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The regenerative capability of the heart is clinically relevant, as is the inability of adult heart 

to replace the lost cardiomyocytes post cardiac injury contributes to the ongoing 

encumbrance of heart failure 1. However, compared to adult mammals, lower organisms can 

regenerate their hearts after an injury including frogs, newts and zebrafish. 2–7. Remarkably, 

neonatal mice can also regenerate their hearts for up to 7 days after their birth 8, 9. In this 

perspective, a thorough understanding of the regulatory mechanisms in the neonatal hearts 

will help to unravel the obstacles in reactivating the hidden regenerative capability of adult 

hearts.

Several conserved mechanisms for cardiac regeneration have been put forward, such as 

cardiomyocyte proliferation 8, 9, epicardial cell activation 10, 11, monocyte/macrophages and 

angiogenesis 12. Further understanding on other potential factors that trigger the adult 

mammalian cardiac regeneration is of a key scientific and therapeutic importance. Along 

these lines, the study by White and colleagues in this issue of Circulation Research, 

provides a new avenue on the role of sympathetic nerves for neonatal cardiac regeneration24.

For more than a century now, it has been reported that, nerves make a crucial contribution to 

regeneration in various tissues in vertebrates and invertebrates 13. The seminal work by 

Todd way back in 1820s, first showed the inhibitory effects of denervation on hind limb 

regeneration in newts and further experiments on denervation of larval urodele limbs 

showed that limb regeneration is a nerve dependent process (reviewed in)14. Another report 

suggested that denervation impairs regeneration of amputated zebrafish fins 15. It has also 

been shown that, ocular denervation negatively regulates corneal stem/progenitor cells 

number and function in a mouse model of ocular denervation 16. A recent report 

demonstrated that ablation of parasympathetic branch of the autonomic system by surgical 

vagotomy inhibits cardiac regeneration 17. However the role of sympathetic nerves has not 

been studied and is the focus of the new report in Circulation Research.
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The heart is extensively innervated via the autonomic nervous system comprising 

sympathetic and parasympathetic nerves. Sympathetic innervation density is tightly 

regulated in the heart and densely seen in the sub-epicardium and central conduction 

system 18. Intriguingly cardiac innervation density is affected in cardiac pathologies, such as 

after myocardial infarction (MI) or heart failure, 19 in which the cardiac nerves undergo 

Wallerian degeneration 20 and denervated myocardium leads to the generation of post-

infarct arrhythmias 21. Given the clinical significance of sympathetic denervation in cardiac 

pathologies21–23, addressing the activation of the sympathetic re-innervation might be a 

novel therapeutic target for adult mammalian cardiac regeneration.

In this issue of Circulation Research, White and colleagues 24 rigorously addressed the 

important role of sympathetic re-innervation in neonatal cardiac regeneration. They 

generated a Wnt1-Cre: tdTomato transgenic mice that allowed labeling of the neural crest 

cell lineages and peripheral autonomic nerves and for visualization by epifluorescence 

stereomicroscopy. Specific immunofluorescence was used to identify sympathetic nerves by 

staining for tyrosine hydroxylase (TH), and choline acetyltransferase (ChAT). Co-

localization of TH+ with only Wnt1-Cre+ fibers suggested the localization of sympathetic 

nerves in the sub-epicardium region. However, future studies should also focus on 

delineation of the role of the parasympathetic branch of autonomic nervous system in this 

process, since other studies support the concept that both the sympathetic and 

parasympathetic branches function together to maintain normal function of the 

cardiovascular system25. An interesting aspect of the new study is that, after apical resection 

of the ventricle, 14 days post-injury, an area of heavy dendrite hyper-innervation at the 

injury border was seen and varicose fibers emerging from the border into the site of active 

regeneration, associated with a complete regeneration by day 21, as reported earlier 26. By 

day 21 post-injury, the apex completely regenerated and was re-innervated with fibers 

throughout the four chambers of the heart. Thus using this transgenic model, White and 

colleagues 24 provide important new insights into the role of sympathetic nerves in neonatal 

cardiac regeneration.

To further strengthen their findings, White and colleagues 24 ablated sympathetic nerves 

using a chemical inhibitor, 6-Hydroxydopamine hydrobromide (6-OHDA)27, which resulted 

in robust denervation of sub-epicardial nerves in the neonate heart and eventually, 

denervation mediated myocardial injury and fibrosis. 6-OHDA completely inhibited 

neonatal cardiac regeneration, emphasizing the significance of sympathetic nerves in in this 

process.

Of note, a recent study suggested that vagotomy, mainly affecting parasympathetic nerves, 

impairs myocyte proliferation and cardiac regeneration in the neonatal heart. Interestingly 

this study demonstrated that the hypoinnveration effect on cardiac regeneration was partially 

rescued by nerve growth factor (NGF) proteins 17. Results from these studies strongly 

support the role of both, sympathetic and parasympathetic nerves in neonatal cardiac 

regeneration. New studies will be required to understand the interaction of different 

branches of autonomic nervous system on cardiac regeneration.
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In this transgenic Wnt1-Cre: tdTomato model it would be interesting to see if the observed 

reinnervation follows the neurotrophic hypothesis postulated by Singer et al, that nerves 

secrete neurotrophic factors and might participate in tissue regeneration post injury 20, 28. 

Thus activating, cardiomyocyte proliferation or cardiac progenitor cells or vasculature 

thereby ultimately leading to cardiac regeneration, remains to be understood.

In summary, the current report by White and colleagues24 provides important new 

information to the active field of cardiac regeneration by identifying a role of sympathetic 

nerves in neonatal mammalian heart regeneration. However, molecular mechanisms of the 

sympathetic nerve mediated regulation of cardiac regeneration were not defined. Further 

work will be required to determine if/how sympathetic innervation influences cardiac 

regeneration in the adult heart.

Acknowledgments

Sources of Funding: This work was supported in part by funding from the National Institute of Health grants 
HL091983, HL105597, HL053354, HL108795, and HL126186 (RK) and American Heart Postdoctoral grant 
15POST22720022 (VNSG).

References

1. Christoffels VM, Pu WT. Developing insights into cardiac regeneration. Development. 2013; 
140:3933–3937. [PubMed: 24046314] 

2. Jopling C, Sleep E, Raya M, Marti M, Raya A, Izpisua Belmonte JC. Zebrafish heart regeneration 
occurs by cardiomyocyte dedifferentiation and proliferation. Nature. 2010; 464:606–609. [PubMed: 
20336145] 

3. Kikuchi K, Holdway JE, Werdich AA, Anderson RM, Fang Y, Egnaczyk GF, Evans T, Macrae CA, 
Stainier DY, Poss KD. Primary contribution to zebrafish heart regeneration by gata4(+) 
cardiomyocytes. Nature. 2010; 464:601–605. [PubMed: 20336144] 

4. Oberpriller JO, Oberpriller JC. Response of the adult newt ventricle to injury. J Exp Zool. 1974; 
187:249–253. [PubMed: 4813417] 

5. Witman N, Murtuza B, Davis B, Arner A, Morrison JI. Recapitulation of developmental 
cardiogenesis governs the morphological and functional regeneration of adult newt hearts following 
injury. Dev Biol. 2011; 354:67–76. [PubMed: 21457708] 

6. Rumyantsev PP. Autoradiographic study on the synthesis of DNA, rna, and proteins in normal 
cardiac muscle cells and those changed by experimental injury. Folia Histochem Cytochem 
(Krakow). 1966; 4:397–424. [PubMed: 5959688] 

7. Poss KD, Wilson LG, Keating MT. Heart regeneration in zebrafish. Science. 2002; 298:2188–2190. 
[PubMed: 12481136] 

8. Porrello ER, Mahmoud AI, Simpson E, Hill JA, Richardson JA, Olson EN, Sadek HA. Transient 
regenerative potential of the neonatal mouse heart. Science. 2011; 331:1078–1080. [PubMed: 
21350179] 

9. Porrello ER, Johnson BA, Aurora AB, Simpson E, Nam YJ, Matkovich SJ, Dorn GW 2nd, van 
Rooij E, Olson EN. Mir-15 family regulates postnatal mitotic arrest of cardiomyocytes. Circ Res. 
2011; 109:670–679. [PubMed: 21778430] 

10. Wei K, Serpooshan V, Hurtado C, Diez-Cunado M, Zhao M, Maruyama S, Zhu W, Fajardo G, 
Noseda M, Nakamura K, Tian X, Liu Q, Wang A, Matsuura Y, Bushway P, Cai W, Savchenko A, 
Mahmoudi M, Schneider MD, van den Hoff MJ, Butte MJ, Yang PC, Walsh K, Zhou B, Bernstein 
D, Mercola M, Ruiz-Lozano P. Epicardial fstl1 reconstitution regenerates the adult mammalian 
heart. Nature. 2015; 525:479–485. [PubMed: 26375005] 

11. Masters M, Riley PR. The epicardium signals the way towards heart regeneration. Stem Cell Res. 
2014; 13:683–692. [PubMed: 24933704] 

Garikipati et al. Page 3

Circ Res. Author manuscript; available in PMC 2016 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



12. Aurora AB, Porrello ER, Tan W, Mahmoud AI, Hill JA, Bassel-Duby R, Sadek HA, Olson EN. 
Macrophages are required for neonatal heart regeneration. J Clin Invest. 2014; 124:1382–1392. 
[PubMed: 24569380] 

13. Kumar A, Brockes JP. Nerve dependence in tissue, organ, and appendage regeneration. Trends 
Neurosci. 2012; 35:691–699. [PubMed: 22989534] 

14. Stocum DL. The role of peripheral nerves in urodele limb regeneration. Eur J Neurosci. 2011; 
34:908–916. [PubMed: 21929624] 

15. Simoes MG, Bensimon-Brito A, Fonseca M, Farinho A, Valerio F, Sousa S, Afonso N, Kumar A, 
Jacinto A. Denervation impairs regeneration of amputated zebrafish fins. BMC Dev Biol. 2014; 
14:49. [PubMed: 25551555] 

16. Ueno H, Ferrari G, Hattori T, Saban DR, Katikireddy KR, Chauhan SK, Dana R. Dependence of 
corneal stem/progenitor cells on ocular surface innervation. Invest Ophthalmol Vis Sci. 2012; 
53:867–872. [PubMed: 22232434] 

17. Mahmoud AI, O'Meara CC, Gemberling M, Zhao L, Bryant DM, Zheng R, Gannon JB, Cai L, 
Choi WY, Egnaczyk GF, Burns CE, Burns CG, MacRae CA, Poss KD, Lee RT. Nerves regulate 
cardiomyocyte proliferation and heart regeneration. Dev Cell. 2015; 34:387–399. [PubMed: 
26256209] 

18. Kawano H, Okada R, Yano K. Histological study on the distribution of autonomic nerves in the 
human heart. Heart Vessels. 2003; 18:32–39. [PubMed: 12644879] 

19. Dae MW, Herre JM, O'Connell JW, Botvinick EH, Newman D, Munoz L. Scintigraphic 
assessment of sympathetic innervation after transmural versus nontransmural myocardial 
infarction. J Am Coll Cardiol. 1991; 17:1416–1423. [PubMed: 2016460] 

20. Paessens R, Borchard F. Morphology of cardiac nerves in experimental infarction of rat hearts. I. 
Fluorescence microscopical findings. Virchows Arch A Pathol Anat Histol. 1980; 386:265–278. 
[PubMed: 7445416] 

21. Vaseghi M, Lux RL, Mahajan A, Shivkumar K. Sympathetic stimulation increases dispersion of 
repolarization in humans with myocardial infarction. Am J Physiol Heart Circ Physiol. 2012; 
302:H1838–1846. [PubMed: 22345568] 

22. Boogers MJ, Borleffs CJ, Henneman MM, van Bommel RJ, van Ramshorst J, Boersma E, Dibbets-
Schneider P, Stokkel MP, van der Wall EE, Schalij MJ, Bax JJ. Cardiac sympathetic denervation 
assessed with 123-iodine metaiodobenzylguanidine imaging predicts ventricular arrhythmias in 
implantable cardioverter-defibrillator patients. J Am Coll Cardiol. 2010; 55:2769–2777. [PubMed: 
20538172] 

23. Nishisato K, Hashimoto A, Nakata T, Doi T, Yamamoto H, Nagahara D, Shimoshige S, Yuda S, 
Tsuchihashi K, Shimamoto K. Impaired cardiac sympathetic innervation and myocardial perfusion 
are related to lethal arrhythmia: Quantification of cardiac tracers in patients with icds. J Nucl Med. 
2010; 51:1241–1249. [PubMed: 20679471] 

24. White IA, Gordon J, Balkan W, Hare JM. Sympathetic reinnervation is required for mammalian 
cardiac regeneration. Circ Res. 2015; 117:xxx–xxx. [in this issue]. 

25. Herring N. Autonomic control of the heart: Going beyond the classical neurotransmitters. Exp 
Physiol. 2015; 100:354–358. [PubMed: 25344273] 

26. Mahmoud AI, Porrello ER, Kimura W, Olson EN, Sadek HA. Surgical models for cardiac 
regeneration in neonatal mice. Nat Protoc. 2014; 9:305–311. [PubMed: 24434799] 

27. Jiang YH, Jiang P, Yang JL, Ma DF, Lin HQ, Su WG, Wang Z, Li X. Cardiac dysregulation and 
myocardial injury in a 6-hydroxydopamine-induced rat model of sympathetic denervation. PLoS 
One. 2015; 10:e0133971. [PubMed: 26230083] 

28. Singer M. Trophic functions of the neuron. Vi. Other trophic systems. Neurotrophic control of limb 
regeneration in the newt. Ann N Y Acad Sci. 1974; 228:308–322. [PubMed: 4526284] 

Garikipati et al. Page 4

Circ Res. Author manuscript; available in PMC 2016 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


