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ABSTRACT  

My thesis highlights important discoveries about the pathways and patterns regulating cardiac 

development, disease, and regeneration. A central regulator of cardiovascular physiology and 

pathology is the cardiac nervous system, composed of sympathetic, parasympathetic, and 

sensory nerves. Yet, our understanding of nerve architecture has been limited by two-

dimensional analysis. I utilized innovative technologies, including tissue clearing methods and 

three-dimensional (3D) analysis, to investigate the intact cardiac nervous system. My 3D 

approach provides a basis for investigating typical cardiac nerve architecture, as well as nerve 

remodeling in diseased and regenerative settings. My research identified extensive 

parasympathetic innervation in the cardiac ventricles and a novel phenotype of intertwined 

parasympathetic and sympathetic axons. I also discovered differences in axon remodeling 

between the regenerative and non-regenerative mouse heart, demonstrating that the 

regenerating neonatal heart undergoes a unique process of physiological reinnervation. This 

neural plasticity may be harnessed therapeutically to prevent arrhythmias after cardiac injury. 

Additionally, I explored the role of the cellular metabolic state and specific proteins, such as 

Leucine-rich repeat containing 10 (LRRC10), in promoting neonatal and adult mammalian cardiac 

regeneration. These studies have direct clinical implications for promoting endogenous cardiac 

regeneration for the treatment of heart failure, given that current treatments are limited. 

Furthermore, these findings provide a framework for identifying novel pathways and molecular 

targets that could reawaken the regenerative response in the adult heart after injury. Taken 

together, my research represents a significant step forward in understanding the pathways and 
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patterns underpinning heart development, disease, and regeneration, highlighting exciting new 

opportunities for developing therapeutic interventions that promote cardiac repair. 
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CHAPTER I: INTRODUCTION: A COMPREHENSIVE REVIEW OF INNERVATION IN THE CARDIAC 
VENTRICLES  
 
Rebecca J. Salamon1 
 

1Department of Cell and Regenerative Biology, School of Medicine and Public Health, University 
of Wisconsin-Madison, Madison, Wisconsin, USA 
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Introduction 

The intrinsic cardiac nervous system is rich with afferent (sensory) and efferent (motor) nerves 

that regulate heart rate, contractility, and conduction. Extensive research has been focused on 

neuronal regulation of the conduction system by direct atrial innervation at the sinoatrial and 

atrioventricular nodes.  Here, the focus is on the other half of the cardiac nervous system, 

ventricular innervation. Recent technological advances have begun to bring ventricular nerve 

patterning and physiology into light. The ventricles are densely innervated by sympathetic 

(adrenergic), parasympathetic (cholinergic), and sensory (glutaminergic) nerves, with nearly all 

ventricular cardiomyocytes contacting a nerve fiber1. Neurogenic regulation is prevalent in 

developmental, homeostatic, and disease states. Continued research is required to develop a 

complete picture of the neurocircuitry that regulates cardiac function under a variety of 

conditions.   

 

A detailed understanding of the anatomy and physiology of the cardiac nervous systems is 

essential for preventing neuropathogenesis in cardiac disease. Myocardial infarction is the 

leading cause of death worldwide and causes severe nerve damage to all nerve subtypes 

subtypes2-5. Therapeutic targeting of innervation by vagal stimulation has been attempted, 

however, the lack of insight into ventricular nerve patterning and regulation has been a barrier 

to its clinical success6. Nerve dysfunction has also been linked with several other cardiovascular 

disease such as hypertension, coronary artery disease, and heart failure7.  As we gain a greater 

depth in understanding nerve dysfunction in disease, novel targets to promote nerve repair and 

cardiac regeneration can be revealed.  
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Development of innervation in the ventricles 

The process of cardiac nerve development begins with the migration and differentiation of neural 

crest and placode cells into neurons. The nerves then undergo a complex process of nerve axon 

pathfinding, facilitated by a variety of guidance molecules. The result is targeted innervation of a 

variety of cardiac cells, where formed neuronal connections can influence maturation. This 

section details the guidance and targets of innervation in the developing ventricles.   

 

Origins of the cardiac nerves from the neural crest  

The development of the intrinsic cardiac nervous system begins when neural crest cells migrate 

from the neural tube towards the mesocardium8, 9 . During migration, the neural crest cells will 

undergo an epithelial-to-mesenchymal transition and begin differentiation into neural 

precursors8, 9. Additionally, cells from the neurogenetic placode can contribute to the neuronal 

progenitor pool 10, 11. Neurotrophic and signaling factors in the regional secretome, including 

bone morphogenetic protein, Wnt, and fibroblast growth factor, will push the neural precursors 

to differentiate into defined neural lineages 8, 12, 13. Eventually, these neuroblasts will give rise to 

the parasympathetic (cholinergic) ganglia, and to a lesser extent sympathetic (adrenergic) ganglia, 

within the cardiac plexus10, 14-16. The majority of the sympathetic nerves will arise from the 

paravertebral stellate ganglion to innervate the ventricles. Intriguingly, despite extensive studies 

on neural crest cell migration and differentiation 10, 12, 15, 16, it remains unclear when neural crest 

cells and neuronal precursors make the fate decision to adopt either sympathetic or 

parasympathetic nerve lineage.  
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Neurotrophic factors for axon guidance in the ventricles 

Targeted cardiac axon extension is guided by the secretion of neurotrophic factors, either 

providing chemoattractant (attractive) or chemorepellent (repulsive) cues. The main 

neurotrophic factors identified for ventricular axon guidance are classified into the neurotrophic 

family or the glial line-derived neurotrophic factor (GDNF) family17. The expression of 

neurotrophic factors allows for targeted epicardial-to-endocardial axon extension during heart 

development17, 18.  The result is a complex pattering of nerves that precisely innervate a variety 

of cardiac cell types1, 19.  

 

The neurotrophic family, including nerve growth factor (NGF), neurotrophin-3 (NT-3), and others, 

provide chemoattractant cues. The most predominantly studied chemoattractant in the 

ventricles is NGF19-22. Sympathetic and sensory axons are attracted by NGF secretion and 

signaling through the tropomyosin-receptor kinase (Trk), TrkA, receptor. In rodent models, 

inhibition of either NGF or TrkA leads to a nearly complete depletion of sympathetic 

innervation21-23. Inversely, driving NGF overexpression leads to hyperinnervation24, showcasing 

the sensitivity of axon outgrowth to NGF. Furthermore, NGF also has the potential to promote 

parasympathetic nerve growth in the heart25, however, NGF-induced parasympathetic axon 

growth has been significantly less studied.   

 

NGF is primarily secreted by coronary vessels to pattern the sympathetic axons in the ventricles19. 

Around embryonic day (E) 13.5 in mice, NGF is secreted by the vascular smooth muscle cells of 

the coronary veins19. This promotes axon extension in posterior (dorsal) subepicardium, 
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extending from the heart base to the apex. By E15.5, the vascular smooth muscle cells 

surrounding the coronary arteries will activate NGF19. This promotes sympathetic innervation of 

the endocardium, a process completed around E17.5. The coronary arteries are a final target of 

innervation, determined by axon depth and proximity19; however, it is unknown if this transient 

NGF expression drives nerve-artery alignment.  

 

NGF and NT-3 share the common receptor TrKA26. NT-3 is expressed in the aorta, as well as in 

smooth muscle cells of peripheral vessels27. NT-3 is needed for sympathetic axon projection and 

vessel alignment in the developing cardiac ventricles, where deletion stunts axon extension 

without impacting neural precursors in mice27, 28. Overall, this suggests that the combination of 

NT-3 with NGF is needed for proper sympathetic axon targeting to the ventricles.  

 

The GDNF family, including GDNF and neurturin (NTN), among others, uniquely provides 

chemoattractant cues for parasympathetic axon extension13, 29. These molecules target binding 

to the GDNF family receptor  (GFR) and RET, a tyrosine kinase receptor30. In line with its 

namesake, GDNF is expressed by glia cells in the heart, along with the cardiomyocytes and 

endothelial cells29, 31. In mice with a knockout of the GDF receptor, GFR2, parasympathetic 

innervation is specifically reduced by around 40% in the cardiac ventricles, without a significant 

impact to sympathetic axons density29. The partial reduction of parasympathetic innervation in 

the ventricles suggests parasympathetic axon recruitment is facilitated by other signaling cues 

than GDNF alone.  
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NTN knockout in mice also causes a reduction in peripheral parasympathetic ganglia and axons, 

again without known impairments in sympathetic innervation32. The aberrant parasympathetic 

innervation in NTN knockout mice occurs in the intestine, lachrymal and salivary glands32, 

however, cardiac-specific defects have not been investigated.  

 

Equally important to the attraction of axons is the repulsion signals. Semaphorin 3A (Sema3A) is 

chemorepellent signal that plays a role during heart development and is expressed in a region 

specific manner33. When axons are being recruited into the endocardial layer at E15, Sema3A is 

expressed in the subendocardial layer, restricting sympathetic innervation depth. In the postnatal 

heart, Sema3A expression is restricted to the Purkinje fibers within the ventricular free wall33. 

Although Sema3A has been often associated with sympathetic innervation, it can also impair 

parasympathetic innervation34. In rat pelvic neurons, Sema3A acts to collapse neural growth 

cones of sympathetic and parasympathetic nerves by targeting specific pathways to each nerve 

subtype. The question of whether Sema3A can affect parasympathetic cardiac axons remains. 

 

Studies of peripheral axon extension have led to the discovery of several additional neurotrophic 

factors, such as cell adhesion molecules, Netrins, Ephrins, Slits, Morphogens (Wnts, Hedgehog), 

and growth factors (brain-derived neurotrophic factor, FGF, artemin, and neuregulin) to name a 

few35. The diverse cassette of axon guidance cues highlights the complexity in pattering the 

peripheral nerves and introduces the likelihood of a variety of signaling molecules that 

coordinate axon pathfinding in the ventricles. Moreover, further investigations are warranted to 

dissect the neurotrophic factors and mechanisms that influence parasympathetic axon growth. 
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Co-maturation and targeted innervation  

Nerve axons run proximal to a variety of cell types in the ventricles, including cardiomyocytes, 

endothelial cells, vascular smooth muscle cells, and lymphocytes. The development of neural 

communication is established through a co-maturation system where cell-cell interactions alter 

the physiology of the neuron and the innervated cell7, 36. Once proximity is established, two-way 

communication promotes axon survival and neuronal regulation. Establishing targeted 

innervation provides an axis for neurogenic influence in the developing ventricles.  

 

Essential to the neurogenic regulation of cardiomyocyte function is the development of the 

neurocardiac junction (NCJ), a region of junction-like contact between nerve terminals and 

cardiomyocytes37, 38. At the NCJ, cardiomyocytes secrete neurotrophic factors, including NGF, to 

promote axon survival and maintenance of innervation39. In exchange, the newly established 

innervation stimulates cardiomyocyte transition from hyperplastic to hypertrophic growth38, 40, 

41. This results in regional differences in cardiomyocyte size, with larger myocytes in the highly 

innervated epicardial layer and smaller myocytes in the less innervated subendocardial layer38. 

These findings also coincide with the neurogenic regulation of cardiomyocyte cell cycle arrest, 

where innervation induces expression of the signal for cell cycle exit gene, Meis141, and circadian 

rhythm genes, such as gene homologs Period1 and Period240. Ultimately, this cycle arrest leads 

to cardiomyocyte hypertrophy40, 41. Together, these findings implicate the nerves as a key 

regulator of ventricular cardiomyocyte size and maturation.  
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Sympathetic innervation as targets and influences the neurovascular system. The nerves first 

align in the subepicardium with the coronary veins, acting as a transient target for innervation, 

before extending into the endocardium to target the coronary arteries19. Nerves are aligned at 

least partially to the coronary arteries42, 43; however, the timing and overall degree of association 

is not defined. In the skin, the precise timing and patterning of arterial innervation led to the 

discovery of nerves as regulators of arterial differentiation through activation of VEGF signaling44, 

45. Identifying how initial neuronal contacts influence coronary artery development is key to 

understanding the formation of the cardiac neurovascular system.  Furthermore, expanding our 

knowledge of innervation targets, and identifying those targeted by the parasympathetic nerves, 

will provide insight into the role of neuronal function and influences throughout the ventricles.  

 

Neurocircuitry and maintenance of the cardiac nervous system  

The neurocircuitry of the autonomic nervous system is becoming recognized for its increasing 

complexity, largely in part due to the advancements in transgenic mouse models, optogenetics, 

and viral tracing strategies that allow for probing and mapping of neural afferent (sensory) and 

efferent (motor) circuits46-48. These discoveries highlight the regional arrangements of ganglia 

and axons that permit intercommunication and regulation of the cardiac nervous system46.  

 

Extrinsic and intrinsic cardiac ganglia  

The cardiac nervous system is composed of sympathetic, parasympathetic, and sensory ganglia 

which coregulate cardiac function. The ganglia contain the nerve body, including the soma. Most 

postsynaptic sympathetic ganglia are located within the sympathetic chain, whereas most 
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postsynaptic parasympathetic ganglia are contained within the cardiac plexus. The distribution 

and composition of the ganglia reflect their role in the cardiac nervous system.  

 

The canonical view of the ganglia are as follows: Preganglionic sympathetic neurons localize to 

the upper thoracic region of the spinal cord. The sympathetic preganglionic neurons send 

projections to postganglionic sympathetic ganglia in the sympathetic trunk. (Figure 1).  The 

sympathetic trunk runs adjacent to the spinal cord and is divided into left and right nerve trunks. 

The cardiac ganglia are dispersed through the cervical and thoracic regions of the sympathetic 

trunk. The cervical ganglia include the superior, medial, and inferior cervical ganglion. The 

contributing thoracic ganglion includes the stellate (cervicothoracic) ganglion (SG), and the upper 

thoracic sympathetic ganglion. The SG references the inferior cervical ganglion and the first 

thoracic ganglion, which are fused together in most humans49; in murine species this is termed 

middle cervical-stellate ganglia complex. The primary source of sympathetic innervation arises 

from the SG and contributes towards the innervation in the atrial chambers50.  

 

Preganglionic parasympathetic neurons are located in the vagal nucleus (nucleus ambiguss) 

within the medulla oblongotta. The preganglionic parasympathetic neurons send projections via 

the vagal nerve (Figure 1). The vagal nerve has right and left branches, tracking alongside the 

carotid artery. The receiving postganglionic parasympathetic ganglia are dispersed throughout 

the cardiac plexus (ganglionated plexus) in the upper cardiac regions. The postganglionic 

parasympathetic nerves contribute towards atrial and ventricular innervation. Sensory ganglia 
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are distributed between the upper thoracic dorsal root ganglia and nodose ganglia, following the 

sympathetic chain or vagal nerve tracks, respectively (Figure 1).  

Figure 1: Neurocircuit of the extrinsic and intrinsic cardiac nervous system. Preganglionic 
parasympathetic nerves (blue) run along the vagus nerve to the cardiac plexus. The cardiac plexus 
is composed largely of postganglionic parasympathetic ganglia which innervate the atria and 
ventricles. Preganglionic sympathetic nerves (red) arise from the dorsal root ganglia to the cervical 
and thoracic sympathetic chain.  Postganglionic sympathetic ganglia in the sympathetic chain can 
directly innerve the atria and ventricles through the superior, middle, vertebral, and inferior 
cardiac nerves. Filled and dashed lines indicate preganglionic and postganglionic fibers, 
respectively.   Red question marks demonstrate regions where nerve contribution in cardiac 
innervation of the human heart is unclear.  Figure from Wink et al. 2020.  
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This classical view of these separate and distinct regions of sympathetic and parasympathetic 

ganglia has recently been challenged47, 51-54. Recent studies demonstrate that populations of 

ganglia can be intermixed47, 51, 52, 55. Moreover, subpopulations can have dual neurochemical 

phenotypes, where ganglia secrete both acetylcholine and norepinephrine51, 54-57. Humans show 

a wide range of variation in the anatomy, distribution, and influence of cardiac ganglia (reviewed 

by Wink et al. 2020) 47, 58. Thus, identifying how the composition of diverse ganglia varies across 

species, especially in humans, is needed to fully uncover neural circuity and function. 

 

Distribution of ventricular cardiac axons  

The ventricular cardiac axons create an expansive network where a nerve fiber contacts nearly 

every ventricular cardiomyocyte59. The nerves pattern the ventricles with regions of thick, 

bundled structures that branch into smaller nerve fibers59 (Figure 2). Nerve fibers have a beaded 

morphology, with regions of rounded enlargements, or varicosities1, 59. These nerves were long 

thought to be of sympathetic origin, however, parasympathetic60 and sensory2 axons have also 

been demonstrated to contribute towards ventricular innervation.  

 

Herbert H. Woollard was one of the first to detail and illustrate the contribution of innervation in 

the ventricles nearly a century ago59, 61. Yet, the fact that the ventricles are significantly 

innervated still comes as a surprise to many clinical cardiologists. This is possibly due to outdated 

diagrams in clinical textbooks60 and teachings that overemphasizes that cardiac innervation 

primarily targets the sinoatrial (SA) and atrioventricular (AV) nodes. This is further compounded 

by the underestimation of ventricular innervation based on gross anatomy, as accurate 
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identification of nerve subtypes requires nerve-specific labeling techniques and high-resolution 

microscopes. 

 

Sympathetic axons extensively innervate the epicardial and subendocardial layers of the cardiac 

ventricles1, 62. In contrast, parasympathetic innervation has been less studied for its interactions 

within the cardiac ventricles, and are commonly noted to have minimal or no contributions to 

ventricular innervation (reviewed by Coote et al. 2013) 60. This misconception has been directly 

countered by evidence from immunohistology studies in mouse, porcine, and human hearts that 

identified dense ventricular innervation of parasympathetic axons46, 63, 64. Additionally, in rodent 

hearts, sensory nerves extensively innervate the epicardial layer of the ventricles2, 65, 66.  

 

Regionally, the density and composition of axons varies46, 63, 64, likely allowing for deferential 

regulation of cardiac functions. In the human heart, sympathetic axons have a higher density 

than parasympathetic axons throughout the ventricles63. Furthermore, parasympathetic nerves 

tend to localize more in the subendocardial region, whereas sympathetic nerves have higher 

density in the subepicardial region63. Sensory nerves also have increased density and diameters 

in the posterior (dorsal) heart, compared to the anterior (ventral) region2. To expand on these 

findings, comparative approaches are needed to precisely annotate the regional neurodiversity 

of sympathetic (TH-expressing), parasympathetic (ChAT-expressing), and sensory (VGLUT2-

expressing) cardiac nerves. The importance of comparative studies cannot be understated, as 

nerve bundles can include axons of differing origins2, suggesting complex roles in multi-axon 
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patterning.  Excitingly, our current technology can provide extensive insight into the patterning, 

density, and distribution of nerve subtypes in ventricular innervation. 

Figure 2: Illustration of innervation in the cardiac ventricles.  Drawing of 
large, bundled nerves and smaller, beaded nerve fibers in the left 
ventricle (dog). Illustration from Woollard et al. 1926.
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Neurotransmitter secretion and ventricular responses 

The primary mode of neuronal communication is through the synthesis and secretion of 

neurotransmitters. Neurotransmitters are synthesized through enzymatic processes in neurons, 

where amino acids are converted into chemical messengers.  Secretion of neurotransmitters 

activate receptors, signaling cascades, and gene transcription in receiving cell types. Two 

neurotransmitters primarily regulate cardiac function, norepinephrine (NE) and acetylcholine 

(ACh), which are released from postsynaptic sympathetic and parasympathetic axons, 

respectively. The release of neurotransmitters onto the pacemakers, the SA and AV nodes, will 

lead to a cascade that impacts ventricular function, while other effects are the result of direct 

neurotransmission in ventricular cells. The release of neurotransmitters ultimately dictates the 

physiological responses of the cardiovascular system.  

 

Activation of the sympathetic “fight or flight” nerves is linked with heightened autonomic 

responses, such as increased heart rate (chronotropy), contractility (inotropy), and conduction 

(dromotropy). The presynaptic sympathetic nerves secrete ACh, exciting postganglionic neurons 

by binding to nicotinic acetylcholine receptors. Postsynaptic sympathetic nerves rely on Tyrosine 

Hydroxylase (TH) for biosynthesis of catecholamines, the precursors of NE. Secretion of NE 

targets adrenergic receptors (1AR, 2AR, 1AR, 2AR) in the receiving cell type. 1AR is the 

predominant receptor subtype expressed in the heart, expressed in SA and AV nodal cells and 

ventricular cardiomyocytes. In the vascular smooth muscle cells, AR receptors are expressed, 

allowing for NE activate vasoconstriction67.  
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The parasympathetic “rest and digest” nerves are linked with reduced autonomic activity, 

antagonizing the chronotropic, inotropic, and dromotropic effects. The presynaptic and 

postsynaptic parasympathetic nerves both release ACh, which is synthesized by choline 

acetyltransferase (ChAT). Secretion of ACh will target binding to muscarinic acetylcholine 

receptors (M2 and M3) on innervated cell types. The release of ACh on M2-expressing atrial and 

nodal cells will decrease conduction velocity and contractility. The vascular endothelium is also 

responsive to ACh, where its binding to M3 receptors stimulates vasodilation68.  

 

Sensory nerves are responsible for relaying sensations from the heart back to the central nervous 

system. Sensory nerves utilize the neurotransmitter glutamate. The sensory signals are 

transmitted from baroreceptors towards the peripheral and central nervous system to provide 

mechanical and chemical feedback. This creates the baroreceptor reflex, where baroreceptors 

on the aortic arch relay information on oxygen and nutrient consumption, as well as blood 

pressure69. The feedback from sensory nerves onto receiving ganglia in the central nervous 

system initiates a feedback response of efferent sympathetic and parasympathetic nerves, 

closing the cardiac neurocircuit and promoting heart rate regulation and homeostasis70.  

 

Neurocardiac axis at homeostasis  

Nerves are master regulators of cardiovascular physiology. The heart is challenged to respond 

across a wide gradient of physiological conditions to modulate cardiac output. The neurocardiac 

axis facilitates rapid communication between nerves and a variety of cells in the ventricles 

including cardiomyocytes, vascular smooth muscle cells, and endothelial cells. Innervation across 
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diverse cell types allows for nerves to be an essential mediator of crosstalk and homeostasis in 

the ventricles.  

 

Nerve and cardiomyocyte crosstalk 

In the ventricles, nerve fibers can be found running parallel to the elongated cardiomyocytes1. 

The nerves use these tracks to exchange of information between nerves and cardiomyocytes. 

Technological advancements in microscopy have led to the anatomical structure of the cardiac 

nerves terminals in the ventricles to be captured in subcellular resolution37, 39. This led to the 

discovery of the NCJ, a localized and bidirectional signal axis between sympathetic nerves and 

cardiomyocytes37, 39. The NCJ and its junctional-type communication demonstrates the 

complexity of neural crosstalk in the cardiac ventricles.  

 

Seminal research largely by Marco Mongillo’s lab has captured the architecture of the neuro-

cardiac junction (NCJ) and further defined its function1, 37-39, 71. Anatomically, the group 

demonstrated that the sympathetic neural network is expansive, creating multiple contacts with 

nearly all cardiomyocytes in the human and rodent ventricles1, 37. It is now estimated that 

cardiomyocytes are innervated to a similar degree as they are vascularized1. The sympathetic 

nerves communicate in regions with varicosities, where neurotransmission can occur37. The 

varicosities show several contact points per cardiomyocyte from a single neuronal process, and 

potentially by multiple distinct neuronal contacts1, 72. Cellularly, sympathetic nerves stimulate 

cardiomyocyte contraction via their canonical -AR-cAMP-PKA signaling pathway73. Later studies 

by the Mongillo group demonstrated that this signaling axis is bidirectional, with retrograde 



17 
 

signaling of cardiomyocyte derived NGF maintaining neuronal contact and health39 (see 

Appendix). These findings highlight the role of the NCJ in regulating cardiac function at 

homeostasis.   

 

Nerve signaling not only regulates cardiomyocyte contractility, but also intercellular processes 

related to cardiomyocyte size at homeostasis. A variety of studies have linked nerve dysfunction 

to altered trophic signaling in the heart. In adult mice, increased or decreased sympathetic nerve 

signaling leads cardiac hypertrophy or atrophy, respectivally24, 71, 74, 75.  Zaglia et al recently linked 

the activation of proteolysis during atrophic remodeling as a mechanism for neuronal regulation 

of cardiomyocyte size71. Their results showed that denervated hearts provoked an upregulation 

of the proteolytic cell machinery, suggesting that constitutive 2-AR signaling is needed to repress 

atrophy at homeostasis1, 71, 76. These findings demonstrate that a delicate balance of neuronal 

signaling is required for maintenance of cardiomyocyte size. Further studies are needed to 

identify the communication between parasympathetic nerves and cardiomyocytes to fully define 

the neurocardiac axis. 

 

Neurovascular congruence and regulation of the coronary vessels 

Neurovascular communication is give-and-take, where neuronal secretion of neurotransmitters 

and neuropeptides regulates vascular contractility and tension, and the vessels provide oxygen, 

nutrients, gas, and hormones to the nerves77-79. The crosstalk between the nerves and coronary 

vessels is multi-layered, as the vasculature is also regulated by feedback of heart rate, 

contractility, blood pressure, and nitric oxide (NO) levels (reviewed by Sheng et al. 2018).  
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Nerves regulate vasoactivity, either reducing or increasing vascular resistance, to meet the body’s 

demand for oxygenated blood. As a general mechanism, vasoconstriction occurs in response to 

NE, whereas vasodilation is activated by ACh78. Sympathetic and parasympathetic nerves can 

influence both vasoconstriction and vasorelaxation. Secretion of NE by sympathetic nerves will 

target 1AR receptors on smooth muscle cells to promote vasoconstriction78. ACh released by 

parasympathetic nerves can alter vascular resistance by binding to muscarinic receptors. In 

endothelial cells, ACh binding to M3 receptors signals for increased NO and vasorelaxation. 

Conversely, in smooth muscle cells, ACh binds to M2 or M3 receptors, decreasing NO and 

promoting vasoconstriction80.  

 

Morphologically, peripheral nerves and vessels are patterned in proximity with similar 

arborization patterning81, termed as neurovascular congruence. This cellular proximity bridges 

the nerves and arteries by junction-like connections. Anatomical studies in the heart have long 

noted the close localization between the nerves and coronary arteries59. Surprisingly, even with 

this knowledge and the established model of nerve-artery regulation, the neurovascular 

architecture in the heart is not well-defined. Since the cardiac nerves target the coronary arteries 

for innervation, this presumably builds a structure-function relationship in regulating cardiac 

blood flow. Yet, the neurovascular congruence of the nerve-artery patterning has only been 

captured in limited scope42, 43, 59.  
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Anatomical studies in the human heart have revealed distinct patterns of nerve association with 

veins and arteries, strikingly similar to what has been discovered in the mouse heart82. Thus, the 

murine heart is an accessible model to precisely define neurovascular architecture. Identifying 

nerve-artery patterning under homeostatic conditions is an essential step to elucidating neural 

influence on coronary arteries in homeostasis and disease.  

 

Nerves in Disease and Regeneration  

An array of neurological complications can arise in heart conditions, including coronary artery 

disease, hypertension, heart failure, and ischemic injury, which have been the subject of many 

reviews7, 47, 58, 83-85. Here the focus is on the nerve pathology after a myocardial infarction (MI), as 

this has persistently been the leading cause of death worldwide86 and causes heterogenous 

remodeling in all nerve subtypes2-5. The treatments currently available, such as beta-blockers, 

can reduce the pathological symptoms post-MI, however the myocardium and nerves remain 

impaired83. Regenerative medicine is a promising strategy on the horizon that could restore 

cardiac tissue and physiological function post-MI. The regenerated tissue would require proper 

innervation, performing in synchronicity with the uninjured myocardium to prevent ventricular 

arrhythmia and sudden cardiac death.  Fortunately, adult nerve axons have innate plasticity that 

may be harnessed therapeutically87, 88. Better understanding of nerve pathology post-MI can 

provide promising avenues to promote nerve repair and tissue regeneration.  
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Sympathetic nerve pathology in the infarcted myocardium 

A myocardial infarction leads to pathological nerve remodeling that creates an arrhythmogenic 

environment. Increased sympathetic drive, marked by elevated levels of NE, are associated with 

the pathology after an MI. Beta-blockers have been successful treatments to mitigate increased 

sympathetic input and aberrant function post-MI. Yet, heterogenous innervation in the 

myocardium remains, posing serious risk for heart failure and sudden cardiac death42, 89-91.  An 

increased understanding of sympathetic nerve pathology post-MI is needed for the development 

of novel anti-arrhythmogenic treatments.   

 

An MI causes denervation of sympathetic innervation in the left ventricle of dogs and humans5, 

91. Upregulation of neurotrophic factors at the infarction site can cause sympathetic axon 

sprouting in canine hearts90. This leads to regions of sympathetic denervation and 

hyperinnervation, which are strongly correlated to ventricular arrythmias in the infarcted 

myocardium42, 89-93. How nerve remodeling contributes to arrhythmic conditions post-MI are still 

unclear, however, there is increasing evidence for disrupted sympathetic pattering and function 

as a causal source83. After MI, there is a compensatory increase in peripheral sympathetic drive, 

a hallmark of heart failure83, 84. Within the infarcted heart, remodeling of sympathetic innervation 

will lead to regions that are hypersensitive or desensitized to -AR signaling84. This heterogeneity 

causes regional differences cardiomyocyte repolarization in response to -AR activation, 

increasing arrythmia suseptibility84.  
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Disruption of NGF secretion and signaling has also been proposed as a potential link to the 

arrhythmic landscape after MI94. In the healthy heart, NGF secretion maintains nerve contacts39 

and its receptor, TrkA, regulates sympathetic nerve firing patterns95. After an MI, NGF levels are 

increased in the border zone and can stimulate sympathetic hyperinnervation in mouse and 

canine models90, 96. Moreover, inhibition of NGF attenuates sympathetic hyperinnervation and 

cardiac dysfunction after MI injury in rats97. Thus, atypical NGF secretion in combination with 

altered NGF-TrKA signaling after an MI may lead to disrupted sympathetic nerve patterning and 

firing, creating a pro-arrhythmic environment. Identifying the cellular pathophysiology in nerve 

remodeling and arrythmias will be important for the discovery of new therapeutic targets.  

 

The cardioprotective role of the parasympathetic nerves  

The parasympathetic nerves are a mediator of cardiac injury and repair, yet their basic influence 

in the ventricles remains largely unknown. Research continues to suggest that parasympathetic 

nerves may hold powerful therapeutic potential. Activation of parasympathetic innervation 

shows cardioprotective effects in preventing ventricular arrhythmias. Vagal nerve stimulation 

(VNS) has attempted to harness these protective effects; however the clinical success has been 

limited6. The lack of clinical translations with VNS highlights an unmet need to discover 

mechanisms to restore parasympathetic nerve influence in the infarcted myocardium.  

 

Pathological remodeling occurs in parasympathetic nerves following MI. Parasympathetic nerves 

begin to degenerate in as little as 5-20 minutes after MI in the canine heart and continue to 

progress over time5. The result is a heterogenous heart with abnormal vagal signaling5, 98. Vagal 
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nerve dysfunction is not well understood. Abnormal vagal activity has been independently linked 

with both abnormal heart rate variability and baroreceptor sensitivity, increasing the risk for 

sudden cardiac death99. Although the overall vagal tone decreases post-MI, the changes in ACh 

levels are preserved in non-infarcted and border zone myocardium3. Even at 6-8 weeks post-MI, 

ACh levels appear to be preserved in the infarcted heart3, 100. This suggests that restoring 

parasympathetic nerve patterning and function may be a promising therapeutic option.  

 

Vagal stimulation has been used as a therapy to improve cardiac response after injury, however 

its application has not been clinically successful6. Yet, in a variety of animal models, electrical VNS 

shows cardioprotective effects after MI injury3, 101-106. Specifically, VNS can reduce ventricular 

arrhythmias by decreasing ventricular excitability post-MI. These effects are a result of reduced 

ventricular tachyarrhythmia inducibility at the arrhythmogenic boarder zone regions in the 

porcine heart3. VNS also modulates the systemic proinflammatory immune response107-110.  Thus, 

promoting parasympathetic reinnervation of the ventricles post-MI may also inherently promote 

immune resolution and cardiac repair. Further studies are required to elucidate conserved 

pathways activated by VNS that may be harnessed therapeutically in the human heart.   

 

The ischemic response and cardioprotective role of sensory nerves  

Sensory nerves provide life-saving sensory signals of chest pain, or angina, to those suffering an 

MI. Sensory nerve denervation heightens the risk for an asymptomatic “silent” MI, prevalent in 

diabetic patients111, 112. The sensory nerves not only provide signals for pain, but also mediate 

cardioprotection113-115. After ischemic injury, sensory nerve signaling is essential to mitigate 
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cardiovascular injury115. Yet, the subsequent damages in sensory nerve signaling after MI are not 

well understood.  

 

Sensory nerves and their related neuropeptides play an important role in mitigating the effects 

of an MI113-115. In rats, treatment with capsaicin was used to induce degeneration of capsaicin-

sensitive sensory nerves113.  Subsequent MI injury demonstrated that rats with sensory nerve 

degeneration had exacerbated MI injury. Notably, this was correlated with a decrease in 

neurotrophic factors in rodent and porcine models113, 116.  The ability of the sensory nerves to 

ameliorate cardiac injury is related to the capsaicin-sensitive pathway, where capsaicin binds and 

activates the transient receptor potential vanilloid type 1 (TRPV1) receptor114. Genetic knockout 

of TRPV1 impaired recovery after ischemia-reperfusion injury in mice117. Comparably, activation 

of TRPV1 can promote cardiac repair after ischemia-reperfusion injury118. Together, these results 

highlight that sensory nerve signaling has a cardioprotective role.  

 

Recent work has shown that extensive remodeling of the sensory nerves occurs post-MI. The 

sensory nerves become hyperinnervated in the border zone and denervated in the infarction 

zone2, similar to the remodeling of sympathetic axons42. This pathological remodeling of the 

sensory nerves post-MI serves as a basis for future studies to explore the affected neurocircuit 

and related pathways. Identifying the pathways underpinning sensory nerve function and 

cardioprotection will provide therapeutic insights for cardiac injury.  
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Nerve plasticity and repair in the heart 

Neonatal mouse heart regeneration is independently regulated by parasympathetic and 

sympathetic nerves, where inhibition of either subtype will impair heart regeneration119, 120. 

Moreover, cardiomyocyte proliferation in the neonatal mouse is regulated by neuronal signaling 

via adrenergic receptors121 and neurotrophic factors120. Our lab along with others have identified 

that NGF can promote cardiomyocyte proliferation and cardiac regeneration after injury120, 122, 

123. Thus, the neonatal heart provides a window into understanding the pathways and 

mechanisms of axon repair and cardiac regeneration in the mammalian heart. 

 

Most strikingly, nerve function appears to be reestablished in the regenerated neonatal heart, 

where mice regain contractile function and show no signs of arrhythmias124. This suggests that 

the regenerated neonatal heart undergoes physiological reinnervation in the cardiac ventricles. 

Interestingly, transplanted human hearts can be reinnervated by sympathetic and 

parasympathetic nerves of the host, which correlates with improved cardiac function87, 88. 

However, the innervation of the transplanted heart is heterogenous, often being described by 

clinical cardiologists as “patchy,” due to the partial reinnervation phenotype. Ultimately these 

atypical nerve patterns can contribute to arrhythmogenesis and sudden cardiac death87. 

Nevertheless, this phenotype suggests that adult cardiac nerves may have a degree of plasticity 

following injury. Elucidating differences between the neonatal and adult heart can provide 

insights into pathways to elicit physiological, rather than pathological, reinnervation of the 

infarcted heart.   
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The development of regenerative therapies for the infarcted heart will require a deep 

understanding of proper nerve patterning and neurocircuitry in the heathy heart and how this 

can be reestablished in the regenerated heart. The regenerative response in the neonatal heart 

provides a unique model for defining the regaining of nerve function post-MI. Thus, the neonatal 

mouse can serve as a tool to identify the degree, architecture, and function of nerves in the 

regenerated mammalian heart. This also provides insight into the molecular mechanisms of 

nerve recruitment during regeneration. Insights into the pathways of neuronal repair will provide 

the foundational discoveries needed to promote proper reinnervation after MI.  

 

Conclusion 

The nerves are a pillar of cardiovascular function, establishing an expansive and complex network 

within the cardiac ventricles. New discoveries highlight that neuronal regulation stretches 

beyond its canonical roles in controlling heart rate, contractility, and conduction, to now include 

non-canonical roles in regulating cardiomyocyte proliferation, hypertrophy, and proteolysis40, 41, 

71. A myocardial infarction can damage nerve patterning and function, creating arrhythmogenic 

conditions83. Therapeutically, the nerves hold potential for promoting repair after myocardial 

injury, as nerve signaling provides cardioprotective and regenerative signals. Stimulating nerve 

repair relies on first detailing normal nerve anatomy and function. Accurately defining the 

organization and neurocircuitry of the intrinsic cardiac nerves during developmental, 

homeostatic, regenerative, and disease states will create a path for finding novel therapeutics to 

stimulate cardiac repair after injury.   
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SUMMARY 

Cardiomyocyte proliferation following injury is a dynamic process that requires a symphony of 

extracellular cues from non-myocyte cell populations. Utilizing lineage tracing, passive CLARITY, 

and three-dimensional whole-mount confocal microscopy techniques, we can analyze the 

influence of a variety of cell types on cardiac repair and regeneration.  

 

ABSTRACT 

Cardiovascular disease outranks all other causes of death and is responsible for a staggering 31% 

of mortalities worldwide. This disease manifests in cardiac injury, primarily in the form of an 

acute myocardial infarction. With little resilience following injury, the once healthy cardiac tissue 

will be replaced by fibrous, non-contractile scar tissue and often be a prelude to heart failure. To 

identify novel treatment options in regenerative medicine, research has focused on vertebrates 

with innate regenerative capabilities. One such model organism is the neonatal mouse, which 

responds to cardiac injury with robust myocardial regeneration. In order to induce an injury in 

the neonatal mouse that is clinically relevant, we have developed a surgery to occlude the left 

anterior descending artery (LAD), mirroring a myocardial infarction triggered by atherosclerosis 

in the human heart. When matched with the technology to track changes both within 

cardiomyocytes and non-myocyte populations, this model provides us with a platform to identify 

the mechanisms that guide heart regeneration. Gaining insight into changes in cardiac cell 

populations following injury once relied heavily on methods such as tissue sectioning and 

histological examination, which are limited to two-dimensional analysis and often damage the 

tissue in the process. Moreover, these methods lack the ability to trace changes in cell lineages, 
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instead providing merely a snapshot of the injury response. Here, we describe how 

technologically advanced methods in lineage tracing models, whole organ clearing, and three-

dimensional (3D) whole-mount microscopy can be used to elucidate mechanisms of cardiac 

repair. With our protocol for neonatal mouse myocardial infarction surgery, tissue clearing, and 

3D whole organ imaging, the complex pathways that induce cardiomyocyte proliferation can be 

unraveled, revealing novel therapeutic targets for cardiac regeneration. 
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INTRODUCTION 

The heart has long been considered to be a post-mitotic organ, yet recent evidence demonstrates 

that cardiomyocyte renewal occurs in the adult human heart at about 1% per year1. However, 

these low rates of cardiomyocyte turnover are insufficient to replenish the massive loss of tissue 

that occurs following injury. A heart that has suffered a myocardial infarction will lose around 

one billion cardiomyocytes, often serving as a prelude to heart failure and sudden cardiac death2,3. 

With over 26 million people affected by heart failure worldwide, there is an unmet need for 

therapeutics that can reverse the damages inflicted by heart disease4. 

 

In order to bridge this gap in therapeutics, scientists have begun investigating evolutionarily 

conserved mechanisms that underlie endogenous regeneration following injury. One model for 

studying mammalian cardiac regeneration is the neonatal mouse. Within the week following 

birth, neonatal mice have a robust regenerative response following cardiac damage5. We have 

previously demonstrated that neonatal mice can regenerate their heart via cardiomyocyte 

proliferation following an apical resection5. Although this technique can evoke cardiac 

regeneration in the neonates, the surgery lacks clinical relevance to human heart injuries. In 

order to mimic a human injury in the neonatal mouse model, we have developed a technique to 

induce a myocardial infarction through a coronary artery occlusion6. This technique requires 

surgical ligation of the left anterior descending artery (LAD), which is responsible for delivering 

40%–50% of the blood to the left ventricular myocardium6,7. Thus, the surgery results in an infarct 

that impacts a significant portion of the left ventricular wall. This damage to the myocardium will 

stimulate cardiomyocyte proliferation and heart regeneration in neonates5.  
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The coronary artery occlusion surgery provides a highly reproducible and directly translational 

method to uncover the inner workings of cardiac regeneration. The neonatal surgery parallels 

coronary artery atherosclerosis in the human heart, where accumulation of plaque within the 

inner walls of the arteries can cause an occlusion and subsequent myocardial infarction8. Due to 

a void in therapeutic treatments for heart failure patients, an occlusion in the LAD is associated 

with mortality rates reaching up to 26% within a year following injury9, and consequently has 

been termed the “widow maker.”  Advancements in therapeutics require a model that accurately 

reflects the complex physiological and pathological effects of cardiac injury. Our surgical protocol 

for neonatal mouse cardiac injury provides a platform that allows researchers to investigate the 

molecular and cellular cues that signal mammalian heart regeneration after injury. 

 

Recent research highlights the dynamic relationship between the extracellular environment and 

proliferating cardiomyocytes. For example, the postnatal regenerative window can be extended 

by decreasing the stiffness of the extracellular matrix surrounding the heart10. Biomaterials from 

the neonatal extracellular matrix can also promote heart regeneration in adult mammalian hearts 

following cardiac injury11. Also accompanying cardiomyocyte proliferation is an angiogenic 

response12,13; collateral artery formation unique to the regenerating heart of the neonatal mouse 

was shown to be essential for stimulating cardiac regeneration12. Moreover, our lab has 

demonstrated that nerve signaling regulates cardiomyocyte proliferation and heart regeneration 

via modulation of growth factor levels, as well as the inflammatory response following injury14. 

These findings emphasize the need to trace non-myocyte cell populations in response to cardiac 
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injury. In order to accomplish this goal, we have taken advantage of the Cre-lox recombination 

system in transgenic mice lines to incorporate constitutive or conditional expression of 

fluorescent reporter proteins for lineage tracing. Furthermore, we can use advanced methods to 

determine clonal expansion patterning with the Rainbow mouse line, which relies on stochastic 

expression of the Cre-dependent, multi-color fluorescent reporters to determine the clonal 

expansion of targeted cell populations15. Employing lineage tracing with the neonatal coronary 

artery occlusion surgery is a powerful tool for dissecting the intricate cellular mechanisms of 

cardiac regeneration. 

 

Tracking the lineage of fluorescently labeled cells with three-dimensional (3D) whole organ 

imaging is difficult to achieve using traditional sectioning and reconstruction technique – 

especially when cell populations are fragile, such as nerve fibers or blood vessels. While direct 

whole-mount imaging of the organ by optical sectioning can capture superficial cell populations, 

structures that reside deep within the tissue remain inaccessible. To circumvent these barriers, 

tissue clearing techniques have been developed to reduce the opacity of whole organ tissues. 

Recently, significant advances have been made to Clear Lipid-exchanged Acrylamide-hybridized 

Rigid Imaging compatible Tissue hYdrogel (CLARITY)–based methods, which clear fixed tissue 

via lipid extraction16. Steps are also taken to homogenize the refractive index and subsequently 

reduce light scattering while imaging17. One such method is active CLARITY, which expedites 

lipid decomposition by using electrophoresis to penetrate the detergent throughout the 

tissue18. Although effective, this tissue clearing method requires expensive equipment and can 

cause tissue damage, making the approach incompatible with fragile cell populations such as the 
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cardiac nerves19. Thus, we employ the passive CLARITY approach, which relies on heat to gently 

facilitate detergent penetration, therefore aiding in the retention of intricate cell structures20,21. 

 

Passive CLARITY is typically thought to be less efficient than active CLARITY18, as the technique is 

often accompanied by two major obstacles: the inability to clear the entire organ depth and the 

extensive amount of time required to clear adult tissues. Our passive CLARITY approach 

overcomes both of these barriers with an expeditated clearing process that is capable of fully 

clearing neonatal and adult heart tissue. Our passive CLARITY tissue clearing technique has 

reached an efficiency that permits the visualization of a variety of cardiac cell populations, 

including rare populations distributed throughout the adult heart. When the cleared heart is 

imaged with confocal microscopy, the architecture of cell-specific patterning during 

development, disease, and regeneration can be illuminated.  

 

PROTOCOL  

 

All experiments were conducted in accordance with the Guide for the Use and Care of Laboratory 

Animals and in compliance with the Institutional Animal Care and Use Committee in the School 

of Medicine and Public Health at the University of Wisconsin–Madison. All methods were 

performed on wild type C57BL/6J (B6) and transgenic mouse lines obtained from Jackson 

Laboratories.  
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1. Coronary Artery Occlusion (Myocardial Infarction) Induced via Ligation of the Left Anterior 

Descending Artery (LAD) in 1-Day-Old Neonatal Mice 

 

1.1. Separate the 1-day-old neonatal pups from the mother by placing them into a clean cage 

along with some of the original nesting material.  

1.2. Place half of the cage onto a heating pad set to medium heat. The pups should remain on 

the unheated side of the cage, only being placed onto the heated side after surgery.  

1.3. Create a sterile surgical area under an operating microscope. Gather sterilized surgical 

equipment (Table 1).  

1.4. Anesthetize the pup via hypothermia: wrap the pup in gauze to avoid direct skin contact with 

ice and bury it in an ice bed for approximately 3–4 min. Check hypothermia of the mice 

periodically by performing a toe pinch. Neonates tolerate hypothermia well, however, 

prolonged exposure to hypothermia may result in frostbite and subsequent mortality.  

1.5. Once anesthetized, place the mouse onto the surgical area in the supine position, securing 

the arms and legs with tape. Sterilize the surgical area of the mouse with an antiseptic 

solution. 

1.6. Locate the lower chest region and make a transverse incision in the skin with small dissecting 

scissors. To widen the surgical view of the ribs, separate the skin from the muscle by lifting 

the skin gently with a pair of dressing forceps and gently press against the intercostal 

muscles with the small scissors in the closed position.  

1.7. Locate the fourth intercostal space (Figure 1A) and make a small, superficial puncture using 

sharp forceps, being careful not to puncture any internal organs. Perform a blunt dissection 
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by widening the area in between the intercostal muscles with dressing forceps. Proper 

anatomical positioning of the incision is essential for appropriate access to the heart.  

1.8. Gently guide the heart out of the chest cavity by placing a finger and applying increasing 

pressure on the left side of the abdomen while holding the intercostal space open with 

dressing forceps (Figure 1B). Once the heart is outside of the chest, remove the dressing 

forceps, relieve pressure, and allow the heart to rest on the intercostal muscles.  

1.9. Locate the LAD as the area of the heart that has less pooled blood and is in the correct 

anatomical position (Figure 1C). The LAD can be only seen under the microscope if the heart 

is accessed within a few minutes of beginning surgery.   

1.10. Perform LAD ligation by suturing the LAD with a 6-0 suture (Figure 1D). Tie a square knot 

twice to induce myocardial infarction (Figure 1E). The depth of the suture into the 

myocardium may vary, however, proper anatomical positioning of the LAD ligation is crucial 

for reproducibility. When ligating the LAD, the suture should be pulled tightly but carefully 

so as not to sever the LAD. Blanching at the apex of the heart will be seen immediately 

(Figure 1E) 

1.11. Allow the heart to slip back into the chest cavity; this process can be gently facilitated with 

dressing forceps. Suture the ribs together with a surgeon’s knot followed by a square knot, 

using blunt forceps to lift the upper set of ribs while passing a 6-0 suture through the upper 

and lower set of ribs.  

1.12. Remove the tape that was used to secure the hind legs of the pup.  

1.13. Adhere the skin together by placing a small amount of skin glue on the upper abdomen. 

Then, grab the skin of the lower abdomen with fine forceps and cover the exposed chest 
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region. Limit the amount of excess glue that remains on the pups, as this can increase the 

likelihood of rejection and cannibalism by the mother.  

1.14. Immediately facilitate the recovery from anesthesia by placing the pup onto a heating pad 

set to medium heat. Periodically switch the placement of the neonates to evenly warm all 

parts of the body.  

1.15. Allow the neonate to remain directly on the heating pad for 10–15 min. Typically, 

movement is regained within 5 min of being placed onto heat.  

1.16. Clean the residual blood and glue with an alcohol wipe.  

1.17. Cover foreign scents on neonates by rubbing the entire body with bedding from the original 

cage. Place the pup into the cage on the heated side while other surgeries are being 

performed. 

1.18. Once all surgeries are completed and pups are warm and mobile, transfer the litter along 

with the original nesting material to the mother’s cage.  

1.19. Monitor the mice for 30–60 min after surgery and watch for the mother’s acceptance of 

the pups by nesting and/or grooming.  

1.20. Check on the mice the morning following surgery. If mother is distressed and has not nested 

the pups, consider a foster mother for the pups. 

 

2. Clearing the Mouse Heart with Passive CLARITY21-23 

 

2.1. Anesthetize the mouse with isoflurane. Remove the animal from the cage and perform a toe 

pinch to ensure the mouse is fully sedated. 
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2.2. Place the mouse onto a clean, surgical area in the supine position, securing the arms and legs 

with tape.  

2.3. Maintain isoflurane sedation on the mouse using a nose cone until the heart is extracted.   

2.4. Open the lower chest by holding the fur just below the xiphoid process with tissue forceps 

and make an incision spanning the width of the ribcage using the large dissecting scissors.  

2.5. Cut alongside of the distal portions of the rib cage with surgical scissors. 

2.6. Expose the diaphragm muscle by grasping the xiphoid process with tissue forceps. Detach 

the diaphragm using curved forceps.  

2.7. While maintaining a grasp of the xiphoid process, pull the tissue cranially until the beating 

heart is accessible. 

2.8. Grasp the heart at the base with curved forceps and dissect the heart from the chest cavity 

by cutting the aorta and superior vena cava with iridectomy scissors. 

2.9. While the heart is still beating, place the heart into a Petri dish filled with PBS so that the 

heart pumps out the blood inside as it keeps beating. Myocardial infarction can be 

confirmed by checking that the placement of the suture is in the proper anatomical position 

for LAD ligation.  

2.10. Gently squeeze the heart with forceps to allow the heart to expel the residual blood. 

2.11. Transfer the mouse heart into a disposable 2.5 mL glass shell vial with 2 mL of PBS. Wash 

away residual blood by incubating the heart on a shaker for 10 min at room temperature 

(RT) several times. Change the PBS solution each time until PBS remains clear. 

2.12. Discard the PBS and fill the vial with 2 mL of cold 4% paraformaldehyde (PFA). Incubate for 

4 hours at RT (Figure 2A). 
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2.13. After incubation, discard the PFA and the vial with 2 mL of PBS. Wash the heart on a shaker 

for 10 min at RT. Repeat the washing step twice, draining and filling the vial with new PBS 

each time to fully wash away excess PFA. 

2.14. Discard PBS and fill the vial with 2 mL of 4% acrylamide and 0.5% VA-044 solution. Incubate 

overnight at 4 °C.  

2.15. The next day, perform polymerization by transferring the vial to a heat block set at 37 °C 

for 3 hours.  

2.16. Transfer the heart into a new glass shell vial and repeat step 2.12 (PBS wash cycle).  

2.17. Discard PBS and fill the vial with 2 mL of Clearing Solution (Table 2). Incubate at 37 °C until 

the heart is cleared. Change out the solution and refill with fresh Clearing Solution every 2–

3 days. The clearing process could take up to several weeks (Figure 2B,C).  

 

NOTE: P1 hearts typically take around 3–5 days, whereas P21 hearts can take nearly a month 

before Clearing Solution incubation is complete.  

2.18. Discard PBS and fill the vial with 2 mL of PBS and repeat step 2.12 (PBS wash cycle). Refill 

the vial with fresh PBS and incubate overnight at 37 °C.  

2.19. If immunostaining will be performed, skip steps 2.21–2.22 and proceed to Section 3 for 

immunostaining. If relying solely on endogenous fluorescence, proceed with steps 2.21–

2.22 and skip Section 3.  

2.20. Discard PBS and change the solution to Refractive Index Matching Solution (RIMS) (Table 

3). Incubate overnight at 37 °C . 
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2.21. After incubation, the cleared tissue can be stored in RIMS solution at RT. Tissue may appear 

to be white and opaque in the center when first transferred into RIMS; tissue should 

become transparent after being incubated in RIMS at room temperature for several weeks 

(Figure 2D). 

 

3. Immunohistochemistry Staining of the Whole Mount Mouse Heart 

3.1. Remove the cleared heart from the RIMS solution and place into a clean 2.5 mL glass vial 

with 2 mL of PBST (PBS with 0.1% Triton-X 100) 

 

3.2. Wash the heart in PBST 3 times on an orbital rotator with 30 min incubations at RT. 

3.3. Block non-specific antibody binding by immersing the heart in 2 mL of 20% blocking buffer 

(diluted in PBST) and incubate with rotation for 3 hours at RT, followed by an overnight 

incubation at 4°C. 

NOTE: Blocking buffer is made from normal serum matching the species in which the secondary 

antibody was raised. 

3.4. Wash the heart in PBST 3 times with rotation for 5 min incubations at RT. 

3.5. Immerse the heart in primary antibody (diluted in 2% blocking buffer with PBST) and prevent 

light exposure by wrapping the glass vial in aluminum foil. Incubate with rotation overnight 

at RT.  

3.6. Incubate for an additional 24 hours with rotation at 4°C 
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3.7. Following primary staining, repeat step 3.2 (long PBST wash cycle) to remove the unbound 

primary antibody from the tissue. Extend the wash with an overnight incubation with 

rotation at RT. 

 

3.8. Working in an area with limited lighting to prevent secondary antibody light exposure, 

immerse the heart in secondary antibody (diluted in 2% blocking buffer with PBST) and 

incubate with rotation for 3 hours at RT. Transfer to 4 °C to stain with rotation overnight. 

NOTE: From this point forward, aluminum foil should be continuously used to protect the 

antibody staining from light exposure 

3.9. On the next day, repeat step 3.2 (long PBST wash cycle) to remove unbound secondary 

antibody.  

3.10. Replace the solution with 2% blocking buffer (diluted in PBST). Remove residual unbound 

antibody washing overnight with rotation at RT. 

3.11. The next day, check that excess secondary antibody has been removed using confocal 

microscopy. Extend the wash as needed, replacing the 2% blocking buffer solution daily. 

Proceed once little to no non-specific secondary staining is present.  

3.12. Store the immunostained heart in PBS at 4 °C.  

3.13. Directly before whole mount microscopy, incubate the heart in RIMS solution overnight at 

37 °C. Extend the incubation an additional 24 hours if the tissue is still not fully cleared.  

3.14. Store the fully cleared and immunostained heart in RIMS at RT.  
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4. Visualizing Non-myocyte Populations in 3D with Single-Photon Confocal Microscopy 

Imaging of the Cleared Mouse Heart 

NOTE: If mouse hearts are harvested embryonically, continue with section 4.1. For mouse hearts 

harvested postnatally, continue with section 4.2.  

4.1. Imaging the Cleared Embryonic Mouse Heart 

4.1.1. Fill the microscope depression slide with the PBS solution.  

4.1.2. Carefully pick up the cleared heart with curved forceps and place the tissue onto the 

slide. 

4.1.3. Mount the slide with a glass coverslip. The tissue can now be imaged under a confocal 

microscope.  

4.2. Imaging the Cleared Postnatal Mouse Heart 

4.2.1. Fill half of the chamber of the depression slide with PBS solution. In order to create a 

chamber large enough to fit an adult mouse heart, a 3D-printed polypropylene 

depression slide was custom-made (Figure 4). 

4.2.2. Carefully pick up the cleared heart with curved forceps and place the tissue into the 

chamber. Fill the remaining volume of the chamber with PBS.  

4.2.3. Fill the chamber with PBS so the surface of the liquid forms a dome above the top of 

the chamber. Mount the cover slide. The tissue can now be imaged under a confocal 

microscope. 

 

REPRESENTATIVE RESULTS 
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Often the two most challenging steps are guiding the heart out of the chest cavity and ligating 

the LAD. To troubleshoot these steps, adjustments may be made in the placement of the initial 

puncture between the fourth intercostal muscles; if the puncture and blunt dissection are too 

close in proximity to the sternum, the heart may not be able to exit the chest cavity (Figure 1A).  

 

Additionally, increased pressure on the left abdomen may be needed to facilitate this process 

(Figure 1B). Complications may also occur when resting the heart on the intercostal muscles. We 

found the heart will remain outside of the cavity without withdrawing when the blunt dissection 

is kept to a minimal size and performed mainly in the horizontal direction. This orientation also 

allows for clear visualization and accessibility to the LAD (Figure 1C).  

 

When placing the suture needle behind the LAD, it is suggested to penetrate deep into the 

anterior wall of the left ventricle, as a superficial ligation has less room for adjustment in the final 

suture placement (Figure 1D). Tying the suture around the LAD should be performed with 

controlled, steady movements, as the LAD is fragile and severing this coronary artery and the 

anterior wall will cause mortality (Figure 1E). Within 5–10 minutes after surgery is complete, the 

neonate should be lively and breathing normally.   

 

When proceeding to the passive CLARITY protocol, hearts harvested from a mouse line that 

incorporates an endogenous fluorescent reporter for cell lineage tracing should be protected 

from light (Figure 2), which can be accomplished by wrapping the glass vial in aluminum foil. 

During the clearing step, the time incubating in Clearing Solution is variable depending on the 
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age of the mouse when the heart was harvested. This step is complete when the entire tissue is 

consistently opaque, with no discoloration in the center (Figure 2B-C). The hearts will become 

increasingly transparent after storage in RIMS solution at room temperature for a couple of days 

(Figure 2D). It should be noted that tissue expansion may occur during the clearing process.  

Our passive CLARITY protocol permits effective antibody penetration and thus is compatible with 

immunohistochemistry methods to label protein(s) of interest. This was validated in 

Actl6bCre;Rosa26tdT transgenic mice, which label mature neurons with the tdTomato (tdT) 

reporter protein. The cardiac nerves are mainly superficial, with some populations residing in the 

epicardial layer, therefore we used this cell population as a proof-of-principal model for the 

reproducibility of endogenous reporter signal (Figure 3A), as well as preservation of reporter 

protein conformation before and after CLARITY (Figure 3B-C). Our representative results from 

Actl6bCre;Rosa26tdT mice show that the endogenous tdT protein signal seen in nerves of an 

uncleared P7 heart was faithfully recapitulated in nerves of both uncleared and cleared tdT 

immunolabeled P7 hearts (Figure 3). To immunolabel tdT-positive nerves, a Red Fluorescent 

Protein (RFP) primary antibody (rabbit polyclonal; 1:200 dilution; Rockland #600-401-379) was 

used along with an Alexa Fluor 488 secondary antibody (goat polyclonal; 1:1000 dilution; 

Invitrogen #A-11008). To visualize the cleared heart by eye during immunostaining and imaging 

steps, an ultraviolet flashlight may be briefly used to illuminate the heart.  

FIGURES AND TABLES 
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Figure 1: Induction of Myocardial Infarction in the Neonatal Mouse through Coronary Artery 

Occlusion of the Left Anterior Descending Artery (LAD). (A) The fourth intercostal space, 

indicated by a single asterisk (*), is located and a blunt dissection is performed. (B) Pressure is 

applied on the left abdomen to guide the heart out of the chest cavity. (C) The LAD, marked by a 

double asterisk (**), is identified as being the predominant artery and by anatomical position. (D,

E) A suture is then passed behind the LAD and a square knot is tied around the LAD to induce a

coronary artery occlusion and subsequent infarct. (E) Once complete, blanching can be seen 

below the suture, at the apex of the heart. 

A B

C D E

*

**
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Figure 2: Progression of the Passive CLARITY Method on a P14 Mouse Heart. Hearts were 

harvested from P14 mice, (A) fixed, and (B–D) underwent the passive CLARITY protocol. For 

hearts taken at a P14 timepoint, Clearing Solution incubation step is (B) incomplete when 

discoloration at the center of the heart is apparent, seen after 6 days, and (C) complete when 

heart appears evenly opaque, seen after 10 days. (D) After the heart is stored in RIMS, the tissue 

is completely cleared. 

A B C D
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Figure 3: Whole-Mount 3D Imaging of P7 Mouse Hearts with Confocal Microscopy. 

Representative whole-mount 3D images from P7 Actl6bCre;Rosa26tdT transgenic mice hearts are 

shown as maximum intensity projections of z-stacked images. Hearts were imaged to show (A) 

endogenous tdTomato (tdT) fluorescence directly after harvesting (red) (B) immunostaining of 

tdT-positive nerves in an uncleared heart (Alexa Fluor 488; green) and (C) reproducible 

immunolabeling of tdT-positive nerves in a cleared heart (Alexa Fluor 488; green).  

A

B
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tdT  
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Figure 4. 3D Printed Polypropylene Depression Slides. To image the postnatal heart samples, 

custom depression slides were 3D printed on polypropylene. The slide dimensions are 25 mm x 

75 mm x 1 mm, with a slide depression well 13 mm in diameter and either (A) 6.5 mm or (B) 17 

mm in depth.  

A B
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Table 1. Surgical Equipment.

Table 2. Clearing Solution and Other CLARITY Reagents 

Table 3. Refractive Index Matching Solution (RIMS) 

Equipment Type Description Company Catalog Number

Glass Vial 12 x 35mm Vial with Cap Fisherbrand 03-339-26A

6-0 Prolene Sutures Polypropylene Sutures Ethicon 8889H

Sharp Forceps Fine Tip, Straight, 4.25 in Sigma-Adrich Z168777

Dressing Forceps Dissecting, 4.5 in Fisherbrand 13-812-39

Needle Holder Mayo-Hegar, 6 in Fisherbrand 08-966

Small Dissecting Scissor 30 mm Cutting Edge Walter Stern Inc 25870-002

Tissue Forceps Medium Tissue, 1X2 Teeth Excelta 16050133

Large Dissecting Scissors Straight, 6 in Fisherbrand 08-951-20

Iridectomy Scissors 2 mm Cutting Edge Fine Science Tools 15000-03

Curved Forceps Half Curved, Serrated, 4 in Excelta 16-050-146

Clearing Solution

Reagent Final Amount Notes

Sodium Dodecyl Sulfate (SDS) 8.0% w/v 40 g

Boric acid 1.25% w/v 6.25 g

1-thioglycerol 0.5% w/v 5 μL/mL Added as needed to solution

Add 400 ml of ultrapure H20 to 1 L beaker. Mix in SDS and Boric Acid with magnetic stirring.

Adjust pH to 8.5 using 6M NaOH. Bring volume to 500 ml and Autoclave.

Store solution at room temperature.

Other CLARITY Reagents

Reagent Final Stock Notes

PFA 4.0% 16% Diluted in PBS

Acrylamide 4.0% 40% Diluted in PBS

VA-044 0.5% 10% Added as needed to solution

Reagent Final Amount

Phosphate Buffer 0.02 M 90 mL

Histodenz 133.3% w/v 120 g

Sodium Azide 0.05% w/v 45 mg

Add 90 mL of 0.02 M Phosphate Buffer to 250 mL glass media bottle wrapped in aluminum foil.

Mix in reagents listed with magnetic stirring. Allow components to dissolve overnight.

Vortex solution and filter purify with filtration system into a sterile 250 mL glass media bottle.

Wrap bottle in aluminum foil and store solution at room temperature.
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DISCUSSION 

Cell-cell interactions between cardiomyocytes and non-myocyte populations are a determining 

factor of whether the heart will undergo fibrosis or repair following injury. Discoveries have been 

made demonstrating that a variety of cell types, including nerves14, epicardial cells24, peritoneal 

macrophages25, arterioles12,13, and lymphatic endothelial cells26, all play an essential role in 

mediating cardiac repair. These cell lineages and others of interest can be genetically traced 

during development, disease, and regeneration by applying Cre-lox and CRISPR-Cas9 

technologies in mice. When coupled with organ clearing and advanced microscopy methods, the 

contributions of non-myocyte populations can be accurately assessed, opening the door to 

elucidate cellular and molecular targets of myocardial regeneration following injury.  

 

The efficiency of the protocol is dependent on consistent and reproducible ligation of the LAD 

during coronary artery occlusion surgery. Neonatal mice are sensitive to extended exposure to 

hypothermia; thus, the surgery must not only be performed with accuracy but also within 

minutes. From start to finish, the myocardial infarction surgery should take less than 8 minutes. 

We recommend first practicing on several litters of the same background as the experimental 

mice until proficiency is achieved.   

 

Progression of cardiac repair can be assessed by using echocardiography to measure cardiac 

function (i.e. fractional shortening, ejection fraction, systolic and diastolic volume) once within 3 

to 7 days after surgery and again shortly before harvesting the heart, suggested between 21- and 
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28-days post injury. Hearts can be collected for clearing at multiple timepoints following 

myocardial infarction surgery.  

 

The clearing step (step 2.18) is subject to variation in duration depending on age and strain of 

the mouse from which the heart was harvested, which can result in differences in heart size. For 

a B6 background mouse, clearing duration based on age is estimated as follows: P1 (7-10 days), 

P7 (14-17 days), P14 (21-24 days), P21 (28-31 days), P28 (35-38 days). Although the primary focus 

of our laboratory is heart clearing, our passive CLARITY method has been successful for clearing 

mice lungs (unpublished results) and we foresee no limit on broadly applying this to other organs. 

Overall, our expedited clearing process is highly valued for the ability to clear tissues rapidly and 

effectively.  

 

It should be noted that complications can arise when applying tissue clearing techniques in 

organs with endogenous reporters in rare subpopulations. Reporter signal in dense cell 

populations (such as myocytes23) seem to be more resistant to the clearing process and thus the 

signal is typically retained; however, other more sensitive cell populations (such as cardiac nerves) 

are prone to having endogenous fluorescent protein signal quenched after prolonged fixation or 

clearing. This became apparent in the Actl6bCre;Rosa26tdT reporter mouse model, where P7 hearts 

fixed briefly for 15 minutes showed strong tdT signal (Figure 3A), however this fluorescent signal 

was quenched after fixation for 1 hour or overnight incubation in the Clearing Solution (data not 

shown). In the scenario of lost reporter signal, antibody staining targeting the reporter protein is 

compatible with tissue clearing to amplify the signal (Figure 3). The addition of an 
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immunolabeling step can be advantageous for tissues undergoing extensive imaging, as 

conjugated antibodies are bleach-resistant and produce stable, long-term expression. With the 

ability to track proteins endogenously and through immunostaining, our protocol uniquely allows 

for precise localization of rare cardiac cell populations that reside deep within the heart. 

 

Cleared hearts can undergo lineage tracing or fluorescent protein expression analysis using 

whole-mount 3D confocal microscopy. The confocal microscope is equipped with laser lines 

optimized to excite florescent reporters (or conjugated secondary antibodies), for example: BFP 

(DAPI, Alexa Fluor 405), EGFP (FITC, Alexa Fluor 488), DsRed (TRITC, Alexa Fluor 546/555), and 

APC (Cy5, Alexa Fluor 647) at 405 nm, 488 nm, 561 nm, and 683 nm, respectively. For heart 

samples unable to fit in a depression slide – common if the heart harvested postnatally – a custom 

depression slide can be made by 3D printing on polypropylene. Custom slides followed 

dimensions of a microscope depression slide (25 mm x 75 mm x 1 mm), varying the well depth to 

either 6.5 mm or 17 mm (Figure 4).  

 

In order to visualize the reporter cell lines in 3D, the confocal microscope is set to acquire z-

stacked images throughout the heart. When imaging larger hearts, the entire heart may not be 

able to be captured in a single z-stacked image even with a low magnification objective. In this 

scenario, a series of multiple z-stacked images taken at different heart regions can be stitched 

together using a large image function. This is accomplished by calibrating the microscope to the 

appropriate objective lens and specifying the field for the large image scan area. Then, z-stacked 

images undergo 3D reconstruction using a volume rendering program and maximum intensity 
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projection (Figure 3). The high-resolution images acquired can be analyzed to determine precise 

3D spatial cell patterning of targeted cell populations. 

 

Collectively, this protocol provides a powerful molecular tool to understand the dynamic cellular 

changes that occur during cardiac repair and regeneration. This method describes the steps to 

induce a myocardial infarction, perform whole organ clearing, trace cell specific populations, and 

analyze 3D cell patterning. Together, these techniques provide access to trace cell populations 

that were previously inaccessible due to their sparse presence or location within the tissue. This 

will enable further investigation of questions paramount to advance therapeutic approaches in 

regenerative medicine, particularly those aimed at stimulating endogenous heart regeneration. 
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SUMMARY 

Sympathetic innervation of cardiac ventricles has been shown to influence hemostasis, repair, 

and pathological functions; in contrast, the parasympathetic nerves are thought to primarily 

innervate the nodes of the heart and minimally impact ventricular physiology. However, our 

current understanding of cardiac nerve architecture has been limited to two-dimensional analysis. 

Here, we use genetic models, whole-mount imaging, and three-dimensional (3D) modeling tools 

to accurately define cardiac nerve architecture and neurovascular association during 

development, disease, and regeneration. Remarkably, our approach reveals for the first time that 

parasympathetic nerves extensively innervate the cardiac ventricles. Furthermore, we provide 

evidence that parasympathetic and sympathetic nerves develop synchronously and are bundled 

throughout the ventricles. Our results demonstrate that cardiac nerves sequentially associate 

with coronary veins and arteries during development. We expand this 3D modeling system to 

investigate cardiac nerve remodeling in the regenerative neonatal mouse and the non-

regenerative postnatal heart. Our results show that the regenerating myocardium undergoes a 

unique process of physiological reinnervation, where proper nerve distribution and architecture 

is reestablished, in stark contrast to the non-regenerating heart. Mechanistically, we 

demonstrate that physiological reinnervation during regeneration is dependent on collateral 

artery formation via genetic ablation of collateral arteries. Our results reveal clinically significant 

insights into cardiac nerve remodeling during homeostasis, disease, and regeneration which can 

identify new therapies for cardiac disease.  
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INTRODUCTION 

The cardiac nervous system is a pillar of cardiac physiology, regulating conduction and 

contractility that is balanced by the two opposing branches of the sympathetic and 

parasympathetic inputs.1 The peripheral nerves coalesce at the cardiac plexus and target 

innervation to the cardiac nodes, where contractile signals are relayed throughout the atria and 

the ventricles.2,3 Recent studies have focused on defining the intrinsic cardiac nervous system, 

extensively mapping the innervation at the cardiac plexus and atrial nodes.4,5 Yet, the cardiac 

nervous system also includes ventricular innervation, where the neuronal influence expands 

beyond autonomic regulation. Specifically, sympathetic nerves have been demonstrated to 

innervate the ventricles to regulate cardiac development and physiology.6,7 The sympathetic 

nerve networks mediate communication across a variety of cell types, including myocytes and 

blood vessels.8,9 These neural connections are established during late embryonic and early 

postnatal development by a co-maturation system,10,11 where cell-cell interactions alter the 

physiology of the neuron and the innervated cell.12-14 Interestingly, sympathetic nerves regulate 

the postnatal transition of cardiomyocytes from hyperplasia to hypertrophy15 and cardiomyocyte 

size.14,16  

In contrast, parasympathetic innervation has been less studied for its interactions within the 

cardiac ventricles, due to the widely-held belief that parasympathetic nerves do not significantly 

contribute to ventricular innervation.17 This misconception has recently been challenged by 

molecular evidence of parasympathetic nerve function within the ventricles, including a high 

density of cells expressing muscarinic receptors,18,19 protective functions against ventricular 
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arrythmias,20 influence on contractility,21 and sparse distribution of parasympathetic nerve 

fibers.22-25 Furthermore, advances in viral tracing strategies and optogenetics have provided 

evidence that parasympathetic axons innervate the ventricles and impact cardiac physiology.26 

Yet, the anatomy, distribution, and cell-cell interactions of ventricular parasympathetic 

innervation remains unclear.   

Autonomic nerve remodeling and dysfunction is a central cause of pathogenesis in cardiovascular 

disease.10,27 The heterogeneity of nerve remodeling, including regions of denervation and 

sympathetic hyperinnervation, can trigger ventricular arrhythmias and sudden cardiac death.27-

31 Interestingly, nerves play an important role in promoting repair and regeneration across a 

variety of organs and species.32 Importantly, parasympathetic nerve function regulates 

cardiomyocyte proliferation and regeneration of the neonatal mouse heart.33 Remarkably, this 

regenerative response is accompanied with restoration of autonomic functions, suggesting 

physiological innervation of the regenerating mammalian heart.34 However, how cardiac nerve 

patterning and distribution during regeneration compares to the uninjured or diseased heart has 

not been explored.  

The wide role of the intrinsic cardiac nervous system in regulating heart development, 

homeostasis, and regeneration highlights the importance of defining the cardiac nerve 

architecture as a necessary step to promote physiological reinnervation in many cardiac diseases. 

Gaining insights into the patterns, density, and distribution of sympathetic and parasympathetic 

nerves during development is necessary to understand the normal circuitry of cardiac innervation. 
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Our current understanding of cardiac nerve architecture is largely based on two-dimensional (2D) 

histological analysis, where fixed tissues are labeled with different markers for visualization of 

neurons. This approach is inaccurate, as it inherently damages the nerves axons and is not 

reflective of the intact architecture. This has led to gross underestimation of the degree of 

ventricular innervation at an anatomical level. Additionally, histological analysis cannot reveal 

information about the developmental distribution of neurons in the heart. Thus, comprehensive 

lineage tracing of individual cardiac nerves while visualizing them in a three-dimensional (3D) 

manner is necessary to dissect the development, maturation, and lineage commitment of the 

cardiac autonomic nervous system.  

Here we generate and analyze the first 3D neurovascular map of the mature, intact murine heart 

ventricles. We reconstruct nerve patterning with high-spatial accuracy by employing 

comprehensive lineage tracing, whole-mount immunostaining, confocal microscopy, and 3D 

reconstruction. We use this system to further explore neurovascular development and 

distribution of parasympathetic and sympathetic nerve subpopulations. We demonstrate that 

parasympathetic axons extensively innervate the heart and are bundled with sympathetic axons, 

highlighting that parasympathetic nerves contribute significantly to ventricular innervation and 

underscoring an underappreciated role for parasympathetic nerves in ventricular homeostasis. 

Furthermore, our results demonstrate a unique physiological nerve remodeling during neonatal 

heart regeneration, where sympathetic and parasympathetic axon bundles precisely reinnervate 

the arteries in the regenerating myocardium, a process distinct from the pathological remodeling 

of the non-regenerating heart. Mechanistically, we use genetic inhibition of collateral arteries to 
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demonstrate that physiological reinnervation during regeneration is dependent on collateral 

artery formation. Together, our findings define the 3D cardiac nerve architecture and identify a 

novel nerve remodeling process during heart regeneration.  

RESULTS 

Parasympathetic nerves extensively innervate the cardiac ventricles and closely localize with 

sympathetic nerves throughout embryonic and postnatal maturation 

Recent evidence suggests that parasympathetic innervation and function has an 

underappreciated role in the cardiac ventricles. The patterning and distribution of the 

parasympathetic innervation has largely been based on 2D analysis; however, this approach is 

insufficient to reconstruct the intricate nerve networks and cell-cell interactions. To define the 

parasympathetic nerve patterning with respect to sympathetic innervation in the intact heart, 

we employed a pipeline of lineage tracing, whole-mount imaging, and 3D reconstruction in the 

intact heart. To capture each neuronal subtype, we used a parasympathetic reporter mouse line 

and immunostained for the sympathetic nerves. For parasympathetic nerve lineage labeling, we 

used the Choline Acetyltransferase (ChAT) Cre (ChATCre) knockin mouse and a Rosa26tdTomato 

reporter (ChATCre;Rosa26tdTomato). ChAT is an essential enzyme for acetylcholine biosynthesis and 

a reliable marker for cholinergic (parasympathetic) nerves.35 For sympathetic nerve labeling, 

hearts underwent whole-mount immunostaining with the sympathetic nerve marker Tyrosine 

Hydroxylase (TH), a key enzyme for biosynthesis of catecholamines and a bona fide marker of 

adrenergic (sympathetic) nerves.35 We then performed whole-mount confocal imaging on the 
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posterior and anterior heart, followed by image analysis using Imaris to reconstruct the 3D 

architecture of innervation in the ventricles (Figure 1).  

Surprisingly, the P7 hearts of the ChATCre;Rosa26tdTomato mice showed extensive parasympathetic 

innervation of the ventricles (Figure 1Ai-iii). The parasympathetic nerves branched extensively 

throughout the anterior and posterior regions of the ventricles (Figure 1A, S1). We then 

compared parasympathetic and sympathetic patterning and identified equal distribution 

throughout the heart. Moreover, both parasympathetic and sympathetic nerve fibers were 

intertwined in large bundles, as well as closely localized in smaller axon projections (Figure 1Aii-

Aiv).  These results highlight that the parasympathetic nervous system extends into the cardiac 

ventricles, providing a means for parasympathetic ventricular influence and opening the 

possibility for undiscovered nerve-cell dynamics.  

We then asked whether both parasympathetic and sympathetic nerve axons extend sequentially, 

with one guiding the other, or simultaneously, maintaining equal distribution. To investigate this, 

we used the ChATCre;Rosa26tdTomato mice and harvested hearts during developmental stages of 

axon extension at embryonic day (E) 15.5 to E17.5 (Figures 1B, S1, S2). At E16.5, the axons first 

reach the apex and demonstrate that parasympathetic and sympathetic nerves are bundled 

(Figure 1Bi-iii). Both parasympathetic and sympathetic axons pattern in close localization during 

earlier (E15.5) and later stages (E17.5 and P1) of heart development (Figure S2). No differences 

between parasympathetic and sympathetic axon distribution were seen on the posterior or 

anterior side of the heart (Figures 1A-B, S1, S2). 
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To further quantify parasympathetic and sympathetic nerve patterning during embryonic and 

postnatal development, we used 3D reconstruction and analysis of individual branch trees, 

primary axons, and whole innervation networks (Figures 1C-D, S3). Branching level, density, 

volume, and patterning of parasympathetic and sympathetic nerves were investigated 

independently. No significant differences were found between the two nerve subtypes; therefore, 

we continue to describe the overall patterns identified. We analyzed branching level as a 

parameter of nerve development (Figure 1C-D). Primary axon bundles can branch into 

secondary-, tertiary-, and quintenary axons, and beyond, with each level assigned as branch level 

1, 2, 3, and 4+, respectively. The branching level increased during embryonic and early postnatal 

development (Figure 1C-D). When axons first arise around E15.5, axons have minimal branching 

level (average branch level of 3) and mature by P7, with a significant increase in branching level 

(average branch level of ~11) (Figure 1D). The nerve networks also showed an increase in overall 

axon distances from origin, volume of primary axon bundles, and primary axon bundle length, 

with a consistent trend of significance between E17.5 and P7 hearts. (Figure S3). Interestingly, 

the mature heart showed primary and secondary axon bundles that were significantly higher in 

density compared to the tertiary branched axons and beyond (Figures 1E, S3). These patterns 

identify two phases of significant nerve growth that occurs between late embryonic and early 

postnatal development, marked by an increase in axon branch level, distance from origin, volume, 

and length. 
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Our results demonstrate that parasympathetic nerves extensively innervate the cardiac 

ventricles and share nearly identical patterning to sympathetic nerves. This architecture is a 

result of synchronous parasympathetic and sympathetic axon extension during late embryonic 

and early postnatal development, with axon subtypes maintaining similar increases in branching 

level, distribution, and density.  

Cardiac nerves sequentially associate with the coronary veins and arteries during embryonic 

development 

The development of cardiac innervation throughout the ventricles of the embryonic heart is not 

fully understood. Specifically, the coronary veins regulate sympathetic axon patterning;13 

however, how the coronary arteries influence the patterning of parasympathetic and 

sympathetic axon bundles is not well defined. Here, we sought to elucidate the dynamics 

between nerve-vein and nerve-artery association during embryonic heart development.  

The main, large-diameter veins of the embryonic heart primarily reside on the posterior wall,13 

whereas the main coronary arteries are primarily located within the anterior wall.13,36 Therefore, 

we divided the architectural regions into posterior and anterior sides of the heart, including right 

and left ventricles (LV, RV) (Figure 2). Coronary arteries were visualized with lineage labeling 

using the inducible Connexin 40 Cre (Cx40CreER) and a Rosa26tdTomato reporter 

(Cx40CreER;Rosa26tdTomato)  (Figure 2). Neurovascular patterning was identified with additional 

markers for all nerves with beta tubulin III (Tuj1), and veins (along with capillaries) with 

endomucin (EMCN) (Figure 2A-C). 
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Sympathetic nerve axons are recruited to innervate the heart as early as E13.5 via secretion of 

Neuronal Growth Factor (NGF) from the coronary veins, establishing nerve-vein alignment.13 We 

confirmed that our model accurately reflects coronary vascular architecture by identifying that 

the posterior axons aligned with large-diameter veins from E15.5-E17.5 (Figure S4A-C), verifying 

our use of EMCN to identify and trace large-diameter veins. Since coronary arteries primarily 

reside on the anterior side of the ventricle at these developmental stages,36 we hypothesized 

that the anterior wall would have significant nerve-artery alignment. Supporting this, as early as 

E16.5, axons wrapped around from the posterior wall towards arteries in the anterior wall of the 

heart (Figures S4E-G). By E17.5, the nerve patterning was significantly associated with the 

anterior coronary arteries with limited association towards the anterior coronary veins (Figure 

2A-C). These results demonstrate that nerve-artery association occurs within the anterior wall of 

the ventricle during late developmental stages. 

 

We used 3D reconstruction to visualize and analyze the depth of innervation at E17.5 throughout 

multiple regions of the cardiac ventricles, where depth was defined as a function of z (Figure 2B, 

Figure S4D). The nerves showed similar depth to their closest vascular structure, with 

subepicardial nerves aligning closely with the coronary veins, and myocardial nerves aligning to 

the coronary arteries. Interestingly, the nerves in the base of the heart were more superficial 

than those in the periphery and apical regions; and this patterning was consistent on both 

posterior and anterior walls (Figures 2B, S4D). Proximity analysis supports the regional 

correlation of posterior nerve-vein alignment and anterior nerve-artery association at E17.5 
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(Figure 2C). Together, this demonstrates that the developing nerves show a programmed 

association with not only the coronary veins, but also the coronary arteries. Our results provide 

new insights into the developmental timeline and 3D architecture of embryonic coronary artery 

innervation.  

 

Defining 3D cardiac nerve architecture of the postnatal mouse ventricle  

Next, we sought to define typical nerve-vein and nerve-artery architecture in the postnatal heart. 

To rigorously define the 3D architecture of the postnatal heart ventricles, we considered that the 

spatial region of the heart is subject to natural biological variability of heart shape, size, and 

vascular patterning. To provide consistency between samples, we defined the architectural 

regions in two-fold. First, we again indicate posterior and anterior regions of the heart, including 

right and left ventricles (RV, LV). Second, we used the well-defined vascular system, composed 

of the coronary veins and arteries, to demonstrate association of the nerves with these vessels. 

The coronary vessels are defined as the main right, medial, and left coronary veins (RCV, MCV, 

LCV) and the right and left coronary arteries (RCA, LCA).  

 

Hearts were collected at postnatal day (P) 7, a timepoint where co-maturation of the nerves and 

the myocardium takes place.10 We utilized the Cx40CreER;Rosa26tdTomato mice to label coronary 

arteries, in addition to whole-mount immunostaining for nerves with Tuj1 and veins with EMCN 

(Figure 3). Whole-mount imaging of the posterior wall demonstrates nerve-vein alignment, 

where large nerve bundles were localized near the left, medial, and right coronary veins (Figure 

3A; LCV, RCV, MCV), in agreement with previous reports.13 Interestingly, the anterior wall 
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demonstrates that innervation is highly localized to the right and left coronary arteries (Figure

3B; LCA, RCA). This close nerve-artery association allowed for axonal projections to directly 

innervate the arteries (Figure 3Bv-vi). Confocal images were reconstructed in 3D by Imaris and 

analyzed for neurovascular association (Figure 3C-D). This relationship between nerves, veins, 

and arteries is characterized and quantified to define the typical nerve patterning of the postnatal 

mouse heart. As expected, there was a significant nerve-vein association in the posterior wall 

compared to the anterior wall (Figure 3D). Contrastingly, the anterior wall showed a significant 

increase in the percent of nerves associated with the coronary arteries, in comparison to the 

posterior wall distribution (Figure 3D). Our results construct the 3D cardiac nerve architecture 

within the cardiovascular network in the postnatal heart, revealing a distinct innervation pattern 

with coronary veins and arteries in the cardiac ventricles.  

Axon plasticity promotes reinnervation of the regenerating neonatal heart 

Within a week after birth, the neonatal mouse heart transitions from being highly regenerative 

into a state of limited regenerative potential. A myocardial infarction (MI) in the non-

regenerative adult heart causes pathological nerve remodeling, resulting in an arrythmia prone 

heart.28,29 In contrast, the neonatal heart can fully regenerate by 21 days-post MI, through a 

process that is dependent on nerve function.33,37 Furthermore, the regenerated heart fully 

restores contractile and autonomic function,34 suggesting that physiological reinnervation may 

take place during regeneration. With this evidence, we hypothesized that the regenerating 

myocardium establishes physiological innervation patterns, whereas the diseased myocardium 

undergoes pathological nerve remodeling.  
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First, we investigated the level of axon plasticity in the regenerating neonatal heart. Injured 

peripheral axons are capable of undergoing a degree of axon regeneration, where axons are 

degraded through Wallerian degeneration followed by axon extension and reinnervation.38 Yet, 

the degree of plasticity in neonatal cardiac axons after injury is not well defined. To explore this, 

MI surgery was performed on WT mice at the regenerative (P1) timepoint, and hearts were 

collected at 7-, 14-, and 21-days post MI, at early, middle and completed stages of regeneration, 

respectively (Figure 4). Nerves were marked with Tuj1 and imaged by whole-mount confocal 

microscopy. The degree of innervation was determined by quantifying the area of nerve coverage 

in the remote, border, and infarct zones. Nerve remodeling was compared to wild type uninjured, 

age-matched mice.  P22 uninjured hearts show typical degree of innervation in regions similar to 

the remote, border, and infarct zones (Figure 4A). At 7 days post-MI, regenerating hearts were 

strikingly denervated in the border and infarction zones, with a compensatory hyperinnervation 

in the remote zone, in comparison to P8 uninjured hearts (Figure 4B). By 14 days post-MI, 

regenerating hearts restored innervation in the border zone, with a sustained decrease in degree 

of innervation in the infarct zone and hyperinnervation in the remote zone, in comparison to P15 

uninjured hearts (Figure 4C). At 21 days post-MI, fully regenerated hearts showed restored levels 

of innervation in the remote, border, and infarct zones, in comparison to P22 uninjured hearts 

(Figure 4D).  

The limited axon plasticity in the non-regenerated heart results in heterogenous reinnervation 

and denervation of the infarcted myocardium.30,31,39 To distinguish the differences between 
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nerve remodeling in regenerating and non-regenerating hearts, we also performed MI surgery in 

WT mice at the non-regenerative (P7) timepoint and collected hearts at 21 days post-MI. 

Quantifying the degree of innervation revealed pathological nerve remodeling in the non-

regenerative heart (Figure 4E). At 21 days post-MI, the non-regenerative hearts showed regions 

of denervation and hyperinnervation in the border zone, stark denervation in the infarct zone, 

and typical levels of innervation in the remote zone, in comparison to P22 uninjured hearts 

(Figure 4E). The heterogeneity of innervation in the border zone, as well as the denervation of 

the infarct zone, are well-established hallmarks of nerve pathology in the diseased heart after 

injury.28,39 

Taken together, these findings indicates that a unique process of targeted reinnervation occurs 

in the regenerating neonatal heart. This dynamic process of denervation, transient 

hyperinnervation, and reinnervation highlights that the regenerating neonatal heart possesses a 

high degree of axon plasticity. Moreover, this suggests that the neonatal mouse heart may be a 

powerful model system to study axon regeneration and targeted reinnervation in the injured 

heart.  

Reinnervation of the regenerating heart by parasympathetic and sympathetic axon bundles

Our results demonstrate that cardiac axons undergo distinct remodeling in diseased and 

regenerative settings (Figure 4). Interestingly, parasympathetic and sympathetic nerves are 

known to mediate both cardiac repair and pathology. Following adult infarction, sympathetic 

nerve remodeling by axon sprouting and hyperinnervation poses risk for ventricular 
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arrythmias.28,39 Contrastingly, parasympathetic nerve activation can have cardioprotective 

effects by reducing ventricular arrythmias after MI.40,41 Furthermore, neonatal heart 

regeneration is dependent on both parasympathetic and sympathetic nerve function.33,37 Thus, 

we hypothesized that parasympathetic and sympathetic axons have distinct patterns of 

remodeling in the regenerative and non-regenerative hearts.  

 

To distinguish between nerve remodeling in regenerating and non-regenerating hearts, we 

performed MI surgery in ChATCre; Rosa26tdTomato mice at the regenerative (P1) and non-

regenerative (P7) timepoints and collected hearts at 21 days post-MI. Collected hearts were 

further stained with tdTomato and TH to identify both parasympathetic and sympathetic nerve 

patterning, respectively. The control uninjured hearts at P22 demonstrate both parasympathetic 

and sympathetic nerve bundling and patterning, as expected (Figure 5A). In contrast, the infarct 

zone of the P7 non-regenerating heart at 21 days post-MI showed complete denervation (Figure 

5Biii). This is similar to the denervation seen in the infarcted adult human heart,42 and 

interestingly, the degree of denervation rather than infarction size is an accurate predictor of 

ventricular arrhythmias.43 Furthermore, the non-regenerating hearts demonstrate sympathetic 

axon sprouting at the border zone, a distinctive feature of pathological nerve remodeling (Figure 

5Bii, white arrows).31 Remarkably, the regenerating myocardium at 21 days post-MI of the P1 

heart shows restoration of both parasympathetic and sympathetic nerve architecture (Figure 5C), 

where the border zone shows large bundles of parasympathetic and sympathetic axons (Figure 

5Cii). This reinnervation of the parasympathetic and sympathetic nerves extends to cover the 

newly regenerated myocardium in the infarct zone (Figure 5Ciii). 
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Our results demonstrate that nerve remodeling that follows neonatal and adult heart injury vary 

widely. The diseased, non-regenerative heart shows hallmarks of nerve pathology including 

denervation, hyperinnervation, and a novel phenotype of disassociation between the 

parasympathetic and sympathetic nerves.  Uniquely, the regenerating neonatal heart is precisely 

reinnervated, where the parasympathetic and sympathetic nerves are closely bundled 

throughout the regenerated myocardium. This reestablishment of physiological innervation 

patterning reveals that cardiac parasympathetic and sympathetic reinnervation occurs during 

neonatal heart regeneration, which may contribute to restoring normal autonomic function.33,37 

Physiological reinnervation during heart regeneration is dependent on collateral artery 

formation 

Nerve remodeling following cardiac injury in the adult mammalian heart is a prominent hallmark 

of the pathology of heart failure. In contrast, following a neonatal mouse heart injury, the heart 

regenerates normally and the regenerated myocardium is reinnervated, as we demonstrated 

(Figure 4D, 5C). Interestingly, neonatal heart regeneration is also dependent on collateral artery 

formation, where collateral arteries form at 4 days post-MI to bridge the occluded left coronary 

artery with the right coronary artery and mediate successful regeneration.44 During development, 

artery formation precedes innervation and arterial cells recruit nerve axons to the 

myocardium.13,36 Thus, we hypothesized that newly formed collateral arteries can recruit nerve 

axons during cardiac regeneration. 
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To determine whether reinnervated axons associate with arteries in the regenerating 

myocardium, we performed MI surgery in regenerative (P1) or non-regenerative (P7) 

Cx40CreER;Rosa26tdTomato mice and collected hearts at 7- or 21 days-post MI. Hearts underwent 

tissue clearing (Figure 6A), followed by whole-mount immunostaining with the pan-neuronal 

marker Tuj1 (Figure 6). Artery innervation was compared to uninjured P22 control hearts, which 

showed regions of artery innervation, as expected (Figure 6B). First, we investigated innervation 

remodeling in the non-regenerating heart (Figure 6C). We show that the non-regenerating heart 

is starkly denervated in the infarct zone at 21 days post-MI, including regions where the infarcted 

tissue is vascularized (Figure 6C). We then explored how this compared to nerve remodeling in 

the regenerative heart.  Since collateral arteries are formed by 4 days post-MI in the regenerating 

heart,44 we began by investigating nerve remodeling first at 7 days post-MI (Figure S5A).  

Interestingly, whole-mount imaging demonstrates that although collateral arteries start to 

appear at 4 days post-MI, the infarct zone remains denervated at 7 days post-MI (Figure S5A). 

We then explored the remodeling of nerve-artery architecture in the fully regenerated 

myocardium at 21 days post-MI (Figure 6D). Excitingly, the nerves show reestablishment of 

nerve-artery connection with the arteries in the infarct zone, suggesting targeted reinnervation 

takes place (Figure 6D). 

 

To determine whether reinnervation is dependent on collateral artery formation, we impaired 

collateral artery formation using the Cx40CreER;Cxcr4fl/fl mouse44 (Figure 7). Cxcr4 is a chemokine 

receptor expressed in arterial endothelial cells that responds to the chemotactic ligand Cxcl12.45-

47 The Cxcl12/Cxcr4 axis is important for arterial cell migration and artery formation during 
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development and regeneration, where deletion of Cxcr4 using the Cx40CreER mice impairs 

collateral artery formation during neonatal heart regeneration.44 We injected Cx40CreER;Cxcr4fl/fl

pups at P0 with a single dose of tamoxifen and MI was performed within the regenerative window 

at P2 (Figure 7A). Hearts were collected at 21 days-post-MI and underwent immunostaining for 

Tuj1.  Strikingly, the infarcted area was denervated in Cx40CreER;Cxcr4fl/fl hearts, in contrast to 

the regenerated and reinnervated wild type controls (Figure 7B-C), demonstrating that 

reinnervation is dependent on collateral artery formation. This is the first evidence of targeted 

reinnervation of the regenerating myocardium, and that this reinnervation is dependent on 

collateral artery formation.  

Collectively, the high degree of axon plasticity (Figure 4B-D), the reinnervation of 

parasympathetic and sympathetic axon bundles (Figure 5C), and the direct artery reinnervation 

(Figures 6D, 7), demonstrates that physiological reinnervation takes place during heart 

regeneration. This is in stark contrast to the non-regenerating heart, which shows denervation of 

the infarct zone and pathological reinnervation, including sympathetic axon sprouting at the 

border zone (Figures 4E, 5B).  

DISCUSSION 

Neural regulation of the cardiovascular system has long been recognized; however, the 

importance of neurocardiology in cardiovascular health and disease is only beginning to be 

appreciated.  Recent studies aimed at identifying the cellular and molecular makeup of the 



82 

intrinsic cardiac nervous system underscore the importance of elucidating the innervation 

patterns and functions throughout cardiac nervous system.4,5  

Sympathetic innervation of cardiac ventricles has been studied extensively,6,13 however; 

parasympathetic innervation has been underappreciated due to misconceptions and technical 

limitations.17 In our experience, whole-mount immunolabeling of ChAT is technically challenging, 

where ChAT antibodies have limited binding affinity in the peripheral nervous system. 

Furthermore, 2D analysis from histological sections is inaccurate and cannot reconstruct the 

complex patterns of nerves and networks with other cell types. Complications extend to 

endogenous labeling, where using a lineage reporter alone is prone to quenching (Figure S6). To 

overcome this limitation, we utilized the ChATCre; Rosa26tdTomato model together with whole 

mount immunostaining for tdTomato and tissue clearing, which allowed for an intact view of the 

parasympathetic nervous system. We further validated that our data was highly accurate by 

imaging the endogenous reporter signal in the intact heart directly after harvesting before any 

additional preservation or tissue manipulation steps, which served as an internal reference 

(Figure S6A). One possible drawback is that the confocal imaging resolution can lead to size 

overestimation; therefore, closely localized structures such as sympathetic and parasympathetic 

axons can show regions of signal overlap. Alternatively, there could be a subset of biphenotypic 

axons that simultaneously express both ChAT and TH proteins.23 Importantly, there are much 

wider regions of distinction between parasympathetic and sympathetic axons that supports our 

results. Higher spatial resolution imaging and single cell analysis can overcome these technical 

limitations.  
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Our findings demonstrating extensive parasympathetic innervation of the ventricles underscores 

the potential for intercellular dynamics and physiological influences between parasympathetic 

nerves and the surrounding heart tissue. However, the mechanisms that guide this innervation 

remain unclear. The synchroneity of parasympathetic and sympathetic axon growth suggests 

both are recruited by NGF signaling in the ventricles,13 and are likely guided by other 

neurotrophic factors. Extensive analysis of NGF and other factors is necessary to define 

parasympathetic ventricular innervation. Furthermore, we demonstrate a spatiotemporal 

innervation pattern of cardiac ventricles with respect to coronary arteries, suggesting that 

targeted neuronal synapses may influence arterial cell physiology.  

Cardiac injury results in denervation and pathological nerve remodeling, which leads to a 

disruption in the nerve circuity.28,29,31 This pathological neural remodeling that occurs following 

injury can lead to fatal arrhythmias and heart failure.27 Nerves have been therapeutically targeted 

using neuromodulation approaches, such as vagal nerve stimulation and sympathetic nerve 

denervation.48-51 Some studies demonstrate promising outcomes; however, our lack of 

understanding of cardiac nerve development and remodeling hampers our understanding of the 

mechanisms by which these approaches modulate reinnervation and nerve function.52 

Neonatal mice can regenerate their hearts following injury for a short window after birth.34 

Cardiac nerves have been demonstrated to regulate cardiomyocyte proliferation and neonatal 

heart regeneration.33 Furthermore, autonomic heart functions are restored following 
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regeneration, suggesting that physiological reinnervation take place, which contrasts with the 

pathological innervation that occurs following adult cardiac injury. Additionally, from a clinical 

perspective, it has been well established that heart transplant recipients receive a completely de-

innervated heart, which eventually becomes partially innervated by the host.53-55 Thus, 

understanding the development and plasticity of cardiac innervation is a unique approach to 

stimulate physiological innervation and cardiac regeneration. 

Remarkably, we demonstrate for the first time the reestablishment of physiological innervation 

of the regenerating myocardium. However, the physiological function of these nerves and their 

contribution to restoration of autonomic function in the regenerated heart is yet to be 

determined. Targeted methods like optogenetic stimulation or vagal nerve stimulation would be 

required to identify any functional variations in nerve physiology.56 Furthermore, we 

demonstrate that physiological reinnervation is dependent on collateral artery formation, where 

inhibition of collateral arteries following injury blocks this reinnervation. These results suggest 

that promoting collateral artery formation can be targeted to promote both physiological 

reinnervation and cardiac regeneration following injury. Whether the neurotrophic factors that 

mediate innervation during development play a similar role during regeneration is unclear.  

Our study reveals new insights into cardiac innervation during development, disease, and 

regeneration. However, it remains unclear whether a distinct gene regulatory network mediates 

physiological and pathological innervation. Furthermore, identifying the signals by which 

coronary arteries regulate reinnervation during regeneration can play an important role in 
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treatment of autonomic dysfunction, as well as promote cardiac repair following injury. Single 

cell analysis of wild type and Cx40CreER;Cxcr4fl/fl knockout mice can elucidate a distinct molecular 

and cellular signature that guides reinnervation, particularly in relation to collateral arteries. Our 

results provide a framework to start dissecting the intricate networks that guide cardiac 

innervation and regeneration. 

LIMITATIONS OF THE STUDY 

This study presents a comprehensive examination of parasympathetic innervation within the 

cardiac ventricles. Despite this extensive investigation of innervation, the precise impact of these 

nerves on cardiac physiology remains ambiguous. Additionally, we establish the occurrence of 

physiological reinnervation during the regeneration process; however, the functional significance 

of these reestablished nerves remains undefined. Moreover, our findings highlight the cellular 

reliance of reinnervation on collateral artery formation, yet the specific molecular mechanisms 

governing this reinnervation process remain unresolved. Further research is warranted to 

elucidate these intricate molecular pathways and better comprehend the role of ventricular 

innervation in cardiac physiology and regeneration. 
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Figure 1. Parasympathetic and sympathetic axons are bundled and synchronous in 

development. Parasympathetic reporter hearts (ChATCre;Rosa26tdTomato) were immunostained 

for sympathetic nerves with tyrosine hydroxylase (TH), imaged with confocal microscopy, and 

reconstructed with Imaris. (A) At postnatal day 7 (P7), (Ai) whole-heart max intensity projection 

(MIP) of the posterior mature nerve architecture shows close association between 

parasympathetic and sympathetic axons, with (Aii) region of interest (ROI) demonstrating large 

and small nerve fibers closely aligned. (Aiii) ROI inset (white box in Aii) and (Aiv) their cross-section 
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view (white dashed line in Aiii overlay) of axon bundles shows distinct parasympathetic and 

sympathetic axons (n=7). (B) At embryonic day 16.5 (E16.5), (Bi) both parasympathetic and 

sympathetic axons extend together in the posterior wall, with (Bii) high-magnification and (Biii) a 

cross-section view (white dashed line in Bii overlay) demonstrating close localization and bundling 

of nerve subtypes (n=6). (C-D) 3D modeling and analysis shows increased branching level of 

parasympathetic and sympathetic nerves (PSN, SN) during embryonic and postnatal 

development (n=5-7). (E) Density analysis of the P7 heart shows axon bundles of primary and 

secondary axons are at higher density than tertiary and higher branched axons. Right and Left 

Ventricles (RV, LV) are indicated. Scale bars shown at 1mm for low magnification, 100m for high 

magnification, and 10m for insets. Significance shown as n.s. (P > 0.05), * (P ≤0.05). **(P ≤0.01), 

***(P ≤0.001), **** (P ≤0.0001). Error bars presented as ± SEM.   
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Figure 2. Neurovascular association shows cardiac axons align with the coronary arteries. 

Embryonic day 17.5 (E17.5) hearts of Cx40CreER;Rosa26tdTomato coronary artery reporter mice 

were immunostained with the pan-neuronal marker Tuj1 and the endothelial cell marker 

endomucin (EMCN), followed by whole mount confocal imaging, and 3D reconstruction and 

modeling. (A) The neurovascular patterning is shown as (Ai) a whole-heart max intensity 

projection (MIP) of the anterior embryonic heart and (Aii) a high-magnification in region of 

interest (ROI) (Aiii) 3D Imaris reconstruction of the whole embryonic heart, and (Aiv) a 

reconstruction of the ROI (n=6). (B) Neurovascular depth analysis shows that the anterior nerves 

are at similar depths to the coronary arteries (n=3). (C) Quantification of percentage of nerves 

associated within 100um of coronary veins (blue), arteries (red) both veins and arteries (grey) or 

neither vessel type (green) are shown, with an increased nerve artery association in the anterior 

wall (n=6). Right and Left Ventricles (RV, LV) are indicated. Scale bars shown at 1mm for low 

magnification and 100m for high magnification. Significance shown as n.s. (P > 0.05), * (P ≤0.05). 

**(P ≤0.01), ***(P ≤0.001), **** (P ≤0.0001). Error bars presented as ± SEM.  



90 

Figure 3. Mature 3D neurovascular architecture. P7 hearts of Cx40CreER;Rosa26tdTomato coronary 

artery reporter mice were immunostained with the pan-neuronal marker Tuj1 and the 

endothelial cell marker endomucin (EMCN), followed by whole mount confocal imaging, and 3D 

reconstruction. (A) The posterior wall distribution of the mature cardiac nerves is shown as a 

whole-heart max intensity projection (MIP) of patterning of (Ai) posterior nerve patterning and 

(Aii) nerve-vein association. (Aiii-iv) Region of interest (ROI) shows the nerves align without 

innervating the major left, medial, or right coronary veins (LCV, MCV, RCV), with (Av) a 

representative magnified inset demonstrating lack of vein innervation (white box in Aiv) (n=4). (B) 

The anterior nerve architecture similarly is shown as MIP of the (Bi) anterior nerve patterning and 

(Bii) nerve-artery association. (Biii-iv) Nerves align and directly innervate the right and left coronary 
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arteries (RCA, LCA), with (Bv) a representative magnified z-plane inset (white box in Biv) and (Bvi) 

a graphical representation demonstrating direct artery innervation (n=5). (C) Imaris 3D 

reconstruction highlights the neurovascular architecture of the posterior and anterior heart (n=3). 

(D) Quantification of percent of nerves associated within 100um of coronary veins (blue), arteries

(red) both veins and arteries (grey) or neither vessel type (green) are shown, with an increased 

nerve artery association in the anterior wall (n=4). Scale bars shown at 1mm for low magnification, 

100m for high magnification, and 20m for insets. Right and Left Ventricles (RV, LV) are 

indicated. Significance shown as n.s. (P > 0.05), * (P ≤0.05). **(P ≤0.01), ***(P ≤0.001), **** (P 

≤0.0001). Error bars presented as ± SEM.   
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Figure 4. Cardiac axons show unique plasticity during neonatal heart regeneration. Myocardial 

Infarction (MI) was performed on WT mice at regenerative (P1) and non-regenerative (P7) 

timepoints. Nerve remodeling was compared to uninjured, age-matched control hearts. (A) P22 

uninjured hearts show control innervation in regions similar to the remote zone (RZ, pink), border 

zone (BZ, green), and infarct zone (IZ, navy blue). (B-D) Regenerating hearts were collected 

following P1 MI at 7-, 14-, and 21-days post-MI (DPMI). (B) At 7DPMI, regenerative hearts were 

hyperinnervated in the RZ and denervated in the BZ and IZ (n=5), in comparison to P8 uninjured 
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hearts (n=5). (C) At 14DPMI, regenerative hearts were hyperinnervated in the RZ, with restored 

innervation in the BZ and decreased innervation in the IZ (n=4), in comparison to P15 uninjured 

hearts (n=5). (D) At 21DPMI, regenerated hearts show restored levels of innervation in the RZ, 

BZ, and IZ (n=5), in comparison to P22 uninjured hearts (n=5). (E) Non-regenerative hearts were 

collected following P7 MI at 21DPMI. Hearts showed no significant difference in RZ innervation, 

with heterogenous innervation in the BZ and denervation in the IZ, both indicators of nerve 

pathology (n=4). In whole-heart images, dashed borders outline the RZ (pink), BZ (green), and IZ 

(navy blue), and the light blue knot represents the suture site. Right and Left Ventricles (RV, LV) 

are indicated. Scale bars shown at 1mm for low magnification and 100m for high magnification. 

Significance shown as n.s. (P > 0.05), * (P ≤0.05). **(P ≤0.01), ***(P ≤0.001), **** (P ≤0.0001). 

Error bars presented as ± SEM.   
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Figure 5. Parasympathetic and sympathetic nerves precisely reinnervate the regenerating 

myocardium. Myocardial Infarction (MI) was performed on ChATCre;Rosa26tdTomato 

parasympathetic nerve reporter mice at regenerative (P1) and non-regenerative (P7) timepoints. 

Hearts were collected at 21 days post-MI, and immunostained for tyrosine hydroxylase (TH) and 

imaged with confocal microscopy. (A) Uninjured hearts in adult (P22) mice show parasympathetic 

and sympathetic nerve bundling in (Ai) whole-heart max intensity projection (MIP) of low 
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magnification and (Aii) high magnification views of the ventricles (n=6). (B) Non-regenerating 

hearts show pathological remodeling of the nerves at 21 days post-P7 MI. (Bii) The border zone 

(BZ) shows sympathetic axon sprouting (indicated by white arrows), independent of 

parasympathetic axons. (Biii) The infarct zone (IZ) is denervated (n=6). (C) The regenerated heart 

shows reestablished parasympathetic and sympathetic axon bundling at 21 days post-P1 MI. (Cii) 

The BZ shows dense nerve bundles of both nerve subtypes. (Ciii) The IZ also shows reinnervation 

of parasympathetic and sympathetic axons (n=5). In whole-heart MIP images, white dashed 

border indicates the IZ and the light blue knot represents the suture site. Right and Left Ventricles 

(RV, LV) are indicated. Scale bars shown at 1mm for low magnification and 100m for high 

magnification. Significance shown as n.s. (P > 0.05), * (P ≤0.05). **(P ≤0.01), ***(P ≤0.001), 

**** (P ≤0.0001). Error bars presented as ± SEM.   
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Figure 6. Nerve-artery association is reestablished in the regenerated heart. MI was performed 

in Cx40CreER;Rosa26tdTomato coronary artery reporter mice at regenerative (P1) or non-

regenerative (P7) timepoints. (A) Hearts were collected at 21 dRebecca J. Salamon test.pdfays 

post-MI and underwent tissue clearing and nerve immunostaining with Tuj1. (B) Hearts were 

compared to uninjured P22 hearts, which showed (Bii) nerves, (Biii) arteries, and (Biv) artery 

innervation (n=4). (C) Non-regenerative hearts at 21 days post-P7 MI showed (Cii) denervation 

in the infarct zone (IZ), (Ciii-iv) including areas with vascularization (n=6). (D) Regenerative hearts 

at 21 days post- P1 MI showed (Dii) innervation in the IZ, (Diii-iv) including reinnervation of 

arteries in the IZ (n=6). In whole-heart MIP images, dashed white lines indicate the IZ and the 

light blue knot represents the suture site. Right and Left Ventricles (RV, LV) are indicated. Scale 

bars shown at 1mm for low magnification and 100m for high magnification. Significance 

shown as n.s. (P > 0.05), * (P ≤0.05). **(P ≤0.01), ***(P ≤0.001), **** (P ≤0.0001). Error bars 

presented as ± SEM.   
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Figure 7. Reinnervation of the regenerating heart is dependent on collateral artery formation. 

MI was performed on Cx40CreER;Rosa26tdTomato mice during the regenerative window (P2) and 

hearts were collected at 21-days post-MI. (A) We identify that the arteries in the infarct zone are 

reinnervated by 21-days post-MI. To determine whether reinnervation during regeneration is 

dependent on collateral artery formation, we used the Cx40CreER;Cxcr4fl/fl  mouse to inhibit 

migration of arterial cells post-MI. At 21 days post-MI, Tuj1 immunostaining showed (B) 

innervation in the infarct zone (IZ) of wild type (WT) regenerated hearts (n=8), as expected. (C) 

In the Cx40CreER;Cxcr4fl/fl  mice, the IZ remained denervated, shown by (Ci) whole-heart max 

intensity projection (MIP) and (Cii) high-magnification of the IZ (n=4). In whole-heart images, navy 

blue dashed border indicates the IZ and the light blue knot represents the suture site. Right and 

Left Ventricles (RV, LV) are indicated. Scale bars shown at 1mm for low magnification and 100m 

for high magnification. Significance shown as n.s. (P > 0.05), * (P ≤0.05). **(P ≤0.01), ***(P 

≤0.001), **** (P ≤0.0001). Error bars presented as ± SEM.  
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SUPPLEMENTAL FIGURES 

Figure S1. Anterior axon development. Parasympathetic reporter hearts, ChATCre;Rosa26tdTomato, 

were harvested during embryonic and postnatal development and stained for sympathetic 

nerves with Tyrosine Hydroxylase (TH). The parasympathetic and sympathetic nerves in the 

anterior heart are (A) not present at E15.5 (n=7) (B) begin to innervate synchronously at E16.5 

(n=6) and (C) are densely innervated by P7 (n=7). Right and left atria and ventricles are defined 

(RA, LA, RV, LV). Scale bars shown at 1mm.   



100 

Figure S2. Embryonic development of parasympathetic and sympathetic nerves. 

Parasympathetic reporter hearts, ChATCre;Rosa26tdTomato, were harvested during embryonic 

development and stained for sympathetic nerves with Tyrosine Hydroxylase (TH). Hearts are 

shown as whole-mount images and magnified regions of interest in the posterior. (A) At E15.5 

nerves first appear in the ventricles, with parasympathetic and sympathetic axons showing close 

association and bundling  (n=7); this trend continues throughout (B) at E17.5 in late embryonic 

development (n=6), and (C) at P1 in early postnatal development (n=6). Insets (magenta boxes) 

show cross-sections of nerve bundles, with white dashed lines indicating the region of optical 

cross-section. Scale bars shown at 1mm for whole-heart overlay images and 100µm for magnified 

overlay images.  
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Figure S3. Analysis of embryonic and postnatal axon development. (A) Density distribution in 

developing nerve networks. Axon density is shown at E15.5, E17.5 and P1 for the entire 

parasympathetic nerve networks. Quantification of (B) primary axon volume (C) primary axon 

length and (D) distance from origin for parasympathetic (PSN) and sympathetic (SN) nerves 

during embryonic and postnatal development (n=5-7). 
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Figure S4. Embryonic nerve-vein and nerve-artery association. Embryonic hearts were 

immunostained for nerves (Tuj1), veins (EMCN) and arteries (Cx40-tdTomato) and imaged using 

confocal microscopy. The embryonic nerve development shows axon extension occurs from 

E15.5-E17.5. (A-C) The nerves first appear on the posterior heart at E15.5 and show association 

with the veins at (A) E15.5, (B) 16.5) and (C) 17.5. (D) Neurovascular depth analysis shows that 

the posterior nerves are at similar depths to the veins (n=4-6). (E-G) The anterior portion of the 

heart the begins to be innervated at E16.5 and axons associate with the coronary arteries by 

E17.5 (n=4-6). Scale bars shown at 1mm for whole-heart overlay images and 100µm for magnified 

overlay images. 
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Figure S5. Lack of innervation in collateral arteries at 7 days-post MI. MI was performed in 

Cx40CreER;Rosa26tdTomato in regenerative (P1) mice. Hearts were collected at 7-days post-MI and 

underwent tissue clearing and nerve immunostaining with Tuj1. (A) Regenerative hearts at 7 days 

after P1 MI showed (Ai) the IZ is denervated, (Aii) including the newly formed collateral arteries 

(n=6). Scale bar shown at 100um.  
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Figure S6. ChAT-Tdtomato signal is quenched post-fixation. ChAT-Tdtomato staining control to 

show secondary is specifically binding to tdTomato, shown by whole-mount of P1 hearts. (A) 

Endogenous TdTomato expression is fluorescent. (B) Post-fixation in PFA, this endogenous signal 

is quenched. (C) Adding in 594 secondary only without tdTomato primary produces no off-target 

binding. (D) Staining with Tyrosine Hydroxylase (TH) primary and matching 488 secondary shows 

the 488 specific to the TH epitope binds specifically. Scale bar shown at 1mm.
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STAR★METHODS 

Key Resources Table 

 
 

Mice 

All animal experimental procedures were approved by the Institutional Animal Care and Use 

Committee of the University of Wisconsin-Madison. All experiments were performed on age and 

sex matched mice, with an equal ratio of male to female mice.  Mouse lines used in this study 

 

 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
RFP/tdTomato (Rabbit) Rockland Cat# RL600-401-379 
Tuj1 (Mouse) Sigma Cat# T8453 
Tuj1 (Rabbit) Abcam Cat# ab18207 
TH (Sheep) Chemicon Cat# AB1542 
Endomucin (Rat) Santa Cruz Cat# SC65494 
Alexa Fluor Plus 594 (anti-rabbit) Invitrogen Cat# A32740 
Alexa Fluor Plus 488 (anti-mouse) Invitrogen Cat# A32723 
Alexa Fluor 488 (anti-sheep) Invitrogen Cat# A-11015 
Alexa Fluor Plus 405 (anti-rat) Invitrogen Cat# A48261 
Chemicals 
Tamoxifen Sigma Cat# T5648-5G 
PFA Electron Microscopy Sciences Cat# 15710 
Triton X-100 
Acrylamide 
VA-044 

Sigma 
Bio-Rad 
Wako Chemicals 

Cat# X100 
Cat# 1610140 
Cat# NC0632395 

SDS VWR Cat# 470302-616  
Boric Acid 
1-Thioglycerol 

Dot Scientific  
Sigma 

Cat# DSB32050-500 
Cat# M6145-25ML 

Experimental models: Organisms/strains 
ChATCre The Jackson Laboratory Stock# 006410  
Rosa26tdTomato The Jackson Laboratory Stock# 007905 
Cx40CreER Miquerol et al., 2015 N/A 
Cxcr4fl/fl The Jackson laboratory Stock# 008767 
Software and algorithms 
Imaris (with Filament Tracer) Bitplane 

(https://imaris.oxinst.com ) 
N/A 

ImageJ NIH 
(http://imagej.net/ij/index.html)  

N/A 

GraphPad Prism 9 GraphPad 
Software (https://www.graphpa
d.com/features) 

N/A 

Microscope and Imaging  Nikon 
(https://www.microscope.healt
hcare.nikon.com/products/soft
ware)  

N/A 

Adobe Photoshop and Lightroom https://www.adobe.com/produc
ts/photoshop.html 

N/A 

Other 
6-0 Polypropylene Sutures Covidien VP706X 
   

 



106 
 

are: ChATCre (The Jackson Laboratory, Stock# 006410), Rosa26tdTomato (The Jackson laboratory, 

Stock# 007905), Cx40CreER,57  Cxcr4fl/fl (The Jackson laboratory, Stock# 008767). 

Tamoxifen administration 

Tamoxifen was prepared at 100 mg/ml, dissolved in a 9:1 solution of corn oil to 100% ethanol, 

and incubated at 37ºC overnight with rotation. Solution was vortex as needed. Tamoxifen stock 

was kept at 4ºC for up to one month and incubated at 37ºC overnight before use. For Cx40CreER 

postnatal Cre induction, tamoxifen (1mg per pup) was administered by a subcutaneous (SubQ) 

injection directly to pup at P4 44. For Cx40CreER embryonic Cre induction, tamoxifen (0.1mg/g 

BW) was administered to the intraperitoneal (IP) cavity of the pregnant dam 24 hours before 

harvest.  

Myocardial infarction surgery  

Myocardial Infarction surgery (MI) was performed at P1 or P7, as described.58 Pups were 

separated from dam and placed into a new cage with bedding. Pup was anesthetized on ice for 3 

minutes. Working under a dissecting scope, a small incision was made in the skin, area under the 

skin was loosened, the 4th intercostal muscle was located, and incision was made, and the heart 

was gently guided out of the chest cavity with blunt forceps. The LAD was located at ligated with 

a 6-0 polypropylene suture by two simple knots, and apical blanching was visualized. Heart was 

gently guided back into the chest cavity, ribs were sutured together, and skin was glued. Pup was 

placed into a heating pad until lively. Once surgery was complete, pups were rubbed with original 

bedding to transfer scent and placed back to dam. Hearts were collected at 7- or 21-days post-

MI.  
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Tissue clearing of intact postnatal hearts 

Our passive CLARITY technique was performed with minimal modifications59 in hearts that 

required imaging of structures deep within the tissue (i.e. coronary arteries). Briefly, hearts were 

harvested, washed in PBS, and placed into 4% PFA, incubating overnight at 4ºC with rotation. 

Following, hearts were washed with PBS for 30min at room temperature (RT), repeated three 

times, and placed into a polymerization solution (4% acrylamide and 0.5% VA-044) overnight at 

4ºC. The next day, polymerization was activated with a 3-hour incubation at 37ºC. Hearts were 

again washed at RT in PBS for 30 min, repeated three times. Hearts were placed into clearing 

solution (8.0% w/v SDS, 1.25% w/v Boric acid, 0.5% w/v 1-thioglycerol dissolved in purified H2O, 

pH 8.5) and incubated at 37ºC, changing the solution every two days until tissue was fully cleared. 

Typically, P7 and P22 hearts were cleared for 3-5 or 10-14 days, respectively. In some tissues, a 

dark, green colored pigment persists even after clearing; regardless tissues were moved onto 

next steps, as it will be cleared out during washing. After clearing, tissues were washed in a 

conical tube with 10ml of PBS for 3 days, changing PBS solution 2-3 times daily.  

Whole-mount immunohistochemistry  

For uncleared tissues, hearts were harvested, blood removed, fixed for 1-2 hours in 4% PFA at 

4ºC. Hearts were washed in PBS for 15 min, repeated 3 times. Cleared and uncleared hearts 

underwent the same immunohistochemistry staining protocol described. Hearts were blocked in 

20% blocking buffer (BB, matching serum from secondary host) made in PBS with 0.2% triton 

(PBST) for 1 hour at RT. Primary antibodies were diluted in 0.2% PSBT with 2% BB and at the 

following concentrations: rabbit RFP/tdTomato (Rockland, Cat# RL600-401-379) at [1:200], 

mouse Tuj1 (Sigma, Cat# T8453) at [1:200], rabbit Tuj1 (Abcam, Cat# ab18207) at [1:500], sheep 
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TH (Chemicon, Cat# AB1542) at [1:200], endomucin (Santa Cruz, Cat# SC65494) at [1:100]. 

Primary concentrations for hearts at P21 or older were doubled. Primary incubation was 

performed overnight at RT, then transferred to 4ºC for an additional overnight incubation. 

Following, hearts were washed with PBS for 30min at RT, repeated three times. Secondary 

antibodies were diluted in 0.2% PBST + BB at [1:250], using the following Alexa Fluor antibodies 

from Invitrogen: 594 anti-rabbit (Cat# A32740), 488 anti-mouse (Cat# A32723), 488 anti-sheep 

(Cat# A-11015), 405 anti-rat (Cat# A48261). Secondary incubation was performed for 3 hours at 

RT then moved to 4ºC overnight. When using a combination of mouse and rat primary antibodies, 

the staining was performed sequentially to limit cross-reaction of secondary antibodies.60 

Analysis of Nerve Area Coverage 

Nerve area coverage was measured in the remote, border, and infarction zones. Each region was 

defined by the anatomical landscape of the injured hearts, where the infarction zone was defined 

as the area directly impacted by the ligation, the border zone as the region beside the infarction 

where tissue composition appeared impacted, and the remote zone as the region furthest away 

from the ligation and appeared unaltered. For quantification, 3-4 field of view replicate images 

were taken at 40x magnification per region. Image J software was used to quantify nerve 

coverage per each image, measuring the percent of nerve area coverage within the field of view.  

Graph points are displayed as the average nerve coverage per region (remote, border, infarct 

zone) in each heart.  

Microscopy and 3D reconstruction  

Confocal imaging was performed on a Nikon Upright FN1 microscope equipped with high 

sensitivity GaAsP detectors. Hearts were placed into a 3D-printed well, filled with water, and 
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positioned for anatomical view. Whole heart images were taken using a 4x air objective (0.2 NA), 

with 5 um spacing between z-planes, and tiles stitched with Nikon pic-stitching function, and 

scale bars shown as 1 mm. Higher magnification images were taken using a 40x water immersion 

objective (0.8 NA), with 1 um steps between z-planes, and scale bars shown as 100 um. Imaris 

microscopy image analysis software in filaments mode was used to segment hearts generate 

statistics. Representative images are shown as max intensity projections (MIP) and were edited 

using Adobe Lightroom and Photoshop for clarity. Since Endomucin (EMCN) stains veins and 

capillaries, EMCN signal in large-diameter veins was artificially highlighted in Photoshop. Confocal 

images were deconvolved using iterative classic maximum likelihood estimation in Huygens 

Profession before Imaris 3D reconstruction.  

Statistical analysis  

Data generated via Imaris, with 2-3 replicates averaged per sample and 4-7 samples per group. 

Nerve area coverage was generated with Image J analysis, with 3-4 replicates imaged per region 

and 4-6 hearts per group.  Graphs generated in GraphPad Prism 9, with individual points 

representing the average per sample. Groups with one variable were compared using ordinary 

one-way ANOVA with Tukey post hoc test to determine significance. Groups with multiple 

variables were compared by an ordinary two-way ANOVA, with uncorrected Fisher’s LSD, with a 

single pooled variance. Significance shown as n.s. (P > 0.05), * (P ≤0.05). **(P ≤0.01), ***(P 

≤0.001), **** (P ≤0.0001). Error bars presented as ± SEM.   
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ABSTRACT 

Leucine-rich repeat containing 10 (LRRC10) is a cardiomyocyte-specific protein, but its role in 

cardiac biology is little understood. Recently Lrrc10 was identified as required for endogenous 

cardiac regeneration in zebrafish; however, whether LRRC10 plays a role in mammalian heart 

regeneration remains unclear. In this study, we demonstrate that LRRC10 specifically regulates 

cardiomyocyte cytokinesis, which is the final stage of cardiomyocyte cell division,  during 

neonatal mouse heart regeneration. Lrrc10-/- knockout mice exhibit a loss of the neonatal mouse 

regenerative response marked by reduced cardiomyocyte cytokinesis and increased 

cardiomyocyte nucleation. Interestingly, LRRC10 deletion disrupts the regenerative 

transcriptional landscape of the regenerating neonatal mouse heart. Remarkably, cardiac 

overexpression of LRRC10 restores cardiomyocyte cytokinesis and the cardiac regenerative 

capacity of Lrrc10-/- mice. Our results reveal a novel role for LRRC10 in regulating postnatal 

cardiomyocyte cytokinesis as well as the transcriptional landscape during mammalian heart 

regeneration. 
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INTRODUCTION 

The adult human heart shows little regenerative capacity following an ischemic injury, such as a 

myocardial infarction (MI), in which contractile cardiac muscle is replaced with a fibrotic scar1. In 

contrast, some species of fish and amphibians exhibit the capability of adult heart regeneration 

in response to injury2-4. In addition, neonatal mice and neonatal pigs exhibit a transient potential 

to undergo heart regeneration after an induced MI5-7. New understanding of the mechanisms 

underlying cardiac regeneration provides opportunities for innovative  cardiac regenerative 

therapies following MI to prevent the progression to heart failure and increased risk of early 

death8.  

A recent example of the delicate balance between cardiac regeneration and scar formation 

following myocardial injury is a study comparing cardiac regeneration in the Pachón cave-

dwelling and surface populations of the teleost fish, Astyanax mexicanus9. Remarkably, this 

species of fish diverged into cave-dwelling and surface populations 1.5 million years ago and 

evolved different responses to cardiac injury. The surface fish show robust cardiac regeneration, 

but little regeneration occurs in the Pachón cave-dwelling fish. Comparison of gene expression 

profiles following injury revealed that Lrrc10 is more highly expressed in regenerating surface 

fish. LRRC10 is a cardiomyocyte-specific member of the leucine-rich repeat (LRR) motif family of 

proteins that mediate protein-protein interactions10. Furthermore, lrrc10 deletion in zebrafish 

results in loss of cardiac regeneration capacity. In both the Pachón and lrrc10 knockout zebrafish, 

there is no difference in the burst in DNA synthesis following injury compared to wild type 

controls, but regeneration does not occur, suggesting some impairment of proliferation or cell 
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survival. These results suggest that LRRC10 is essential for cardiac regeneration in fish models; 

however, the mechanisms remain unclear. In addition, whether LRRC10 is necessary for cardiac 

regeneration in a mammalian model remains to be understood. 

LRRC10 knockout (Lrrc10-/-) mice exhibit mild systolic dysfunction, first detected at embryonic 

day (E)17.5 without changes in cardiac structure or evidence of fibrosis, and postnatally, the 

Lrrc10-/- mice gradually develop a dilated cardiomyopathy but exhibit normal survival11. 

Interestingly, LRRC10 has been recently demonstrated to regulate Cav1.2 channel function and 

contribute to homeostasis of intracellular Ca2+ cycling12. In this study, we demonstrate that Lrrc10 

deletion blocks neonatal heart regeneration. Remarkably, Lrrc10 deletion did not disrupt nuclear 

division (karyokinesis) during the early stages of M-phase of cardiomyocyte cell cycle, but 

specifically reduces cardiomyocyte cytoplasmic division (cytokinesis), which results in increased 

cardiomyocyte nucleation. Transcriptional analysis revealed a unique signature following Lrrc10 

deletion compared to the regenerating control hearts. Importantly, LRRC10 overexpression 

during neonatal MI rescued the cardiac regenerative capacity of Lrrc10-/- mice, demonstrating an 

important role for LRRC10 in regulating cardiomyocyte cytokinesis and cardiac regeneration. Our 

results reveal a novel role for LRRC10 in postnatal cardiomyocyte cell cycle exit and mammalian 

cardiac regenerative potential. 
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RESULTS 

Lrrc10 knockout inhibits neonatal mouse heart regeneration 

The role of LRRC10 in mammalian heart regeneration has not been explored. Lrrc10-/- mice 

postnatally develop a slowly progressive dilated cardiomyopathy11, an indication that LRRC10 is 

critical for cardiac homeostasis. To determine whether LRRC10 plays a role in mammalian heart 

regeneration, we evaluated the regenerative capacity of the Lrrc10-/- mouse heart following an 

MI in postnatal-day 1 (P1) mice13. We utilized the whole-body Lrrc10 knockout mouse model, 

Lrrc10-/-, as LRRC10 is a cardiomyocyte-specific protein14-16. To determine the effect of Lrrc10 

deletion on myocardial regeneration, we performed Masson’s trichrome staining at 21 days post-

MI in wild type (WT) control and Lrrc10-/- mice. Remarkably, Lrrc10-/- mice showed increased scar 

size and incomplete myocardial regeneration in comparison to control hearts (Fig. 1A,

Supplementary Fig. 1). Since LRRC10 is a cardiomyocyte-specific protein, this increase in fibrosis 

is likely due to disruption of the cardiac regenerative response at the cardiomyocyte level rather 

than an impact on fibroblasts. In addition, we quantified a significant increase in heart weight to 

body weight ratio in Lrrc10-/- mice post-MI (Fig. 1B). At 21-days post-sham surgery, no difference 

in heart weight: body weight was identified between WT and Lrrc10-/- mice (Fig. 1A-B,

Supplementary Fig. 1), indicating there has been no significant remodeling in Lrrc10-/- hearts by 

this developmental timepoint. These results demonstrate an evolutionarily conserved role for 

LRRC10 in regulating cardiac regeneration. 

Heart regeneration is mediated by the proliferation of the pre-existing cardiomyocytes5.  Here, 

we analyze two stages of M-phase during cardiomyocyte cell cycle. We use phospho-Histone3 
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(pH3) as a marker for early G2-M phase to measure karyokinesis. In addition, we use Aurora B as 

a marker of cytokinesis, which is symmetrically localized at the cleavage furrow to measure 

cytoplasmic division. During mammalian heart regeneration, cardiomyocyte proliferation peaks 

around 7 days post-MI5,17. To establish the impact of Lrrc10 deletion on cardiomyocyte 

proliferation and division, we performed immunostaining for the early M-phase marker pH3 and 

the cardiomyocyte marker cardiac troponin T (cTnT) at 7 days following MI at P1. We found no 

significant difference in levels of pH3 positive cardiomyocytes between WT control and Lrrc10-/- 

mice (Fig. 1C, Supplementary Fig. 2A-B). Our results are similar to the prior cavefish and zebrafish 

study, which showed comparable levels of induced DNA synthesis in both controls and lrrc10-/-

zebrafish at the same timepoint 9. However, mammalian cardiomyocytes are prone to 

multinucleation and increased ploidy following DNA synthesis, a phenomenon that contributes 

to the loss of regenerative capacity in mice18. Localization of the cytokinesis marker Aurora B can 

distinguish between events of complete cytokinesis and binucleation in cardiomyocytes. 

Symmetrical localization of Aurora B between two nuclei is indicative of cytokinesis, whereas 

asymmetrical localization of Aurora B can indicate binucleation19,20. To determine whether 

LRRC10 regulates later stages of cardiomyocyte cell cycle, we measured levels of the symmetric 

and asymmetric Aurora B localization in cardiomyocytes at 7 days post-MI. Interestingly, we 

detected a significant decrease in number of symmetrically localized Aurora B  cardiomyocytes 

in Lrrc10-/- mice compared to control mice following MI (Fig. 1D, Supplementary Fig. 2C-D). There 

was no significant difference in the number of cardiomyocytes with asymmetric Aurora B 

localization between WT and Lrrc10-/- mice (Supplementary Fig. 2E). At 7 days-post sham surgery, 

WT and Lrrc10-/- mice had comparable levels of cardiomyocytes positive for pH3 (Fig. 1C), as well 
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as symmetrical and asymmetrical Aurora B localization (Fig. 1D, Supplementary Fig. 2E). These 

results suggest that LRRC10 specifically regulates cardiomyocyte cytokinesis during 

cardiomyocyte proliferation and heart regeneration. 

To further establish the impact of Lrrc10 deletion on cardiomyocyte nucleation, we isolated 

cardiomyocytes from control and Lrrc10-/- mice at 14-days post-injury and quantified nucleation 

with the DNA dye Hoechst. We measured a significant decrease in mononucleated 

cardiomyocytes, as well as a significant increase in binucleated and multinucleated 

cardiomyocytes in Lrrc10-/- mice post-MI compared to control mice (Fig. 1E). No significant 

difference in nucleation levels were identified between sham control and Lrrc10-/- mice 

(Supplementary Fig. 2F). Furthermore, we quantified a significant increase in cardiomyocyte size 

in Lrrc10-/- mice compared to controls post-MI by Wheat Germ Agglutinin (WGA) staining, 

without significant changes in cardiomyocyte area post-sham surgery (Fig. 1F).  

Collectively, our results demonstrate that Lrrc10 deletion specifically impedes cardiomyocyte 

cytokinesis but not karyokinesis following injury, which results in increased cardiomyocyte 

nucleation and blockade of the neonatal cardiac regenerative response. Thus, LRRC10 plays a 

conserved role in heart regeneration across permissive species in controlling the late stages of 

cardiomyocyte proliferation prior to completion of cell division. 
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Lrrc10 deletion results in a unique transcriptional signature following injury 

Our results demonstrate that LRRC10 regulates cardiomyocyte cytokinesis and mammalian heart 

regeneration post-MI. The endogenous heart regenerative response of the neonatal mouse heart 

is regulated by a unique transcriptional landscape21-23. To identify how LRRC10 mediates 

cardiomyocyte cytokinesis and cardiac regeneration at the transcriptional level, we analyzed the 

global transcriptome in control and Lrrc10-/- hearts. We performed bulk RNA sequencing on the 

ventricles from WT control and Lrrc10-/- mice that underwent a sham or MI surgery at P1 (Fig.

1G-I). Hearts were collected at 7 days post-injury from equal numbers of male and female mice. 

Analysis of the transcriptomic landscape by Principal Component Analysis (PCA) and Pearson 

correlation demonstrates distinct clustering between control and Lrrc10-/- sham and MI groups 

(Supplementary Fig. 3A-B), indicative of a unique transcriptional signature in Lrrc10-/- mice 

following injury.  

To further dissect the transcriptional signature related to the regenerative defects following 

Lrrc10 deletion, we defined the differentially expressed genes (DEGs) and performed K-means 

clustering and Gene Ontology (GO) analysis of the DEGs. We identified 8 total clusters with 

distinct transcriptomic patterns (Fig. 1G). Most interestingly, Cluster 1 shows a transcriptomic 

signature only upregulated in the Lrrc10-/- mice post-MI (Fig. 1G, Cluster 1). The clustered genes 

encode for myofilament proteins, such as myosins (Myh1, Myh3, Myh8), troponins (Tnnt3, Tnnc2,

Tnni2), and actin (Actn3) proteins (Fig. 1H). Furthermore, GO analysis identified cell processes 

related to regulation of muscle contraction and development (Fig. 1G-I). This increased 
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expression of myofilament proteins maybe a compensatory effect, as recent evidence 

demonstrates that LRRC10 modulates Cav1.2 calcium channels and cardiomyocyte contraction12, 

while LRRC10 deletion results in development of dilated cardiomyopathy later in life11. 

Cluster 3 shows a distinct transcriptome in both sham and MI Lrrc10-/- mice compared to controls, 

which includes genes encoding for major ion channels, such as a voltage-gated T-type Ca2+ 

channel (Cacna1g), sodium channels (Scna10a, Scn3b), and a potassium channel (Kcnaj5) (Fig.

1G-H, Cluster 3). GO analysis related these channel-encoding genes to regulation of cardiac 

contraction, membrane potential, and depolarization (Fig. 1H). Changes in ion channel 

expression can be linked to a variety of cardiac pathologies. For example, mutations in sodium 

channels can lead to ventricular arrythmias in humans, and expression of T-type Ca2+ channel 

genes are associated with cardiac hypertrophy24,25.  

The transcriptome in Cluster 4 reveals a specific gene expression in Lrrc10-/- samples post-MI 

compared to controls (Fig. 1G, Cluster 4), suggesting this cluster contained a distinct 

transcriptomic profile linked to the injury response of Lrrc10-/- hearts. Further analysis identified 

genes associated with cell cycle such as Cdc20, Ccnb1, and the related GO pathways involved in 

cell cycle regulation (Fig. 1H-I). Interestingly, one of the downregulated genes in the cluster, 

Aurkb, encodes for the cytokinesis regulator Aurora B kinase, supporting our earlier evidence 

that Lrrc10-/- inhibits the completion of cardiomyocyte division (Fig. 1D).  
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Lastly, we investigated the transcriptome in Cluster 7, as the overall gene expression was 

downregulated in Lrrc10-/- sham and MI mice compared to controls. Genes and related GO terms 

highlight an association to cell metabolism, such as fatty acid oxidation and mitochondrial 

metabolism (Sdhaf1, Ndufs5, Slc25a33) (Fig. 1G-H, Cluster 7). The cardiac metabolic state plays 

an important role in mediating endogenous heart regeneration, where altering the balance 

between glucose and fatty acid oxidation metabolism can promote or inhibit regeneration, 

respectively26. This transcriptional signature demonstrates that Lrrc10 deletion may drive 

metabolic dysregulation and result in the impaired regenerative response to injury.  

Our analysis highlights novel roles for LRRC10 in transcriptional regulation of key cell processes 

related to muscle contraction, ion-channel function, cell cycle activity, and metabolism. Together, 

this demonstrates that Lrrc10-/- mice have a unique transcriptional signature underpinning the 

loss of the cardiac regenerative capacity.  

LRRC10 overexpression restores the cardiac regenerative capacity in Lrrc10-/- mice 

Our results demonstrate that loss of LRRC10 blocks neonatal heart regeneration. However, 

whether lack of LRRC10 is primarily responsible for the defect in neonatal heart regeneration 

rather than secondary effects on the heart remains unclear. Thus, we wanted to determine 

whether restoration of LRRC10 protein levels can rescue the blockade of the cardiac regenerative 

response in post-natal Lrrc10-/- hearts. (Fig. 2A). To address this question, we injected WT and 

Lrrc10-/- mice at P0 with a single dose of AAV9-cTnT-GFP control vector or AAV9-cTnT-LRRC10 

rescue vector, for cardiac-specific overexpression of LRRC10, followed by an MI surgery at P1 (Fig.
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2A). This dosing strategy was sufficient to target the heart, as evident by GFP expression 

throughout the heart by 7 days post-injection (Fig. 2B, Supplementary Fig. 4). We first 

investigated if the overexpression of LRRC10 in Lrrc10-/- hearts was sufficient to rescue the defect 

of symmetrical Aurora B localization in cardiomyocytes. Interestingly, at 7 days post-MI we 

measured a significant increase in cytokinesis in Lrrc10-/- mice treated with AAV9-cTnT-LRRC10 

rescue vector compared to the AAV9-cTnT-GFP control vector (Fig. 2C). There was no significant 

difference in asymmetrical Aurora B localization between the same groups (Supplementary Fig.

5), in line with our earlier results demonstrating comparable levels of asymmetrical Aurora B 

between WT and Lrrc10-/- hearts post-MI (Fig. 1D).  

We further investigated the effect of LRRC10 overexpression on cardiomyocyte cytokinesis by 

quantifying cardiomyocyte nucleation as a readout of cardiomyocyte division across control and 

rescue groups. At 14 days post-MI, LRRC10 rescue hearts restored the increase in mononucleated 

cardiomyocytes compared to the LRRC10 KO controls (Fig. 2D). Furthermore, the number of 

binucleated and multinucleated cardiomyocytes in LRRC10 rescue hearts were restored to the 

levels of WT control hearts, whereas LRRC10 KO controls show a significant elevation in 

binucleated cardiomyocytes (Fig. 2D). This demonstrates that overexpression of LRRC10 in 

Lrrc10-/- mice restores the increase in mononucleated cardiomyocytes post-MI.   

To determine whether LRRC10 overexpression restores myocardial regeneration and scar size 

reduction in Lrrc10-/- mice, we performed trichrome staining at 28 days post-MI.  LRRC10 KO 

control mice show incomplete regeneration, persistent scar tissue, and thinning of the left 
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ventricle, as expected (Fig. 2E, Supplementary Fig. 6). Strikingly, the LRRC10 rescue mice show 

structural regeneration, with little to no scarring present and increased wall thickness in the left 

ventricle similar to WT controls. In addition, LRRC10 rescue mice also demonstrate a reduction 

of heart weight to body weight ratio, restoring heart size to similar levels as WT controls (Fig. 2F). 

To identify if this repair translated to improved cardiac function, we used echocardiography to 

measure ejection fraction (EF) and fractional shortening. Hearts of LRRC10 rescue mice showed 

trending improvements in EF and FS compared to LRRC10 KO control hearts (Fig. 2G). The 

restoration of myocardial structure and scar resolution demonstrate that LRRC10 overexpression 

can promote heart regeneration in Lrrc10-/- hearts (Fig. 2E-G). Together, these results 

demonstrate that the inhibition of regeneration in Lrrc10-/- mice is driven by reduced levels of 

LRRC10 and that LRRC10 overexpression postnatally is sufficient to restore myocardial 

regeneration following neonatal MI.  

 

DISCUSSION 

Heart failure with reduced ejection fraction following myocardial infarction remains a major 

health and economic burden given the inability of the adult mammalian heart to regenerate 

following injury. Defining the mechanisms that control endogenous heart regeneration can 

identify new therapeutic approaches to promote adult human heart regeneration. Our results 

demonstrate an evolutionarily conserved role for LRRC10 in heart regeneration, from the 

Astyanax mexicanus surface fish and zebrafish to the neonatal mouse. More importantly, we 

demonstrate that LRRC10 regulates later stages of cardiomyocyte cell cycle activity that impacts 

cardiomyocyte division and nucleation during neonatal mouse heart regeneration. Loss of 
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LRRC10 results in transcriptional dysregulation of muscle, ion channel, cell cycle, and metabolic 

genes, which may play a role in impeding heart regeneration. Remarkably, restoration of LRRC10 

levels in Lrrc10-/- hearts is sufficient to rescue the endogenous regenerative response. Our results 

reveal a novel role for LRRC10 in regulating cardiomyocyte cytokinesis but not karyokinesis, 

demonstrating a stage-specific regulation of cardiomyocyte cell cycle. 

Owing to the identified role of LRRC10 in regulating L-type Ca2+ channels in adult cardiomyocyte, 

future studies are warranted to further define the impact of calcium handling on cardiomyocyte 

proliferation and heart regeneration. Furthermore, the impact of LRRC10 deletion on cardiac 

metabolism needs to be further investigated, which might reveal a novel link between calcium 

homeostasis and cardiomyocyte cell cycle. In addition, whether overexpression of LRRC10 in the 

adult heart can promote adult cardiomyocyte cell cycle re-entry and regeneration remains to be 

determined. This study provides an important new target to modulate cardiomyocyte cell cycle 

activity and heart regeneration. 

METHODS 

Animal Models 

Wild type C57BL/6J (Stock #000664) mice were obtained from Jackson Laboratories. Lrrc10-/- 

mice were generated in C57BL/6 background and genotyped as described previously11,27. All 

animal experimental procedures were approved by the Institutional Animal Care and Use 

Committee of the University of Wisconsin-Madison. All experiments were performed on age and 

sex matched mice, and RNA-seq analysis was performed with an equal ratio of male to female 

mice.   
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Neonatal Myocardial Infarction Surgery 

Neonatal mice underwent myocardial infarction (MI) surgery at postnatal day 1, as previously 

described 28. Briefly, neonates were anesthetized by hypothermia on ice. A blunt dissection was 

performed in the fourth intercostal space. The heart was gently guided to rest on the chest cavity 

and the LAD was located. Using a C-1 tapered needle with a 6-0 Prolene suture (Ethicon Inc., 

Bridgewater, NJ), the LAD was ligated and blanching at the apex was visualized. The heart was 

guided back into the chest, the ribs were sutured closed, and skin was joined using adhesive glue 

(3M). The mice recovered on a warmed heating pad until mobile. The sham operation consisted 

of hypothermic anesthesia, blunt dissection in the fourth intercostal space, and closing of the 

chest cavity, without heart exposure or LAD ligation.  

Histology 

For paraffin embedding, hearts were fixed in 4% paraformaldehyde (PFA) in PBS at 4°C overnight. 

Samples were embedded in a paraffin block and sectioned below the ligation at 5um thickness. 

Masson’s trichrome stain was run according to the manufacturer’s protocol (Newcomer Supply, 

Middleton, WI). Scar area quantified in ImageJ and averaged across 3 sections per heart. 

For cryosections, hearts were fixed in 4% PFA in PBS at RT for 1hr. Tissues were soaked in 30% 

sucrose overnight before being submerged into cryomold with OTC and frozen at -80°C. Hearts 

were sectioned at 8um thickness.   

Immunostaining on Cardiac Sections 

Paraffin sections underwent deparaffinization and rehydration by sequential 3min incubations in 

xylene and ethanol (100%, 90%, 70%) solutions. Samples were placed into IHC antigen retrieval 

solution (Invitrogen, Carlsbad, CA) and microwaved for 10 min. Sections were blocked in 10% 
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blocking serum (matching secondary) and incubated in primary antibodies overnight incubation 

at 4°C. Primary antibodies were used against phospho-Histone3 Ser10 (Millipore, catalog # 06-

570) at [1:200] dilution, Aurora B (Sigma, catalog # A5102) at [1:100] dilution, and Cardiac

Troponin T (cTnt Abcam, catalog # AB8295) at [1:200] dilution. Sections were washed with PBS 

and incubated with secondary antibodies (Invitrogen) at [1:400] dilution with DAPI for 1 hour at 

room temperature. Slides were mounted in antifade mounting medium and stored at 4°C. 

Representative images were taken on a Nikon A1RS HD confocal microscope.   

Cardiomyocyte cross-sectional area was measured by Wheat Germ Agglutinin (WGA) staining. 

Paraffin sections were processed as described above, incubating with WGA-488 conjugated 

antibody (Thermo Fisher, catalog # W11261) at [1:50] dilution and cTnT. Cardiomyocyte area was 

quantified by measuring cross-sectional area of cardiomyocytes dual-positive for WGA+ and cTnT 

in Image J, measuring approximately 200 cardiomyocytes across 4-6 replicate sections.  

For GFP staining in AAV9-injected mice, cryosections were placed into a humidifying chamber 

and incubated with 10% blocking buffer, diluted in PBS with 0.2% Triton X-100 (PBST) at RT for 1 

hr. Slides were incubated with primary GFP-488 conjugated antibody (Thermo Fisher, catalog 

#A21331)  and cTnT diluted in PBST with 5% blocking buffer at 4°C overnight. Sections were 

washed, mounted, and stored at -20°C. Representative images were taken on a Nikon A1RS HD 

confocal microscope. For whole-mount staining, the whole heart was harvested, washed in PBS 

and immediately imaged for endogenous GFP expression. Representative images were acquired 

on a Nikon Upright FN1 confocal microscope. 
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AAV9 injection strategy 

Adenovirus vector constructs, AAV9-cTnT-EGFP-WPRE (catalog # VB5428) and AAV9-cTnT-

mLRRC10-WPRE were designed and produced by Vector Biolabs (Malvern, PA). Mice were 

injected subcutaneously at P0 with AAV9 constructs at a viral titer of 5x1013vg/kg BW (diluted in 

saline to a total volume of 10ul). MI was performed at P1, as described above, and hearts were 

collected at 7 days-post MI for cytokinesis analysis, 14 days post-MI for nucleation analysis, and 

21 days post-MI for histological analysis.  

Cardiomyocyte isolation and nucleation 

Mice hearts were harvested at 14 days post-surgery and fixed in 4% PFA in PBS at RT for 2hrs. 

Hearts were washed for three, 15min incubations in PBS. Hearts were mined into 1mm pieces 

and transferred into Eppendorf tubes containing collagenase solution with collagenase D 

(2.4mg/ml, Cat #11088866001) and collagenase B (1.8mg/ml, Cat #: #110088807007) diluted in 

Hank’s Balanced Salt Solution (Santa Cruz, #sc-391061A) and incubated on a rocker at 37°C 

overnight. Collagenase solution was replaced every two days by centrifugation at 500g for 1min 

at RT and removing supernatant. After cells were dissociated, cell pellets were collected by 

centrifugation at 500g for 2min at RT, resuspended in PBS, and passed through a 100µm cell filter 

to purify cardiomyocyte populations and remove clumps. Cells were stored at 4°C until ready for 

staining.  

Nucleation staining and quantification was performed on isolated cardiomyocytes. Cells were 

mixed gently to resuspend and 200ul of cardiomyocytes were transferred to a 1.5ml Eppendorf 

tube with 300ul of PBST (PBS with 0.2% Triton X-100). DAPI was added to solution and incubated 

for 10min at RT. After, 1ml of 10% blocking buffer was added to reduce cell clumping. Cells were 
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collected by centrifugation at 800g for 2min and supernatant was discarded, leaving 

approximately 100ul of solution. For nucleation quantification, around 300-500 cardiomyocytes 

were aliquoted onto a coverslip and sealed with nail polish. Approximately 1000 intact 

cardiomyocytes were counted per heart, with 4-9 replicate hearts per sample group.  Nucleation 

distribution was presented as percent nucleation of total cardiomyocytes per sample.  

RNA sequencing and analysis 

Sex-matched heart ventricles were collected at 7 days post-surgery (Sham or MI) and 

immediately homogenized in Trizol (Invitrogen) according to the manufacturer's protocol. Mouse 

tissue samples suspended in TRIzol were submitted to the University of Wisconsin Biotechnology 

Center (UWBC) Gene Expression Center (Research Resource Identifier - RRID:SCR_017757) for 

RNA extraction. Total RNA was purified following the recommendations of the Qiagen RNeasy 

Mini (Qiagen, Hilden, Germany) procedure, which included on-column DNase treatment.  RNA 

quality and integrity (RINe > 8.4) were verified on a NanoDrop One Spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA, USA) and Agilent 4200Tapestation (Santa Clara, CA, USA), 

respectively.  

Total RNA was used as input material and libraries were prepared by following the SMARTer 

Stranded Total RNA Sample Prep Kit – HI Mammalian user manual (Takara Bio USA, Mountain 

View, CA, USA). In brief, 900ng total RNA were hybridized to RiboGone™ oligos for depletion of 

rRNA sequences by RNase H-mediated digestion followed by SPRI bead cleanup. Reduced rRNA 

templates were fragmented at 94 °C for 3 min prior to first-strand synthesis.  Takara adaptors 

and indexes were added to single-stranded cDNA via 12 cycles of PCR.  Quality and quantity of 

the finished libraries were assessed on the Agilent 4200 Tapestation (Agilent, Santa Clara, CA, 
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USA) and Qubit Fluorometer (Invitrogen, Carlsbad, CA, USA), respectively. Paired end 150bp 

sequencing was performed by Illumina Sequencing by UWBC DNA Sequencing Facility 

(RRID:SCR_017759) on an Illumina NovaSeq6000, with libraries multiplexed for an approximate 

50 million reads per library.  Sequencing was done using standard 300 cycle TruSeq v1.5 SBS kits 

and SCS 2.8 software.  Images were analyzed using the standard Illumina Pipeline, version 1.8. 

Bioinformatic analysis of transcriptomic data adhere to recommended ENCODE guidelines and 

best practices for RNA-Seq (Encode Consortium, 2016). Alignment of adapter-trimmed29 (Skewer 

v0.1.123) 2x150 (paired-end; PE) bp strand-specific Illumina reads to the Mus musculus Mus

musculus GRCm39 mouse genome (assembly accession NCBI: GCA_000001635.9) was achieved 

with the Spliced Transcripts Alignment to a Reference (STAR v2.5.3a) software30, a splice-junction 

aware aligner. Expression estimation was performed with RSEM31 (RNASeq by Expectation 

Maximization, v1.3.0), generating overall RSEM gene counts. Counts were normalized by TPM. 

To test for differential gene expression among individual group contrasts, expected read counts 

obtained from RSEM were used as input into DESeq2 32 (Version 1. 36.0). Statistical significance 

of Differentially Expressed genes (DEGs) was defined by a log2fold change of ± (0.5), with 

statistical significance of the negative-binomial regression test adjusted with a Benjamini-

Hochberg FDR correction at the 10% level33 and independent filtering requiring genes to have a 

minimum read count (10 reads) in each group.  Heatmap was generated using pheatmap 

[V.1.0.12] from K-means clustering of all DEGs in the 4-way comparison, with cell value is TPM 

row-normalized. DOT plots for GO analysis were generated with enrichGO in Clusterprofiler using 

p-value <0.05. These raw and processed data sets have been deposited in NCBI’s Gene Expression
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Omnibus and are accessible through GEO accession number GSE221539. Groups for RNA-seq 

were sex matched and independently analyzed, with no sex-specific differences identified.    

Statistical analysis 

Graphs were generated using Prism 9 (GraphPad Software). Statistical analysis between two 

groups was run using a student’s unpaired t-test. Multiple groups were compared using ordinary 

one-way ANOVA with Tukey post hoc test to determine significant comparisons. Statistical 

significance described as a p < 0.05. P-values shown as n.s. (P > 0.05), * (P ≤0.05). **(P ≤0.01), 

***(P ≤0.001), **** (P ≤0.0001). Error bars presented as SEM.   

DATA AVAILABILITY 

RNA-seq data from WT and  Lrrc10-/- mice are available at the NCBI’s Gene Expression Omnibus 

(GSE221539). All data are available from the corresponding author upon request. 
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Figure 1. Cardiac regeneration is inhibited in the neonatal Lrrc10-/- mouse with disruption of 

the transcriptional landscape following injury. Control and Lrrc10-/- neonatal mice underwent a 

sham (SH) or myocardial infarction (MI) surgery at P1 and were analyzed at 7-, 14-, or 21 days 

post-surgery (DPS). (A) Mason’s trichrome staining (viable tissue in red; scar tissue in blue) at 

21DPS (n=5); scale=1mm. (B) Analysis of Heart Weight (HW) to Body Weight (BW) ratio (n=12). 

(C) Analysis of cardiomyocyte mitosis with pH3 and cTnT at 7DPS (n=7); scale=10uM. (D) Analysis

of cytokinesis by symmetrical localization of Aurora B with cTnT at 7DPS (SH n=3; MI n=7); 

arrowhead indicates Aurora B localization between cardiomyocytes; scale=10uM. (E) Percentage 

of mononucleated (Mono), binucleated (Bi), and multinucleated (Multi) cardiomyocytes per 

heart at 14DPS (WT n=4; KO n=5); scale=20uM. (F) Quantification of cardiomyocyte size by Wheat 

Germ Agglutinin (WGA) at 21DPS (n=5); scale=25uM. Hearts were collected from WT and Lrrc10-

/- mice at 7 days after sham or MI surgery, processed for bulk-tissue RNA-sequencing (n=4 per 

group), and the transcriptome of differentially expressed genes (DEGs) was identified. (G) 

Heatmap generated by k-means clustering of DEGs and divided into 8 clusters; colored scale is 

related to z-score. (H) Clusters 1, 3, 4, and 7 show a unique transcriptome in Lrrc10-/- hearts. (I) 

Gene Ontology (GO) analysis highlights LRRC10 dysregulated pathways related to muscle 

contraction (Cluster 1) and cell metabolism (Cluster 4).  
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Figure 2. Lrrc10 overexpression rescues heart regeneration in Lrrc10-/- mice. (A) Control and

Lrrc10-/- neonatal mice were treated with a single-dose of AAV9-cTnT-GFP control or AAV9-cTnT-

LRRC10 rescue viral vector before undergoing sham or MI surgery at P1. (B) Efficient transfection 

shown by GFP expression in WT P8 mice treated with or without AAV9-cTnT-GFP at P0 (n=3). 

Hearts were analyzed for regeneration hallmarks at 7-, 14- and 28-days post-MI (DPMI). (C) 

Cytokinesis measured by symmetrical Aurora B within cardiomyocytes, marked by cTnT at 7DPMI 

(n=4). (D) Nucleation percentages of mononucleated (Mono), binucleated (Bi), and 

multinucleated (Multi) cardiomyocytes (WT and KO controls n=9; KO rescue n=8) at 14DPMI. (E) 

Masson’s trichrome analysis at 28DPMI (n=4); trichrome scale 1mm. (F) Heart Weight (HW) to 

Body Weight (BW) ratios at 28DPMI (WT control n=9; KO control n=8; KO rescue n=6). (G) 

Echocardiography of ejection fraction (EF) and fractional shortening (FS) at 28DPMI (WT control 

n=9; KO control n=8; KO rescue n=6). 
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SUPPLEMENTAL FIGURES 

Supplemental Figure 1. Lrrc10-/- hearts show increased scar tissue post-MI. Masson’s 

Trichrome was performed on control (WT) and Lrrc10-/- heart sections at 21 days post (A) sham 

(SH) and (B) MI surgery (n=5). 
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Supplemental Figure 2. Lrrc10-/- hearts show no change in proliferation, asymmetrical cell 

division, or sham nucleation counts. At 7 days post-sham or post-MI surgery, there was no 

difference in cardiomyocyte (CM) proliferation between (A) WT and (B) Lrrc10-/- groups, shown 

as representative sections and (A’, B’) insets; arrowheads indicate pH3+ cardiomyocytes. (C) WT 

and (D) Lrrc10-/- hearts showed no difference in the Aurora B localization, shown as 

representative sections and insets of (C’, D’) symmetrical or (C’’, D’’) asymmetrical CM division; 

arrowhead indicates Aurora B localization between cardiomyocytes (E) Post-MI or post-sham 
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surgery, Lrrc10-/- hearts showed no difference in asymmetrical CM division in comparison to WT 

hearts. (F) At 14 days post-sham surgery, nucleation counts for mono-, bi-, and multinucleated 

CMs did not differ between WT and Lrrc10-/- groups.  

Supplemental Figure 3. Transcriptomic analysis shows unique signature between control and 

Lrrc10-/- hearts post-injury. Bulk RNA sequencing of control and Lrrc10-/- mice that underwent 

a sham (SH) or MI surgery at P1. (A) Principal Component Analysis (PCA) shows gene expression 

patterning. (B) Pearson correlation shows clustering of transcriptomic profiles.
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Supplemental Figure 4. Viral control shows successful reporter expression in the postnatal 

heart. AAV9-cTnT-GFP control vector was injected into P0 mice and hearts were collected at 7 

days post-injections. Images were captured of the (A) whole-mount and (B) sectioned hearts 

(n=3). Scale bar=1mm. 
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Supplemental Figure 5. Asymmetrical cytokinesis is unchanged between Lrrc10-/- treated with 

AAV9-GFP or AAV9-Lrrc10 virus. AAV9-cTnT-GFP (control) or AAV9-cTnT-LRRC10 (rescue) vector 

was injected into P0 mice, MI surgery was performed at P1, and asymmetrical cytokinesis was 

measured by Aurora B at 7 days post-MI. No difference in asymmetric cardiomyocyte (CM) 

division was identified between Lrrc10-/- hearts treated with  control or rescue vector.
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Supplemental Figure 6. Lrrc10-/- treated with AAV9-Lrrc10 virus promotes regeneration post-

MI. Masson’s Trichrome of heart sections from WT and  Lrrc10-/- (KO) mice treated with (A-B)

control AAV9-cTnT-GFP or (C) rescue AAV9-cTnT-LRRC10 rescue virus at 21 days post-MI (n=4). 
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ABSTRACT: 

BACKGROUND: Neonatal mouse cardiomyocytes undergo a metabolic switch from glycolysis to 

oxidative phosphorylation, which results in a significant increase in reactive oxygen species (ROS) 

production that induces DNA damage. These cellular changes contribute to cardiomyocyte cell 

cycle exit and loss of the capacity for cardiac regeneration. The mechanisms that regulate this 

metabolic switch and the increase in ROS production have been relatively unexplored. Current 

evidence suggests that elevated ROS production in ischemic tissues occurs due to accumulation 

of the mitochondrial metabolite succinate during ischemia via succinate dehydrogenase (SDH), 

and this succinate is rapidly oxidized at reperfusion. Interestingly, mutations in SDH in familial 

cancer syndromes have been demonstrated to promote a metabolic shift into glycolytic 

metabolism, suggesting a potential role for SDH in regulating cellular metabolism. Whether 

succinate and SDH regulate cardiomyocyte cell cycle activity and the cardiac metabolic state 

remains unclear. 

METHODS: Here, we investigated the role of succinate and succinate dehydrogenase (SDH) 

inhibition in regulation of postnatal cardiomyocyte cell cycle activity and heart regeneration. 

RESULTS: Our results demonstrate that injection of succinate in neonatal mice results in 

inhibition of cardiomyocyte proliferation and regeneration. Our evidence also shows that 

inhibition of SDH by malonate treatment after birth extends the window of cardiomyocyte 

proliferation and regeneration in juvenile mice. Remarkably, extending malonate treatment to 

the adult mouse heart following myocardial infarction injury results in a robust regenerative 

response within 4 weeks following injury via promoting adult cardiomyocyte proliferation and 
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revascularization. Our metabolite analysis following SDH inhibition by malonate induces dynamic 

changes in adult cardiac metabolism. 

CONCLUSIONS: Inhibition of SDH by malonate promotes adult cardiomyocyte proliferation, 

revascularization, and heart regeneration via metabolic reprogramming. These findings support 

a potentially important new therapeutic approach for human heart failure.  

 

CLINICAL PERSPECTIVE 

What Is New? 
 

• We found that malonate, a competitive inhibitor of succinate dehydrogenase (SDH), 

promotes adult cardiomyocyte proliferation, revascularization of the infarct zone, and 

myocardial regeneration following infarction. 

• We also found that SDH inhibition by malonate induces a metabolic shift from oxidative 

phosphorylation to glucose metabolism in the adult heart. 

What Are the Clinical Implications? 
 

• Transient inhibition of SDH represents an important metabolic target to promote adult 

heart regeneration following infarction. 

• The long-term effects of systemic SDH inhibition needs to be closely evaluated owing to 

its role as a tumor suppressor. 

 

INTRODUCTION  

Cardiovascular disease remains the leading cause of death in the world1. Both vascular and 

myocardial damage arise from acute cardiovascular events such as myocardial infarction (MI). 
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The limited capacity of the adult heart to repair itself represents a major barrier in cardiovascular 

medicine and often leads to heart failure. In contrast, the neonatal mouse heart has the ability 

to regenerate following MI, with the newly formed cardiac tissue being derived primarily from 

the proliferation of the pre-existing cardiomyocytes2-4. During postnatal development, exposure 

to high levels of atmospheric oxygen following birth results in a metabolic switch in energy 

utilization from glycolysis to oxidative phosphorylation5. This metabolic switch results in 

increased mitochondrial reactive oxygen species (ROS) production, causing cardiomyocyte DNA 

damage and contributing to the postnatal cardiomyocyte cell cycle arrest in mice6. Thus, 

understanding the metabolic state of the mammalian heart following birth can lead to important 

insights towards restoring adult cardiomyocyte cell cycle activity and subsequent regenerative 

abilities following injury.  

 

Recent studies have demonstrated that the metabolite succinate accumulates during ischemia, 

which is a conserved phenomenon across vertebrates7-9. Different models suggest that succinate 

accumulation occurs either through reverse activity of the enzyme complex succinate 

dehydrogenase (SDH, also known as complex II), or via canonical tricarboxylic acid (TCA) cycle7, 9. 

SDH activity plays a central role in succinate accumulation in the proposed models owing to its 

involvement in both the TCA cycle and the electron transport chain (ETC)10. Subsequently upon 

reperfusion, the high levels of accumulated succinate are rapidly metabolized into fumarate, 

which results in a burst of ROS production via reverse activity of mitochondrial complex I7, 11. 

More importantly, administration of the SDH competitive inhibitor, malonate, prevents the 



151 
 

accumulation of succinate and the subsequent metabolization that increases ROS levels during 

ischemia/reperfusion injury, emphasizing the link between SDH and ROS production7, 11, 12.  

 

SDH plays an important role in metabolism and cell cycle activity, as it is the first mitochondrial 

protein to be identified as a tumor suppressor13. Mutations in SDH in familial cancer syndromes 

promote a metabolic shift into glycolysis that drives cell division13-15. Interestingly, metabolic 

reprogramming to glycolysis is essential during zebrafish heart regeneration, which is 

concomitant with a significant reduction in SDH activity as well16. However, whether succinate 

and SDH activity directly contribute to the limited regenerative capability of the heart after injury 

is unknown. In this study, we aim to determine the role of succinate and SDH in regulation of 

postnatal cardiomyocyte cell cycle activity and heart regeneration. 

 

METHODS 

Animals 

CD-1 mice were obtained from Charles River Laboratories. All animal experimental procedures 

were approved by the Institutional Animal Care and Use Committee of the University of 

Wisconsin-Madison. All experiments were performed on age and sex matched mice, with an 

equal ratio of male to female mice for neonatal experiments and only male mice for adult 

experiments.   

Neonatal Myocardial Infarction 

Neonatal mice at postnatal day 1 (P1) or day 7 (P7) were used for myocardial infarction (MI) 

surgery. Neonatal mice were subjected to MI surgeries as previously described2. Briefly, neonates 
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were anesthetized by hypothermia on ice. Lateral thoracotomy at the fourth intercostal space 

was performed by blunt dissection of the intercostal muscles after skin incision. A C-1 tapered 

needle attached to a 6-0 prolene suture (Ethicon Inc., Bridgewater, NJ) was passed through the 

mid-ventricle below the left anterior descending coronary artery (LAD) and tied off to induce MI. 

The prolene suture was used to suture the ribs together and seal the chest wall incisions, and the 

skin was closed using adhesive glue (3M). The mice then were warmed on a heating pad until 

recovery. Sham-operated mice underwent the same procedure including hypothermic 

anesthesia, but not LAD ligation.  

Adult Myocardial Infarction  

Adult male mice (8-week-old) were subjected to MI by ligation of the proximal aspect of the LAD 

coronary artery. In brief, mice were anaesthetized using 3% isoflurane, then mice were intubated 

with PE50 tubing and placed on a mouse ventilator at 120-130 breaths per minute with a stroke 

volume of 150 microliters and maintained on 2% isoflurane. A left lateral incision through the 

fourth intercostal space was made to expose the heart. After visualizing the left coronary artery, 

7-0 suture was placed through the myocardium in the anterolateral wall and secured as 

previously described17, 18. Coronary artery entrapment was confirmed by observing blanching of 

the distal circulation (ventricular apex). ECG was used to confirm MI by noting ST segment 

changes. The lungs were over inflated, and the ribs and muscle layers were closed by absorbable 

sutures. The skin is closed by additional suturing using 6-0 nylon. The mouse was recovered from 

the anesthesia and extubated. 
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Drug Administration 

Neonatal mice were weighed and injected daily with either saline, 100 mg/kg dimethyl succinate 

(Sigma), 100 mg/kg dimethyl malonate (Sigma), or 10 g/kg Atpenin A5 (Enzo Life Sciences). 

Dimethyl succinate and dimethyl malonate were dissolved in saline. Stock solution of Atpenin A5 

at 0.1mg/ml was initially prepared by dissolving in DMSO (Sigma) and then further diluted with 

saline before injection. Saline was used as a vehicle control for all experiments. Neonatal mice 

were given intravenous injections for the first 5 days after birth, followed by intraperitoneal 

injections until completion of the injection time course. Adult mice were injected 

intraperitoneally daily with either saline or 100 mg/kg dimethyl malonate post-MI for 2 or 4 

weeks. To track cardiomyocyte proliferation, we added 0.25 mg/ml 5-bromodeoxyuridine (BrdU, 

Sigma) to the drinking water for 2 weeks post-MI. Fresh BrdU-containing water was changed 

every 2 days. 

Histology  

Hearts were harvested and fixed in 4% paraformaldehyde (PFA) in PBS solution overnight at 4 C, 

processed for paraffin embedding, and sectioned in intervals. Masson’s trichrome staining was 

performed according to the manufacture’s protocol (Newcomer Supply, Middleton, WI). Scar size 

measurements were quantified from at least 3 sections of the heart from ligature to apex. ImageJ 

was used to quantify the fibrotic scar, and the average scar area for each heart was plotted. 

Metabolite analysis 

Metabolites were extracted with cold liquid chromatography–mass spectrometry (LC–MS) grade 

3/1 butanol/methanol (v/v) following previously established method19. Tissue extracts 

containing polar metabolites were dried under nitrogen flow and subsequently dissolved in LC–
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MS grade water for analysis. Protein pellets were removed by centrifugation. Samples were 

analyzed using a Thermo Q-Exactive mass spectrometer coupled to a Vanquish Horizon Ultra-

High Performance Liquid Chromatograph (UHPLC). Metabolites were separated on a 2.1 × 100 

mm, 1.7 μM Acquity UPLC BEH C18 Column (Waters) at a 0.2 ml per min flow rate and 30 °C 

column temperature, with a gradient of solvent A (97/3 H2O/methanol, 10 mM TBA, 9 mM 

acetate, pH 8.2) and solvent B (100% methanol). The gradient was: 0 min, 5% B; 2.5 min, 5% B; 

17 min, 95% B; 21 min, 95% B; 21.5 min, 5% B. Data were collected on a full scan negative mode. 

The identification of metabolites reported was based on exact m/z and retention times, which 

were determined with chemical standards. Data were analyzed with Maven. Relative metabolite 

levels were normalized to internal standard Tryptophan (13C11) and expressed relative to levels 

measured in the control group.  

Echocardiography 

Transthoracic echocardiography was performed by using a Visual Sonics 770 ultrasonograph with 

a 25-MHz transducer (Visual Sonics, Toronto) as described previously20. Mice were lightly 

anesthetized with 1% isoflurane and maintained on a heated platform. Two-dimensionally guided 

M-mode images from a parasternal long axis (PLAX) of the LV were acquired at the tip of the 

papillary muscles. Wall thickness and chamber diameters were measured in both diastole and 

systole. Fractional shortening was calculated as (LVDd-LVDs)/LVDd x 100, where LVDd is LV 

diameter in diastole and LVDs is LV diameter in systole.  Ejection fraction was calculated as 

[(7.0/(2.4 + LVDd)(LVDd)3 – (7.0/(2.4 + LVDs)( LVDs)3/(7.0/(2.4 + LVDd)( LVDd)3 x 100 and LV mass 

was calculated by using the formula [1.05 x ((Posterior Wall diastole+Anterior Walldiastole+LVDd)3 – 

(LVDd)3 )]. All parameters were measured over at least three consecutive cycles. 
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Statistical Analysis 

All graphs are presented as means  SE. Statistical analysis was performed using Prism 9 

(GraphPad Software). Two-tailed Student’s t-test was performed to determine the difference 

between the treatment group and control group. One-way ANOVA was performed by Tukey’s 

multiple comparison test to determine the differences of group mean among treatment groups. 

The level of significance was set at P < 0.05. 

 

RESULTS 

Succinate Reduces Cardiomyocyte Proliferation and Heart Regeneration in Neonatal Mice  

To determine whether an increase in succinate levels impacts cardiomyocyte cell cycle activity 

and neonatal mouse heart regeneration, neonatal mice were injected with dimethyl succinate 

(100 mg/kg) daily for 7 days following myocardial infarction at postnatal day1 (P1) (Figure 1A). 

We tested multiple doses (50, 100, 150 mg/kg) and we found that 100 mg/kg was the minimum 

effective dose that reduces cardiomyocyte proliferation (data not shown). To determine whether 

succinate reduces cardiomyocyte proliferation, we performed immunostaining of the mitosis 

marker pH3 at 7 days post-MI. Our results revealed a reduction in cardiomyocyte mitosis in 

succinate injected MI hearts compared to controls (Figure 1B & C).  

 

Loss of cardiomyocyte cell cycle activity occurs due to increase in cardiomyocyte DNA damage as 

a consequence of the metabolic switch to oxidative phosphorylation and the subsequent rise in 

ROS levels. To determine whether succinate induces cardiomyocyte DNA damage, we performed 

immunostaining of γH2AX, which is a marker for DNA double-strand breaks. We quantified a 
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significant increase in cardiomyocytes with γH2AX foci in succinate-treated mice (Figure 1D & E). 

Our results demonstrate that in neonatal mice high levels of succinate can induce cardiomyocyte 

DNA damage and reduce the proliferative potential of pre-existing cardiomyocytes, which is the 

main source of the newly formed cardiomyocytes during cardiac regeneration3, 21.  

 

To further establish the effects of succinate on neonatal heart regeneration, we performed 

trichrome staining at 21 days post-MI to assess regeneration and fibrosis in control and dimethyl 

succinate injected mice. As expected, saline-injected control mice demonstrated complete heart 

regeneration. In contrast, dimethyl succinate-injected mice showed lack of regeneration with 

persistence of a fibrotic scar (Figure 1F). This lack of regeneration was also evident in the 

significant reduction in cardiac function of dimethyl succinate-injected mice compared to saline-

injected controls, as measured by ejection fraction (EF), fractional shortening (FS), left ventricle 

internal diameter diastole (LVIDD), and left ventricle internal diameter systole (LVIDS) (Figure 1G 

& Table I in the Data Supplement). Together, these results reveal that succinate injection during 

the first week of life can result in premature cardiomyocyte cell cycle exit, which inhibits the 

neonatal cardiac regenerative response. 

 

Malonate Extends the Cardiac Regenerative Window in Postnatal Hearts 

Although our results demonstrate that exogenous administration of succinate can inhibit 

cardiomyocyte proliferation and regeneration, it remains unclear whether succinate 

dehydrogenase (SDH) activity contributes to cardiomyocyte cell cycle exit in the postnatal heart. 

Thus, we wanted to determine whether the SDH complex competitive inhibitor, malonate, could 
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extend the cardiomyocyte proliferative window and improve the cardiac regeneration capacity 

of the juvenile, normally non-regenerative 7-day-old mice. We injected dimethyl malonate (100 

mg/kg, daily) in neonatal mice directly after birth for 2 weeks with an MI performed once the 

mice reached P7. We then analyzed the hearts following injury to determine whether malonate 

results in prolongation of the neonatal regenerative window (Figure 2A).  

 

To examine whether malonate stimulates cardiomyocyte proliferation, we performed MI in 7-

day-old mice and analyzed their hearts at 7 days post-MI (14-day-old) by immunostaining for 

markers of proliferation. We measured a significant increase in the number of cardiomyocytes 

undergoing mitosis as evident by pH3 staining in the dimethyl malonate-injected mice compared 

to saline injected controls (Figure 2B & C). We also quantified a significant increase in the number 

of cardiomyocytes undergoing cytokinesis by Aurora B staining, suggesting that a significantly 

higher number of cardiomyocytes are undergoing complete cell division (Figure 2D & E). 

Furthermore, there was a significant reduction in cardiomyocyte cell size at 21 days post-MI in 

the dimethyl malonate injected mice as quantified by wheat germ agglutinin staining (WGA), 

suggestive of newly formed cardiomyocytes and a reduction in cardiomyocyte hypertrophy 

(Figure 2F & G).  

 

To determine whether this increase in cardiomyocyte proliferation results in improved 

regeneration in the P7 mouse heart, we performed trichrome staining at 21 days post-MI to 

quantify structural regeneration and fibrosis. As expected, lack of myocardium regeneration and 

persistence of fibrotic scarring was detected below the ligature plane of the saline-injected 
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controls. In contrast, mice that were injected with dimethyl malonate demonstrated complete 

heart regeneration (Figure 2H & Figure I in the Data Supplement). More importantly, cardiac 

function assessed by EF, FS, LVIDD, and LVIDS in the dimethyl malonate injected hearts was 

restored to normal levels (Figure 2I & Table II in the Data Supplement). These data indicate that 

SDH inhibition by malonate can promote cardiomyocyte proliferation and extend the 

regenerative capacity of the neonatal mouse heart beyond 1 week after birth, resulting in a 

complete regenerative response following MI in P7 juvenile mice. 

 

SDH Inhibition by Atpenin A5 Recapitulates the Regenerative Effect of Malonate 

To establish that malonate promotes cardiomyocyte proliferation and heart regeneration via SDH 

inhibition, we used a similar treatment strategy using Atpenin A5, which is a potent inhibitor of 

SDH (Figure 3A)22. To determine whether Atpenin A5 treatment can stimulate cardiomyocyte 

proliferation in the non-regenerative heart, we performed MI in P7 mice and analyzed their 

hearts at 7 days post-MI for markers of proliferation. We quantified a significant increase in the 

percentage of cardiomyocytes undergoing mitosis and cytokinesis as evident by pH3 and Aurora 

B staining, respectively, in the Atpenin A5 injected mice compared to controls (Figure 3B-E).  

 

To determine whether SDH inhibition by Atpenin A5 regenerates the non-regenerating P7 mouse 

heart similar to malonate, we performed trichrome staining at 21 days post-MI to quantify 

fibrosis and myocardial regeneration. Atpenin A5-injected mice demonstrated myocardial 

thickness at the infarct zone and a significant reduction in scar size compared to controls (Figure 

3F & G). This was concomitant with restoration of cardiac function in Atpenin A5-injected mice 
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(Figure 3H & Table III in the Data Supplement). Our results demonstrate that Atpenin A5 restores 

cardiac structure and function similar to malonate, suggesting that SDH inhibition is a central 

mechanism by which malonate promotes heart regeneration.  

 

Malonate Promotes Cardiomyocyte Proliferation and Heart Regeneration in Adult Mice 

Following Myocardial Infarction  

The ability of malonate to promote cardiomyocyte proliferation and heart regeneration beyond 

the 1-week postnatal regenerative window in mice raises the question of whether malonate can 

metabolically reprogram the adult heart to a regenerative state following injury. To address this 

question, we performed MI in 8-week-old mice and injected either saline or dimethyl malonate 

(100 mg/kg) within an hour following MI and continued this treatment daily for two weeks (Figure 

4A). Although SDH inhibition by malonate results in cardioprotection from reperfusion injury, 

whether malonate can protect the myocardium following infarction remains undetermined.  

 

To determine whether malonate protects against infarction similar to reperfusion injury, we 

performed a viability stain using triphenyltetrazolium chloride (TTC) at 3 days post-MI. 

Quantification of the non-viable myocardium (white) in heart sections below the ligature showed 

no significant difference in both saline and malonate injected mice, suggesting that malonate did 

not protect against myocardial necrosis following infarction (Figure 4B, Figure II in the Data 

Supplement). In addition, there was no difference in the number of apoptotic cardiomyocytes at 

3- or 7-days post-MI in saline- and dimethyl malonate-injected hearts as quantified by TdT-

mediated dUTP nick-end labelling (TUNEL) staining (Figure 4C, Figure III A in the Data 
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Supplement). These results demonstrate that malonate did not protect against infarction and 

cardiomyocyte death following adult MI.  

 

To determine whether malonate stimulates adult cardiomyocyte proliferation, we performed 

immunostaining for the mitosis marker pH3 at 7- and 14 days post-MI. We quantified a significant 

increase in the number of cardiomyocytes undergoing mitosis in dimethyl malonate-injected 

hearts compared to saline-injected controls at both 7- and 14-days post-MI (Figure 4D, Figure III 

B&D in the Data Supplement). In addition, there was a significant increase in the number of 

cardiomyocytes undergoing cytokinesis in dimethyl malonate-injected hearts as demonstrated 

by Aurora B staining at 7- and 14 days post-MI (Figure 4E, Figure III C&E in the Data Supplement). 

Furthermore, there was a significant increase in 5-bromodeoxyuridine (BrdU) incorporation in 

cardiomyocytes in malonate-treated mice at 14 days post-MI (Figure 4F). This was concomitant 

with a remarkable increase in the number of mononucleated cardiomyocytes and a significant 

decrease in the number of binucleated cardiomyocytes in the malonate-treated mice (Figure 4G). 

Additionally, we quantified a significant decrease in the number of cardiomyocytes with γH2AX 

foci in malonate-treated mice indicating a significant reduction in cardiomyocyte DNA damage 

(Figure 4H). These results suggest that malonate can promote adult cardiomyocyte cell cycle 

activity following MI. 

 

To determine whether SDH inhibition regulates cardiomyocyte cell cycle activity by modulating 

succinate levels, we measured the levels of intracellular succinate by liquid chromatography–

mass spectrometry (LC–MS). Interestingly, there was a significant increase in succinate levels in 
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the hearts of malonate-treated mice at 14 days post-MI (Figure 4I). This is in line with multiple 

studies showing that SDH inhibition and subsequent blockade of oxidative phosphorylation is 

accompanied by an increase in succinate levels, which promotes metabolic reprogramming to 

aerobic glycolysis23-25. This is distinct from the cardioprotective role of malonate in reperfusion 

injury, which confers cardioprotection by inhibiting reverse activity of SDH that prevents 

succinate accumulation7. This suggests that malonate might promote cardiomyocyte cell cycle 

activity via metabolic reprogramming of the adult heart to a regenerative state, rather than 

preventing succinate accumulation. 

 

We then collected the hearts of both saline and dimethyl malonate-treated adult mice at 14- and 

28-days post-MI and quantified structural regeneration by trichrome staining. By 14 days, fibrotic 

scarring in heart sections was evident in both dimethyl malonate-treated mice and saline-treated 

control (Figure 5A, Figure IV in the Data Supplement). Quantification showed a trend for 

reduction in fibrosis in the dimethyl malonate-treated samples compared to controls at 14 days 

post-MI, but the difference was not significant (Figure 5A). By 28 days post-MI, trichrome staining 

from the dimethyl malonate-injected hearts showed remarkable restoration of the myocardium 

with minimal fibrosis compared to the saline-injected controls that showed ventricle dilation and 

significant fibrotic scarring, as expected from an adult MI (Figure 5A, Figure V in the Data 

Supplement). Quantification of fibrosis demonstrated a significant reduction of scar size in the 

dimethyl malonate-treated mice at 28 days post-MI. Notably, there was incomplete regeneration 

in one mouse heart that was subjected to a large infarct (Figure V in the Data Supplement), 

indicating that the size of infarction can impact the regenerative response, similar to neonatal 
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mouse heart regeneration26. Whether longer duration of malonate treatment can regenerate 

larger infarcts is yet to be determined.  

 

To determine whether this restoration of cardiac structure was accompanied by improvement in 

cardiac function, we performed echocardiographic measurements of both saline and dimethyl 

malonate-injected mice at 14- and 28-days post-MI. Our echocardiographic measurements 

demonstrated a reduction in cardiac function at 14 days post-MI (Figure 5B & Table IV in the Data 

Supplement). There was a trending improvement in cardiac function of dimethyl malonate 

injected hearts compared to controls by 14 days post-MI, but the difference was not significant 

(Figure 5B). Remarkably, there was a significant improvement of cardiac function in dimethyl 

malonate-injected mice as measured by EF and FS at 28 days post-MI (Figure 5B). Interestingly, 

there was a significant reduction in cardiomyocyte size in dimethyl malonate-injected mice 

compared to controls at 28 days post-MI as quantified by WGA staining (Figure 5C). No significant 

differences in heart weight to body weight ratios were detected (Figure 5D). Our results reveal 

that malonate is capable of restoring cardiac structure and function following adult MI. 

Collectively, these results demonstrate that malonate promotes adult cardiomyocyte 

proliferation and heart regeneration following adult MI. 

 

Malonate Induces a Metabolic Shift in the Adult Heart and Promotes Revascularization 

Following Infarction  

The metabolic switch from glycolysis to oxidative phosphorylation results in loss of the 

endogenous cardiac regenerative ability in mammals6. Furthermore, a metabolic switch to 
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glycolysis promotes cardiomyocyte proliferation during zebrafish heart regeneration16. 

Interestingly, mutations in SDH have been demonstrated to induce a metabolic shift into 

glycolysis in familial cancer syndromes that promotes cell division and angiogenesis13-15. These 

studies together with our comprehensive results strongly suggest that SDH inhibition may 

promote a cardiac regenerative response by modulating the cardiac metabolic state. To 

determine whether inhibition of SDH promotes metabolic reprogramming in the adult heart, we 

treated adult mice for 2 weeks with dimethyl malonate and performed metabolomics using LC-

MS (Figure 6A). Several metabolites in the TCA cycle, such as α-ketoglutarate, were 

downregulated following SDH inhibition by malonate, except for succinate, which was increased 

as expected (Figure 6B). This is consistent with previous studies showing inhibition of aerobic 

respiration in response to SDH inhibition, since SDH participates in both the TCA cycle and the 

electron transport chain (ETC)10. More importantly, this was accompanied by a dynamic shift in 

metabolites in other pathways of glucose metabolism (Figure 6C). These results are consistent 

with previous studies demonstrating that SDH inhibition stimulates a metabolic shift to glycolysis, 

which is a metabolic state that can promote heart regeneration. 

 

Cardiomyocyte proliferation is key to replenishing the lost myocardium following injury; however, 

complete regeneration following infarction requires coronary artery formation and 

revascularization to supply the newly formed myocardium with oxygenated blood. This response 

has been demonstrated to be activated during neonatal mouse regeneration and is a hallmark 

for complete regeneration following infarction27. Interestingly, glycolysis plays in important role 

in angiogenesis28, 29. Since malonate treatment induces a cardiac metabolic shift in the adult heart, 
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we wanted to determine whether malonate promotes heart regeneration by inducing coronary 

artery formation and revascularization following injury. To address this question, we performed 

coronary casting of saline and dimethyl malonate injected hearts at 28 days post-MI. There was 

a remarkable formation of coronary arteries below the ligature site in the dimethyl malonate 

injected mice compared to controls (Figure 6D). In addition, there was a significant increase in 

capillary density and vascular smooth muscle cells in the infarct zone, suggesting an increase in 

newly synthesized vessels ranging in size from small capillaries to large-diameter vessels (Figure 

6E & F). These results reveal that malonate can induce myocardial regeneration by stimulating 

adult cardiomyocyte proliferation as well as revascularization post-MI. 

 

Malonate Treatment at 1-Week Following Infarction Promotes Heart Regeneration 

To determine whether malonate can promote a regenerative response following the 

establishment of infarction, we performed MI in 8-week-old mice and started malonate 

treatment at 1-week post-MI (Figure 7A). The reduction of cardiac function was confirmed at 1-

week post-MI by echocardiography (Figure 7D). Mice were then randomized and treated with 

saline or malonate for a period of 4 weeks, and hearts were harvested at 6 weeks post-MI (Figure 

7A). Trichrome staining at 6 weeks post-MI showed a remarkable increase in myocardial 

thickness with minimal fibrosis in malonate-treated mice (Figure 7B & Figure VI in the Data 

Supplement). Fibrosis quantification demonstrated a significant reduction in scar size in the 

malonate-treated mice at 6 weeks post-MI (Figure 7C). Remarkably, there was a significant 

increase in cardiac function in malonate-treated mice at 4-weeks and 6-weeks post-MI (Figure 

7D & Table V in the Data Supplement). Our results demonstrate that injection of malonate in 
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adult mice at 1-week post-MI promoted myocardial regeneration and functional improvement 

over time. Together, these results demonstrate that SDH inhibition by malonate can stimulate a 

cardiac regenerative response following the establishment of infarction in the adult heart. 

 

DISCUSSION 

Systolic heart failure often occurs as a consequence of the inability of the adult mammalian heart 

to regenerate following injury such as MI. Models of mammalian endogenous heart regeneration 

provide an opportunity to identify new approaches to restore adult human heart regeneration30. 

Lineage tracing studies demonstrated that proliferation of the pre-existing cardiomyocytes is the 

main source of the newly formed functional myocardium during endogenous regeneration. Thus, 

stimulating adult cardiomyocyte proliferation represents an important target towards 

regenerating the adult human heart following injury. 

 

The metabolic switch in energy utilization of the postnatal heart and the subsequent increase in 

ROS production has emerged as an important factor in loss of this regenerative response6. The 

mechanisms that regulate this metabolic switch remain unclear. In this study, our results 

demonstrate a powerful link in succinate metabolism and succinate dehydrogenase (SDH) activity 

to the regenerative response of the mammalian heart. We demonstrate that high levels of 

succinate can induce cardiomyocyte DNA damage and inhibit cardiomyocyte proliferation and 

regeneration. More importantly, we demonstrate that inhibition of SDH activity by malonate can 

also restore a cardiac regenerative response in the adult heart by stimulating adult 

cardiomyocyte cell cycle re-entry and revascularization, important hallmarks of endogenous 
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heart regeneration. This regenerative effect is largely due to SDH inhibition, since Atpenin A5, a 

potent inhibitor of SDH, can recapitulate the regenerative effect of malonate. Furthermore, our 

analysis demonstrates that SDH inhibition induces metabolite level changes that are consistent 

with a metabolic shift from oxidative phosphorylation to glycolysis in the adult heart. Although 

we did not detect an increase in lactate levels, serial metabolite analysis at multiple timepoints 

can reveal the extent of the dynamic cardiac metabolic shift following SDH inhibition. The 

metabolic switch from aerobic respiration to glycolysis is implicated by previous studies defining 

SDH as a tumor suppressor, where SDH mutations result in a metabolic reprogramming to 

glycolysis that promotes cancer growth13-15.  

 

Malonate has been demonstrated to play a cardioprotective role in reperfusion injury by 

inhibiting reverse activity of SDH, which prevents succinate accumulation and the subsequent 

redox insult and cardiac damage7. Interestingly, SDH inhibition by malonate for 2 weeks increased 

succinate levels, a consequence of inhibition of oxidative phosphorylation23-25. In contrast to 

reperfusion injury, our results demonstrate that malonate does not exhibit a cardioprotective 

role following myocardial infarction. The progression in restoration of cardiac structure and 

function over time strongly suggests a stimulation of a regenerative response by malonate 

following infarction, rather than protection. Furthermore, we demonstrate that malonate 

treatment starting 1-week post-MI promotes myocardial regeneration and functional 

improvement over time. Collectively, these results reveal a novel role for SDH in its ability to 

metabolically reprogram the adult heart to a regenerative state. This underscores the 
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translational potential of SDH inhibition as a powerful metabolic target for promoting adult heart 

regeneration. 

 

There is an emerging appreciation for the role of metabolism in controlling cell state. Adult neural 

stem cell activity changes from a quiescent to a proliferative state via a metabolic shift by a single 

metabolite31. Similarly, metabolic reprogramming regulates macrophage function in response to 

different stimuli32, 33. Interestingly, a recent study demonstrated that metabolic reprogramming 

is required for cardiomyocyte proliferation during zebrafish heart regeneration16. The potential 

metabolic targeting of multiple cell types by systemic administration of malonate explains the 

striking regenerative effect following adult myocardial infarction. In this study, we demonstrate 

that SDH inhibition promotes adult cardiomyocyte proliferation and revascularization following 

injury. The overall impact of malonate on other cell types will need to be further investigated. 

For example, SDH inhibition by malonate has been shown to promote an anti-inflammatory state 

of macrophages following lipopolysaccharide stimulation34. Thus, whether SDH inhibition 

regulates the inflammatory response following infarction remains unclear. In addition, mutations 

in SDH have been shown to promote DNA methylation, demonstrating an interplay between 

epigenetics and metabolism14, 23, 35. Whether SDH inhibition by malonate can modulate the 

epigenetic landscape and the transcriptional activity of multiple cardiac cell types needs to be 

determined.  

 

Understanding the effect of malonate on the heart as well as other tissues will be an essential 

step prior to translating our findings to the clinic for treatment of heart failure. Targeted delivery 



168 
 

to the heart would avoid any off-target effects from systemic SDH inhibition. Furthermore, 

additional safety and pharmacokinetic studies are warranted owing to the role of SDH inhibition 

in multiple cancers, which will pave the way to harnessing the regenerative effect of malonate 

due to its simplicity and efficacy. Malonate provides an opportunity for transient SDH inhibition, 

but the long-term effects need to be determined as well. Promoting adult heart regeneration by 

SDH inhibition has enormous implications for treatment of systolic heart failure patients.  
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FIGURES 

Figure 1. Succinate reduces cardiomyocyte proliferation and blocks heart regeneration in 

neonatal mice following myocardial infarction (MI). (A) Schematic of injection period and 

myocardial infarction strategy in neonatal mice. (B) High magnification Z-stack image of a mitotic 

cardiomyocyte following immunostaining of pH3 and cTnT at 7 days post-MI. Scale bar, 10 µm. 

(C) Quantification of the number of mitotic cardiomyocytes per section showing a significant 

decrease in cardiomyocyte mitosis following dimethyl succinate injection. (D) Immunostaining 

of the DNA double-strand breaks marker γH2AX. Scale bar, 100 µm. (E) Quantification of 

cardiomyocytes with increased γH2AX foci demonstrating a significant increase in DNA damage 
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in succinate-treated mice compared to controls. (F) Trichrome staining demonstrating 

persistence of the fibrotic scar following MI in the dimethyl succinate-injected mice compared to 

saline-injected controls. Scale bar, 1 mm. (G) Echocardiography at 21 days post-MI showing a 

significant reduction in the cardiac function of dimethyl succinate-injected mice following MI 

compared to saline-injected controls as measured by ejection fraction (EF), fractional shortening 

(FS), left ventricle internal diameter diastole (LVIDD) and left ventricle internal diameter systole 

(LVIDS). (n=5-8 mice per group). *P< 0.05, ***P<0.0001 by Student’s t-test. 
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Figure 2. Malonate promotes cardiomyocyte proliferation and heart regeneration in the 

postnatal heart following MI. (A) Schematic of dimethyl malonate injection and MI strategy. (B, 

C) Immunostaining and quantification of pH3 positive cardiomyocytes showing a significant

increase in the levels of mitotic myocytes in dimethyl malonate injected hearts at 7 days post-MI 

compared to controls. Scale bar, 10 µm. (D, E) Immunostaining and quantification of Aurora B 

positive cardiomyocytes demonstrating a significant increase in myocyte cytokinesis in the 

dimethyl malonate injected mice. Scale bar, 10 µm. (F, G) Wheat germ agglutinin (WGA) staining 

and cell size quantification showing decrease in the cardiomyocyte size in malonate injected 

hearts at 21 days post-MI. Quantitative analyses represent counting of multiple fields from 
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independent samples per group (~ 700 cells per group). Scale bar, 10 µm. (H) Trichrome staining 

of malonate injected hearts at 21 days post-MI at P7, showing complete regeneration in dimethyl 

malonate injected mice compared to control. Scale bar, 1 mm. (I) Left ventricular systolic function 

quantified by EF, FS, LVIDD and LVIDS at 3 weeks post-MI demonstrating functional recovery in 

dimethyl malonate injected MI hearts compared to the saline injected controls. (n=5-8 mice per 

group). *P< 0.05, **P<0.005, ***P<0.0001 by Student’s t-test. 
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Figure 3. SDH inhibition by Atpenin A5 promotes cardiomyocyte mitosis and regeneration in 

the postnatal heart following MI. (A) Schematic of Atpenin A5 injection and MI strategy. (B) Z-

stack confocal image of a mitotic cardiomyocyte stained with pH3 and cTnT. Scale bar, 10 µm. (C) 

Quantification of mitotic cardiomyocytes showing a significant increase in the number of mitotic 

cardiomyocytes in Atpenin A5 injected mice at 7 days post-MI compared to controls. (D) Z-stack 

confocal image of an Aurora B positive cardiomyocyte. Scale bar, 10 µm. (E) Quantification 

of cardiomyocytes undergoing cytokinesis showing a significant increase in the number 

of cardiomyocytes in cytokinesis in Atpenin A5 injected mice at 7 days post-MI compared to 

controls. (F) Trichrome staining of Atpenin A5 injected mice at 3 weeks post-MI at P7 
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demonstrating myocardial regeneration and a significant reduction in scar size in Atpenin 

A5 injected mice compared to controls. Scale bar, 1 mm. (G) Quantification of scar size by 

ImageJ software from serial sections from ligature to apex. (H) Echocardiography 

measurements of EF, FS, LVIDD and LVIDS at 3 weeks post-MI showing restoration of cardiac 

function in Atpenin A5 injected mice compared to controls. (n=6-8 mice per group). *P< 0.05, 

**P<0.005 by Student’s t-test. 



175 

Figure 4. Malonate promotes adult cardiomyocyte proliferation following MI. (A) Schematic of 

dimethyl malonate injection following adult MI. (B) TTC viability stain and quantification showing 

no significant difference in myocardial necrosis (white) in both saline and dimethyl malonate 
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injected mice at 3 days post-MI (DPMI). Scale bar, 1 mm. (C) Quantification of TUNEL positive 

cardiomyocytes demonstrating no significant difference between TUNEL positive myocytes in 

saline and malonate injected mice at 3 days post-MI. (D) Z-stack confocal image of a pH3 positive 

cardiomyocyte at 14-days post-MI. Scale bar, 10 µm. Quantification of the percentage of pH3 

positive cardiomyocytes showing a significant increase in the numbers of mitotic 

cardiomyocytes in dimethyl malonate injected hearts at 14-days post-MI compared to controls. 

(E) Z-stack confocal image of an Aurora B positive cardiomyocyte at 14-days post-MI. Scale bar, 

10 µm. Quantification of the percentage of Aurora B positive cardiomyocytes demonstrating a 

significant increase in the numbers of cardiomyocytes undergoing cytokinesis in dimethyl 

malonate injected hearts at 14-days post-MI compared to controls. (F) Representative image 

and quantification of BrdU positive cardiomyocytes demonstrating a significant increase in BrdU 

positive cardiomyocytes at 14 days post-MI in malonate-treated mice. Scale bar, 10 µm. (G) 

Cardiomyocyte nucleation staining with connexin 43 (Cx43) and DAPI and quantification at 14 

days post-MI demonstrating a significant increase in mononucleated cardiomyocytes as well as a 

significant decrease in binucleated cardiomyocytes following malonate treatment. Scale bar, 50 

µm. (H) Immunostaining and quantification of the DNA double-strand breaks marker γH2AX 

demonstrating a significant decrease in DNA damage in malonate-treated mice compared to 

controls. Scale bar, 10 µm. (I) Relative intracellular abundance of succinate showing a significant 

increase in succinate levels in malonate-treated mice at 14 days post-MI (n=3-6 mice per group). 

*P< 0.05, ***P<0.0001 by Student’s t-test. N.s. indicates not significant.
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Figure 5. Malonate restores cardiac structure and function following adult MI. (A) Trichrome 

staining of heart sections from saline and dimethyl malonate-injected mice at 14 and 28 days 

following adult MI, showing restoration of cardiac structure and no fibrotic scarring by 28 days 

post-MI in dimethyl malonate injected mice. Quantification of scar size demonstrating a 

significant reduction in fibrosis in dimethyl malonate treated mice at 28 days post-MI. (B) 

Echocardiography of cardiac function measured by EF, FS, LVIDD and LVIDS at 14- and 28-days 

post-MI showing a significant functional recovery in dimethyl malonate injected hearts compared 
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to saline injected controls at 28 days post-MI. (C) Wheat germ agglutinin (WGA) staining and cell 

size quantification showing decrease in cardiomyocyte size in dimethyl malonate injected hearts 

at 4 weeks post-MI. Quantitative analyses represent counting of multiple fields from 5-6 

independent samples per group (750 ~ 1000 cells per group). Scale bar, 10 µm. (D) Heart weight-

to-body weight ratios at 28 days post-MI showing no significant difference between saline and 

malonate injected mice. (n=5-6 mice per group). *P< 0.05, **P< 0.005, ***P<0.0001 by Student’s 

t-test. One-way ANOVA was performed by Tukey’s multiple comparison test to determine the

differences of group mean among treatment groups. Different letters indicate significant 

differences among groups. N.s. indicates not significant. 
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Figure 6. Malonate induces a dynamic metabolic shift in the adult heart and promotes 

revascularization following MI. (A) Schematic of malonate administration for metabolomics. (B 

& C) Metabolomic changes of tricarboxylic acid (TCA) cycle and glucose metabolism in saline and 

malonate treated mice at 14 days following treatment. Relative abundance of metabolites in 

malonate-treated mice is compared to saline-treated mice and presented as a heatmap on a log2 
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scale demonstrating a dynamic metabolic shift from oxidative phosphorylation to glucose 

metabolism in malonate-treated mice. (D) Coronary vessel casting by MICROFIL injection at 28 

days post-MI showing a significant increase in revascularization of the infarct zone in malonate-

treated mice compared to controls. Quantification of vasculature in region of interest (ROI) by 

analyzing binarized images for grey level intensity by ImageJ demonstrating a significant 

increase in vascular density in the infarct zone. (E) Immunostaining with the endothelial marker 

PECAM and vascular smooth muscle cell marker -SMA. Scale bar, 100 µm. (F) 

Quantification of vascular lineages demonstrating a significant increase in endothelial capillary 

density and vascular smooth muscle cells in the infarct zone at 28 days post-MI. (n=3-4 mice per 

group). *P< 0.05, **P<0.005, ***P<0.0001 by Student’s t-test. 
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Figure 7. Malonate treatment starting 1-week post-MI promotes myocardial regeneration. (A) 

Schematic of malonate injection and MI strategy. (B) Trichrome staining of heart sections from 

saline and malonate-injected mice at 6 weeks post-MI. (C) Scar size quantification by ImageJ from 

serial sections per heart showing a significant reduction in scar size in malonate treated mice at 

6 weeks post-MI. (D) Serial echocardiography measurements of EF, FS, LVID, LVIDS showing 

significant functional recovery in malonate-injected mice over time compared to controls. (n=6 

mice per group). *P< 0.05, **P<0.005, ***P<0.0001 by Student’s t-test. 
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SUPPLEMENTAL MATERIALS 

Supplemental Figure I. Masson’s trichrome-stained heart sections of saline or malonate 

injected mice at 21 days post sham or MI surgery performed at P7. Serial sections were cut from 

the site of the ligature to the apex. All hearts are shown. 
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Supplemental Figure II. Triphenyl tetrazolium chloride (TTC) of fresh hearts from saline or 

malonate injected adult mice at 3 days post MI. All hearts are shown.  
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Supplemental Figure III. Quantification of immunostaining of paraffin heart sections from 

saline and malonate injected mice at 7 and 14 days post adult MI.  Quantification of (A) TUNEL 

positive nuclei (B) PH3 positive cardiomyocyte (C) Aurora B positive cardiomyocyte at 7 days 

post MI. Quantification of number of (D) PH3 and (E) Aurora B positive cardiomyocyte at 14 days 

post MI per section. 
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Supplemental Figure IV. Masson’s trichrome-stained heart sections of saline or malonate 

injected mice at 14 days post MI performed at 8 weeks old. Serial sections were cut from the 

site of the ligature to the apex. All hearts are shown. 
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Supplemental Figure V. Masson’s trichrome-stained heart sections of saline or malonate 

injected mice for 14 days post-MI, harvested at 28 days post MI. Serial sections were cut from 

the site of the ligature to the apex. All hearts are shown. 
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Supplemental Figure VI. Masson’s trichrome-stained heart sections of saline or malonate 

injected mice at 1-week post-MI, hearts harvested at 6 weeks post-MI. Serial sections were cut 

from the site of the ligature to the apex. All hearts are shown. 
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Summary of Findings  

 
The work outlined in this thesis highlights important findings about the pathways and patterns 

regulating cardiac development, disease, and regeneration.  Our technological advances set the 

stage to investigate the architecture and remodeling of the intact cardiovascular system at high 

resolution. Our additional studies focused on identifying mechanisms underpinning cardiac 

regeneration. These advances and findings have direct clinical implications for understanding 

proper heart development, as well as promoting endogenous cardiac regeneration after injury.  

 

In Chapter II, we detailed the generation of our methodology to analyze the heart in 3D. Our 

pipeline utilized lineage tracing, tissue clearing, and whole-mount imaging to analyze the intact 

heart. This involved the modification of a tissue clearing protocol (passive CLARITY) that was 

compatible with the mouse heart, ranging from postnatal to adult stages. Furthermore, our tissue 

clearing method is compatible with endogenous reporters and immunostaining techniques, 

permitting multiple cell types to be labeled within the same intact tissue. This expanded our 

ability to explore cell-cell patterning and interactions occurring in vivo.   

 

In Chapter III, we analyzed the intact, mammalian cardiac nervous system and neurovascular 

network in high resolution using our tissue clearing, whole-mount staining, and 3D analysis 

pipeline. Parasympathetic nerves are known to innervate the cardiac ventricles1-3, but to what 

degree and their architecture remained largely unknown. Our results identified extensive 

parasympathetic innervation in the murine cardiac ventricles. We further detailed a novel 

phenotype where parasympathetic and sympathetic axons are intertwined throughout the 
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ventricles. The cardiac axons also showed a close association to the coronary arteries during 

embryonic development. We used this knowledge as a basis to identify nerve remodeling in 

diseased and regenerative settings. In the regenerating neonatal mouse heart, we demonstrated 

that precise reinnervation occurs following injury, in stark contrast to the non-regenerating heart. 

Remarkably, the regenerated ventricles had reestablished parasympathetic and sympathetic 

axon bundling. Mechanistically, we demonstrated that this neuroplasticity is dependent on 

collateral artery formation, which precedes reinnervation during regeneration. These discoveries 

provided evidence that the process of physiological reinnervation occurs uniquely during 

neonatal mouse heart regeneration.  

 

In Chapter IV, we demonstrated the power of leveraging the cellular metabolic state to promote 

adult mammalian cardiac regeneration. During development, neonatal mouse cardiomyocytes 

undergo a metabolic shift from glycolysis to oxidative phosphorylation. This metabolic shift 

directly contributes to cardiomyocyte cell cycle arrest and the loss of regenerative capacity in the 

heart4. We explored the role of the mitochondrial metabolite succinate and its enzyme, succinate 

dehydrogenase (SDH), in regulating cardiomyocyte metabolism and cell cycle activity. We 

showed that succinate injection inhibits cardiomyocyte proliferation and regeneration in 

neonatal mice. Inversely and importantly, SDH inhibition by malonate treatment promotes a 

robust regenerative response in the adult mouse heart following myocardial infarction injury. 

Malonate treatment results in dynamic changes in adult cardiac metabolism, suggesting that SDH 

inhibition promotes metabolic reprogramming that ultimately enhances cardiac regeneration. 

These findings offer a potential therapeutic strategy for treating heart failure. 
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In Chapter V, we explored a role for the cardiac-specific protein, Leucine-rich repeat containing 

10 (LRRC10) in neonatal mouse heart regeneration.  Recent discoveries indicated that LRRC10 is 

crucial for cardiac regeneration in fish models. However, it was unclear whether this finding 

extends to a mammalian model. Our research found that Lrrc10 knockout mice lack the 

regenerative response of neonatal mice, marked by decreased cardiomyocyte cytokinesis and 

increased cardiomyocyte nucleation. We also demonstrated that this is due to LRRC10's unique 

capacity to regulate cardiomyocyte cytokinesis, rather than mitosis, throughout neonatal mouse 

heart regeneration. Our discoveries highlight LRRC10's new role in regulating cardiomyocyte 

cytokinesis after birth and reshaping the transcriptional landscape during mammalian heart 

regeneration. 

 

Taken together, these findings provide insight into the patterns and processes underpinning 

heart development, disease, and repair. Identifying mechanisms unique to neonatal heart 

regeneration has an enormous therapeutic potential for the treatment of heart failure. Clinical 

translation will require a detailed understanding of proper heart development, as well as the 

processes facilitating physiological repair in the regenerating neonatal mouse heart.  These 

studies provide important findings that serve as a basis to identify pathways and molecular 

targets that can reawaken the regenerative response in the adult heart after injury.   
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Future Directions  

 
We identified several aspects of heart development and repair, opening a variety of avenues for 

future research. Two seminal findings, first the identification of dense parasympathetic 

innervation of the cardiac ventricles, and second the process of physiological reinnervation in the 

regenerated heart (see Chapter III), elicits a wealth of exciting questions for future studies that 

will be discussed here. Continued investigation of these elements will provide insight into the 

development, maintenance, and repair of parasympathetic innervation in the cardiac ventricles.  

 
The recruitment of parasympathetic axons into the developing ventricles.   

 
Our research showed that the parasympathetic and sympathetic axons are intertwined within 

the ventricles. This patterning is the result of synchronous axon extension during cardiac 

development. The mechanism of coordinated parasympathetic and sympathetic axon extension 

during development remains to be elucidated. The synchroneity of axon extension is interesting, 

as the axon subtypes are thought to be attracted or repelled by different neurotrophic factors 

(see Chapter I). This opens two non-mutually exclusive possibilities: (1) identical neurotrophic 

factors can influence both parasympathetic and sympathetic axon extension or (2) there is 

coordination/reflective expression patterns between parasympathetic-targeting and 

sympathetic-targeting neurotrophic factors.  

 

There is data supporting the notion that neurotrophic factors known to guide parasympathetic 

axon extension may also influence sympathetic axon extension, and vice-versa. Neuronal growth 

factor (NGF) has largely been associated with the guidance of sympathetic innervation in the 
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cardiac ventricles5-8. During embryonic development, NGF is secreted by the vascular smooth 

muscle cells surrounding the coronary vessels, promoting sympathetic nerve-vessel alignment9. 

Evidence also suggests that NGF has the potential to promote parasympathetic ganglia 

outgrowth in the heart10. Thus, it remains a possibility that NGF secretion may also guide 

parasympathetic axon extension in the ventricles. Parasympathetic axon guidance in the cardiac 

ventricles is primarily associated glial line-derived neurotrophic factor (GDNF) expression11, 12. 

Yet, conclusions that detail normal sympathetic innervation in the context of GDNF inactivation 

are based on two-dimensional histological quantification of nerve fibers11, 13, 14; therefore, this 

does not exclude the possibility of disrupted sympathetic axon patterning without a reduction in 

nerve density. Other evidence suggests that GDNF could influence sympathetic axon recruitment 

in the ventricles. Indeed, GDNF expression by neonatal rat cardiomyocytes promotes 

sympathetic nerve growth in vitro15. Nevertheless, these results need further support by in 

animal models to verify this mechanism is recapitulated in vivo. Taken together, these findings 

suggests that both NGF and GDNF may play roles in co-regulating both parasympathetic and 

sympathetic axon patterning.  

 

Interestingly, Sema3A has been identified as a repulsive cue that inhibits growth of both 

parasympathetic and sympathetic axons16. In in rat pelvic neurons, Sema3A targets specific 

pathways to each nerve subtype, causing the collapse of their neural growth cones16.  In 

sympathetic neurons, Sema3A targets the soluble guanylylcyclase–cGMP pathway, whereas in 

parasympathetic neurons it targets the adenylyl cyclase–cAMP pathway16. Specifically in the 

cardiac ventricles, the role of Sema3A has been primarily investigated in relation to sympathetic 
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innervation17, 18, but this opens the possibility that Sema3A expression may regulate 

parasympathetic innervation, too. Furthermore, this unique process of Sema3A having parallel 

effects by distinct mechanisms of action in sympathetic and parasympathetic nerves raises the 

question of whether other guidance molecules can function via similar processes. 

 

The development of cardiac innervation requires the expression of a variety of neurotrophic 

factors in a cell-specific manner9, creating the possibility for coordinated expression. Yet, the 

level of expression and coordination of neurotrophic signaling during the development of the 

cardiac ventricles are not well understood. Is there a balance between the neurotrophic factors 

expressed during heart development? What is the cell type-specific neurotrophic expression 

profile at different stages in heart development? Does knockdown or inhibition of one 

neurotrophic factor cause a compensatory increase in another? These are all interesting 

questions that remain largely outstanding in the cardiac field.  

 

To expand on these questions, further research is needed to identify the neurotrophic factors 

that guide parasympathetic axon patterning in the ventricles. There are several approaches that 

may be used to identify the level and types of neurotrophic factors secreted during axon growth 

in the cardiac ventricles. Single-cell sequencing and pseudotime cell trajectory mapping of the 

developing embryonic ventricles (during the growth and targeting of axons at E13.5-E17.5) would 

provide insights to both. Single-cell sequencing can identify the expression of neurotrophic 

factors in a cell type-specific manner. Pseudotime trajectory mapping would identify how the 
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levels of neurotrophic factors dynamically change in each cell type during development. These 

insights would begin to uncover the regulation and targeting of parasympathetic innervation.  

 

Further experiments can use conditional knockout of neurotrophins (i.e. with inducible Cre-lox 

mouse models) to conclusively determine its influence on parasympathetic axon development. 

It would be interesting to use these transgenic models to identify if disruption of parasympathetic 

innervation also impacts sympathetic nerve pattering, which can be analyzed by applying our 

immunostaining and whole-mount imaging methods (see Chapter II). If sympathetic nerves 

pattern normally without proper parasympathetic innervation, this provides support that 

independent neurotrophic factors regulate the patterning of each neuron subtype. Conversely, 

if sympathetic innervation is disrupted, this suggests that neurotrophic factors may influence 

axon growth in broad manner. These models could also demonstrate how inhibition of a single 

neurotrophic factor may affect the expression of other neurotrophins, as determined by RNA 

(transcriptomic, qPCR, RNA-scope) or protein (proteomic, immunostaining, Western blot) 

analysis. Together, these experiments can provide mechanistic insight into the signaling cascades 

regulating parasympathetic axon extension and targeting in the cardiac ventricles.  

 

Identifying the cassette of neurotrophic factors that guide cardiac innervation is an essential first 

step to understand how parasympathetic innervation is patterned and maintained in the 

ventricles. Further discovering the cell type-specific transcriptomic profiles will provide insight 

into the molecular mechanisms of parasympathetic axon extension and development of neuron-
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target cell contacts. These findings can reveal innervation targets and nerve-specific signaling 

cascades and that regulate parasympathetic nerve patterning, function, and crosstalk.  

 

Remodeling of cardiac axons in the diseased and regenerating ventricles.  

Our findings showed that the diseased and regenerating heart undergo two distinct processes of 

cardiac nerve remodeling. Interestingly, during neonatal heart regeneration, the heart is 

reinnervated by axons with a similar architecture to those in the uninjured heart. The cardiac 

axons in the regenerated myocardium reestablish parasympathetic and sympathetic axon 

bundling, as well as nerve-artery association. Moreover, the process of reinnervation is 

dependent on collateral artery formation. Taken together, our findings demonstrated that 

physiological reinnervation occurs the regenerated mammalian heart, creating a novel model to 

study the mechanistic basis for physiological reinnervation after cardiac injury.   

 

In the diseased, non-regenerative heart, nerves undergo pathological remodeling after 

myocardial infarction (MI), which are associated with ventricular arrythmias and sudden cardiac 

death19-23 (see Chapter I). We demonstrated the non-regenerated, infarcted myocardium 

undergoes heterogenous nerve remodeling, with regions of sympathetic axon sprouting and 

regions of full denervation. The heterogenous remodeling of sympathetic nerves is linked to the 

pathology after an MI27-29. In the infarcted heart, regions of sympathetic hyperinnervation and 

denervation can lead to disordered responses in -adrenergic receptor signaling27 26, 30, 31. Thus, 

sympathetic nerve remodeling can contribute to the pro-arrhythmic environment of the 

infarcted myocardium27-29.  
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One potential driver of sympathetic hyperinnervation is an increase in NGF at the border zone, 

which has been demonstrated in mouse and canine MI models32, 33. Disrupted NGF signaling after 

MI may be at the crux for causing aberrant sympathetic nerve patterning and function, ultimately 

causing arrhythmogenesis34. In support of this, knockdown of NGF expression following MI 

inhibits sympathetic nerve sprouting and improves cardiac function in rats35. Interestingly, NGF 

secretion can also provide beneficial remodeling in the infarcted heart34. Promoting NGF 

expression can stimulate angiogenesis and supports cardiomyocyte survival in adult mouse MI 

models34, 36. Furthermore, NGF promotes cardiomyocyte division and cardiac regeneration in the 

neonatal mouse heart 36-38.  

 

The ability of NGF regulate both physiological and pathological remodeling in the infarcted 

myocardium highlights the need to dissect the molecular mechanisms in either condition. Several 

factors may contribute to the variable effects of NGF expression after an MI, including the timing 

of NGF expression, the amount of NGF secreted, and the cell type(s) expressing NGF. To address 

these questions, comparison between the regenerative neonatal and non-regenerative juvenile 

mouse heart can provide insight into mechanisms of physiological and pathological nerve 

remodeling, respectively. Ideal timepoints for analysis can be determined by monitoring the 

changes in NGF expression (measured by transcriptomic, qPCR, or RNA-scope analysis) in 

correlation with the timeline of nerve remodeling after injury defined in our study. Once key 

timepoints are defined, spatial transcriptomic analysis can be used to identify the cell type(s), 

their relative location (i.e. remote, border, or infarct zone), and gene expression profiles. The use 
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of spatial transcriptomics would also provide a wealth of knowledge to explore other 

neurotrophic factors known to regulate ventricular innervation. These findings would begin 

unraveling the differing mechanism by which neurotrophic factors can regulate physiological and 

pathological nerve remodeling.  

 

Identifying the cellular and molecular pathways underpinning physiological reinnervation of the 

regenerated mammalian heart has therapeutic potential for the treatment of heart failure. 

Identifying the level and cell type-specific expression can provide information for cell targeting, 

dosage, and localization of treatment to fully harness the beneficial effects and promote 

physiological reinnervation.  Contrasting this expression profile to the non-regenerated heart 

would further reveal the cellular pathophysiology contributing to sympathetic hyperinnervation 

and the pro-arrhythmic environment. Modulating neurotrophic factor expression is an exciting 

therapeutic strategy post-MI, as it could aid not only to elicit physiological reinnervation, but also 

repair the myocardium, promote revascularization, and limit arrhythmogenesis34, 36.  
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Sympathetic nerves (SNs) innervate the mammalian heart and regulate cardiac function by 
increasing contraction and rhythm. The precise spatial patterning of cardiac sympathetic 
innervation during development is the result of tightly regulated events including neurotrophic 
and neuro-repellant factors from cardiomyocytes (CMs) (Ieda et al. 2007). Importantly, the 
distinct innervation patterns of SNs allow for precise anterograde neuro-cardiac ‘SNs to CMs’ 
communication via the synaptic release of norepinephrine that governs cardiac function at the 
Neuro-Cardiac Junction (NCJ), which is analogous in name and structure to the Neuro-Muscular 
Junction (Prando et al. 2018). Interestingly, several cardiovascular diseases are accompanied with 
secondary myocardial sympathetic denervation, providing evidence that maintenance of SN 
innervation is dependent on CMs (Gardner et al. 2016). Collectively, these findings demonstrate 
a significant link between CMs and SNs during homeostasis, and that disruption of this signaling 
can exacerbate cardiovascular disease. However, whether retrograde signaling from CMs to SNs 
at the NCJ is required to maintain adult heart SN innervation under homeostasis was unknown. 
Defining the mechanisms by which CMs and SNs communicate can provide novel avenues to 
maintain physiological innervation in cardiovascular diseases.  
 
In this issue of Journal of Physiology, Dokshokova et al. explore whether a reverse CM to SN 
communication at the NCJ is required for maintaining adult heart sympathetic innervation and 
function (Dokshokova et al. 2022). Immunofluorescence staining of rat ventricular sections 
showed the expression of nerve growth factor (NGF) vesicles in CMs at the NCJ, which is the main 
neurotrophin required for SN innervation and maturation (Clegg et al. 1989). Furthermore, the 
high-affinity NGF receptor, TrkA, was present on SN neuronal processes. Interestingly, this 
expression pattern was also detected in myocardial samples from human hearts as well. These 
findings supported the hypothesis that retrograde communication from CMs to SNs takes place 
via NGF at the NCJ in the mammalian heart. 
 
To further establish this retrograde communication, the authors performed co-culture 
experiments with SNs and CMs. Typically, SN survival and maturation in culture requires the 
addition of exogenous NGF, however; the co-culture of SNs with CMs alone was sufficient to 
promote survival and maturation of SNs without exogenous NGF. These results demonstrate that 
CMs provide NGF for SN survival and maturation. To further define whether cell-specific 
interactions between CMs and SNs mediate this signaling, the authors co-cultured SNs with 
cardiac fibroblasts (CFs), which synthesizes high levels of NGF, but lack an NCJ. Remarkably, the 
co-culture of SNs with CFs demonstrated significantly lower levels of NGF in the SN processes in 
contact with CFs in comparison to the CMs co-culture. These results reveal that CMs are the 
source of NGF for the innervating SNs, and this retrograde signaling occurs specifically at the NCJ. 
 
Since sympathetic denervation occurs following CM injury, the authors wanted to determine 
whether specific inhibition of NGF in CMs can induce degeneration of SNs. The authors treated 
CMs with an siRNA against NGF, which reduced NGF expression without disrupting the expression 
of other neurotrophins or impacting CM viability. Interestingly, NGF knockdown in CMs resulted 
in fragmentation and reduction of the innervating SNs, which was restored by exogenous 
addition of NGF. To explore if the NGF release from CMs is diffused or localized at the NCJ, the 
authors measured NGF levels in the conditioned medium from CMs and quantified very low levels 
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of NGF. In addition, treatment of SN and CM co-culture with a TrkA receptor antagonist reduced 
neuronal viability. Together, these results demonstrate that specific retrograde release of NGF 
from CMs is required to maintain survival of the innervating SNs by binding to the TrkA receptor 
at the NCJ. 
 
Collectively, the findings of Dokshokova et al. demonstrate that CMs and SNs participate in 
bidirectional cellular communication, specifically via NGF release at the NCJ. This study provides 
mechanistic evidence to the sympathetic denervation that takes place in the context of 
cardiovascular diseases. The identification of the bidirectional communication between CMs and 
SNs provides new avenues towards maintaining physiological innervation that can ameliorate the 
extent of cardiac diseases. The precise nature of nerve topology and intracellular connections 
highlights a structural and physiological component of neuro-cardiology that is beginning to be 
appreciated. Heart disease, such as myocardial infarction, as well as several cardiomyopathies, 
results in abnormalities in synaptic transmission and reception. In the failing heart, the 
myocardial response to synaptic signaling is desensitized, resulting in a pathological, non-
compensatory upregulation of synaptic transmission (Gardner et al. 2016). Following ischemic 
injury, CM loss results in mass denervation of synaptic nerves. Understanding the mechanisms 
that regulate homeostatic innervation and interconnectivity between the two cell types lends a 
new perspective on pathological denervation that takes place during cardiac disease. Moreover, 
identifying how myocardial injury can impair nerve viability may reveal new molecular 
underpinnings for cardiac dysautonomia. Identifying the mechanisms of the bidirectional 
signaling between CMs and SNs will be applicable for future investigations of cardiac pathologies 
and the development of targeted therapeutics.  
 
Recent studies have led to a deeper recognition of sympathetic physiology, where the role of 
SN’s extend beyond the fight-or-flight response and towards directly influencing intracellular 
signaling. In contrast, the level of parasympathetic innervation of the ventricular myocardium 
remains poorly defined. Thus, future studies are needed to map parasympathetic innervation of 
the ventricles and determine whether similar communication between CMs and other cell types 
takes place. Collectively, these findings identify a mechanistic basis for neurogenic regulation of 
the heart and provide novel insights into the physiology of cardiac homeostasis and disease.  
 

  



208 
 

REFERENCES  

Clegg, D. O., T. H. Large, S. C. Bodary, and L. F. Reichardt. 1989. 'Regulation of nerve growth 
factor mRNA levels in developing rat heart ventricle is not altered by sympathectomy', 
Dev Biol, 134: 30-7. 

Dokshokova, L., M. Franzoso, A. D. Bona, N. Moro, J. Sanchez-Alonso-Mardones, V. Prando, M. 
Sandre, C. Basso, G. Faggian, H. Abriel, O. Marin, J. Gorelik, T. Zaglia, and M. Mongillo. 
2022. 'Nerve Growth Factor transfer from cardiomyocytes to innervating sympathetic 
neurons activates TrkA receptors at the neuro-cardiac junction', J Physiol. 

Gardner, R. T., C. M. Ripplinger, R. C. Myles, and B. A. Habecker. 2016. 'Molecular Mechanisms 
of Sympathetic Remodeling and Arrhythmias', Circ Arrhythm Electrophysiol, 9: e001359. 

Ieda, M., H. Kanazawa, K. Kimura, F. Hattori, Y. Ieda, M. Taniguchi, J. K. Lee, K. Matsumura, Y. 
Tomita, S. Miyoshi, K. Shimoda, S. Makino, M. Sano, I. Kodama, S. Ogawa, and K. Fukuda. 
2007. 'Sema3a maintains normal heart rhythm through sympathetic innervation 
patterning', Nat Med, 13: 604-12. 

Prando, V., F. Da Broi, M. Franzoso, A. P. Plazzo, N. Pianca, M. Francolini, C. Basso, M. W. Kay, T. 
Zaglia, and M. Mongillo. 2018. 'Dynamics of neuroeffector coupling at cardiac 
sympathetic synapses', J Physiol, 596: 2055-75. 

 

FUNDING 

This work was supported by an AHA Predoctoral Training Award 829586 (R.J.S.), an NIH/NHLBI 

grant HL155617-01A1 (A.I.M.), and a DOD grant PR210594 (A.I.M.). 

 

 

 


	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	ABSTRACT
	CHAPTER I: INTRODUCTION: A COMPREHENSIVE REVIEW OF INNERVATION IN THE CARDIAC VENTRICLES
	Introduction
	Development of innervation in the ventricles
	Origins of the cardiac nerves from the neural crest
	Neurotrophic factors for axon guidance in the ventricles
	Co-maturation and targeted innervation

	Neurocircuitry and maintenance of the cardiac nervous system
	Extrinsic and intrinsic cardiac ganglia
	Distribution of ventricular cardiac axons
	Neurotransmitter secretion and ventricular responses

	Neurocardiac axis at homeostasis
	Nerve and cardiomyocyte crosstalk
	Neurovascular congruence and regulation of the coronary vessels

	Nerves in Disease and Regeneration
	Sympathetic nerve pathology in the infarcted myocardium
	The cardioprotective role of the parasympathetic nerves
	The ischemic response and cardioprotective role of sensory nerves
	Nerve plasticity and repair in the heart

	Conclusion

	CHAPTER II: CAPTURING THE CARDIAC INJURY RESPONSE OF TARGETED CELL POPULATIONS VIA CLEARED HEART THREE-DIMENSIONAL IMAGING
	AUTHOR CONTRIBUTIONS
	SUMMARY
	ABSTRACT
	INTRODUCTION
	PROTOCOL
	1. Coronary Artery Occlusion (Myocardial Infarction) Induced via Ligation of the Left Anterior Descending Artery (LAD) in 1-Day-Old Neonatal Mice
	2. Clearing the Mouse Heart with Passive CLARITY21-23
	3. Immunohistochemistry Staining of the Whole Mount Mouse Heart
	4. Visualizing Non-myocyte Populations in 3D with Single-Photon Confocal Microscopy Imaging of the Cleared Mouse Heart

	REPRESENTATIVE RESULTS
	FIGURES AND TABLES
	Table 2. Clearing Solution and Other CLARITY Reagents
	Table 3. Refractive Index Matching Solution (RIMS)

	DISCUSSION
	ACKNOWLEDGMENTS
	DISCLOSURES
	REFERENCES


	CHAPTER III: PARASYMPATHETIC AND SYMPATHETIC AXONS ARE BUNDLED IN THE CARDIAC VENTRICLES AND UNDERGO PHYSIOLOGICAL REINNERVATION DURING HEART REGENERATION
	AUTHOR CONTRIBUTIONS
	SUMMARY
	GRAPHICAL ABSTRACT
	INTRODUCTION
	RESULTS
	Parasympathetic nerves extensively innervate the cardiac ventricles and closely localize with sympathetic nerves throughout embryonic and postnatal maturation
	Cardiac nerves sequentially associate with the coronary veins and arteries during embryonic development
	Defining 3D cardiac nerve architecture of the postnatal mouse ventricle
	Axon plasticity promotes reinnervation of the regenerating neonatal heart
	Physiological reinnervation during heart regeneration is dependent on collateral artery formation

	DISCUSSION
	LIMITATIONS OF THE STUDY
	ACKNOWLEDGMENTS
	FIGURES
	SUPPLEMENTAL FIGURES
	STAR★METHODS
	Key Resources Table
	Mice
	Tamoxifen administration
	Myocardial infarction surgery
	Tissue clearing of intact postnatal hearts
	Whole-mount immunohistochemistry
	Analysis of Nerve Area Coverage
	Microscopy and 3D reconstruction
	Statistical analysis

	REFERENCES

	CHAPTER IV: LRRC10 REGULATES MAMMALIAN CARDIOMYOCYTE CELL CYCLE EXIT AND HEART REGENERATION
	AUTHOR CONTRIBUTIONS
	ABSTRACT
	INTRODUCTION
	RESULTS
	Lrrc10 knockout inhibits neonatal mouse heart regeneration
	Lrrc10 deletion results in a unique transcriptional signature following injury
	LRRC10 overexpression restores the cardiac regenerative capacity in Lrrc10-/- mice

	DISCUSSION
	METHODS
	Animal Models
	Neonatal Myocardial Infarction Surgery
	Histology
	Immunostaining on Cardiac Sections
	AAV9 injection strategy
	Cardiomyocyte isolation and nucleation
	RNA sequencing and analysis
	Statistical analysis

	DATA AVAILABILITY
	ACKNOWLEDGEMENTS
	FIGURES
	SUPPLEMENTAL FIGURES
	Supplemental Figure 5. Asymmetrical cytokinesis is unchanged between Lrrc10-/- treated with
	AAV9-GFP or AAV9-Lrrc10 virus. AAV9-cTnT-GFP (control) or AAV9-cTnT-LRRC10 (rescue) vector was injected into P0 mice, MI surgery was performed at P1, and asymmetrical cytokinesis was measured by Aurora B at 7 days post-MI. No difference in asymmetric ...

	REFERENCES

	CHAPTER V: MALONATE PROMOTES ADULT CARDIOMYOCYTE PROLIFERATION AND HEART REGENERATION
	AUTHOR CONTRIBUTIONS
	ABSTRACT:
	CLINICAL PERSPECTIVE
	INTRODUCTION
	METHODS
	Animals
	Neonatal Myocardial Infarction
	Adult Myocardial Infarction
	Drug Administration
	Histology
	Metabolite analysis
	Echocardiography
	Statistical Analysis

	RESULTS
	Succinate Reduces Cardiomyocyte Proliferation and Heart Regeneration in Neonatal Mice
	Malonate Extends the Cardiac Regenerative Window in Postnatal Hearts
	SDH Inhibition by Atpenin A5 Recapitulates the Regenerative Effect of Malonate
	Malonate Promotes Cardiomyocyte Proliferation and Heart Regeneration in Adult Mice Following Myocardial Infarction
	Malonate Induces a Metabolic Shift in the Adult Heart and Promotes Revascularization Following Infarction
	Malonate Treatment at 1-Week Following Infarction Promotes Heart Regeneration

	DISCUSSION
	FIGURES
	SUPPLEMENTAL MATERIALS
	REFERENCES
	FUNDING

	CHAPTER VI: CONCLUSIONS AND FUTURE DIRECTIONS
	Summary of Findings
	Future Directions
	The recruitment of parasympathetic axons into the developing ventricles.
	Remodeling of cardiac axons in the diseased and regenerating ventricles.


	APPENDIX
	PERSPECTIVE: BRIDGING THE COMMUNICATION GAP: CARDIOMYOCYTES RECIPROCATE SYMPATHETIC NERVE SIGNALLING
	AUTHOR CONTRIBUTIONS
	REFERENCES
	FUNDING




