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Endocrine Control of Heart Regeneration in Evolution and Development 

Stephen Cutie 

Abstract 

Cardiac regenerative potential varies considerably across and within vertebrate species. 

Heart regeneration is an ancestral trait that is lost both as more recent vertebrate lineages 

evolved to adapt to new environments and selective pressures, and as members of certain 

species developmentally progress towards their adult forms. While lower vertebrates and 

neonatal mammals retain robust capacities for cardiomyocyte (CM) proliferation and cardiac 

regeneration, adult mammalian CMs lose proliferative potential due to cell-cycle withdrawal and 

polyploidization, failing to mount a proliferative response to regenerate lost myocardium after 

cardiac injury. The decline of murine CM proliferative potential occurs in the neonatal period 

when the endocrine system undergoes drastic changes for adaptation to extrauterine life. Here, 

we demonstrate that thyroid hormone (TH) signaling functions as a primary factor driving CM 

proliferative potential loss in vertebrates, able to shut down regeneration when present and 

enhance regeneration when absent. Furthermore, we implicate thyroid hormone as a critical 

driver of endothermy acquisition as well as CM cell cycle exit. We also show that agonists of 

glucocorticoid receptor (GR) and vitamin D receptor (VDR) suppressed neonatal CM 

proliferation in vitro. We examined CM nucleation and proliferation in neonatal mutant mice 

lacking GR or VDR specifically in CMs, but we observed no difference between mutant and 

control littermates. Additionally, we generated compound mutant mice that lack GR or VDR and 

express dominant-negative TH receptor alpha in their CMs, and similarly observed no increase 

in neonatal CM proliferative potential compared to dominant-negative TH receptor alpha mice 

alone. Thus, although GR and VDR activation in cultured neonatal CMs is sufficient to inhibit 

CM proliferation, they seem to be dispensable for neonatal CM cell-cycle exit and binucleation 

in vivo. Our results suggest distinct roles for several endocrine players in governing cardiac 

regenerative potential in vertebrates. 
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Introduction: Cardiac regeneration in vertebrates  

Cardiovascular disease is the leading killer in the United States, mostly due to heart 

failure after myocardial infarction (MI)1,2. After ischemic injury like MI induces CM death in the 

hearts of adult mammals, lost CMs are not replenished and fibrotic tissue permanently replaces 

previously functional cardiac muscle. However, lower vertebrates like zebrafish (Danio rerio), 

newts (Notophthalmus viridescens), axolotls (Ambystoma mexicanum), and some frogs 

(Xenopus tropicalis) display robust CM proliferation and myocardial regeneration after cardiac 

injury2–5. 

i. Lower vertebrates can regenerate myocardium as adults  

Adult zebrafish can fully regenerate the myocardium. Resection of up to 20% of the D. 

rerio ventricle induces a robust proliferative response in the myocardium by 14 days post-injury 

and temporary fibrosis that resolves with complete regeneration and no scar by 60 days post-

injury6. Lineage-tracing confirmed that zebrafish cardiac regeneration occurs via 

dedifferentiation and proliferation of pre-existing cardiomyocytes (CMs) after injury7,8. 

Intriguingly, this complete cardiac regenerative potential in the zebrafish can be blunted by 

physiological stress9, inhibition of vitamin D signaling10, and artificial polyploidization of the 

myocardium11. Additionally, like their zebrafish relatives, the adult giant danio Danio 

aequipinnatus can fully regenerate myocardium after cautery injury, clearing all local necrosis 

and fibrosis by 60 days post-injury12.  

Similarly, newt cardiac regenerative potential rivals that of zebrafish. Resection of up to 

10% of the Notophthalmus viridescens ventricle induces myocardial cell proliferation and 

resolves as complete ventricular regeneration by 70 days post-injury3. CM proliferation of the 

predominantly mononuclear diploid variety is observed during newt cardiac regeneration13,14. 

Newt CM plasticity even allows CMs transplanted into regenerating limb buds to 

transdifferentiate and express skeletal muscle and chondrocyte markers15. The gene expression 

profile of the regenerating newt heart differs from regenerative expression profiles in other 
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organs16. 

Alongside newts and zebrafish, in the adult Ambystoma mexicanum, both ventricular 

resection17 and cryoinjury18 of the myocardium induce CM proliferation and complete cardiac 

regeneration and restoration of heart function within 90 days post-injury, without permanent 

fibrosis. Notably, successful heart regeneration in the axolotl depends not only on the induction 

of CM proliferation after injury, but also on macrophage activity. Upon macrophage depletion, 

myofibroblasts induce excessive collagen deposition that results in permanent fibrosis18.  

Evidence also exists of at least partial myocardial regeneration in adult frogs. Early work 

in Rana temporaria observed a partial regenerative response after crush injury of the ventricle, 

with a post-injury induction of CM proliferation19 and subsequent sinus rhythm restoration to 

nearly 80% of animals within 200 days post-injury20. Furthermore, adult 1-year-old Xenopus 

tropicalis hearts mount a robust CM proliferative response to 10% apical resection that fully 

regenerates the lost myocardium nearly scar-free by 30 days after injury5. However, adult 

cardiac regenerative potential seems to vary among different frog species: research in X. laevis 

indicates that while tadpoles induce CM proliferation after oxidative damage21 and also mount a 

complete regenerative response after resection, post-metamorphosis 6-month old juveniles and 

5-year-old adults can only mount a partial regenerative response to comparable apical 

resection22,23. While this discrepancy between X. tropicalis and X. laevis may be explained by 

the different ages of the resected adults, it may also be explained by ploidy differences between 

the two species: X. tropicalis has a diploid genome with mostly mononuclear CMs, but X. laevis 

has a pseudotetraploid genome with mostly tetraploid CMs24. Further work may shed more light 

about this differential regenerative potential. It is not unprecedented for related species to have 

radically different cardiac regenerative capacities, as with zebrafish and medaka25.  

ii. Mammals can transiently regenerate myocardium as neonates, but cannot as 

adults 

Intriguingly, while cardiac regeneration has not been observed in adult mammals, 
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neonatal mammals transiently possess considerable CM proliferative and regenerative 

potential. However, this transient CM proliferative potential is lost as neonatal CMs binucleate 

and permanently exit the cell cycle 26,27. This transience is evident in mice. While adult Mus 

musculus are incapable of myocardial regeneration after cardiac injury, complete cardiac 

regeneration without permanent fibrosis is possible during embryonic and neonatal stages28,29. 

Resection of ~15% of the ventricular apex in P0 mice induces cardiomyocyte (CM) proliferation 

that regenerates the lost myocardium without evidence of permanent fibrosis or compromised 

cardiac function by 21 days post-resection28. Similarly, ischemic cardiac damage caused by 

permanent ligation of the left anterior descending coronary artery (LAD) in P1 mice resolves as 

fully-regenerated cardiac muscle without evidence of fibrosis by 21 days post-ligation29. In both 

cases, CMs in the regenerated myocardium came from pre-existing CMs that were induced to 

dedifferentiate and proliferate after injury, and the neonatal regenerative response was lost by 

P728,29. This closure of the murine neonatal regenerative window between birth and P7 

coincides with the developmental polyploidization of the neonatal myocardium during the first 

week of life, during which >90% of CMs binucleate and permanently exit the cell cycle26,27.  

As with mice, a transient neonatal cardiac regenerative response has been observed in 

Rattus norvegicus. In P1 rats, 18% apical resection induced myocardial regeneration including 

robust, uniform troponin I deposition and Connexin 43 expression, as well as restoration of 

baseline cardiac function and perfusion by 60 days post-injury30. However, this robust 

regenerative response was lost by P7, in which permanent apical scar tissue formed and 

cardiac function did not fully recover30. Neonatal rats have also been observed to mount a 

regenerative response to burn lesions made in the myocardium31. 

Myocardial infarction also induces a robust but transient regenerative response in Sus 

domesticus. Cardiac injury in P2 pigs induces CM proliferation that regenerates the lost 

myocardium and restores cardiac function without permanent fibrosis by 12 weeks post-injury32. 

P1 pigs fully regenerate from myocardial infarction even more rapidly, within 30 days33. 
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However, this porcine regenerative response is progressively lost by P1432,33. P3 pigs maintain 

substantial fibrosis at 30 days post-injury33 and fibrosis is still observed at 12 weeks post-

injury32, suggesting that the porcine neonatal regenerative window closes very soon after P2.  

Intriguingly, cardiac regeneration has even been anecdotally inferred in neonatal 

humans. There are documented cases of infants suffering massive myocardial infarctions 

shortly after birth and yet surviving without apparent long-term deficits in cardiac function34–37. 

One newborn that suffered a severe infarction at birth due to coronary artery occlusion showed 

normal cardiac function and morphology at one year old38. However, post-infarct CM 

proliferation induction in adult humans is limited39. It remains to be established when cardiac 

regenerative potential is lost in humans.  

iii. CM polyploidization shuts down vertebrate cardiac regenerative potential 

While mononuclear diploid CMs and binuclear polyploid CMs proliferate at similar rates 

in vitro when co-cultured with embryonic mouse CMs40; in vivo, the proliferative potential of the 

former exceeds that of the latter in the vertebrate myocardium. Because the regeneration-

competent hearts of lower vertebrates and neonatal mammals consist predominantly of 

mononuclear diploid CMs while the non-regenerative hearts of adult mammals consist primarily 

of polyploid CMs – while cardiac regeneration observed across multiple vertebrate species is 

consistently mediated by CM proliferation – this developmental and evolutionary CM 

polyploidization is implicated as a critical inhibitor of CM proliferative potential4,38,41,42(FIG 1A). 

This is supported by observations that mouse strains with higher percentages of mononuclear 

diploid CMs induce more CM proliferation after cardiac injury and are left with smaller fibrotic 

scars43.  However, the underlying molecular processes that drive mammalian CM 

polyploidization and cell cycle withdrawal are not fully understood. Still, because CM ploidy 

inversely correlates with cardiac regenerative potential, we treated CM ploidy as a proxy for 

cardiac regenerative potential and screened 41 vertebrate species for the percentage of diploid 

CMs in their myocardium so we could correlate other physiological attributes against known 



5 

 

cardiac regenerative potential (FIG 1B). Of several physiological attributes that we compared 

against diploid CM percentage, we identified that both vertebrate standard metabolic rate and 

mammalian body temperature correlate linearly with CM ploidy and used this as the basis for 

further investigation (FIG 1C).  
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Chapter I – Elucidating the evolutionary and developmental role of Thyroid Hormone in 

cardiac regeneration 

Recent evidence indicates that thyroid hormones (THs) play a crucial role in driving 

developmental CM polyploidization and suppressing CM proliferative potential in vertebrates 

across evolution44. TH signaling is a critical regulator of metabolism and thermogenesis 

conserved across vertebrates and is particularly active in endotherms, suspected as a critical 

driver of the evolutionary ectotherm-to-endotherm transition45–47. THs enhance CM contractility 

in vivo and rise soon after birth in neonatal mice, coinciding with the closure of the CM 

proliferative window48,49. Serum TH levels are also substantially lower in newts and zebrafish 

than in non-regenerative mammals50,51. Furthermore, reduced ventricular thyroid hormone 

signaling, low ventricular triiodothyronine (T3), and increased ventricular thyroxine (T4) due to 

reduced D2 deiodinase have been documented in both ischemic and dilated cardiomyopathy.52–

54 

i. Exogenous thyroid hormone suppresses cardiac regenerative potential in 

zebrafish  

In light of this recent evidence in vertebrates implicating thyroid hormones (THs) in 

promoting CM polyploidization and cell-cycle exit, we sought to directly interrogate the 

relationship between TH signaling and CM proliferative potential44. We began by assessing 

whether increasing TH signaling in a vertebrate capable of adult cardiac regeneration could 

blunt the regenerative response. As previously mentioned, zebrafish can fully regenerate from 

20% apical resection at 30 days post-injury, and their regenerative response is driven by a CM 

proliferative burst that peaks 2 weeks after injury6. We performed apical resections on adult 

zebrafish and allowed them to recover either in standard water or water dosed with thyroid 

hormone (FIG 2A). At 14 days post-injury, those zebrafish dosed with thyroid hormone exhibited 

a 45% reduction in CM proliferation compared to controls, suggesting a blunted regenerative 

response (FIG 2B). Ultimately, when we examined their hearts at 30 days post-injury – when 
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scarless regeneration should have been completed – we observed over 5-fold greater retention 

of fibrotic area and a pronounced failure to fully regenerate the myocardium in the thyroid 

hormone-treated fish (FIG 2C). As such, we concluded that increasing thyroid hormone 

signaling in a regeneration-competent vertebrate adult was sufficient to suppress CM 

proliferative potential and inhibit cardiac regeneration44.  

ii. Loss of thyroid hormone signaling enhances heart regenerative potential in mice  

Having demonstrated this, we next sought to further explore the converse contribution of 

thyroid hormone to vertebrate cardiac regeneration: could blunting thyroid hormone signaling in 

a regeneration-incompetent higher vertebrate affect its cardiac regenerative potential? When we 

dosed neonatal mice with propylthiouracil (PTU) – a potent inhibitor of TH synthesis – through 

postnatal day 14 (P14), their myocardia showed significantly increased mononuclear CM 

percentage and CM proliferation44 (FIG 3A). These mononuclear CMs and CM proliferation 

phenotypes are also observed in mutant mice in which TH signaling is specifically inactivated in 

CMs44 (FIG 3B). Both chemical and genetic inhibition of CM thyroid hormone signaling from 

birth through P14 consistently resulted in approximately 30% retention of mononuclear diploid 

CMs in the myocardium, as well as over 3-fold increase in proliferating (Ki67+) CMs44. These 

mutant mouse hearts also display enhanced recovery after MI as indicated by cardiac 

contractile functions and fibrosis one month post-surgery (FIG 3C). Taken together with our 

zebrafish data, these data strongly suggest an inhibitory role played by TH in the developmental 

control of CM proliferative potential during the neonatal window.  
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Chapter II – Studying the Roles of Glucocorticoid and Vitamin D Signaling on 

Cardiomyocyte Proliferative Potential 

In addition to TH, other hormones such as glucocorticoids and vitamin D have been 

shown to suppress CM proliferation in culture. Glucocorticoids are stress-associated steroid 

hormones produced by the adrenal glands that act on nearly all organs in the body via binding 

to the glucocorticoid receptor (GR)55–57. Specifically, glucocorticoids like dexamethasone are 

established cell cycle regulators known to repress the cell cycle primarily through the GR, which 

acts as a transcription factor after glucocorticoid binding58,59. It has been reported that GR 

activation inhibits neonatal rat CM proliferation, promotes neonatal rat CM hypertrophy, and 

increases CM binucleation through epigenetic repression of Cyclin D2 gene60–62. Furthermore, 

adult zebrafish heart regeneration is impaired by either GR agonist exposure63 or crowding-

induced stress through GR activation9. 

Vitamin D is a steroid hormone precursor that is hydroxylated sequentially in the liver 

and kidneys into ercalcitriol (D2) or calcitriol (D3). These active hormones can bind to vitamin D 

receptors (VDRs) and regulate downstream gene expression in target cells64. Alfacalcidol (Alfa) 

is a vitamin D analog that forms calcitriol directly after hydroxylation in the liver65. Anti-

proliferative effects of vitamin D analogs have been reported in mammalian cells generally66 as 

well as mammalian CMs and CM-derived cell lines specifically67,68. VDR activation reduces 

expression of both PCNA protein levels and c-myc and inhibits proliferation in neonatal rat CM 

culture69. Vitamin D analogs have been reported to inhibit proliferation in mammalian primary 

CMs and similar cell lines67,68,70, but these effects may not be conserved across all vertebrates.  

Notably, VDR signaling may have distinct regulatory roles across vertebrates. Unlike in 

mammals, vitamin D analogs alfacalcidol and calcipotriene significantly increase CM 

proliferation in embryonic zebrafish, whereas VDR-inhibitor PS121912 significantly decreases 

CM proliferation10. Alfacalcidol also stimulates CM proliferation in adult zebrafish during heart 

regeneration, while VDR suppression decreases CM proliferation during regeneration10.  
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Intriguingly, CM-specific deletion of either GR or VDR promotes cardiac hypertrophy71–73. 

This cardiac enlargement phenotype together with the documented functions to inhibit CM 

proliferation in vitro led us to investigate the possibility that GR and VDR signaling alters CM 

proliferative potential during the neonatal window in vivo either alone or in combination with TH 

signaling activation.  

i. Glucocorticoid and vitamin D receptor activation inhibit neonatal mouse 

cardiomyocyte proliferation in vitro. 

 We first examined if GR and VDR activation regulates neonatal CM proliferation in vitro. 

Primary CMs were isolated from P1 mice and cultured with one of three GR agonists for 48 

hours: hydrocortisone, corticosterone, or dexamethasone. Proliferating CMs were positive for 

cTnT (gray), PCM-1 rings (red), and EdU incorporation (green) (FIG 4). CM proliferation is 

inhibited by 100 nM hydrocortisone (0.30  0.03%), corticosterone (0.15  0.1%), and 

dexamethasone (0.07  0.09%) as compared to CMs cultured without any GR agonists (1.22  

0.44%) (FIG 4A). We also cultured P1 CMs with two VDR agonists: calcitriol and alfacalcidol. 

Neonatal CM proliferation was inhibited by 1 μM calcitriol (0.42  0.15%) and alfacalcidol (0.35  

0.05%) relative to CMs cultured without any VDR agonists (0.87  0.10%) (FIG 4B). These anti-

proliferative effects of GR and VDR agonists were also observed using phospho-histone H3 

(pHH3) as the marker for CM proliferation (FIG 5A). Furthermore, in P1 CMs dexamethasone 

treatment upregulated GR target genes Pam 2.4-fold and Cacna1c 3.5-fold while alfacalcidol 

increased the expression of a VDR target gene Vdr 2.3-fold (FIG 6A&B). 

Interestingly, while P1 and P7 CMs have similar levels of baseline proliferation in vivo 

(FIG 13A), their proliferative potential in response to VDR activation differs. We observed that 

unlike in P1 CMs, activation of VDR signaling did not affect proliferation in cultured P7 CMs (FIG 

14 A-C). It is possible that the ~60% downregulation of Vdr in the heart between birth and P7 

may explain this differential response [74] (FIG 6D). In contrast to our finding, calcitriol was 
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previously reported to induce robust proliferation of zebrafish CMs and cultured P7 mouse CMs 

10. The differential response of P7 CMs to VDR activation in different groups is intriguing and 

merits further investigation. Nonetheless, the aforementioned in vitro suppression of neonatal 

CM proliferation led us to investigate the in vivo contribution of GR and VDR to cardiomyocyte 

proliferative potential during the neonatal window. 

ii. Glucocorticoid and vitamin D receptors in cardiomyocytes are dispensable for the 

regulation of neonatal mouse cardiomyocyte proliferation and binucleation in 

vivo. 

To elucidate the physiological role of GR in regulating neonatal CM proliferative potential 

in vivo, we generated Myh6-Cre;Grf/f knockout mice in which CM-specific CRE recombinase 

(Myh6-Cre) deletes the Gr gene (also named as Nuclear Receptor Subfamily 3 Group C 

member 1, Nr3c1), resulting in CM-specific loss of GR signaling (FIG 7A). We examined heart 

phenotypes at P14 when most mouse CMs have completed binucleation and withdrawn from 

the cell cycle [26]. Interestingly, unlike our in vitro primary CMs, no changes of CM proliferative 

activity in vivo were observed at P14 (FIG 7B-D). Myh6-Cre;Grf/f knockout mice did not show an 

increase in the heart weight to body weight ratio (6.21  0.16) compared to littermate controls 

(6.16  0.18) (FIG 7B). Additionally, P14 Myh6-Cre;Grf/f hearts were comparable to littermate 

control hearts in terms of mononuclear CM percentage (13.6  1.1% vs 13.7  2.0%) ((FIG 7C) 

and (FIG 8)). Analysis of CM proliferation using the Ki67 marker also showed no increase in 

Ki67+ CMs in mutant hearts (1.23  0.55% vs 1.09  0.23%) (FIG 7D). No difference was 

observed between control and mutant hearts when CM mitosis (positive for pHH3) and 

cytokinesis (Aurora B kinase at the cleavage furrow) were analyzed ((FIG 9A&C)). Altogether, 

we did not observe that CM-specific loss of GR affects CM proliferative potential during this 

window. 

To investigate the contribution of VDR to the control of neonatal CM proliferative 
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potential in vivo, we generated mice with CM-specific loss of VDR (Myh6-Cre;Vdrf/f) (FIG 10A). 

As with GR deletion, no changes in CM proliferative activity were observed at P14 (FIG 10B-D). 

The heart weight to body weight ratio did not significantly differ between Myh6-Cre;Vdrf/f 

knockout mice compared to littermate controls (FIG 10B). Additionally, P14 Myh6-Cre;Vdrf/f 

hearts did not significantly differ from littermate control hearts in terms of mononuclear CM 

percentage (15.8  3.2% vs 14.0  1.0%) , Ki67+ CM proliferation (0.93  0.29% vs 0.61  

0.11%) ((FIG 10C&D) and (FIG 8)), CM mitosis or cytokinesis (FIG 9A&C). As with GR loss, 

VDR loss alone did not affect neonatal CM proliferative potential in vivo. 

iii. Loss of glucocorticoid or vitamin D receptor does not enhance cardiomyocyte 

proliferation potential in mice with deficiency in thyroid hormone signaling in vivo. 

It is plausible that the potential inhibitory effect of GR and VDR activation on CM 

proliferation in vivo is masked by other major regulators. One such candidate is TH receptor. 

We previously showed that TH signaling activation suppresses CM proliferative potential44 (FIG 

2), and mice with deficiency in TH receptor activation in CMs show enhanced CM proliferation 

and have ~30% mononuclear CMs at P14 (FIG 3). However, the majority of CMs in the TH 

receptor deficient heart still become binucleated and arrested in the cell-cycle, implicating the 

existence of other pathways that contribute to CM binucleation and cell-cycle withdrawal in the 

neonatal period. We next investigated whether loss of GR or VDR signaling affect neonatal CM 

proliferative potential in combination with loss of TH signaling. We bred Myh6-Cre;ThraDN/+;Grf/f 

mice that express dominant negative TH receptor alpha (THRADN) and delete Gr specifically in 

CMs (FIG 11A). The heart weight to body weight ratio for Myh6-Cre;ThraDN/+;Grf/f (7.28  0.05) 

did not significantly differ from littermate Myh6-Cre;ThraDN/+;Grf/+ controls (7.61  0.55) (FIG 

11B). Additionally, compound mutant hearts did not display significant increases in CM 

proliferation (3.5  0.7% vs 3.2  0.7%) or CM nucleation (32.7  8.7% vs 33.4  6.1%) 

compared to littermate Myh6-Cre;ThraDN/+;Grf/+ controls at P14 ((FIG 11C&D) and (FIG 8)). No 



12 

 

difference was observed between control and mutant hearts when CM mitosis and cytokinesis 

were examined (FIG 9A&C). Thus, we did not observe any significant effect of GR loss on top 

of TH signaling suppression on in vivo neonatal CM proliferative potential.  

Finally, we bred Myh6-Cre;ThraDN/+;Vdrf/f mice and observed no significant difference in 

the heart weight to body weight ratio (6.83  0.14 vs 7.23  0.83), CM nucleation (24.4  2.3% 

vs 26.9  3.4%), or CM proliferation (3.0  0.3 vs 3.9  1.0%) compared to Myh6-

Cre;ThraDN/+;Vdrf/+ littermate controls at P14 ((FIG 12A-D) and (FIG 8)). Both mutant and control 

mice have similar levels of CM mitosis and cytokinesis (FIG 9A&C). As such, we did not 

observe a significant effect of VDR loss on neonatal CM proliferative potential on top of TH 

signaling suppression. Overall, our results show that although GR and VDR activation in 

cultured P1 CMs is sufficient to inhibit CM proliferation, they seem to be dispensable for CM 

cell-cycle exit and binucleation in vivo between P0 and P14. 
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Chapter III – Further Exploration of Thyroid Hormone Physiology 

Vertebrate thermogenic capability appears inversely correlated with cardiac regenerative 

potential. That is to say, tissue regeneration may generally be an ancestral vertebrate trait that 

was lost as adaptations like endothermy developed75. Much as neonatal mammals display 

increased cardiac regenerative potential compared to adults, neonates are also less able to 

thermoregulate than adults76. Likewise, unlike regenerative species like zebrafish and newts, 

non-regenerative humans and rodents can efficiently thermoregulate as adults77. While the 

direct effects of endothermy on cardiac regeneration remain to be explored, hypothermia has 

been observed to enhance brain regeneration after stroke, corroborating an inverse relationship 

between thermogenesis and regeneration78.  

Associated with thermogenesis, metabolic CM oxidative capacity rises during early 

postnatal development as fetal CMs shift from glycolysis as their principal energy source to 

neonatal CMs which rely primarily on fatty acid β-oxidation, coinciding with neonatal CM 

terminal differentiation79. Indeed, chemically inhibiting this developmental transition to fatty acid 

oxidation with etomoxir delayed CM cell-cycle exit and polyploidization27. This shift from 

glycolysis to oxidative metabolism has also been observed in neonatal rabbit CMs80. Paralleling 

the closure of the neonatal mouse cardiac regenerative window, reactive oxygen species and 

the corresponding DNA damage increase in mouse CMs throughout the first week of life81. 

Scavenging reactive oxygen species from CMs delayed their postnatal cell-cycle exit and 

increased the percentage of mononuclear CMs, while augmenting reactive oxygen species 

accelerated CM cell cycle arrest81. Additionally, chronic hypoxia alleviates oxidative damage 

and induces CM mitosis in adult mice and improves regeneration following myocardial infarction 

in adult mice82. Developmental stage of CMs may play a role in their hypoxia sensitivity: while 

hypoxia increased primary neonatal rat CM proliferation in vitro, it decreased proliferation of 

fetal rat CMs in vitro83. While these evidence support the role of increasing thermogenesis and 

oxidative capacity in promoting CM cell-cycle withdrawal, studies in precocial mammals such as 
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sheep demonstrated that their CMs almost complete polyploidization and permanent cell-cycle 

arrest before birth, suggesting the existence of additional physiological triggers that shut down 

CM proliferative potential84. 

Furthermore, our phylogenetic analysis of 41 vertebrate species showed that diploid CM 

constitution of the myocardium, a proxy of cardiac regenerative potential, correlates inversely 

with standard metabolic rate – the metabolic rate of any organism once the effects of organism 

size are factored out, as described by Kleiber’s Law44.  Lower vertebrates with high cardiac 

regenerative potential and mostly diploid mononuclear CMs – zebrafish, newts, and reptiles – 

have standard metabolic rates an order of magnitude lower than those of endothermic eutherian 

mammals like rodents and humans85,86. Increasing CM ploidy during vertebrate evolution 

paralleled their transition from ectothermy to endothermy. Furthermore, mammalian body 

temperature – a key determinant of metabolic rate in mammals – also correlates inversely with 

mammalian diploid CM percentage44. Altogether, these results suggest that physiological 

thermogenic changes during the acquisition of endothermy in both development and evolution 

may induce CM polyploidization and cardiac regenerative potential loss. 

i. Thyroid hormone signaling and endothermy acquisition 

Given thyroid hormone’s role in shutting down cardiac regenerative potential44 and its 

implication in the evolutionary and developmental acquisition of endothermy45–47, we sought to 

directly investigate the timecourse of vertebrate endothermy acquisition and how thyroid 

hormone signaling affects it. As previously discussed, the thermoregulatory capacity of neonatal 

mammals falls short of that of their adult counterparts; however, the exact timecourse along 

which thermoregulatory capacity increases is not well-described76,77.  

As such, we first tracked the body temperature of wild-type mice from birth through 

weaning using a thermal camera (FIG 15A). Initially, we observed the mean temperature of the 

P0 pups from 3 separate litters to be approximately 23˚C. Mean body temperature steadily 

increased through the first 2 weeks of life; by the end of the second week, pups had achieved 
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adult-level thermogenic capacity with body temperatures stabilizing and leveling off at 

approximately 37˚C – comparable to adult mice (FIG 15B). In order to assess whether thyroid 

hormone signaling contributed to this endothermy acquisition, we dosed mice with PTU from 

either birth (P0) or before birth starting at E13.5. Intriguingly, while both PTU-dosed pup cohorts 

shared the same initial lack of thermoregulatory capability of wild-type newborns; neither PTU-

dosed cohort achieved stable adult body temperature by the end of the second week of life. 

PTU-mediated inhibition of thyroid hormone signaling delayed the acquisition of adult-level body 

temperature by approximately a week in both cohorts (FIG 15B). Furthermore, this thermogenic 

capacity was unstable: while wild-type mice maintained body temperature above 37˚C after 

weaning, PTU-treated mice lost body temperature every week after weaning until their low body 

temperature became fatal.  

Our observations of endothermy acquisition suggest adult thermoregulatory capability is 

acquired during the first 2 weeks of life, corresponding to the same time window when 

cardiomyocytes permanently exit the cell cycle and cardiac regenerative capacity is lost. 

Furthermore, inhibition of thyroid hormone activity either at or before birth is sufficient to not only 

delay adult-level endothermy acquisition, but also to hobble thermogenic capacity long-term. As 

such, while not the only determinant of body temperature or endothermy acquisition, thyroid 

hormone seems to be a critical factor in both the acquisition and maintenance of endothermy. 

These observations posed the question of whether thyroid hormone signaling in a specific tissue 

type contributed substantially to thermogenic capacity, particularly considering how 

cardiomyocyte-specific loss of thyroid hormone signaling did not affect body temperature in our 

mutants from Aims I and II. As such, we used mouse mutant lines to specifically-inactivate 

thyroid hormone signaling via our dominant-negative transgene in either skeletal muscle 

(Mef2c-Cre), or the hypothalamus (Trpm2-Cre). We chose to investigate skeletal muscle given 

its known thermogenic capacity during exercise87 and hypothalamus88 given sympathetic 

innervation of thermogenic targets such as brown fat and skeletal muscle. However, we 
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observed no difference in adult body temperature between either cohort or control mice, 

underscoring the need for further investigation of thyroid hormone’s mechanistic contribution to 

thermogenesis in endotherms. The apparent dispensability of thyroid hormone activity in 

skeletal muscle to endothermy acquisition was particularly intriguing, given our own 

observations of the importance of thyroid hormone in the acquisition of endothermy44 (FIG 15) 

and the established importance of skeletal muscle tissue in generating body heat89; this 

underscores the need for more study of how different body tissues can contribute to organismal 

thermogenesis independently of each other. 

 

ii. LRRC15: a target of thyroid hormone signaling? 

Our focus on thyroid hormone’s contribution to cardiomyocyte cell-cycle exit and 

endothermy acquisition led us to investigate potential downstream targets of thyroid hormone 

signaling. LRRC15 was one such prospective target: a known tumor antigen and 

transmembrane protein90,91 with collagen-, fibronectin-, and laminin-binding domains predicted 

by JAX. Also according to JAX, global LRRC15 knockout mice were healthy but exhibited 

improved glucose tolerance and enlarged hearts. Our RNAseq data identified LRRC15 as a 

potential target of thyroid hormone signaling downregulated in our dominant negative mutants 

(FIG 16A). However, cardiomyocyte nucleation or proliferative potential in these LRRC15 

mutants had not been explored. Ultimately, we observed modest but statistically-significant 

increases in mononuclear CMs and CM proliferation (16% and 1.5%, respectively) in our 

LRRC15 global knockout mutants, but this modest phenotype was not physiologically significant 

and did not warrant further exploration as a possible effector of thyroid hormone’s control over 

cardiac regenerative potential (FIG 16B). 
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Conclusion, discussion, and perspectives 

Although vertebrate cardiac regenerative potential varies both evolutionarily across 

different species and developmentally throughout the life of a given species, certain common 

themes still emerge. Broadly, cardiac regenerative potential has decreased throughout 

vertebrate evolution, with more ancestral lineages such as fish and amphibians generally 

displaying a greater capacity to regenerate the heart than more recent lineages like mammals. 

The increased metabolic demands of more efficient endothermy on mammalian adults, as well 

as the associated CM polyploidization and permanent cell-cycle exit, are implicated in this loss 

of heart regeneration in adult higher vertebrates compared to their fetal stages and to lower 

vertebrates. Mechanistically, these effects have been exerted in part through several nuclear 

hormone receptors.  

Mammalian cardiomyocytes undergo postnatal cell-cycle exit and polyploidization when 

they lose regenerative potential7,9,39–41. The intrinsic and extrinsic molecular drivers of this 

process have been under intensive studies4,42–46. We identified thyroid hormone signaling as a 

critical regulator of this loss of vertebrate regenerative potential, not only given the inverse 

correlative relationship between serum thyroid hormone and regenerative potential (FIG 1) but 

also due to the effects of direct perturbance of thyroid hormone signaling on CM proliferative 

potential. Dosing-in 5nM triiodothyronine (T3) into the water of zebrafish recovering from heart 

injury effectively shut down their natural cardiac regenerative potential: post-injury CM 

proliferation was blunted and substantial fibrotic scars were retained at the injury site where 

fully-regenerated heart muscle should ordinarily be (FIG 2). Furthermore, blocking thyroid 

hormone signaling in a higher vertebrate had the converse effect: whether chemically or 

genetically suppressed, in the absence of thyroid hormone signaling, mouse cardiomyocytes 

retained a higher proliferative capacity into adulthood and cardiac regeneration was partially-

enabled after heart injury (FIG 3).  

Our observation that both GR and VDR agonists inhibit proliferation of primary neonatal 
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mouse CMs in vitro ((FIG 4), (FIG 5A)) is consistent with previous reports in rodent CM culture 

and rodent cardiac myocyte cell lines23,24,31,32,47. GR activation inhibits neonatal rat CM 

proliferation and increases CM binucleation60,61. VDR activation reduces expression of both c-

myc and PCNA protein levels, and inhibits cell proliferation in neonatal rat CM culture69. 

Furthermore, our observations that P1 CMs upregulate GR- and VDR-responsive genes upon 

GR and VDR agonist treatment (FIG 6A&B) and that GR and VDR antagonists can mitigate the 

anti-proliferative effects of their agonists (FIG 5B) further support that activation of these 

receptors themselves inhibits neonatal CM proliferation. 

Unlike our observations in cultured CMs, our in vivo analyses did not reveal a significant 

role for either receptor in regulating neonatal CM proliferative potential loss: neither CM 

nucleation nor CM proliferation was influenced by either GR or VDR loss in P14 mice ((FIG 7), 

(FIG 10). However, injecting neonatal mice with exogenous dexamethasone and alfacalcidol 

from birth to P7 did reduce in vivo CM proliferation at P7, suggesting that GR and VDR can 

suppress CM proliferation in vivo if activated beyond physiological levels (FIG 13B). As such, 

while GR and VDR signaling are sufficient to inhibit CM proliferation in culture, we did not 

observe their regulatory influence on CM proliferative potential to be determinative in vivo at 

physiological levels in the neonate. Moreover, we did not observe cardiomyocyte hypertrophy of 

these aforementioned mutant mice at P14, suggesting that the hypertrophic phenotypes 

described in both mutant mice71,72 may develop later in the postnatal life (FIG 9B). Altogether, 

our data indicate that while agonist treatment both in vitro and in vivo can inhibit CM 

proliferation, GR and VDR are not physiological regulators of CM proliferation at endogenous 

glucocorticoid and vitamin D levels in the neonatal time window. 

To further explore the contribution of GR and VDR to in vivo CM proliferation in the 

context of cardiac injury, we induced MI with coronary artery ligation in P1 mice and injected 

them daily with either saline, GR-agonist dexamethasone (Dex), GR-antagonist mifepristone 

(Mif), VDR-agonist alfacalcidol (Alfa), or VDR-antagonist PS121912 (PS) until 7 days post-
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injury, which is the global CM proliferative peak after cardiac injury100. Dex-injected mice had 

80% fewer proliferating CMs than saline-injected controls (FIG 13C). CM proliferation in none of 

the other conditions differed significantly from controls. These results suggest that GR activation 

is sufficient but not necessary to suppress CM proliferation after injury and that VDR activation 

is neither sufficient nor necessary to affect CM proliferation after injury. 

A possible explanation between our differential observations in vitro and in vivo may be 

that GR and VDR signaling are not activated during the neonatal window we examined. 

Previously-published mouse transcriptome data supports this: neither GR targets Pam and 

Cacna1c nor VDR target Vdr are upregulated in the mouse heart at P14101 (FIG 6E-G). 

Similarly, previously-published RNAseq data shows downregulation of both Pam and Vdr in the 

neonatal heart74 (FIG 6C&D). Additionally, the possibility remains that there are other in vivo 

factors not present in vitro whose regulatory influence over CM proliferative potential is strong 

enough to mask any contributions from either GR or VDR signaling. Taken together, these data 

suggest neither GR nor VDR are strongly activated at P14 and do not contribute substantially to 

the neonatal loss of CM proliferative potential. While GR and VDR signaling suppress neonatal 

CM proliferation in vitro, they do not function as major triggers of neonatal CM cell-cycle 

withdrawal and binucleation in vivo. 

As previously stated, one such in vivo factor that exerts a stronger effect on CM 

proliferative potential than GR or VDR may be thyroid hormone (TH). We previously established 

a potent inhibitory role for TH signaling over CM proliferative potential44. Still, it remained 

possible that GR or VDR signaling may alter the observed effects of loss of TH signaling on CM 

proliferative potential. When we analyzed P14 mice both expressing ThraDN and lacking either 

GR or VDR in their CMs, no significant effects of either GR or VDR loss on CM proliferative 

potential were observed ((FIG 11), (FIG 12), (FIG 9A&C). Thus, the regulatory influence of TH 

over CM proliferative potential is strong enough to overpower any contributions from either GR 

or VDR at physiological levels. Further investigation is needed to explore the molecular and 
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endocrine factors that act in parallel to and downstream of thyroid hormone to establish 

vertebrate cardiac regenerative potential.  

As further research is conducted into the mechanisms that promote or inhibit vertebrate 

cardiac regenerative potential and the forces that act on these mechanisms, both our collective 

understanding of heart regeneration and our toolkit for promoting it therapeutically will expand. 

Based on the state of the field, valid directions to explore in the near future include probing into 

the mechanisms that shut down cardiac regeneration in certain species within otherwise 

regeneration-capable lineages (such as in medaka within teleost fish), as well as 

comprehensively assessing the cardiac regenerative potential of adult mammals that may 

induce CM proliferation after injury – such as bats. Additionally, identifying other physiological 

and molecular triggers that developmentally inhibit cardiac regenerative potential would 

elucidate how oxygen environment, endothermy acquisition, immune responses, and cancer 

risks all interplay to preclude heart regeneration – and specifically whether any factors dominate 

the others. 
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Figures 

 
 

  Figure 1.1. Developmental and evolutionary cardiomyocyte transitions associated with 
regenerative potential loss. (A) Diploid mononuclear (2n) proliferative CMs constitute nearly 
the entire regenerative myocardium while polyploid (4n+) non-proliferative CMs constitute 
nearly the entire non-regenerative myocardium. (B) Diploid CM screen of the myocardia of 41 
vertebrate species. (C) Diploid CM percentage inversely correlates with both standard 
metabolic rate and serum thyroid hormone in vertebrate species. 
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Figure 1.2. Exogenous thyroid hormone blocks zebrafish cardiac regenerative 
potential in vivo. (A) Schematic of zebrafish apical resection, CM proliferation analysis, and 
regeneration analysis timeline with or without 5nM T3. (B) Proliferation analysis 14 days after 
resection. CM nuclei are stained positive for MEF2. EdU- incorporated CMs are examined at 
the border zone within the area 100 μm from the injury site, as marked by two dash lines in a 
boxed area. Magnifications of the border zone are shown in the middle with arrows pointing 
at EdU-positive CMs. Quantifications are presented (n=6-9 animals). (C) Heart regeneration 
& scar analysis 28 days after injury. Acid fuchsin orange (AFOG) stains reveal collagen in 
blue and fibrin in red. Presented are representative images of AFOG-stained heart sections 
with the fibrotic scar in blue, and quantifications of the scar area in the ventricle of control 
(n=17) and T3-treated (n=21) fish. Values are reported as mean ± SEM. NS, not significant. 
*p < 0.05, **p < 0.01. Scale: 100 μm.  
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Figure 1.3. Inactivation of CM thyroid hormone signaling enhances CM proliferation 
and cardiac regeneration in mice. (A) Dietetic administration of thyroid hormone synthesis 
inhibitor propylthiouracil (PTU) increases CM proliferation and decreases CM ploidy in mice 
(n=3). (B) CM-specific genetic inactivation of thyroid hormone receptor via a dominant 

negative (DN) thyroid hormone receptor Thrα
DN/+

 increases CM proliferation and decreases 
CM ploidy in mice (n=3-7). (C) Fibrosis analysis 28 days after injury (n = 7 or 8 animals). 
Values are reported as mean ± SEM. NS, not significant. *p < 0.05, **p < 0.01. Scale: 100 
μm (A & B), 1mm (C).  
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  Figure 2.1. Glucocorticoid receptor (GR) and vitamin D receptor (VDR) agonists 
suppress cardiomyocyte (CM) proliferative potential in vitro. (A) Primary CMs (PCM1+ 
nuclei within TnnT+ cell bodies) cultured from P1 neonatal mice in the presence of 100 nM 
hydrocortisone, 100 nM corticosterone, or 100 nM dexamethasone incorporated 5-fold less 
EdU over 48 hr than CMs cultured without any GR agonist (DMSO). (B) Similarly, primary P1 
neonatal CMs cultured with 1 μM calcitriol and 1 μM alfacalcidol incorporated 2-fold less EdU 
than those cultured with no VDR agonist (DMSO). Values are reported as mean ± SEM (A: 
n=3, B: n=5). NS, not significant. *p < 0.05, **p < 0.01. Scale: 25 μm.  
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Figure 2.2. P1 CM proliferation in various conditions. (A) Proliferating in vitro P1 CMs 

(pHH3
+
) cultured with 100 nM dexamethasone (Dex), 1 μM alfacalcidol (Alfa), and DMSO. 

(B) In vitro P1 CM proliferation (Ki67
+
) in response to 100 nM mifepristone (MIF), 100 nM 

mifepristone and 100 nM dexamethasone (MIF + DEX), 1 μM PS121912 (PS), and 1 μM 
PS121912 and 1 μM alfacalcidol (PS + ALFA). Arrows indicate proliferating CM nuclei (A). 
Values are reported as mean ± SEM (n=3). NS, not significant. *p < 0.05, **p < 0.01. Scale: 
50 μm. 
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Figure 2.3. Expression of GR and VDR downstream targets in neonatal CMs. (A) 
Quantitative PCR on in vitro P1 CMs cultured with 100 nM dexamethasone (Dex) showed 
upregulation of GR targets Pam and Cacna1c . (B) Quantitative PCR on in vitro P1 CMs 
cultured with 1 μM alfacalcidol (Alfa) showed upregulation of VDR target Vdr. (C) RNAseq 
data from Online Table IA of O’Meara et al. 2015 (PMID: 25477501) showing developmental 
changes in Pam expression and (D) Vdr expression in the mouse heart. (E) Transcriptome 
data from the mouse heart across several developmental timepoints showing expression of 
Cacna1c, (F) Pam, and (G) Vdr. Transcriptome data were derived form the Kaessmann Lab 
Evo-Devo Mammalian Origins database published in Cardoso-Moreira et al. 2019 (PMID: 
31243369). Values are reported as mean ± SEM (n=3). (A,B) 
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Figure 2.4. CM-specific loss of Gr signaling does not enhance CM proliferative 

potential in vivo. (A) Schematic for generating Myh6-Cre;Gr
f/f 

mice with CM-specific deletion 
of floxed endogenous GR and assessing CM proliferative potential at P14. Littermate 

controls included the following phenotypically-identical genotypes: Gr
f/f 

, Gr
f/+

, and Myh6-

Cre;Gr
f/+ 

. (B) Mononuclear CM percentage did not differ between Myh6-Cre;Gr
f/f

 mice and 
littermate controls at P14. (C) Heart weight (mg) to body weight (g) ratio (HW:BW) did not 

differ between Myh6-Cre;Gr
f/f

 mice and littermate controls at P14. (D) No difference in the 

number of Ki67
+
 CMs was observed between Myh6-Cre;Gr

f/f

 mice and littermate controls at 

P14. White arrows indicate Ki67
+
 CM nuclei. Values are reported as mean ± SEM (n=3). NS, 

not significant. *p < 0.05. Scale: 100 μm. 
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  Figure 2.5. CM nucleation at P14. (A) Representative images of a dissociated mononuclear 
(monoCM), binuclear (biCM), and polynuclear (polyCM) in vivo CM from a wild-type P14 
mouse. (B) P14 biCM% and polyCM% of the control and mutant cohorts described in Fig. 2-
5. Values are reported as mean ± SEM (n=3). Scale: 50 μm. 
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  Figure 2.6. CM-specific loss of Gr and Vdr signaling do not affect in vivo CM 

hypertrophy or CM proliferation. (A) The average number of phosphohistone-H3
+
 (pHH3

+
), 

Ki67
+
 double-positive CMs per mm

2
 area of 5 μm heart section was not affected by Gr or Vdr 

loss under any conditions, but was significantly increased in all Thra
DN/+ 

cohorts. A 

representative pHH3
+
, Ki67

+
 double-positive CM nucleus from a P14 Myh6-Cre;Thra

DN/+

;Vdr
f/f 

mouse is shown. (B) Average 2D area of dissociated CMs does not significantly differ 

between Myh6-Cre;Gr
f/f 

mice and littermate controls at P14, nor between Myh6-Cre;Vdr
f/f 

mice and littermate controls at P14. Littermate controls included the following phenotypically-

identical genotypes: Gr
f/f 

, Gr
f/+

, Myh6-Cre;Gr
f/+ 

for Myh6-Cre;Gr
f/f 

mice; and Vdr
f/f 

, Vdr
f/+

, 

Myh6-Cre;Vdr
f/+ 

for Myh6-Cre;Vdr
f/f 

mice. (C) The average number of aurora-B kinase (ABK)
+
 

CMs per mm
2
 area of 5 μm heart section was not affected by Gr or Vdr loss under any 

conditions, but was significantly increased in all Thra
DN/+ 

cohorts. A representative ABK
+
 CM 

from a P14 Myh6-Cre;Thra
DN/+

;Gr
f/f 

mouse is shown. Values are reported as mean ± SEM 
(n=3). NS, not significant. *p < 0.05. **p < 0.01. Scale: 25 μm (A), 5 μm (B). 
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  Figure 2.7. CM-specific loss of Vdr signaling does not enhance CM proliferative 

potential in vivo. (A) Schematic for generating Myh6-Cre;Vdr
f/f 

mice with CM-specific 
deletion of floxed endogenous VDR and assessing CM proliferative potential at P14. 

Littermate controls included three phenotypically-identical genotypes: Vdr
f/f 

, Vdr
f/+

, and 

Myh6-Cre;Vdr
f/+ 

. (B) Mononuclear CM percentage did not differ between Myh6-Cre;Vdr
f/f

 
mice and littermate controls at P14. (C) Heart weight (mg) to body weight (g) ratio (HW:BW) 

did not differ between Myh6-Cre;Vdr
f/f

 mice and littermate controls at P14. (D) No difference 

in the number of Ki67
+

 CMs was observed between Myh6-Cre;Vdr
f/f

 mice and littermate 

controls at P14. White arrows indicate Ki67
+

 CM nuclei. Values are reported as mean ± SEM 
(n=3). NS, not significant. *P < 0.05. Scale: 100 μm. 
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Figure 2.8. Loss of Gr is insufficient to alter the in vivo proliferative potential retained 
by thyroid hormone (TH) signaling-deficient CMs. (A) Schematic for generating Myh6-

Cre;Thra
DN/+

;Gr
f/f 

mice with CM-specific deletion of floxed endogenous GR and CM-restricted 
expression of a dominant negative (DN) TH receptor alpha. (B) Mononuclear CM percentage 

did not differ between Myh6-Cre;Thra
DN/+

;Gr
f/f

 mice and Myh6-Cre;Thra
DN/+

;Gr
f/+

 controls at 
P14. (C) Heart weight (mg) to body weight (g) ratio (HW:BW) did not differ between Myh6-

Cre;Thra
DN/+

;Gr
f/f

 mice and Myh6-Cre;Thra
DN/+

;Gr
f/+

 controls at P14. (D) No difference in the 

number of Ki67
+
 CMs was observed between Myh6-Cre;Thra

DN/+

;Gr
f/f

 mice and Myh6-

Cre;Thra
DN/+

;Gr
f/+

 controls at P14. Yellow arrows indicate mononuclear CMs. White arrows 

indicate Ki67
+
 CM nuclei. Values are reported as mean ± SEM (n=3). NS, not significant. *p < 

0.05. Scale: 100 μm. 
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Figure 2.9. Loss of Vdr is insufficient to alter the in vivo proliferative potential retained 
by thyroid hormone (TH) signaling-deficient CMs. (A) Schematic for generating Myh6-

Cre;Thra
DN/+

;Vdr
f/f 

mice with CM-specific deletion of floxed endogenous VDR and CM-
restricted expression of a dominant negative (DN) TH receptor alpha. (B) Mononuclear CM 

percentage did not differ between Myh6-Cre;Thra
DN/+

;Vdr
f/f

 mice and Myh6-Cre;Thra
DN/+

;Vdr
f/+

 
controls at P14. (C) Heart weight (mg) to body weight (g) ratio (HW:BW) did not differ 

between Myh6-Cre;Thra
DN/+

;Vdr
f/f

 mice and Myh6-Cre;Thra
DN/+

;Vdr
f/+

 controls at P14. (D) No 

difference in the number of Ki67
+
 CMs was observed between Myh6-Cre;Thra

DN/+

;Vdr
f/f

 mice 

and Myh6-Cre;Thra
DN/+

;Vdr
f/+

 controls at P14. Yellow arrows indicate mononuclear CMs. 

White arrows indicate Ki67
+
 CM nuclei. Values are reported as mean ± SEM. (n=3) NS, not 

significant. *p < 0.05. Scale: 100 μm. 
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Figure 2.10. Neonatal CM proliferation varies across developmental state and drug 
treatments. (A) Developmental timecourse analysis of in vivo neonatal CM proliferation. The 

percentage of Ki67
+
 CMs (PCM1

+
 rings) in 5 μm heart sections were quantified at P1, P4, 

P10, and P14 in wild-type mice. (B) Co-staining of pHH3 and Ki67 within cardiac troponin-t 

(cTnT) indicated proliferating CMs. The average number of proliferating CMs per mm
2
 in 

uninjured P7 neonatal mice injected daily with either Saline (Sal), Dexamethasone (Dex), or 
Alfacalcidol (Alfa) from birth. (C). Co-staining of pHH3 and Ki67 within cTnT indicated 

proliferating CMs. The average number of proliferating CMs per mm
2
 in P8 neonatal mice 

given surgically-induced myocardial infarction (MI) at P1 and subsequently injected daily with 
either Sal, Dex, Alfa, Mifepristone (Mif), or PS121912 (PS). Values are reported as mean ± 
SEM (n = 5-7). NS, not significant. *p < 0.05, **p < 0.01, ****p < 0.0001. 
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  Figure 2.11. VDR agonist does not increase proliferation in P7 CMs. CM proliferation 
quantifications and representative images of neonatal day 7 (P7) mouse CMs cultured 
with calcitriol (D3) or DMSO for 72 hr. Three different CM staining and proliferation 
standards were utilized. (A) Cardiac troponin-t (cTnT) is a marker for CM cell bodies and 
Ki67 is a nuclear marker of cell cycle progression. Co-staining of Ki67 and DAPI inside of 
cTnT indicated proliferating CMs. Using this method, VDR agonist D3 did not significantly 
increase CM proliferation in vitro. (B) PCM1 localizes to the nuclear membrane in CMs, 
forming a shell around CM nuclei. Co-staining of Ki67, DAPI, and a PCM1 shell indicated 
proliferating CMs. D3 did not significantly increase CM proliferation in vitro using this 
quantification method. (C). Using EdU as a proliferation marker, D3 also did not increase 

PCM1
+
 CM proliferation. Three biological replicate experiments were performed with three 

technical repeats for each quantification condition. Arrows indicate proliferating CM nuclei. 
Values are reported as mean ± SEM (n=3). NS, not significant. Scale: 50 μm. 
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Figure 3.1. Endothermy acquisition timecourse in neonatal mice. (A) Representative 
thermal images of p14 mice taken with FLIR camera to measure body temperature after 
equilibration. (B) Body temperature curves of control and PTU-treated neonate litters. 3 litters 
were tracked per curve, with each daily body temperature corresponding to averaging 5 
randomly-chosen pups from that litter that day. Values are reported as mean ± SEM. 
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Figure 3.2. LRRC15 exerts mild influence over cardiac regenerative potential. (A) 
Schematic of global LRRC15 transgenic knockout. (B) CM RNA-seq data indicating 
reduction of LRRC15 expression in absence of thyroid hormone signaling. (C). Global loss of 
LRRC15 has extremely modest effect on CM nucleation and proliferation. Values are 
reported as mean ± SEM (n = 5-7). NS, not significant. *p < 0.05, **p < 0.01, ****p < 0.0001. 
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Methods 

Zebrafish surgery, treatment, and analysis: We performed 20% ventricular resections on 

Danio rerio (EKW background) aged 1-2 years. We then randomly assigned the fish to recover 

either in standard water tanks or in water tanks dosed with TH in the form of T3 in order to track 

post-injury CM proliferation and post-injury regeneration. For T3 treatment, fish were placed in 

2L static tanks with 5 nM T3 at a density of no greater than 7 fish/2L. Water was changed daily 

for the first two weeks and then once in two days thereafter to minimize stress on the fish. Some 

fish were harvested to asses post-injury CM proliferation. In these fish, EdU injections were 

performed at 8 days post-injury and hearts were harvested at 14 days post-injury. We observed 

a 45% reduction in CM proliferation in T3-treated fish at 14 days post-injury (FIG 2). 

Furthermore, heart fibrosis was determined by acid fuchsin orange G (AFOG) staining 30 days 

post-apical resection in the remaining zebrafish. T3-treated zebrafish retained substantial scars 

rather than complete regeneration at the ventricular apex, with over 5-fold greater fibrotic area 

than control fish (FIG 2). These results demonstrate that exogenous TH inhibit zebrafish 

cardiomyocyte proliferation and regeneration after myocardial injury and suggest an 

evolutionarily-conserved function of TH in regulating cardiomyocyte proliferation. 

 

Generating mouse lines: Mice heterozygous for the Tg(Myh6-Cre)2182Mds transgene 

(here referred to as “Myh6-Cre”) were bred with mice homozygous for the Nr3c1f/f allele (here 

named Grf/f) to generate Myh6-Cre;Grf/+ mice. These Myh6-Cre;Grf/+ mice were then bred with 

Grf/f mice to generate mutant Myh6-Cre;Grf/f mice and littermate controls of the following 

genotypes: Grf/+, Grf/f, and Myh6-cre;Grf/+. Similarly, mice heterozygous for Myh6-Cre were bred 

with mice homozygous for the Vdrf/f allele to generate Myh6-Cre;Vdrf/+ mice. These Myh6-

Cre;Vdrf/+ mice were then bred with Vdrf/f mice to generate mutant Myh6-Cre;Vdrf/f mice and 

littermate controls of the following genotypes: Vdrf/+, Vdrf/f, and Myh6-Cre;Vdrf/+.  

In parallel, mice heterozygous for Myh6-Cre were bred with mice homozygous for the 
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ThraDN allele to generate Myh6-Cre;ThraDN/+ mice that were subsequently bred with either mice 

homozygous for the Grf/f allele or mice homozygous for the Vdrf/f allele to generate both Myh6-

Cre;ThraDN/+;Grf/+ mice or Myh6-Cre;ThraDN/+;Vdrf/+ mice, respectively. The Myh6-

Cre;ThraDN/+;Grf/+ mice were bred with Grf/f mice to generate experimental Myh6-Cre;ThraDN/+;Grf/f 

mice and control Myh6-Cre;ThraDN/+;Grf/+ mice. The Myh6-Cre;ThraDN/+;Vdrf/+ mice were bred 

with Vdrf/f mice to generate experimental Myh6-Cre;ThraDN/+;Vdrf/f mice and control Myh6-

Cre;ThraDN/+;Vdrf/+ mice. 

Additionally, mice heterozygous for either Mef2c-Cre or Trpm2-Cre were bred with mice 

homozygous for the ThraDN allele to generate both Mef2c-Cre;ThraDN/+ and Trpm2-Cre;ThraDN/+ 

mice for body temperature measurements. 

 

Analysis of cardiomyocyte nucleation: Ventricular tissues were fixed in 3.7% 

paraformaldehyde for 48 hours (this step was skipped for previously-fixed ventricular tissues) 

followed by incubation in 50% w/v potassium hydroxide solution overnight. After a brief wash 

with PBS, tissues were gently crushed to release dissociated cardiomyocytes. Cells were further 

washed with PBS three times, deposited on slides, and then allowed to dry out completely. 

(Note: CMs could be stained for cTnT after the last PBS wash by suspension in primary 

antibody solution overnight and subsequent suspension of the CMs in secondary antibody 

solution for 120 minutes, prior to plating on glass slides.) Nuclei were stained with 4',6-

diamidino-2-phenylindole (DAPI). To determine cardiomyocyte nucleation, images of spotted 

cardiomyocytes were analyzed in ImageJ. The number of mononuclear, binuclear, and 

polynuclear cardiomyocytes was determined manually using the Count Tool. At least 130 

cardiomyocytes per each sample were analyzed. 

 

Neonatal cardiomyocyte isolation and culture: Freshly dissected ventricles from P1 or P7 

CD-1 strain neonatal mice extracted and perfused with Perfusion Buffer (12 mM sodium 
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chloride, 1.5 mM potassium chloride, 60 μM monopotassium phosphate, 60 μM sodium 

phosphate dibasic heptahydrate, 120 μM magnesium sulfate heptahydrate, 1mM HEPES, 4.6 

mM sodium bicarbonate, 30 mM taurine, 10 mM biacetyl monoxime, 5.5 mM glucose, and 400 

μM EGTA). Cardiomyocytes were serially isolated in Digestion Buffer (2 mg/mL collagenase II 

and 500 μg/mL protease XIV in perfusion buffer) for 2h at 37℃ during agitation. Isolated 

cardiomyocytes were cultured in Plating Media (10% FBS and 100 μg/mL primocin in DMEM) 

and plated on a 96-well cell culture plate at a density of ~25 thousand cells/well.  

 

Quantitative PCR: 24 hours after plating P1 CMs, old Plating Media was changed and 5 

μM EdU Plating Media containing each drug of interest at the requisite concentration was added 

to each treatment well. (Control wells received Plating Media with 5 μM EdU but no dissolved 

drugs.) 48 hours after drug addition, Plating Media was removed and each well was immediately 

washed with 100 μL PBS before RNA was immediately isolated using TRIzol Reagent (Thermo 

Fisher Scientific) according to manufacturer’s protocols. 100 ng RNA was used to synthesize 

cDNA using iScript RT Supermix (Bio-Rad 1708841) according to manufacturer’s protocols. 

Quantitative PCR was performed using the SYBR Select Master Mix (Applied Biosystems, 

4472908) and the 7900HT Fast Real-Time PCR system (Applied Biosystems). DNA content 

was measured via qPCR targeting GR targets Pam [37] and Cacna1c [38] and VDR target Vdr 

[68]. Relative CM DNA content was measured via normalization against CM housekeeping gene, 

Actb using the following primers: Pam forward = 5’- CAGAACTATCCCAGAAGAGGC-3’; Pam 

reverse = 5’- TTCTGTTTCTTTGTGATGCCCA-3’; Cacna1c forward = 5’- 

ATGAAAACACGAGGATGTACGTT-3’; Cacna1c reverse = 5’- 

ACTGACGGTAGAGATGGTTGC-3’; Vdr forward =5’- ACCCTGGTGACTTTGACCG-3’; Vdr 

reverse = 5’- GGCAATCTCCATTGAAGGGG-3’; Actb forward =5’- 

AGTGTGACGTTGACATCCGT-3’; Actb reverse = 5’- TGCTAGGAGCCAGAGCAGTA-3’. 
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Neonatal cardiomyocyte in vitro immunohistochemistry: 24 hours (48 hours for P7 CMs) 

after plating, old Plating Media was changed and 5 μM EdU Plating Media containing each drug 

of interest at the requisite concentration was added to each treatment well. (Control wells 

received Plating Media with 5 μM EdU but no dissolved drugs.) 48 hours (72 hours for P7 CMs) 

after drug addition, Plating Media was removed and each well was immediately washed with 

100 μL PBS, fixed with 3.7% PFA for 15 minutes at room temperature, permeabilized in 0.2% 

Triton X-100 in PBS (PBST), blocked in 5% normal donkey serum (NDS) in PBST for 1 hour at 

room temperature, and incubated with primary antibodies in PBST overnight at 4°C. After 

primary antibody incubation, sections were incubated in their corresponding secondary antibody 

for 2 hours at room temperature, and (if appropriate) the Click-it EdU imaging kit was used to 

visualize EdU via conjugation to sulfo-Cyanine 5-azide dye (Lumiprobe A3330). In all samples, 

nuclei were visualized by staining with DAPI. 

 

Uninjured neonatal CM proliferation analysis: CD-1 littermate hearts were harvested at 

P1, P4, P7, and P10 for proliferation analysis. 

 

Uninjured neonatal injections: From birth until P7, CD-1 littermates were subcutaneously 

injected daily with either 5 μg dexamethasone (in 0.9% saline) per gram body weight, 1 ng 

alfacalcidol (in 0.9% saline) per gram body weight, or saline control. All hearts were harvested 

for analysis on P7. 

 

Neonatal myocardial infarction (MI) and subsequent injections: MI injury was induced in 

P1 CD-1 mice via ligation of the LAD coronary artery while the animal was anesthetized on ice. 

After surgery, the chest wall and skin were sutured closed and animals were allowed to recover. 

Between P1 and P8, they were subcutaneously injected daily with either 5 μg dexamethasone 

(in 0.9% saline) per gram body weight, 5 μg mifepristone (in 0.9% saline) per gram body weight, 
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1 ng alfacalcidol (in 0.9% saline) per gram body weight, 1 ng PS121912 (in 0.9% saline) per 

gram body weight, or saline control. All hearts were harvested for analysis on P8. 

 

In vivo cardiomyocyte immunohistochemistry: Experimental mice were anesthetized by 

injection of 20% ethyl carbamate in 1X PBS, their hearts were freshly excised, soaked briefly in 

30% sucrose, and then embedded in O.C.T. Compound (Tissue Tek, cat#4583) and flash 

frozen on a metal block cooled by liquid nitrogen. Embedded samples were then sectioned with 

a Leica CM3050S to 5 μm thickness. Tissue sections were then fixed in 3.7% paraformaldehyde 

for 15 min at room temperature, permeabilized in 0.2% PBST, blocked in 5% NDS in PBST for 1 

hour at room temperature, and incubated with primary antibodies in PBST overnight at 4°C. 

After primary antibody incubation, sections were incubated in their corresponding secondary 

antibody for 2 hours at room temperature and mounted in DAPI to visualize nuclei.  

 

Endothermy acquisition analysis: Propylthiouracil (PTU) was administered by feeding 

chow containing 0.15% PTU fed to mouse mothers either during pregnancy (E13.5) or on the 

day of birth (P0). For each group (untreated pups, PTU at E13.5 pups, and PTU at P0 pups), 5 

pups were randomly selected from each litter each day between birth and weaning. Each pup 

was allowed to equilibrate its body temperature for 20 minutes in isolation in a take-out 

container prior to measurement of its body temperature with the FLIR thermal camera. Body 

temperature was recorded as peak surface temperature as indicated by the camera, always 

around the eyes or ears.  

 

LRRC15 analysis: Transgenic mice (Lrrc15tm1b(KOMP)Wtsi/tm1b(KOMP)Wtsi homozygotes and 

heterozygotes) were obtained from JAX and cardiomyocyte nucleation and proliferation analysis 

were performed as described above. 
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Statistical analysis: The number of samples per each experimental condition is listed in 

the description of the corresponding figure legend. Statistical significance was determined using 

the one-way ANOVA test (FIG 4), and Student’s T-test for the rest of the figures. 
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