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 Abstract
 
Background: The adult mammalian heart has limited ability to repair itself following injury. Zebrafish, newts and neonatal mice can regenerate cardiac tissue, largely by cardiac myocyte (CM) proliferation. It is unknown if hearts of young large mammals can regenerate.
Methods: We examined the regenerative capacity of the pig heart in neonatal animals (ages: 2, 3 or 14 days postnatal) after myocardial infarction (MI) or sham procedure. Myocardial scar and left ventricular function were determined by cardiac magnetic resonance (CMR) imaging and echocardiography. Bromodeoxyuridine pulse-chase labeling, histology, immunohistochemistry and Western blotting were performed to study cell proliferation, sarcomere dynamics and cytokinesis and to quantify myocardial fibrosis.  RNA-sequencing was also performed. 
Results: After MI, there was early and sustained recovery of cardiac function and wall thickness in the absence of fibrosis in 2-day old pigs. In contrast, older animals developed full-thickness myocardial scarring, thinned walls and did not recover function. Genome wide analyses of the infarct zone revealed a strong transcriptional signature of fibrosis in 14-day old animals that was absent in 2-day old pigs, which instead had enrichment for cytokinesis genes. In regenerating hearts of the younger animals, up to 10% of CMs in the border zone of the MI showed evidence of DNA replication that was associated with markers of myocyte division and sarcomere disassembly. 
Conclusions: Hearts of large mammals have regenerative capacity, likely driven by cardiac myocyte division, but this potential is lost immediately after birth.
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Clinical Perspective:
What is new:   
This is the first report showing evidence that the large mammal heart has regenerative capacity. 
The hearts of neonatal (2-day old) pigs can regenerate functional cardiac muscle by repopulating the infarct with newly derived CMs in the absence of fibrosis but that this capacity is lost thereafter. 
The repair mechanism in the porcine heart is characterized by a CM proliferation associated with sarcomere disassembly and CM cytokinesis. 
 
What are the clinical implications:  
In pigs, the regenerative window is limited to just a few days after birth and given the similarity of human and pig heart, the same may be true for human heart. 
This study highlights the relationship between regenerative and fibrotic responses of the myocardium.
The porcine model developed here provides a new tool to better understand regenerative mechanisms in the hearts of large mammals and also to investigate the reciprocal relationship between regenerative and fibrotic cardiac repair.



Introduction
Unlike zebrafish and newts, which exhibit cardiac regeneration throughout life1, 2,  the adult mammalian heart does not have the ability to replace functional myocardium that is lost following myocardial infarction (MI). The growth of mammalian heart after birth is achieved primarily by hypertrophy of existing cardiac myocytes (CMs), complemented by limited hyperplasia3. While the adult mammalian heart has some small capacity for self-renewal, this is not sufficient to generate functional cardiac muscle after MI4-6.
 
Early studies of cardiac regeneration post-MI suggested that stem cells contributed to newly derived CMs in injured adult mouse heart7. However, more recent data show that preexisting CMs are the major source of new CMs after injury4, 8 and that hypoxia can induce CM mitosis9. A series of elegant studies have documented the transient regenerative capacity of CMs in mice within one week of life8-12. Porrello et al. demonstrated that hearts of 1-day-old neonatal mice can fully regenerate after partial surgical resection, but this capacity is lost by 7 days of age8. This regenerative response is characterized by CM proliferation from pre-existing CMs, which can undergo sarcomere disassembly and cytokinesis, in the absence of fibrosis. Thus, the weight of evidence supports the idea that preexisting CMs can divide and contribute to new CMs in the neonatal mouse heart post-MI8-12. It remains unknown whether the hearts of large mammals can regenerate post-MI although anecdotal data suggest this may be the case just after birth13. Here, we used the early developmental stages of the pig to assess the response of the young mammalian heart to injury and its regenerative capacity.
 
Methods
The data and analytic methods will be available to other researchers. However, the study materials are not available at this time as they also form part of an ongoing study funded by National Research Medical Council, Singapore. The materials are stored at National Heart Research Institute Singapore/National Heart Centre Singapore, Singapore. 

Porcine heart model of myocardial infarction (MI)
[bookmark: _GoBack]The experimental protocol was approved by The Institutional Animal Care and Use Committee (IACUC) of the Singapore Health Services Pte Ltd, Singapore. All experimental and animal maintenance procedures were performed in accordance with the Animal Use Guidelines of the Singapore Health Services Pte Ltd. A schematic diagram of experimental design is shown in Figure 1A. Experiments were performed in Yorkshire-landrace swine on days 2, 3, and 14 of age. This animal model was developed by permanent coronary artery ligation as described previously14, 15. Briefly, pigs were anesthetized, intubated, and maintained on a ventilator. A limited left lateral thoracotomy was performed to expose the heart. The branches of the left anterior descending coronary artery and left circumflex coronary arteries were permanently ligated to create an infarction. This consistently gives an infarct size of 15-20% of the left ventricular wall. Then the chest was closed. All animals received analgesia (Ketoprofen: 5 mg/kg/day), and antibiotics (Enrofloxacin: 15mg/kg) after surgery. The investigators were not blinded to experimental conditions.
Pigs were randomly assigned to three groups based on their age at the time of the procedure: Group-1: 2 days old at the time of surgery; Group-2: 3 days old at the time of surgery; Group-3: 14 days old at the time of surgery. Animal numbers used for experiments at staggered time points post procedure are as follows: Group-1: 1-week post procedure (Sham, n=6; MI, n=8), 4-weeks post procedure (Sham, n=3; MI, n=4), 12-weeks post procedure (Sham, n=3; MI, n=7); Group-2: 12-weeks post procedure (Sham, n=3; MI, n=5); Group-3: 1-week post procedure (Sham, n=5; MI, n=6), 4-weeks post procedure (Sham, n=3; MI, n=3), 12-weeks post procedure (Sham, n=3; MI, n=4).  Bromodeoxyuridine (BrdU, 20 mg/Kg of body weight) was injected intraperitoneally in the Groups-1 and -3 on days-0, -3 and -6 post-sham surgery or MI.
 
Left ventricular function assessment by echocardiography
Transthoracic echocardiography was performed at baseline and at weeks-2, -4, -8, and -12 post-MI using Vivid 7 Dimension Echo (GE Vingmed, Horten, Norway), and a M3S (1.5-3.64.0 MHz) phased-array transducer. Standard parasternal long and short-axis views at different levels (basal, mid, apical) were imaged in the right lateral decubitus position, usually at the third or fourth intercostal space. M-mode tracing was recorded at the mid-level of left ventricular short-axis view to measure myocardium thickness and internal dimensions using anatomical conventional and if required, angular M-mode. Left ventricular (LV) mass was calculated using linear cube formula as previously described by the American Society of Echocardiography16. Apical 4, 2 chambers views were acquired to measure LV end systolic (LVESV) and diastolic (LVEDV) volumes using biplane disk summation16. LV ejection fraction (EF) were calculated as (LVEDV-LVESV) X 100%/LVEDV. All images were digital and were analyzed offline using EchoPAC, Version 7.0.1 (GE, Hjorten, Norway).
 
Cardiac magnetic resonance (CMR) imaging 
Cardiac magnetic resonance imaging was performed at 1- and 12-weeks after surgery using a 3.0T whole body clinical MRI machine (Siemens Skyra, Siemens Medical Systems, Erlangen, Germany) using a standard cardiac flex coil (Siemens Medical Systems, Erlangen, Germany). Heart rate and oxygen saturation were monitored throughout the examination. LV function was investigated using a segmented multiple breath-hold TrueFisp Cine CMR imaging sequence. Continuous short-axis 2D slices covering the left ventricle from base to apex were acquired using the following parameters: TR/TE=48.6ms/2.27ms, matrix=128x128, FOV=81mmx81mm, flip angle=40°, slice thickness=4mm, number of slices = 10-12, no gaps between slices, ECG gated, number of phases=8-10. Gadolinium-based contrast agent Magnevist (0.3mmol/kg, gadopentetate dimeglumine, Bayer Healthcare, Bayer) was injected intravenously. After 10 minutes, late gadolinium enhancement (LGE) inversion-recovery gradient echo sequences were acquired in the same orientation as the Cine images with the following parameters:  TR/TE=628.5ms/2.35ms, TI=350ms, matrix=128x128, FOV=81mmx81mm, flip angle=30°, slice thickness=4mm, number of slices =10-12, no gaps between slices, electrocardiography (ECG) gated.
Global function was computed from the short-axis cine images using CVi42 cardiovascular post-processing software (Circle cardiovascular Imaging Inc., Canada) by manual segmentation of the endocardial and epicardial surfaces (from base to apex) at both end-diastole and end-systole. Infarct size was calculated from the LGE images and presented as scar surface area as a percentage of the total LV surface area15. Briefly, after manually drawing endocardial and epicardial surfaces, the LV area with signal intensity > mean+2SD of non-infarcted septal wall intensity, was considered as infarcted and fibrotic scar.

Cardiac troponin-I measurement
Blood samples were collected before (0-hr) and 24-hr post-MI to determine cardiac troponin-I (cTnI) levels. Serum was collected from blood samples after centrifuging. cTnI was measured using Enzyme-Linked Immunosorbent Assay Kit for Porcine Cardiac Troponin I type 3 from Biomatik (USA) as per instruction. The data at 24-hr post-MI were presented as fold changes as compared to values at 0-hr.  
 
Tissues
Hearts were arrested by injecting 100 mg/Kg KCl, explanted, and weighed. Cardiac tissue containing the center and border zone of infarct and normal myocardium were embedded in paraffin for immunohistochemistry studies.  

RNA-seq
Cardiac samples (50-80 mg/sample, n= 3 sham and 3 MI animals per condition) from anterior left ventricular wall of sham animals and of infarct zone and border zone of MI animal hearts were collected for RNA studies. Samples were cut into small pieces and immersed in RNAlater solution (Ambion, USA) for 48 hrs at 4°C. Then, tissue samples were homogenized and total RNA was isolated using RNAzol (Sigma-Aldrich, USA) and further purified by Purelink RNA kit (Ambion, USA).
RNA-seq libraries were prepared as previously described 17(PMID 29160304). Briefly, RNA was quantified using a Qubit RNA High-Sensitivity Assay kit (Life Technologies, USA) and assessed for degradation on the basis of their RNA integrity number using the LabChip GX microfluidics platform and RNA assay reagent kit (Perkin Elmer, USA). TruSeq Stranded mRNA Library Prep kit (Illumina, USA) was used or library preparation and libraries quantified using KAPA library quantification kits (KAPA Biosystems, USA) according to the manufacturer’s protocol. The quality and average fragment size of the final libraries were determined using a LabChip GX DNA High Sensitivity Reagent Kit (Perkin Elmer, USA).
Libraries were sequenced on an Illumina NextSeq sequencer using 76bp Paired End chemistry. Sequenced libraries were demultiplexed using bcl2fastq v2.19.0.316 with the --no-lane-splitting option. Adapter sequences were then trimmed using trimmomatic v0.3618 in paired end mode with the options MAXINFO:35:0.5 MINLEN:35. Trimmed reads were aligned to the Sus scrofa 11.1 genome (Ensembl release 91) using STAR v. 2.2.119 with the options --outFilterType BySJout --outFilterMultimapNmax 20 --alignSJoverhangMin 8 --alignSJDBoverhangMin 1 --outFilterMismatchNmax 999 --alignIntronMin 20 --alignIntronMax 1000000 --alignMatesGapMax 1000000 in paired end, single pass mode. Only unique alignments were retained for counting. Counts were calculated at the gene level using the FeatureCounts module from subread v. 1.5.120, with the options -O -s 2 -J -T 8 -p -R -G. For differential gene expression analysis, see Statistical analysis below. 
Accession number: GEO accession number for the RNA-sequencing data is GSE115665.

Western blotting 
Heart tissues at the BZ were collected and used for Western blot analysis for Aurora B and mesoderm posterior 1 homolog (Mesp-1) protein expressions. Total protein was isolated using PhosphoSafe™ Extraction Reagent (Merck, Germany) and protein concentration was determined using Bradford reagent (Bio-Rad Laboratories, USA) as per instruction21. Proteins (20 µg/ sample) were separated on SDS-polyacrylamide gel and were transferred onto nitrocellulose membrane. After blocking with 5% non-fat milk in Tris-buffered saline Tween-20 buffer (TBST; 25 mM Tris, pH 7.5, 150 mM NaCl, and 0.1% Tween-20), the blots were incubated with 1: 400 diluted rabbit anti Aurora B (Abcam, USA) and Mesp-1 (orb1329, Biorbyt, United Kingdom) for overnight at 4°C. Anti-rabbit IgG conjugated with HRP (dilution: 1: 4,000) was used to detect the binding of antibodies. The binding of the specific antibody was detected using the SuperSignal Chemiluminescent Substrate kit (Pierce, USA) and visualized by ChemiDoc™ XRS+ System (Bio-Rad, USA).  
 
Immunohistochemistry 
Myocardial fibrosis was visualized using Accustain Trichrome Stains (Masson) kit (Sigma-Aldrich, USA) as described22. The percentage of infarct wall thickness was calculated as the 100% x (the length of thinnest wall in the infarct center/the length of normal wall thickness nearby) in cross sections. The percentage of fibrosis was calculated as 100%x (the length of scar tissue/the length of LV wall containing the scar) in cross sections.  
 
Myocardial cytokinesis, BrdU incorporation, and Nkx2.5 protein expression were determined post-MI using paraffin sections. Myocardial cytokinesis was determined by dual immunostaining for Aurora B with α-sarcomere actin (α-SA) (Sigma Aldrich, USA). CM cytokinesis was quantified as the number of α-SA+CM also expressing Aurora B combined with disassembled sarcomere and cleavage furrow per mm2. The rate of CMs with disassembled sarcomere was calculated as number of CMs with disassembled sarcomere/high magnification field (40x) as described previously 8, 9, 12.
 
To determine BrdU incorporation rates, dual immunostaining for BrdU (mouse-anti-BrdU, Abcam, USA) with α-SA was performed. The percentage of overall cardiac cells incorporated with BrdU in the proximal border zone (PBZ) and the distal border zone (DBZ, 2 mm distance from the PBZ) (Figure S1) was calculated as the number of BrdU+cells/total cells per high magnification (40x). The percentage of CM incorporated with BrdU was calculated as the number of cells coexpressed BrdU and α-SA CMs/total cells per high magnification.
 
To characterize Nkx2.5+ cells, triple immunostaining for BrdU, α-SA, and Nkx2.5 (orb100801, Biorbyt, United Kingdom) was performed. The percentage of overall Nkx2.5+cells was calculated as the number of Nkx2.5+nuclei/mm2. The percentage of Nkx2.5+cells incorporated BrdU was calculated as the number of cells coexpressed Nkx2.5+ and BrdU+/Nkx2.5+ cells.
 
Statistical analysis
Data were calculated and expressed as Mean ± standard deviation (SD). Comparisons among groups or three different time points were analyzed for significance with one-way analysis of variance (ANOVA) with Tukey correction. The difference of EF between 1- and 12-weeks within a Group of the same animals was analyzed by paired-samples t-test, while the difference between two groups at 1-, or 4- or 12-weeks was analyzed by unpaired t-test. A value of p < 0.05 was considered significant. The statistical analyses were performed with SPSS software (version 20). For the RNA-seq data, statistical analyses were performed in R 3.4.1 using the Bioconductor package DESeq2 1.18.123, using the Wald test for comparisons and including the variance shrinkage step. Only genes with an FDR < 0.01 and absolute log2(FC) > 1 were considered as differentially expressed. Gene Ontology (GO) enrichment analyses were carried out using gProfiler and the g:SCS p-value adjustment24. Only categories with a g:SCS value below 0.05 were considered significant.  
 
Results
An overview of the experimental design is shown in Figure 1A. The physiological effects of MI on hearts of pigs grouped by three different postnatal ages (Group-1, 2-day old at MI surgery; Group-2, 3-day old at MI surgery and Group-3, 14-day old at MI surgery) were examined by ECG (Figure S2A-C), serum cardiac troponin I (cTnI) (Figure 1B, echocardiography (Echo) (Table S1), and CMR imaging (Figure 1C and Figure S3). ST segment elevation was documented in all pigs with MI (Figure S2A-C) and the increases in cTnI were similar between the Groups after MI (Figure 1B). Echocardiography showed that mean LVEF of all Groups were reduced at 2-weeks after MI (Table S1) with the Group-1 animals having earliest recovery of LVEF that was sustained throughout follow-up, whereas the Group-3 animals showed no recovery.
 
Quantitative assessment of LV function at 1-week post-MI using CMR showed that the post-MI drop in EFs (approximately 40% lower than sham controls) was similar for all Groups and that there was a significant improvement in the Group-1 MI animals by 12-week post injury (Figure 1D and Figure S3A). The myocardial infarct area (as % of LV) was equivalent across the three Groups at 1-week post-MI (Figure 1E), consistent with the similar rises in troponin levels. At 12-week post-MI, the extent of infarction in the Group-1 MI animals had reduced significantly as compared to the infarct extent at 1-week and the LV wall was thicker (Figure 1E and Figure S3 B&C). The infarct extent in the Group-3 was equivalent at 1- and 12-weeks after MI (Figure S3 D&E). 

Histological studies revealed that the wall thickness at the site of MI was diminished in all Groups at 12-week post-MI, but was significantly thicker in the Group-1 as compared to that of the Group-3 (p<0.05) (Figure 1F&G). The site of infarct was fibrotic in the Groups-2 and -3 with MI but was notably less fibrotic and populated with more CMs in the Group-1 infarcts (Figure 1F). Semi-quantitative analysis of the degree of fibrotic replacement of the myocardium within the infarct showed significantly less fibrotic scar in the Group-1 MI animals as compared to the other MI groups (p<0.001) (Figure 1H).

To understand further the regulation of the apparent regenerative potential of the heart in the Group-1 animals, gene expression profiling was carried out on cardiac tissues from very young (Group-1: 2 days old at the time of surgery) and older (Group-3: 14 days old at the time of surgery) animals, both at 1 day after (early transcriptional response) and 7 days after (late transcriptional response) MI and in age-matched sham controls. In MI animals, the infarction zone (IZ) and the border zone (BZ) were prepared and sequenced separately. RNA-seq data showed good alignment (8M - 40M reads per sample, Figure S4A) and were appropriately clustering by principle component analysis (Figure S4B). All differentially expressed genes for each comparison are provided in Table S2. Volcano plots are presented for each comparison and the 20 most differentially expressed genes are highlighted (Figure S4C and D).

Fibrosis genes were notably up-regulated in the late transcriptional response in the Group-3 pigs (Figure 2A and Figure S4E), in both the BZ and the IZ. In contrast, the IZ and BZ from the Group-1 MI animals were remarkably similar to sham-treated animals with very limited evidence of fibrosis. These gene expression profiles confirm that the Group-1 MI animals have a limited fibrotic response, as observed by CMR tissue characterization and in histological analyses. A differential gene expression analysis was then performed by comparing, within each time point, sham tissues and MI. Genes differentially expressed exclusively in young Group-1 MI tissues show enrichment for GO categories related to cell replication and cytokinesis (Figure 2B and Table S3) with marked differences between young and old pigs in gene expression of these genes (Figure S4F and G). Intriguingly, GO enrichment analysis of the subset of genes that are only up-regulated in the Group-1 MI significantly enriches for cytokinesis genes (Table S4), pointing to a critical role for increased cell division in the regenerative potential of the porcine heart.

BrdU pulse-chase labeling experiments showed extensive BrdU incorporation to CMs at the site of MI at 12 weeks after injury (Figure 3A-C) in the Group-1 MI hearts that was not apparent in other MI Groups. In the Group-1 MI animals, the rate of BrdU incorporation to CM was initially low (<1.5%) at 1-week post-MI in the PBZ and the DBZ, but then increased markedly at 4-week post-MI (PBZ, 7.7±0.9%; DBZ, 11.6±0.6%) and remaining high even at 12-week post-MI (PBZ, 4.96±1.2%; DBZ, 6.9±0.3% (Figure 3D, E&H). In contrast, although the BrdU+CMs at 4-week post MI at PBZ and DBZ were higher compared with those at 1- and 12-weeks post MI in the Group-3 MI (Figure 3F, G&I), overall they were all significantly less compared with those in the Group-1 MI (p<0.05).  
 
Western blotting showed that Aurora B protein expression was higher in hearts from the Group-1 (Figure S5) as compared with the Group-3 both before and after MI. Immunostaining revealed that although Aurora B+ CMs in the Group-1 MI hearts were significantly higher than that in age-matched Sham at 1-week post-MI (p<0.01), it was similar to that of the Group-3 MI (p=0.317) (Figure 4A-D). It was notable that 4-weeks post-MI, there were significantly more Aurora B+ CMs in the Group-1 MI hearts compared with the Group-3 MI hearts (p<0.01) (Figure 4C&D and Figure S6). Significantly higher numbers of CMs with disassembled sarcomere were identified at PBZs in both the Groups-1 and -3 post MI as compared with shams (Figure 5A-D and Figure S7), demonstrating active CM kinetics at the PBZ after MI. Overall these data suggest that CM division contributes to cardiac regeneration post-MI in the porcine heart immediately after birth.  

Mesp1 protein expression by Western blot was higher in the Group-1 hearts as compared with Groups-3 but appeared unaffected by MI (Figure S5). Immunostaining revealed that Nkx2.5+ cells were significantly (6- to 9-fold, p<0.01) more common in the Group-1 hearts as compared with the Group-3 hearts in both sham and MI tissues (Figure S8). When integrated with BrdU studies, the Group-1 MI tissue was found to have markedly greater Nkx2.5+/BrdU+ cells as compared to Group-3 (Figure S8D).
 
Discussion
In the present study, we found that the hearts of 2-day old pigs can regenerate with repopulation of the infarct with new CMs in the absence of fibrosis, but this capacity is lost very soon thereafter. This repair mechanism is characterized by a marked increase in CM regeneration most likely due to proliferation of pre-existing CMs.   

Earlier studies have shown that the hearts of 1-day-old neonatal mice can regenerate and recover systolic function8. Here, in a large mammal model, very young pigs had similar sized infarcts as older animals but young hearts recovered function by 2-weeks post-MI and this was sustained throughout the study period (12-weeks) and confirmed by both Echo and CMR. 

Although initial infarct sizes were equivalent across all three MI Groups, the extent of infarction in the Group-1 was reduced significantly at 12-weeks by scar analysis using LGE-enhanced CMR imaging. This was confirmed histologically that showed limited fibrosis in young pig hearts but extensive fibrosis on older hearts. In keeping with the histological studies, RNA-sequencing experiments showed that the transcriptional signature in the IZ/BZ in the Group-1 MI pigs was similar to that of the Group-1 Sham animals. This observation is consistent with the findings of Quaife-Ryan et al25, which showed that the transcriptional profiles of mouse cardiac cells from regenerating mouse heart were similar to those of sham animals. These findings suggest that the neonatal heart across species has the capacity to regenerate to such a degree that regenerated tissue is indistinguishable from age-matched control tissue. In addition, RNA-sequencing data showed upregulation of fibrosis genes in the infarct and peri-infarct regions of older Group-3 pigs, but not in tissues from younger Group-1 pigs. Intriguingly, younger Group-1 pigs showed specific up-regulation of genes involved in cell replication and cytokinesis, processes observed during cardiac regeneration in lower species and mice 8, 26, 27. 
 
We found extensive BrdU incorporation into CMs at the site of MI at 4- and 12-weeks post-MI in young Group-1 pigs compared to other Groups. This shows robust CM proliferation but, on its own, cannot discern the origin of the proliferating CMs. In lower organisms and the mouse CM cytokinesis and sarcomere disassembly is thought to be the predominant source of proliferating CMs. We profiled cardiac cytokinesis using Western blotting for Aurora B, a marker of cell division, combined with immunostaining for Aurora B and cardiac α-SA. The number of CM undergoing cytokinesis in the Group-1 animals post-MI were increased as compared to age-matched controls and ~3 fold higher than in older Group-3 animals at 4-weeks post-MI. We propose that CM proliferation is an important mechanism that contributes to CM regeneration in the neonatal pig model. The significantly reduced CM cytokinesis in the Group-3 MI animals may be due to the fact that the number of pig CMs with polyploid nuclei (4, 8, or 16 nuclei) is known to increase between the age of 18 days and 6 months28 and it has previously been shown that hearts with >45% polyploid CMs fail to regenerate29. 

Both Mesp-1 and Nkx2.5 are important early markers of myocardial progenitor cells during cardiac development 30, 31. In this study we found Mesp-1 to be higher in the Group-1 compared to Group-3 heart but variation was unaffected by MI. Immunostaining for Nkx2.5 protein expression showed that Nkx2.5+ cells were approximately 6-fold more common in Group-1 hearts as compared with the Group-3’s and that up to 60% of the Nkx2.5+ cells in Group 1 hearts post-MI were BrdU+. Unfortunately, in the absence of cell fate mapping in the pig we are unable to discern the origin of these cells, which could be CM in origin, or to know if Nkx2.5+ BrdU+ sarcomere negative cells contribute to CM proliferation post-MI.

Our data show that cardiac injury due to MI is largely repaired in the hearts of 2-day old pigs with minimal scarring of the injured tissue and recovery in wall thickness but that this capacity is lost very soon thereafter. The cardiac repair mechanism is characterized by a robust increase in CM regeneration that, based on our data, is mainly achieved through proliferation of pre-existing CM. Defining the signals and associated signalling pathways that abrogate this profound regenerative capacity in the developing large mammal heart are important topics for future study.
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Figure Legends
Figure 1. Myocardial regeneration in neonatal pig heart post-MI.  (A) Schematic overview of the experimental design. Surgery refers to sham surgery or myocardial infarction. (CMR: cardiac magnetic resonance; Echo: echocardiography). (B) Serum cardiac Troponin-I (cTnI), levels in the three experimental MI Groups at baseline and 24 hours post-MI. (n=5, 4, and 6 for Groups-1, -2, and -3 MI, respectively. One-way ANOVA at each timepoint). (C) Representative CMR images showing late gadolinium enhanced myocardial infarction sites (arrows) in the Groups-1 and -3 MI pig hearts at 1- and 12-weeks post-MI. (D) CMR evaluation of ejection fraction (EF) in all animal Groups at 1- and 12 weeks post-MI. The data are presented as percentage of identically age-matched shams (n=5, 3, and 3 for the Groups-1, -2, and -3 MI, respectively. Paired sample t-test). (E) The infarct area measured by analysis of CMR images at 1- and 12-weeks post-MI. (n=5, 3, and 3 for Groups-1, -2, and -3 MI, respectively. One-way ANOVA). (F) Masson’s Trichrome staining of infarcted myocardium to assess fibrosis (blue color). (Bar=2000 µm). (G) Semi-quantitative analysis of wall thickness at the midpoint of the infarcted region at 12-week post-MI. (n=7, 5, and 4 for the Groups-1, -2, and -3, respectively. One-way ANOVA). (H) Semi-quantitative analysis of the fibrotic area of the infarct expressed as the percentage of the total infarct volume at 12-week post-MI. (n=7, 5, and 4 for the Groups-1, -2, and -3, respectively. One-way ANOVA).  Values are presented as means ± SD. (*, p<0.05; **, p<0.01; ***, p<0.001).

Figure 2. RNA-sequencing analysis of infarcted, peri-infarct and sham operated myocardium in young and old pigs. (A) Heatmap showing the relative expression of fibrosis genes in young (Group-1, 2-day old) and old (Group-3, 14-day old) pigs at 1 day (early) and 1 week (late) after the sham or MI procedure. Gene expression profiles of independent animals are shown as columns. Rows are ordered by hierarchical clustering with the respective dendrogram on the left-hand side. TPM: transcripts per million. IZ: infarction zone. BZ: border zone. (B) Gene Ontology enrichments for genes that are differentially expressed exclusively in young pigs - late response (both infarction zone and border zone). The dashed line indicates FDR = 0.05. GO: Gene Ontology. DEGs: Differentially Expressed Genes. FDR: False Discovery Rate.
 
Figure 3. BrdU pulse trace studies show CM regeneration at the infarct site. (A) Representative large micrograph of the Group-1 MI pig heart tissue after Masson’s Trichrome staining showing a thinner wall at the infarct site but in the absence of fibrotic scar at 12-weeks post-MI. (B) Extensive BrdU incorporation to nuclei at the infarct site. (C) A randomly selected area from (B) shows extensive BrdU incorporation to cardiomyocytes (CMs): DAPI blue fluorescence, nuclei; BrdU as green fluorescence; α sarcomere actin (α-SA), red fluorescence (Bar: A=2000 µm, B=500 µm, and C=20 µm). Dual fluorescence immunostaining of the Group-1 MI myocardium for BrdU and α-SA at proximal border zone (PBZ) (D) and distal border zone (DBZ) (E) at 1-, 4-, and 12-weeks post-MI. Dual fluorescence immunostaining of the Group-3 MI myocardium for BrdU and α-SA at PBZ (F) and DBZ (G) at 1-, 4-, and 12-weeks post-MI. (H) Semi-quantitative analysis of BrdU+CMs as a percentage (%) of cells per field in the Group-1 Sham or Group-1 MI at the PBZ and DBZ. (n=3 for the Group-1 Sham at each time point, n=4 at 1- and 12- weeks and n=3 at 4-week for the Group-1 post-MI). (I) Semi-quantitative analysis of BrdU+CMs as a percentage (%) of cells per field in the Groups-3 Sham or MI at PBZ and DBZ. (n=2 for 1-week and n=3 each for 4- and 12-weeks of the Group-3 Sham. n=3 each for 1- and 4-weeks and n=4 for 12-week in the Group-3 MI). Values are presented as means ± SD. One-way ANOVA. (*, p<0.05; **, p<0.01; ***, p<0.001). (Bar: D-G: 50 µm).
 
Figure 4. Cardiomyocyte cytokinesis after sham surgery or MI. Representative micrograph of CM undergoing cytokinesis: Aurora B expression in CMs with disassembled sarcomeres and cleavage furrows in the Groups-1 (A1) or -3 (B1) MI at 1-week post-MI. The areas selected in panels A1 or B1 were shown in (A2&A3) or (B2), respectively, at high magnification. Yellowish-green fluorescence: Aurora B; red fluorescence: α sarcomere actin (α-SA); blue fluorescence: DAPI. (C and D) Semi-quantitative analysis of the number of Aurora B+ CMs in Groups-1 (C) and -3 (D) hearts. Values are presented as means ± SD. (n=6 at 1-week, n=3 each at 4-and 12-weeks for the Group-1 Sham. n=8, 4, and 7 at 1-, 4-, and 12-weeks for the Group-1 MI, respectively. n=5 at 1-week and n=3 each at 4- and 12-weeks for the Group-3 Sham. n=6, 3, and 4 at 1-, 4-, and 12-weeks for the Group-3 MI, respectively). Independent-Samples t-test. (**: p<0.01). (Bar=20 µm).
 
Figure 5. Sarcomere disassembly. Fluorescence immunostaining for α sarcomere actin (α-SA) at the proximal border zone (PBZ) in the Group-1 (A1) and -3 (B1) hearts at 1-week post-MI. The regions of interest bounded by the white rectangle in panels A1 and B1 are shown at higher magnification in (A2) and (B2). Red fluorescence: α sarcomere actin (α-SA); and blue fluorescence: DAPI. Semi-quantitative analysis of the number of CMs with disassembled sarcomeres in the Group-1 Sham or MI (C) and Group-3 Sham or MI (D) hearts at the proximal order zone (PBZ) and distal border zone (DBZ). Values are presented as means ± SD. (n=6 or 5 at 1-week for the Groups-1 or -3 sham, respectively. n=3 each at 4- and 12-weeks for the Groups-1 and -3 Sham. n=7 or 6 at 1-week for the Groups-1 or 3 MI, respectively. n=4 or 3 at 4-week for the Groups-1 and -3 MI, respectively. n=5 or 4 at 12-week for the Groups-1 or -3 MI, respectively). (One-way ANOVA. *: p<0.05; **: p<0.01; ***: p<0.001). (Bar=50 µm).
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