

upregulation following injury, thus once again indicating the importance of temporal regulation 

during regeneration 140,276,285. Studies in zebrafish showed that mdka was critical for 
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regenerative response 276. For instance, the absence of mdka led to impaired retinal 

regeneration, and fin regeneration was delayed 276,280,287. Its role was linked to cell proliferation 

regulation and altering ECM content 140,276,288. TGF-β signaling was also shown to be impaired 

in the absence of mdk, linking it to the required shift in the environment for activation of pro-

regenerative fibroblast subsets 276,283. Further studies supporting this link showed that MDK 

absence led to the upregulation of fibrotic genes in fibroblasts in line with mice studies leading 

to excessive collagen deposition, thus supporting MDK’s role in proper ECM modulation 
276,279,281,285,287. However, the source of this molecule in the context of heart regeneration is 

unclear. Some studies showed that its expression in fibroblasts is high after injury 276,283. One 

interesting source was shown to be MPs 289,290. In humans following stent implantation, for 

instance, infiltrating MPs were shown to be expressing MDK in high levels 289. Also, MDK 

produced by MPs was shown to be critical for triggering proliferation in endothelial cells in 

humans 291. Altogether, MDK is a possible ligand for critical LRP1 receptor function in 

fibroblasts; however, the exact nature of this receptor-ligand pair’s role and host cell types 

expressing these require further research. 

I show that after MI, Adra1-activated MPs are upregulating their mdka expression. 

Furthermore, mdka expressing MP numbers were reduced when Adra1 signaling was inhibited 

after injury. I also show that lrp1+col12a1a+ fibroblast numbers were reduced. Furthermore, 

my results showed that Lrp1 inhibition in ex vivo conditions leads to a similar phenotype with 

the Adra1 blockage, such as alterations in ECM and subsequent regenerative processes 

supporting the interaction of MP with the fibroblast subset. I also delved into the ECM 

composition, such as collagen I decrease, turnover decrease, and collagen V decrease.  

Even though I provide new mechanical insight into the neuro-immune interaction role in 

activating distinct fibroblast subsets, a direct link between these MP-fibroblast subsets requires 

further research. Reports linking the Lrp1 function to the availability of ECM remodeling 

proteinases and the activation and expansion of fibroblasts make it possible that Lrp1-activated 

fibroblasts are regulating the ECM remodeling by balancing the availability of proteases. 

Fibroblast-specific loss-of-function or gain-of-function tools would come in handy with such 

research.  

Overall, this dissertation provided novel insights for understanding the whole 

regeneration tapestry. I showed at the heart of the neuro-immune interaction mechanism; there 

is the MP cell autonomous Adra1 signaling. Once activated, it kickstarts an ‘ECM remodeling’ 



119 

 

transcriptional program. This is characterized by the expression of diverse structural and 

matricellular components associated with cardiac ECM and proteolytic enzymes that target 

ECM proteins for degradation. Delving deeper, I discovered that Adra1-activated MPs employ 

the intercellular Mdka-Lrp1 signaling to govern the differentiation of a distinct pro-

regenerative fibroblast subset. This subset plays a significant role in modulating the balance of 

fibrillar and non-fibrillar collagens at the lesion site. This intricate interplay between MPs and 

fibroblasts offers fresh insights into the regulation of fibrosis and its timely resolution. Such 

interactions are paramount for promoting blood and lymphatic neovascularization and 

triggering the cardiomyocyte cell cycle re-entry, thereby renewing the myocardium. 
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