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Abstract 

The term senescence was first proposed by Hayflick and Moorhead 

in 1960. They defined it as an interchangeable term with aging, 

which is an additional response by proliferating cells that adopt 

permanent arrest of cell cycles. Cellular senescence is considered a 

hallmark of aging termed ‘antagonistic pleiotropy’ that describes 

the deterioration causing tissue dysfunction in brain cells. Mainly 

senescent cell inhibits the growth of DNA in the G1 phase. Since 

aging is the main risk factor for causing neurodegenerative diseases, 

senescence plays a crucial role in causing Alzheimer’s disease 

leading to dementia. Besides, senolytic therapies are in 

development to prevent neuronal loss and restrict disease 

progression. 
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Introduction 

The concept of senescence was coined by 

Hayflick and Moorhead in 1960. Cellular 

senescence is defined as an additional 

response initiated by proliferating cells by 

adopting a state of the permanent arrest of 

cell cycles [1]. Senescence is an 

interchangeable term with aging that 

describes the process of deterioration 

followed by maturation and development 

[1,2,3]. Senescent cells usually inhibit the 

growth of DNA content particularly in the G1 

phase however, they remain functional 

metabolically [2]. Aging and age-related 

diseases are primarily associated with cellular 

senescence. Consequently, it plays a crucial 

role in several biological processes such as 

embryogenesis, pregnancy, and wound 

healing [4]. Tissue dysfunction is caused due 

to accumulation of senescent cells whereas 

SASP factors cause detrimental effects in 

senescent cells [5,6]. These SASP factors can 

be pro-inflammatory cytokines such as 

Tumour Necrosis Factor-α (TNF-α), viral 

FK506-Binding Protein (vFKBP), and 

interleukin (IL) 6, chemokines, and 

extracellular matrix proteases, as well as 

bioactive lipids (bradykines, ceramides, 
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prostenoids), microRNAs (miRNAs), other 

non-coding nucleotides, and extracellular 

vesicles [3,4]. These factors induce 

senescence in non-senescent cells, tissue 

destruction, aggregation of the protein, and 

neurotic and apoptotic cell death in distant 

and local tissues [4]. This review explains 

senescence and its effect on aging and 

dementia.  

Senescence and its effect on aging  

The effect of senescence on aging is explained 

by the combination of inefficient clearance, 

excessive SASP, and ineffective regeneration 

[5]. Senescent cells are accumulated in some 

but not in all tissues in aged humans, 

monkeys, and mice [6,7,8]. In mice, it is 

observed that elimination of senescent cells 

with an increased level of fundamental 

damage due to a hypomorphic mutation in 

Bub1b some of the damaged tissue cells can be 

rejuvenated such that muscles and fat, and 

protected from cataracts [9,10]. It is a prolific 

strategy to decrease chronic inflammation 

and rejuvenate tissues [11,12]. It is a response 

that is primarily designed to eradicate 

damaged tissues or cells [9]. Significantly, 

with rising age, it is not entirely accomplished 

besides becoming a problem and as result, it 

is termed as ‘antagonistic pleiotropy’ that is 

considered a hallmark of aging [11].  

However, they accumulate with age at age-

related pathologies such as osteoarthritis and 

atherosclerosis [13]. The most conspicuous 

increase is perceived in areas likely skin, liver, 

lung, and spleen [14]. Age-associated 

senescence is primarily triggered due to DNA 

damage, loss of telomere protective functions, 

and derepression of the CDKN2A locus 

encoding p16 and ARF3 [14,15,16]. The 

predominant function of senescence is to 

start a sequence of the process that eradicates 

damaged cells and terminates tissue 

regeneration [15]. Consequently, this valuable 

process is degraded in aged tissues due to 

several factors likewise immune system 

clearing senescent cells may cause the 

impairment which could result in leading to 

the net accumulation of senescent cells that 

could further initiate tissue dysfunction via 

senescence‐associated secretory phenotype 

(SASP) [16]. Additionally, senescence not only 

affects the differentiation of cells but also the 

stem and progenitor cells along with 

restricting the regenerative ability of tissues 

[17].  

Senescence and its effect on dementia 

Alzheimer’s disease is the most common 

cause of dementia, characterized by the 

accumulation of amyloid β (Aβ), 

phosphorylated tau, and neuroinflammation 

[18]. It is equitable to contend that cellular 

senescence plays a crucial role in AD, as age is 

of the main risk factors for neurodegenerative 

diseases [19,20,21]. However, no research is 

published that confirms a clear and direct 

relationship between brain senescence and 

AD pathology [22]. It is reasonable to 

hypothesize that age-related accumulation of 

senescent cells in the brain could result from 

a pro-inflammatory environment for the 

development of AD [23,24,25]. According to 

observed pathology of AD due to an increase 

in the burden of senescent cells and 

inflammation in the aged brain a positive 

feedback loop is developed which as a result 

exacerbates the disease [26,27,28]. Thus, it is 

essential to understand the mechanism which 

transforms healthy brain aging into 

pathological aging and neurodegeneration 

[29].  
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Cellular changes observed in AD are like 

those observed during senescence in other 

brain cell types [30]. For instance, it is 

reported from AD subjects that p16INK4a is 

upregulated in pyramidal neurons in the 

hippocampus [31,32,33]. Furthermore, from 

post-mortem AD brain’s transcriptomic 

analysis of micro-dissected NFT-containing 

neurons, it is revealed that the expression 

profiles contain cellular senescence [34]. The 

presence of senescent astrocytes has been 

also found in cultures obtained from the post-

mortem AD brain tissues. Intriguingly, 

upregulated p16INK4a expression and β-

galactosidase activity, and SASP are identified 

in these senescent astrocytes [35,36,37,38]. 

Likewise, in human brain slices, a relationship 

between senescent microglia with AD is seen 

that includes the identification of senescent 

disease-associated microglia phenotype 

(DAM) along with intracellular/phagocytic 

Aβ particles [39,40,41]. Some researchers also 

demonstrate that Aβ oligomers induce 

senescence in aged-microglia cultures from 

AD brains [42]. Moreover, increased level of 

SASP-associated proteins such as IL-6, IGFBP, 

TGF-β, and matrix metalloproteinases 

(MMPs) found in both CSF and plasma 

samples from AD patients provides a high 

contribution to senescence in AD [43,44,45]. 

Whereas individuals with AD carry a high 

burden of genetic risk variants in genes 

known to be convoluted with senescence 

likewise metalloproteinase domain 10 

(ADAM10), ADAM metallopeptidase with 

thrombospondin type 1 motif 4 (ADAMTS4) 

and bridging integrator 1 (BIN1) according to 

genome-wide association studies (GWAS) 

[46,47,48]. 

Conclusion  

To conclude, for the process related to aging 

neuroinflammation is considered a key driver 

whereas it is induced by brain senescence. 

Though several researchers explain a 

dominant role of senescence in the 

pathogenic processes leading to dementia 

nonetheless no clear definition of “cellular 

senescence” in the brain is proposed yet that 

impedes the advances of specific targets 

related to senescence for drug development. 

Moreover, understanding how a healthy 

aging brain differentiates from pathological 

aging brain diseases remains a major area of 

research, especially because not all senescent 

cell populations have adverse effects. 

Whereas current hypothesis in this field is to 

develop senolytic therapies to prevent 

neuronal loss and tissue damage leading to 

the decline in risk of disease progression. 

References 

1. Kirkwood TB. Why and how are we living longer? Exp Physiol. 2017;102(9):1067-74.  PubMed | CrossRef 

2. Giacomini C, Mahajani S, Ruffilli R, Marotta R, Gasparini L. Lamin B1 protein is required for dendrite 

development in primary mouse cortical neurons. Mol Biol Cell. 2016;27(1):35-47. PubMed | CrossRef 

3. Giacomini C. Alterations of Lamin B1 Levels Affect Viability and Differentiation of Primary Murine Cortical 

Neurons. RE (ACT). 2014:87-99.  

4. McShea A, Harris PL, Webster KR, Wahl AF, Smith MA. Abnormal expression of the cell cycle regulators P16 

and CDK4 in Alzheimer's disease. Am J Pathol. 1997;150(6):1933. PubMed  

5. Musi N, Valentine JM, Sickora KR, et al. Tau protein aggregation is associated with cellular senescence in the 

brain. Aging Cell. 2018;17(6):e12840.  PubMed | CrossRef 

6. Blasko I, Stampfer‐Kountchev M, Robatscher P, Veerhuis R, Eikelenboom P, Grubeck‐Loebenstein B. How 

chronic inflammation can affect the brain and support the development of Alzheimer's disease in old age: the 

role of microglia and astrocytes. Aging cell. 2004;3(4):169-76. PubMed | CrossRef 

doi:%20https://doi.org/10.37191/Mapsci-2582-385X-4(3)-114
doi:%20https://doi.org/10.37191/Mapsci-2582-385X-4(3)-114
https://pubmed.ncbi.nlm.nih.gov/28768061/
https://doi.org/10.1113/ep086205
https://pubmed.ncbi.nlm.nih.gov/26510501/
https://doi.org/10.1091/mbc.e15-05-0307
https://pubmed.ncbi.nlm.nih.gov/9176387/
https://pubmed.ncbi.nlm.nih.gov/30126037/
https://doi.org/10.1111/acel.12840
https://pubmed.ncbi.nlm.nih.gov/15268750/
https://doi.org/10.1111/j.1474-9728.2004.00101.x


Khaliq F | Volume 4; Issue 3 (2022) | Mapsci-JRBM-4(3)-114| Review Article 
Citation: Khaliq F, Saleem S. Senescence and its Effect on Aging and Dementia. J Regen Biol Med. 2022; 4(3):1-5. 
DOI: https://doi.org/10.37191/Mapsci-2582-385X-4(3)-114 

 

7. Bhat R, Crowe EP, Bitto A, Moh M, Katsetos CD, Garcia FU, et al. Astrocyte senescence as a component of 

Alzheimer’s disease. PubMed | CrossRef 

8. Hou J, Cui C, Kim S, Sung C, Choi C. Ginsenoside F1 suppresses astrocytic senescence-associated secretory 

phenotype. Chem Biol Interact. 2018;283:75-83. PubMed | CrossRef 

9. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R, Ulland TK, et al. A unique 

microglia type associated with restricting development of Alzheimer’s disease. Cell. 2017;169(7):1276-90. PubMed 

| CrossRef 

10. Bhat R, Crowe EP, Bitto A, Moh M, Katsetos CD, Garcia FU, et al. Astrocyte senescence as a component of 

Alzheimer’s disease. PubMed | CrossRef 

11. Ray S, Britschgi M, Herbert C, Takeda-Uchimura Y, Boxer A, Blennow K, et al. Classification and prediction of 

clinical Alzheimer's diagnosis based on plasma signaling proteins. Nat Med. 2007;13(11):1359-62. PubMed | 

CrossRef 

12. Jansen IE, Savage JE, Watanabe K, et al. Genome-wide meta-analysis identifies new loci and functional pathways 

influencing Alzheimer’s disease risk. Nat Genet. 2019;51(3):404–413. PubMed | CrossRef 

13. Zingoni A, Cecere F, Vulpis E, Fionda C, Molfetta R, Soriani A, et al. Genotoxic stress induces senescence-

associated ADAM10-dependent release of NKG2D MIC ligands in multiple myeloma cells. J Immunol. 

2015;195(2):736-48. PubMed | CrossRef 

14. Vinatier C, Domínguez E, Guicheux J, Caramés B. Role of the inflammation-autophagy-senescence integrative 

network in osteoarthritis. Front Physiol. 2018;9:706. PubMed | CrossRef 

15. Marotta R, Catelani T, Pesce M, Giacomini C, Mahajani S, Laura G. Role of Lamin B1 in structuring the cell 

nucleus in eukaryotic cells. InEuropean Microscopy Congress 2016: Proceedings 2016. 

16.  Folk WP, Kumari A, Iwasaki T, Pyndiah S, Johnson JC, Cassimere EK, et al. Loss of the tumor suppressor BIN1 

enables ATM Ser/Thr kinase activation by the nuclear protein E2F1 and renders cancer cells resistant to cisplatin. 

J Biol Chem. 2019;294(14):5700-19. PubMed | CrossRef 

17.  Psol M, Darvas SG, Leite K, Mahajani SU, Bähr M, Kügler S. Dementia with Lewy bodies—associated ß-

synuclein mutations V70M and P123H cause mutation-specific neuropathological lesions. Human Molecular 

Genetics. 2021;30(3-4):247-64. PubMed | CrossRef 

18. Campisi J, d'Adda di Fagagna F. Cellular senescence: when bad things happen to good cells. Nat Rev Mol Cell 

Biol. 2007;8(9):729-40. PubMed | CrossRef 

19. Collado M, Blasco MA, Serrano M. Cellular senescence in cancer and aging. Cell. 2007;130(2):223-33. PubMed | 

CrossRef 

20. Mahajani S. Lamin B1 Modulates Cell Fate Commitment and Differentiation in Murine-Derived Neural Stem 

Cells. RE (ACT). 2014:87-99. 

21. Mahajani S, Giacomini C, Marinaro F, De Pietri Tonelli D, Contestabile A, Gasparini L. Lamin B1 levels modulate 

differentiation into neurons during embryonic corticogenesis. Sci Rep. 2017;7(1):1-1. PubMed | CrossRef 

22. Franceschi C, Bonafè M, Valensin S, Olivieri F, De Luca M, Ottaviani E, et al. Inflamm‐aging: an evolutionary 

perspective on immunosenescence. Ann N Y Acad Sci. 2000;908(1):244-54. PubMed | CrossRef 

23. Mahajani S, Bähr M, Kügler S. Patterning inconsistencies restrict the true potential of dopaminergic neurons 

derived from human induced pluripotent stem cells. Neural Regen Res. 2021;16(4):692. PubMed | CrossRef 

24. Pietro C, Brusco A, Brussino A, Giorgio E, Antonarakis SE, Len P, et al. Clinical, neuroradiological and molecular 

investigation of Adult-onset Autosomal Dominant LeukoDystrophy (ADLD): dissection of Lamin B1-mediated 

pathophysiological mechanisms in cellular and mouse models. In XIII Scientific Convention. Servizi Grafici 

Milanesi. 2015. 

25. Otero-Garcia M, Xue YQ, Shakouri T, Deng Y, Morabito S, Allison T, et al. Single-soma transcriptomics of tangle-

bearing neurons in Alzheimer’s disease reveals the signatures of tau-associated synaptic dysfunction. BioRxiv. 

2020. 

26. Nathan C, Ding A. Nonresolving inflammation. Cell. 2010;140(6):871-82. PubMed | CrossRef 

27. Rubenstein E. Relationship of senescence of cerebrospinal fluid circulatory system to dementias of the aged. The 

Lancet. 1998;351(9098):283-5. PubMed | CrossRef 

doi:%20https://doi.org/10.37191/Mapsci-2582-385X-4(3)-114
doi:%20https://doi.org/10.37191/Mapsci-2582-385X-4(3)-114
https://pubmed.ncbi.nlm.nih.gov/22984612/
https://doi.org/10.1371/journal.pone.0045069
https://pubmed.ncbi.nlm.nih.gov/29412148/
https://doi.org/10.1016/j.cbi.2018.02.002
https://pubmed.ncbi.nlm.nih.gov/29412148/
https://doi.org/10.1016/j.cbi.2018.02.002
https://pubmed.ncbi.nlm.nih.gov/22984612/
https://doi.org/10.1371/journal.pone.0045069
https://pubmed.ncbi.nlm.nih.gov/17934472/
https://doi.org/10.1038/nm1653
https://pubmed.ncbi.nlm.nih.gov/30617256/
https://doi.org/10.1038/s41588-018-0311-9
https://pubmed.ncbi.nlm.nih.gov/26071561/
https://doi.org/10.4049/jimmunol.1402643
https://pubmed.ncbi.nlm.nih.gov/29988615/
https://doi.org/10.3389/fphys.2018.00706
https://pubmed.ncbi.nlm.nih.gov/30733337/
https://doi.org/10.1074/jbc.ra118.005699
https://pubmed.ncbi.nlm.nih.gov/33760043/
https://doi.org/10.1093/hmg/ddab036
https://pubmed.ncbi.nlm.nih.gov/17667954/
https://doi.org/10.1038/nrm2233
https://pubmed.ncbi.nlm.nih.gov/17662938/
https://doi.org/10.1016/j.cell.2007.07.003
https://pubmed.ncbi.nlm.nih.gov/28687747/
https://doi.org/10.1038/s41598-017-05078-6
https://pubmed.ncbi.nlm.nih.gov/10911963/
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://pubmed.ncbi.nlm.nih.gov/33063729/
https://doi.org/10.4103/1673-5374.295316
https://pubmed.ncbi.nlm.nih.gov/20303877/
https://doi.org/10.1016/j.cell.2010.02.029
https://pubmed.ncbi.nlm.nih.gov/20303877/
https://doi.org/10.1016/j.cell.2010.02.029


Khaliq F | Volume 4; Issue 3 (2022) | Mapsci-JRBM-4(3)-114| Review Article 
Citation: Khaliq F, Saleem S. Senescence and its Effect on Aging and Dementia. J Regen Biol Med. 2022; 4(3):1-5. 
DOI: https://doi.org/10.37191/Mapsci-2582-385X-4(3)-114 

 

28. Colombi I, Mahajani S, Frega M, Gasparini L, Chiappalone M. Effects of antiepileptic drugs on hippocampal 

neurons coupled to micro-electrode arrays. Front Neuroeng. 2013;6:10. PubMed | CrossRef 

29. Gerdes EO, Zhu Y, Weigand BM, Tripathi U, Burns TC, Tchkonia T, et al. Cellular senescence in aging and age-

related diseases: Implications for neurodegenerative diseases. Int Rev Neurobiol. 2020;155:203-34. PubMed | 

CrossRef 

30. Wakhloo D, Scharkowski F, Curto Y, Javed Butt U, Bansal V, Steixner-Kumar AA, et al. Functional hypoxia drives 

neuroplasticity and neurogenesis via brain erythropoietin. Nat Commun. 2020;11(1):1-2. PubMed | CrossRef 

31. Hu G, Xia Y, Zhang J, Chen Y, Yuan J, Niu X, et al. ESC‐sEVs rejuvenate senescent hippocampal NSCs by 

activating lysosomes to improve cognitive dysfunction in vascular dementia. Adv Sci (Weinh). 

2020;7(10):1903330. PubMed | CrossRef 

32. Pan H, Oliveira B, Saher G, Dere E, Tapken D, Mitjans M, et al. Uncoupling the widespread occurrence of anti-

NMDAR1 autoantibodies from neuropsychiatric disease in a novel autoimmune model. Mol Psychiatry. 

2019;24(10):1489-501. PubMed | CrossRef 

33. Herranz N, Gil J. Mechanisms and functions of cellular senescence. J Clin Invest. 2018;128(4):1238-46. PubMed | 

CrossRef 

34. Wakhloo D, Oberhauser J, Madira A, Mahajani S. From cradle to grave: neurogenesis, neuroregeneration and 

neurodegeneration in Alzheimer’s and Parkinson’s diseases. Neural Regen Res. 2022;17(12):2606. PubMed | 

CrossRef 

35. Raina A, Leite K, Guerin S, Mahajani SU, Chakrabarti KS, Voll D, et al. Dopamine promotes the 

neurodegenerative potential of β‐synuclein. J Neurochem. 2021;156(5):674-91. PubMed | CrossRef 

36. Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria M, Alimonti A. Cellular senescence: aging, cancer, and 

injury. Physiol Rev. 2019;99(2):1047-78. PubMed | CrossRef 

37. Childs BG, Durik M, Baker DJ, Van Deursen JM. Cellular senescence in aging and age-related disease: from 

mechanisms to therapy. Nat Med. 2015;21(12):1424-35. PubMed | CrossRef 

38. Garg P, Maass F, Sundaram SM, Mollenhauer B, Mahajani S, van Riesen C, et al. The relevance of synuclein 

autoantibodies as a biomarker for Parkinson's disease. Mol Cell Neurosci. 2022:103746. PubMed | CrossRef 

39. Ransohoff RM, Brown MA. Innate immunity in the central nervous system. The Journal of clinical investigation. 

2012;122(4):1164-71. PubMed | CrossRef 

40. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly dynamic surveillants of brain 

parenchyma in vivo. Science. 2005;308(5726):1314-8. PubMed | CrossRef 

41. Bodas DS, Maduskar A, Kaniganti T, Wakhloo D, Balasubramanian A, Subhedar N, et al. Convergent energy 

state-dependent antagonistic signalling by CART and NPY modulates the plasticity of forebrain neurons to 

regulate feeding in zebrafish. bioRxiv. 2021.  

42. Mosher KI, Wyss-Coray T. Microglial dysfunction in brain aging and Alzheimer's disease. Biochem Pharmacol. 

2014;88(4):594-604. PubMed | CrossRef 

43. Streit WJ, Sammons NW, Kuhns AJ, Sparks DL. Dystrophic microglia in the aging human brain. Glia. 

2004;45(2):208-12. PubMed | CrossRef 

44. Raina A, Mahajani S, Bähr M, Kügler S. Neuronal trans-differentiation by transcription factors Ascl1 and Nurr1: 

induction of a dopaminergic neurotransmitter phenotype in cortical GABAergic neurons. Mol Neurobiol. 

2020;57(1):249-60. PubMed | CrossRef 

45. Tan FC, Hutchison ER, Eitan E, Mattson MP. Are there roles for brain cell senescence in aging and 

neurodegenerative disorders? Biogerontology. 2014;15(6):643-60. PubMed | CrossRef 

46. Colombi I, Mahajani S, Frega M, Gasparini L, Chiappalone M. Effects of antiepileptic drugs on hippocampal 

neurons coupled to micro-electrode arrays. Front Neuroeng. 2013;6:10. PubMed | CrossRef 

47. Mahajani S, Raina A, Fokken C, Kügler S, Bähr M. Homogenous generation of dopaminergic neurons from 

multiple hiPSC lines by transient expression of transcription factors. Cell Death Dis. 2019;10(12):1-5. PubMed | 

CrossRef 

48. Krizhanovsky V, Xue W, Zender L, Yon M, Hernando E, Lowe SW. Implications of cellular senescence in tissue 

damage response, tumor suppression, and stem cell biology. Cold Spring Harb Symp Quant Biol. 2008;73:513-

522.  

doi:%20https://doi.org/10.37191/Mapsci-2582-385X-4(3)-114
doi:%20https://doi.org/10.37191/Mapsci-2582-385X-4(3)-114
https://pubmed.ncbi.nlm.nih.gov/24312049/
https://doi.org/10.3389/fneng.2013.00010
https://pubmed.ncbi.nlm.nih.gov/32854855/
https://doi.org/10.1016/bs.irn.2020.03.019
https://pubmed.ncbi.nlm.nih.gov/32152318/
https://doi.org/10.1038/s41467-020-15041-1
https://pubmed.ncbi.nlm.nih.gov/32440476/
https://doi.org/10.1002/advs.201903330
https://pubmed.ncbi.nlm.nih.gov/29426955/
https://doi.org/10.1038/s41380-017-0011-3
https://pubmed.ncbi.nlm.nih.gov/29608137/
https://doi.org/10.1172/jci95148
https://pubmed.ncbi.nlm.nih.gov/35662189/
https://doi.org/10.4103/1673-5374.336138
https://pubmed.ncbi.nlm.nih.gov/32730640/
https://doi.org/10.1111/jnc.15134
https://pubmed.ncbi.nlm.nih.gov/30648461/
https://doi.org/10.1152/physrev.00020.2018
https://pubmed.ncbi.nlm.nih.gov/26646499/
https://doi.org/10.1038/nm.4000
https://pubmed.ncbi.nlm.nih.gov/35660088/
https://doi.org/10.1016/j.mcn.2022.103746
https://pubmed.ncbi.nlm.nih.gov/22466658/
https://doi.org/10.1172/jci58644
https://pubmed.ncbi.nlm.nih.gov/15831717/
https://doi.org/10.1126/science.1110647
https://pubmed.ncbi.nlm.nih.gov/24445162/
https://doi.org/10.1016/j.bcp.2014.01.008
https://pubmed.ncbi.nlm.nih.gov/14730714/
https://doi.org/10.1002/glia.10319
https://pubmed.ncbi.nlm.nih.gov/31317490/
https://doi.org/10.1007/s12035-019-01701-x
https://pubmed.ncbi.nlm.nih.gov/25305051/
https://doi.org/10.1007/s10522-014-9532-1
https://pubmed.ncbi.nlm.nih.gov/24312049/
https://doi.org/10.3389/fneng.2013.00010
https://pubmed.ncbi.nlm.nih.gov/31776327/
https://doi.org/10.1038/s41419-019-2133-9

