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Aging increases the risk for neurodegenerative disease and brain trauma, both leading to irreversible and multifaceted deficits that impose a clear societal and economic burden onto the growing world population. Despite tremendous research efforts, there are still no treatments available that can fully restore brain function, which would imply neuroregeneration. In the adult mammalian brain, neuroregeneration is naturally limited, even more so in an aging context. In view of the significant influence of aging on (late-onset) neurological disease, it is a critical factor in future research. This review discusses the use of a non-standard gerontology model, the teleost brain, for studying the impact of aging on neurorepair. Teleost fish share a vertebrate physiology with mammals, including mammalian-like aging, but in contrast to mammals have a high capacity for regeneration. Moreover, access to large mutagenesis screens empowers these teleost species to fill the gap between established invertebrate and rodent models. As such, we here highlight opportunities to decode the factor age in relation to neurorepair, and we propose the use of teleost fish, and in particular killifish, to fuel new research in the neuro-gerontology field.
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INTRODUCTION


The Problem: Aging Hampers Neurorepair

According to the United Nations, the number of elderly people aged over 65 years will double worldwide from one to two billion between 2025 and 2075 (World Population Prospects 2019, 2019). This will go hand in hand with an increase in age-related neurological disease states, such as neurodegenerative diseases, stroke, and traumatic brain injury (TBI). In particular, neurodegenerative diseases have become very prevalent in our aging society. The typical progressive loss or dysfunction of specific neurons leads to a multitude of symptoms and deficits, including memory loss, motor impairment, and behavioral changes (Dugger and Dickson, 2017). These diseases heavily reduce the life quality of the patient and represent a high social and economic burden (El-Hayek et al., 2019). Developing treatments that can prevent, cure, or slow down their progression is of utmost importance yet challenging. Despite major efforts, there are still no effective treatments available to restore injury- or pathology-induced neuronal death and dysfunction (Han et al., 2016; Shohayeb et al., 2018). In part, pathology should be alleviated by the replacement of dead or dysfunctional neurons by new ones, that is neuroregeneration, or by the protection of the damaged and newly formed neurons to withstand degeneration, that is neuroprotection. The capacity to fully and successfully replace neurons is, however, limited in the adult mammalian brain. The non-permissive environment fails to give trophic support, causing misplacement, malformation, or death of the newly formed neurons (Arvidsson et al., 2002; Villasana et al., 2015; Ibrahim et al., 2016). Moreover, the already limited neuroregenerative capacity declines even further with age, which is the number one risk factor for neurodegenerative disease (Apple et al., 2017). Aging alters cell-intrinsic and cell-extrinsic factors (the microenvironment) of stem cells, leading to reduced neurogenesis, differentiation, and integration of newborn neurons (Duan et al., 2003; Decarolis et al., 2015; Apple et al., 2017; Wang et al., 2017).



Teleost Fish: The Best of Two Worlds

Considering the pleiotropic nature and the late onset of neurodegenerative diseases, current research focusing on finding neuroreparative therapies is in need of reliable aging models (Johnson, 2015). Here, teleost fish seem to come in handy. Several teleost species, such as medaka (Oryzias latipes), guppy (Poecilia reticulata), zebrafish (Danio rerio), and turquoise killifish (Nothobranchius furzeri), have gained much attention in gerontology research (Ding et al., 2010; Gopalakrishnan et al., 2013; Van houcke et al., 2015; Kim et al., 2016; Platzer and Englert, 2016; Ackerman and Gerhard, 2018). While sharing the feasibility of large-scale mutagenesis analysis with most invertebrate models, teleosts are more directly relevant to human biology and disease modeling. Moreover, knowledge about the robust regenerative properties of teleost fish may help in addressing the limited neurogenic capacities of mammalian models. It seems that at least some teleost species may hold the two key features needed to boost the quest for effective therapies to combat the impact of aging on the brain: a robust regenerative capacity and an aging process that resembles that of mammals. Understanding how teleost fish retain or lose their regenerative ability upon aging will be valuable in designing novel therapies that can boost successful neurorepair, even in aged patients, including those suffering from neurodegenerative disease.

In this review, we put a new perspective on the use of teleost fish to study age-related neuropathology. We discuss data that demonstrate the existence of mammalian aging hallmarks in the teleost brain, assuring that teleosts can be used as gerontology models for human disease. Next, we elaborate on current knowledge about how teleost fish retain or lose their neuroregenerative abilities upon aging. Moreover, we emphasize the African turquoise killifish as the most convenient model among these different species. Indeed, most teleosts are still relatively long-lived (>3 years, Figure 1), just like mice, making gerontology research costly and slow (Gerhard et al., 2002; Miller et al., 2002; Gopalakrishnan et al., 2013). The African turquoise killifish can help in circumventing this. When bred in captivity, this small teleost has a maximum lifespan of 12–60 weeks depending on the strain or rearing conditions and shows typical aging hallmarks (Valdesalicil and Cellerino, 2003; Wendler et al., 2015; Kim et al., 2016; Platzer and Englert, 2016). We will therefore illustrate whenever possible based on current knowledge that especially neuroresearch in killifish holds great potential for future developments of new therapies for age-related brain disease.
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FIGURE 1. Differences in the lifespan between mammals and teleost fish and the occurrence of brain aging hallmarks. While medaka, goldfish, brown ghost knifefish, and zebrafish have a lifespan longer or comparable to mouse, the killifish has a mean lifespan that is eight times shorter. In the killifish brain, cellular and molecular aging hallmarks are already observed from 9 weeks of age. For comparison, the occurrence of important hallmarks of brain aging is linked to the timelines, based on observations in zebrafish and killifish. Yrs, years; W, weeks; PD, Parkinson’s disease-like phenotype; MtDNA, mitochondrial DNA.




EVIDENCE FOR MOLECULAR AND CELLULAR HALLMARKS OF AGING IN THE TELEOST BRAIN

Aging can broadly be described as the gradual deterioration of tissues and organs that eventually leads to a decline in biological functioning or fitness. Reversing this deterioration has been a topic of interest for many years. Aging is, however, pleiotropic in nature and cannot be reversed by a simple on/off switch mechanism. Using different animal gerontology models can therefore help to disentangle the many facets of aging and its characteristics. López-Otín et al. (2013) were the first to elegantly portray nine interconnected cellular and molecular hallmarks of aging, focusing on mammals, that together determine the aging process. Genomic instability, epigenetic alteration, telomeric attrition, and loss of proteostasis are primary hallmarks of aging since they act as the initial triggers of the aging process. Eventually, they cause the appearance of antagonistic hallmarks, which are beneficial or deleterious depending on their intensity. This is true for deregulated nutrient sensing, mitochondrial dysfunction, and cellular senescence (López-Otín et al., 2013). The primary and antagonistic hallmarks eventually result in changes in the phenotype, called the integrative hallmarks: altered intercellular communication and stem cell exhaustion (López-Otín et al., 2013).

Although it has been clear for some time that most of the nine hallmarks also apply body-wide in teleost fish (Van houcke et al., 2015; Platzer and Englert, 2016), a lot of new and exciting research has been performed recently. We will therefore discuss each of the nine aging hallmarks by highlighting the existing literature as an illustration of their occurrence specifically in the brain of aged teleosts. We will focus on zebrafish and killifish and, where appropriate, also discuss the far more sparse findings in medaka, goldfish, brown ghost knifefish, guppy, kokanee salmon, and rainbow trout. As such, we set the stage for the aged teleost brain to be used as a gerontology model for age-related neuropathology and neurorepair.


Genomic Instability

Throughout life, DNA endures a lot of stress that can be either exogenous in nature, as with physical, chemical, and biological agents, or endogenous, as with reactive oxygen species production and DNA replication flaws. These stress factors can eventually lead to genetic lesions that accumulate over time. Although the cell contains repair mechanisms, these are often erroneous, creating genomic instability and disease (Best, 2009; Vijg and Suh, 2013). The zebrafish brain shows nuclear and mitochondrial DNA damage (fragmentation and lesions) already at a young age. From the age of 12 months onward, this damage steeply increases (Shimoda et al., 2014; Zhu and Coffman, 2017). In the adult mammalian and teleost brain, segregation defects during division can result in aneuploidy, a non-diploid chromosome content in cells (Rajendran et al., 2007, 2008; Westra et al., 2008; Zupanc et al., 2009). Loss or gain of chromosomes after division is suggested to be linked to neurodegenerative disorders (Faggioli et al., 2011). On the contrary, aneuploidy is regularly observed during mammalian development and into adulthood (Westra et al., 2008). Also, in the adult zebrafish and brown ghost knifefish brain, newborn neurons with segregation defects are shown to mature and are long-lived (Rajendran et al., 2007, 2008; Zupanc et al., 2009). The loss or gain of chromosomes in newborn cells might thus be a normal biological process for the genomic diversification of newborn neurons and glia. In the mouse cerebral cortex, aneuploidy increases upon aging (Faggioli et al., 2012). For teleost fish, this remains to be found.



Epigenetic Alterations

The epigenome can alter the availability and stability of genetic information written in DNA. Epigenetic changes include DNA methylation, histone modifications, chromatin remodeling, histone type, etc. With age, the epigenome configuration can be lost or altered, eliciting changes in gene transcription. It can thus explain how two individuals with the same genome, i.e., identical twins, develop and age in a different way. Surely, the epigenome can be influenced by exogenous and endogenous factors (Pal and Tyler, 2016). In the killifish brain, Hdac1 and Hdac3, genes with a function in chromatin remodeling, more specifically histone modification, are significantly downregulated upon aging (Zupkovitz et al., 2018). In addition, the zebrafish brain shows age-related hypomethylation (Shimoda et al., 2014). These reports indicate that (epi)genomic instability increases with age in the teleost brain, just like in mammals (López-Otín et al., 2013).



Telomeric Attrition

Telomeres are tandem repetitive DNA sequences at the end of chromosomes. They protect the chromosome ends of being recognized as double-stranded breaks by the DNA damage repair response (DDR), but fail to do so when shortened in the context of cell division. As a consequence, the cell goes into replicative senescence via DDR pathways (Zhu et al., 2019). Attrition of telomeres can, however, be counteracted by telomerase, a ribonucleoprotein complex containing a telomerase reverse transcriptase (TERT) and telomerase RNA, that can lengthen the telomeres again at each cell division (Zhu et al., 2019). In most mammalian adult somatic tissues, telomerase expression is, however, insufficient to rescue telomeres from attrition (Collins and Mitchell, 2002; Zhu et al., 2019). In several zebrafish tissues, including the skin, eye, and gill, TERT expression decreases from 12 months onward. In the brain, only a decreasing trend could be observed (Anchelin et al., 2011), yet aged zebrafish brains (26–32.5 months old) also show a trend in shortening of the telomeres (Arslan-Ergul et al., 2016). Hence, decreased TERT expression could possibly lead to telomere shortening in the zebrafish brain with age. Nonetheless, many studies still show contradictory results (Simide et al., 2016). In killifish, age-related telomere shortening has only been studied in the muscle and gill, where the long-lived MZM-04/10, but not the short-lived GRZ, killifish strain demonstrates telomeric attrition upon aging, despite increasing TERT expression with age (Hartmann et al., 2009). In the liver of Nothobranchius guentheri, telomerase activity remained constant between different age classes (Liu et al., 2012). More research is thus needed to define if the teleost brain is susceptible to telomeric attrition and its implications.



Loss of Proteostasis

As a consequence of the loss of genomic and epigenetic stability with age, protein homeostasis, called proteostasis, gets altered upon aging. Proteostasis relies on the protein control mechanisms of the cell, including the stabilization of correctly folded proteins and the degradation of aberrant proteins. Together, they act against the occurrence of protein aggregates that are typically associated with (neuro)degeneration and age-related cognitive decline (Hipp et al., 2019). Indeed, cognitive ability, such as associative and spatial learning, declines in aged zebra- and killifish (Valenzano et al., 2006a, b; Ruhl et al., 2015). In aged zebrafish (2 years old), these deficits appear at the time when oxidized proteins and lipofuscin accumulate in the dorsal telencephalon (Ruhl et al., 2015). Lipofuscin is an aggregated autofluorescent lipopigment, containing oxidized lipids and proteins, and increases in cells with age and is thus often used as a marker for aged cells (Seehafer and Pearce, 2006). Lipofuscin has been shown to inhibit the proteosomal system (Höhn et al., 2011) and, hence, to further exacerbate loss of proteostasis. Also in the aged killifish brain (39 weeks old, long-lived MZM 04/10 strain), imbalance in stoichiometry of major protein complexes was found together with aggregation of ribosomes and a reduced proteasome activity (Sacramento et al., 2020). Besides aggregated ribosomes, increased α-synuclein deposition has been demonstrated in the aged killifish brain (Matsui et al., 2019). Linked to this, dopaminergic neurons in the posterior tuberculum and noradrenergic neurons of the locus coeruleus appear to be degenerated in the aged killifish brain (aged 5 months, MZCS 2010/24 strain), which is not the case for zebrafish or medaka (aged 1 year) (Matsui et al., 2019). Killifish thus seem to spontaneously develop a cellular Parkinson’s disease phenotype similar to that observed in humans (Matsui et al., 2019). The question arises if a 1-year-old zebrafish or medaka is comparable to a 5-month-old killifish, since their lifespans differ substantially (Figure 1). The neurodegenerative phenotype is, however, eminent in killifish and can be studied within a practical short timeframe (Figure 1). Indeed, Fluoro-Jade B staining, a marker for neurodegeneration, is increased in the aged killifish optic tectum and cerebellum when compared with young fish (Valenzano et al., 2006b; Liu et al., 2012). Besides killifish, age-related neurodegenerative phenomena have also been reported in the optic tectum of aged guppies (>2 years old) and in aged brains of the kokanee salmon (approximately 3–4 years old) (Oncorhynchus nerka kennerlyi) (Woodhead and Pond, 1984; Maldonado et al., 2000, 2002a, b). These results convincingly demonstrate the power of teleost fish and, in particular, killifish as a model for age-related neuropathology due to loss of proteostasis.



Deregulated Nutrient Sensing

The insulin/IGF-1 signaling pathway is the most conserved aging controlling pathway in evolution. Two of its important targets, the FOXO family and mTOR pathway, are involved in aging and longevity (López-Otín et al., 2013; Farr and Almeida, 2018). Dietary restriction without malnutrition or reduced functioning of the insulin/IGF-1 pathway can extend the lifespan in organisms (Fontana, 2009; Arslan-Ergul et al., 2013). Out-of-proportion downregulation of the pathway, however, exacerbates the aging process (López-Otín et al., 2013). The zebrafish aged brain (31–36 months old) shows downregulation of igf1, igf2bp3, and igfbp2a, which are important players in IGF-1 signaling (Arslan-Ergul and Adams, 2014). Furthermore, within the cell surface proteome of radial glia, the IGF-1 receptor is downregulated in the aged zebrafish telencephalon (2 years old) (Obermann et al., 2019). Sirtuins (sirt) are other important nutrient sensors that detect low energy states and are implicated in lifespan regulation (López-Otín et al., 2013). The aged killifish brain (13 weeks old) shows upregulation of sirt1 and sirt7 and downregulation of sirt3 (Kabiljo et al., 2019). Moreover, when aged killifish (9 weeks old, GRZ strain) are treated with the sirt2 activator resveratrol, these fish have a longer lifespan, improved active avoidance learning, and decreased neurodegeneration in the optic tectum, as visualized by reduced Fluoro-Jade B staining (Valenzano et al., 2006b, Yu and Li, 2012). As such, there is increasing proof that altered nutrient sensing with age is occurring in the teleost brain. Researchers have taken advantage of this aging hallmark to test the effect of dietary restriction (DR) on longevity and the senescence brain phenotype. Short-term DR decreases body weight but not body length (similar growth) or cortisol levels (similar stress levels) in both young (8–8.5 months old) and aged (26–32.5 months old) zebrafish. When testing if DR zebrafish had a similar senescence phenotype than ad libitum-fed control zebrafish, the results were contradictory. Instead of the expected elongation or preservation, telomeres in the zebrafish brain appear shortened upon DR treatment. In addition, there is no improvement in cell proliferation and no decrease in the amount of senescent cells present in the telencephalon of young and aged DR zebrafish (Arslan-Ergul et al., 2016). The killifish brain, on the contrary, does demonstrate improvement of age-related cognitive decline after DR. Old DR killifish (9 and 11 weeks old, GRZ strain) have a longer lifespan, improved active avoidance learning, reduced lipofuscin accumulation in the liver, and less neurodegeneration in the brain as tested with Fluoro-Jade B staining when compared with ad libitum-fed control killifish (Terzibasi et al., 2009). DR also elicits upregulation of GFAP in the killifish brain (Terzibasi et al., 2009), a marker of reactive gliosis and associated with radial glia proliferation after injury (März et al., 2011), but also with aging (Terzibasi Tozzini et al., 2012). It would therefore be relevant to test if such DR killifish would display more dividing stem/progenitor cells than killifish on standard diet. However, treatment of zebrafish with rapamycin, an mTOR inhibitor that mimics DR, lowered GFAP expression in the aged brain, but not in the young brain (Saxton and Sabatini, 2017; Celebi-Birand et al., 2020). Likewise, only in young fish, rapamycin administration lowered PCNA levels in the brain (Celebi-Birand et al., 2020). It seems that the type of treatment, the length of treatment, and the age of the animals influence the outcome of DR.



Mitochondrial Dysfunction

Aberrant mitochondrial functioning increases with age and is characterized by loss of efficiency in the electron transport chain, reduced generation of high-energy molecules (ATP), and increased reactive oxygen species (ROS) production and mutations in mtDNA (López-Otín et al., 2013). Although an out-of-proportion amount of ROS is generally considered as detrimental for cell integrity, low levels can elicit proliferative and survival signals (Sena and Chandel, 2012). In the teleost central nervous system (CNS), there are several signs of age-related mitochondrial dysfunction. The aged zebrafish retina (19 months old), for instance, shows decreased mitochondrial integrity and DNA copy number as well as altered expression of key players of mitochondrial biogenesis (Wang et al., 2019). Likewise, the aged brain of zebrafish (20 months old) and killifish (31 weeks old, long-lived MZM-0403 strain) display a higher amount of mtDNA lesions and a decrease in mtDNA copy number, respectively (Hartmann et al., 2011; Zhu and Coffman, 2017). Also, the membrane phospholipid composition of the mitochondria was found altered with age in the brain and heart of the rainbow trout (Oncorhynchus mykiss) (Almaida-Pagán et al., 2012). Although more research is needed, these studies already hint toward mitochondrial dysfunction in the aged teleost brain.



Cellular Senescence

Among others, genomic lesions, telomeric attrition, and oxidative stress corrupt the cell as it ages. To avoid malignant transformation, the cell goes into an arrested or dormant state, called senescence (Chinta et al., 2015). While senescence thus protects against cancer, it is often deleterious in older organisms. Senescent cells have a senescence-associated secretory phenotype (SASP), which includes the secretion of inflammatory cytokines, chemokines, growth factors, and proteases. In a way, this is beneficial since the SASP serves as a signal for the removal of senescent cells by the immune system. On the contrary, when not removed, SASP factors create a sustained inflammatory environment that is suspected to abate tissue integrity (Chinta et al., 2015). In addition, to retain homeostasis, removed senescent cells will also need to be replaced by new ones by inducing progenitor proliferation. Yet, also this process turns less efficient with age, when stem cell pools get depleted and exhausted (López-Otín et al., 2013). Cell senescence can be visualized via biomarkers, including the expression level of cell cycle inhibitors, e.g., p16 and p21, and SASP factors, e.g., IL6, IL8, CCL2, and MMP-1, among others (Hernandez-Segura et al., 2018). To our knowledge, increased expression of such factors has not yet been reported in the aged teleost brain. Nevertheless, a significant amount of senescence-associated β-galactosidase (SA β-gal) activity is observed in the aged telencephalon of both zebrafish (Arslan-Ergul et al., 2016) and killifish (16 weeks old, short-lived GRZ strain, Van houcke, J. unpublished results). SA β-gal is the most extensively used biomarker for replicative or induced senescence because of its easy use. The β-gal protein increases with age in lysosomes. Yet, SA β-gal activity is not necessary for senescence, but rather an outcome (Lee et al., 2006). The increase of SA β-gal activity with age in the teleost brain reveals the accumulation of senescent cells and confirms the existence of this hallmark in the aged teleost brain.



Altered Intercellular Communication

Aside from cell-autonomous changes, intercellular communication at the endocrine, neuroendocrine, or neuronal level changes with age. Indeed, the radial glia cell surface proteome of aged zebrafish brains shows downregulation of several components linked to N-cadherin signaling (DAGLA, CDH2, CDC42, CTNNA1, KIF5B), suggestive of altered intercellular interactions (Obermann et al., 2019). Also, cytokine–cytokine receptor interactions and Jak–Stat signaling are modified upon brain aging in killifish (long-lived MZM-0410 strain) (Baumgart et al., 2016). One of the most profound changes of the aged brain is chronic inflammation, also called inflammaging. Such sustained inflammation decreases tissue integrity and is highly linked to neurodegenerative disease. Multiple theories considering the mechanisms of inflammaging are summarized in Xia et al. (2016). Aged zebrafish (18 months old) show a higher number of microglia, both ramified and round, in the telencephalon compared with young fish (Bhattarai et al., 2017). The aged killifish telencephalon (5 months old) also has more apoEb-positive microglia compared with young (1 month old) individuals (Matsui et al., 2019). Elevated transcripts of inflammation were also observed in the aged killifish brain (Petzold et al., 2013). Inflammaging seems thus present in the aged teleost brain, suggesting that teleost fish indeed also display aging-altered intercellular communication.



Stem Cell Exhaustion

The multiple levels of damage caused by the hallmarks described above eventually also influence the intrinsic capacity of stem cells to proliferate and generate new neurons, glia, or neural stem cells (Nicaise et al., 2020). As in the adult mammalian brain, neurogenesis in the teleost brain declines with age (Terzibasi Tozzini et al., 2012; Edelmann et al., 2013; Nicaise et al., 2020). In the zebrafish olfactory bulb, the number of newborn neurons decreases steeply between 3 and 6 months of age, holds constant levels until 10 months of age, and then diminishes further. Also, in the zebrafish telencephalon, the number of newborn neurons and oligodendrocytes shows an age-related decline (Edelmann et al., 2013). Stem cell exhaustion is likewise observed in the killifish telencephalon where immunoreactivity for doublecortin, a marker for neuroblasts and newborn neurons, markedly decreases upon aging (Terzibasi Tozzini et al., 2012). Brown ghost knifefishes represent an exemption to this as they only show very mild decreases in stem cell proliferation and neuron/glia production with advancing age (Traniello et al., 2014). Like zebrafish and killifish, the brown ghost knifefish keeps on growing after reaching maturity, but it does so without reaching a plateau at old age or losing gonadal mass (Ilieş et al., 2014). This teleost species thus models negligible senescence instead of showing gradual senescence like in zebrafish (Kishi, 2004).

Taken together, these reports clearly provide mounting evidence that the nine mammalian hallmarks of aging also characterize the aging teleost brain, which therefore can be used as a model for age-related neuropathology. In particular, killifish grasp our attention because these fish have a more pronounced mammalian-like phenotype in a very short lifespan when compared with zebrafish, e.g., spontaneous age-related neurodegeneration and improvement of the aging phenotype by dietary restriction. Yet, some teleost fish, e.g., the brown ghost knifefish, show a remarkable resilience to aging and may present a valuable model to understand how this resilience is molecularly and cellularly different from other teleost fish or mammals.

Different teleost species thus seem to display a spectrum of vulnerability to aging. Side-by-side comparison of teleost models of negligible aging and rapid aging might help in revealing key concepts about the biology of aging and the evolution of senescence. In addition, comparison of the genetic diversity of closely related long- and short-lived species or strains might help in disentangling chronological aging from biological aging (Petzold et al., 2013; Baumgart et al., 2015). Killifish are particularly useful in such comparisons since fish derived from arid regions in Africa have shorter lifespans than fish derived from humid habitats (Genade et al., 2005; Terzibasi et al., 2008; Terzibasi Tozzini et al., 2013). In captivity, the respective lifespan of these populations largely remains. Similar approaches already revealed several genes involved in lifespan regulation (Reichwald et al., 2015; Valenzano et al., 2015; Sahm et al., 2017). The short-lived laboratory killifish strain is also appealing for longitudinal studies and studies that want to track life-history traits over multiple generations. Its rapid growth and rapid aging leading to signs of age-related neurodegeneration in the brain already by 9 weeks of age seem to position the short-lived GRZ strain (N. furzeri) as an outlier for neurodegeneration with respect to other teleost fish (Valenzano et al., 2006b). We predict that the short-lived killifish will be of excellent value to bridge the gap between extremely short-lived invertebrate models (i.e., Caenorhabditis elegans) and long-lived mammalian model organisms currently used in the quest for better treatments for age-related brain diseases.



IMPACT OF AGING ON THE NEUROREGENERATIVE CAPACITY IN THE ADULT TELEOST


The Regeneration Capacity of the Teleost Fish Brain

The adult vertebrate CNS harbors neural stem cells (NSCs) in active neurogenic niches that generate new neurons throughout life. This ability gives the CNS a certain plasticity to reshape some neural circuits and likewise respond to pathology or injury by replenishing the lost cell types, called regeneration. The capacity to fully and successfully regenerate, however, differs across species, although the molecular and cellular mechanisms of the regeneration process are quite similar (Alunni and Bally-Cuif, 2016).

In the mammalian brain, severe injuries, e.g., stroke, TBI, epilepsy, and Huntington’s disease, lead to the production of neuroblasts that migrate from the neurogenic regions to ectopic sites, the injury site. Upon arrival, newborn neurons are found to form synaptic contacts for proper integration in the neural circuit. However, the vast majority of the newborn neurons die after some time (Figure 2). It remains unclear for now if this is caused by a non-permissive inflammatory environment, an intrinsic failure of newborn neurons to integrate, or a combination of both (Kernie and Parent, 2010; Grade and Götz, 2017). After brain injury or pathology, the immune system elicits a neuroinflammatory response, which has been shown to have contradictory effects. Generally, the inflammation response, mediated by pro-inflammatory microglia and macrophages, is meant to signal NSCs to produce neuroblasts and to provide trophic support. In addition, local inflammation promotes the formation of a glial scar, consisting of reactive astrocytes, microglia/macrophages, and extracellular matrix proteins that seal the injury site (Figure 2). The scar prevents further damage to the tissue, restores homeostasis, and coordinates immunity. In the later stages, however, if the scar is not resolved, it blocks the growth of newborn neurons (axonal regeneration) and subsequently inhibits overall repair (Martino et al., 2011).
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FIGURE 2. Overview of the regeneration process in the rodent, young teleost, and aged teleost pallium. After injury, neural stem cells with glial characteristics (glial cell), located at the ventricular surface, start proliferating and produce neuroblasts that can replenish the lost neurons. In the rodent pallium, the inflammatory reaction and the formation of a glial scar inhibit proper integration and survival of the newborn neurons into the existing circuitry. In the young adult teleost pallium on the contrary, newborn neurons mature, integrate, and are long-lived. Whether this is also the case for the aged teleost pallium remains elusive (question marks). Note that thicker glial fibers represent that radial glia are activated in the young teleost telencephalon. The ongoing inflammaging process in the aged teleost brain is visualized by thick glial fibers–activated radial glia in all panels.


In contrast to mammals, teleost newborn neurons can integrate in the existing circuitry and are long-lived, and the formation of a glial scar is rarely observed in the injured CNS (Figure 2; Kroehne et al., 2011; Baumgart et al., 2012; Skaggs et al., 2014). Furthermore, teleost fish have numerous neurogenic zones dispersed over the brain, as described in the guppy (P. reticulata) (Kranz and Richter, 1970a, b; Richter and Kranz, 1970a, b), the brown ghost knifefish (Apteronotus leptorhynchus) (Zupanc and Horschke, 1995), the gilt-head sea bream (Sparus aurata) (Zikopoulos et al., 2000), the three-spined stickleback (Gasterosteus aculeatus) (Ekström et al., 2001), the zebrafish (D. rerio) (Grandel et al., 2006), the annual killifish (Austrolebias sp.) (Fernández et al., 2011), the African turquoise killifish (N. furzeri) (Terzibasi Tozzini et al., 2012), and medaka (O. latipes) (Kuroyanagi et al., 2010). Also, the daily production rate of new cells is higher compared with mice or rats (Zupanc and Sirbulescu, 2011). All these aspects thus likely lie at the basis of the high neuroregenerative capacity of the teleost CNS.



Aging and the Regeneration Capacity of Teleost Fish: Retained or Lost?

Teleost fish thus have a high neurogenic capacity but can also display mammalian-like brain aging characteristics. Consequently, the question arises if their ability for neurorepair is retained or either lost with age, as found in mammals. Both scenarios open up intriguing avenues for future research. If they retain the regenerative ability upon aging, it will be of major importance to find out how they do so and whether this asset can be translated to mammals, in relation to the 70% gene conservation between teleost fish and mammals (Howe et al., 2013). If the regenerative capacity is reduced or lost, teleost fish can represent a robust model in which large-scale mutagenesis and drug screenings can be performed, acting as a bridge between short-lived invertebrate and long-lived mammalian aging research. In this next section, we will point out what is currently known about how aging changes neurorepair in teleosts, which, for now, is mostly studied in zebrafish.

In particular, we will discuss regeneration in the young adult and aged teleost telencephalon, as this brain area is the most relevant for comparative study to mammalian brain regeneration. For regeneration studies in other parts of the teleost CNS, we kindly refer to other publications on the diencephalon (Vijayanathan et al., 2017; Caldwell et al., 2019), cerebellum (Zupanc et al., 1998, 2003, 2006; Zupanc and Ott, 1999; Clint and Zupanc, 2001, 2002; Ilieş et al., 2012), retina (Hitchcock and Raymond, 2004), and spinal cord (Ghosh and Hui, 2018). Indeed, the teleost telencephalon holds the subpallial and pallial neurogenic niches of the telencephalon, which are thought to be homologous to the mammalian subventricular zone and the subgranular zone – the two main neurogenic niches in adult mammals (Adolf et al., 2006; Grandel et al., 2006; Broglio et al., 2010; Durán et al., 2010; Ganz et al., 2010, 2014). The NSCs in these neurogenic niches run along the ventricle, also called the ventricular zone (VZ), and cycling NSCs give rise to neurons that typically migrate only one or two cell sizes away from the VZ, ending up in what is called the periventricular zone (PVZ) (Adolf et al., 2006; Grandel et al., 2006).



Neuroregeneration in the Young Adult and Aged Telencephalon

In young adult zebrafish, the injured telencephalic parenchyma has a spongy appearance, a measurable parameter for the injury perimeter, and an indicator of local intra- and extracellular edema. This spongy appearance diminishes already within the first 7 days (Kroehne et al., 2011; März et al., 2011). Around the injury site, damaged neurons and other cells undergo apoptosis as soon as 4 h post injury (hpi) until 3 days post injury (dpi) (Kroehne et al., 2011). Surprisingly, in an Aβ42 toxicity injury model (amyloidosis), the apoptotic response is similar between young (6 months old) and aged zebrafish (18 months old) (Bhattarai et al., 2017), while aging is expected to increase cellular vulnerability and increase the likelihood to undergo cell death after injury (Itoh et al., 2013; Sun et al., 2013). Aged Aβ42-treated zebrafish do, however, show a larger loss of synapses in the VZ of the telencephalon in comparison with young Aβ42-treated fish. In the parenchyma, the magnitude of lost synapses is, however, similar between young and aged Aβ42-treated zebrafish (Bhattarai et al., 2017). These results thus only partly demonstrate that aging can exacerbate the outcome of induced neuropathology yet highlight the need to take an aging environment into account in neurodegenerative disease model systems. In addition, it would be most interesting to include zebrafish beyond the age of 18 months in future research to elucidate if more clear effects on apoptosis and synaptic degeneration can be discovered at a higher age.

The young and aged Aβ42-treated zebrafish also show an inflammatory response, which is larger in young zebrafish, because aged zebrafish already have more activated microglia (round L-plastin-positive cells) in naive conditions, a strong indicator of inflammaging. Bhattarai et al. (2017) hypothesize that microglia activation protects synapse integrity in young fish. Acute inflammation indeed has many positive effects on brain injury in teleost fish. Macrophages and microglia remove dead cells and cell debris to clear out the injury wound. Furthermore, acute inflammation is also a signal for radial glia, the common NSCs of the zebrafish brain, to activate (Kyritsis et al., 2012; Bhattarai et al., 2016). When the anti-inflammatory drug dexamethasone was given to injured young zebrafish, reactive proliferation was significantly diminished, and as a consequence, fewer neurons were born (Kyritsis et al., 2012). Inflammation is thus a positive effector of regeneration in the young teleost telencephalon while mostly found detrimental for regeneration in mammals. In aged teleost fish as well, it seems that the inflammatory reaction is insufficient to prevent synaptic degeneration. Elucidating how aged teleost microglia differ from young microglia could therefore deliver the knowledge needed for effective tweaking of the inflammation response in the aged mammalian brain to install successful regeneration.

Acute inflammation thus activates NSCs in the telencephalon after injury. In zebrafish, the NSC population that reacts most to the injury is the radial glia, approximately 86.5 ± 3.1% (n = 4) of all dividing cells at 3 dpi (Kroehne et al., 2011). The other dividing NSC population has no glial markers and is suggested to be committed progenitors at the ventricle (März et al., 2011). In the aged zebrafish telencephalon (28 months old), proliferation of radial glia is increased after injury, but less profound compared with the young (8 months old) telencephalon (Figure 2). Approximately 18 versus 40% of all radial glia are dividing, respectively (Edelmann et al., 2013). Also, in the amyloidosis model, aged Aβ42-treated zebrafish (18 months old) have increased radial glia proliferation, but still significantly less compared with young Aβ42-treated zebrafish (6 months old) (Bhattarai et al., 2017). This clearly highlights the effect of age-related stem cell exhaustion on the repair capacity of the aged teleost brain, which also results in a reduced production of newborn neurons (Bhattarai et al., 2017). In the young injured teleost telencephalon, newborn neurons express Tbr1, indicating differentiation into mature glutamatergic neurons, which was the original neuron type lost by injury (Kishimoto et al., 2012). Kroehne et al. (2011) confirm these results and spot newborn neurons at the injury site, in the parenchyma, and at the PVZ at 21 and 90 dpi, expressing NeuroD1, PV, mGlu2, and prox1, but also MAP2a + b and SV2, suggesting that these neurons are mature. Around 30–35 dpi, the young telencephalon is structurally regenerated, based on histology, neuron marker expression, and radial glial fiber distribution (Ayari et al., 2010; Kroehne et al., 2011; Kishimoto et al., 2012). No such data, however, exist for the aged injured telencephalon, yet they are indispensable in elucidating if newborn neurons can mature and integrate in the existing circuitry throughout the lifespan. In addition, to our knowledge, there are no reports describing recovery of function after injury in the aged teleost telencephalon. This represents a clear gap in knowledge (Figure 2, question mark). As it is clear that aging hampers neurorepair at the synaptic, inflammation, stem cell proliferation and neuron production level, does this then inherently also lead to incomplete repair and permanent functional deficits? Studying this is not straightforward and contradictory findings are often generated. In the zebrafish tail fin, heart (Itou et al., 2012), and optic nerve (Van houcke et al., 2017) and in the goldfish spinal cord (Bernstein, 1964), repair was delayed but in the end still functionally completed in the aged fish. Other reports on zebrafish, guppy, and killifish tail fin, however, show abnormal fin repair and a lower growth rate, and in the aged killifish, only 46% of the original tail fin size was observed at 27 days post amputation (Comfort and Doljanski, 1958; Anchelin et al., 2011; Wendler et al., 2015).

Overall, these reports agree that aging hampers or delays repair of tissue, and as such, it is fair to say that aged fish partly lose their regenerative ability. How this relates to the teleost brain remains, however, elusive. We believe that the long lifespan of zebrafish, medaka, goldfish, and other teleost fish (Figure 1) often discourages researchers to investigate this. In this regard, we anticipate a real benefit of using a new teleost model, the short-lived African turquoise killifish (N. furzeri), in future research. Its rapid aging and robust aging characteristics will expedite practical, fast, and clear investigations (Kim et al., 2016; Platzer and Englert, 2016).



CONCLUSION

Inherently linked to our ever-increasing aging society is a rise in age-related neurodegenerative disease states. The irreversibility and the lack of therapy for such diseases impose a high socioeconomic burden on society. Its late onset and diverse nature more than ever point out the need for practical/efficient gerontology models. Preferably, a model with robust regenerative capacities should be used to address the limited neurogenic capacities of humans for the regrowth of neurons that are lost due to such diseases.

Studies employing aged teleost fish convincingly evidence that typical hallmarks of mammalian aging also exist in the aged brain of several teleost species. This strengthens their applicability as gerontology models, not only body-wide but also specifically for age-related neuropathology. As a consequence of brain aging, the teleost’s high regenerative ability is altered. It, however, remains unclear if these changes only cause a delay in the repair process or eventually result in permanent deficits. Hence, more research is needed to completely understand the impact of aging on teleost brain repair and how this can be exploited for the development of new therapies for successful recovery in the mammalian brain. We accredit teleost fish worthy of acting as a solid bridge between short-lived invertebrate and mammalian models for age-related pathology in vertebrates. In particular, killifish (N. furzeri) grasp our attention since their short lifespan and spontaneous neurodegeneration hold great promise to tremendously speed up and boost this research field.



AUTHOR CONTRIBUTIONS

JVH: conceptualization, writing, original draft, review, editing, and visualization. VM, CZ, ES, and AR: review and editing. LA: conceptualization, writing, review and editing. All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This work was supported by the Fonds voor Wetenschappelijk Onderzoek – (FWO Vlaanderen) research grant number G0C2618N and a personal fellowship to JVH (1S00318N). We declare that all sources of funding received for the research are submitted.



ACKNOWLEDGMENTS

We acknowledge Biorender.com for delivering the tools to create Figures 1, 2.


ABBREVIATIONS

CNS, central nervous system; DDR, DNA damage response; dpi, days post injury; DR, dietary restriction; hpi, hours post injury; mtDNA, mitochondrial DNA; NSC, neural stem cell; PVZ, periventricular zone; SA β -gal, senescence-associated β -galactosidase; SASP, senescence-associated secretory phenotype; TBI, traumatic brain injury; TERT, telomerase reverse transcriptase; VZ, ventricular zone.


REFERENCES

Ackerman, H. D., and Gerhard, G. S. (2018). Piscine Polemics, in Conn’s Handbook of Models for Human Aging. Amsterdam: Elsevier, 361–375. doi: 10.1016/B978-0-12-811353-0.00027-0

Adolf, B., Chapouton, P., Lam, C. S., Topp, S., Tannhäuser, B., Strähle, U., et al. (2006). Conserved and acquired features of adult neurogenesis in the zebrafish telencephalon. Dev. Biol. 295, 278–293. doi: 10.1016/j.ydbio.2006.03.023

Almaida-Pagán, P. F., de Costa, J., Mendiola, P., and Tocher, D. R. (2012). Age-related changes in mitochondrial membrane composition of rainbow trout (Oncorhynchus mykiss) heart and brain. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 163, 129–137. doi: 10.1016/j.cbpb.2012.05.013

Alunni, A., and Bally-Cuif, L. (2016). A comparative view of regenerative neurogenesis in vertebrates. Development (Cambridge) 143, 741–753. doi: 10.1242/dev.122796

Anchelin, M., Murcia, L., Alcaraz-Pérez, F., García-Navarro, E. M., and Cayuela, M. L. (2011). Behaviour of telomere and telomerase during aging and regeneration in zebrafish. PLoS One 6:e16955. doi: 10.1371/journal.pone.0016955

Apple, D. M., Solano-Fonseca, R., and Kokovay, E. (2017). Neurogenesis in the aging brain. Biochem. Pharmacol. 141, 77–85. doi: 10.1016/j.bcp.2017.06.116

Arslan-Ergul, A., and Adams, M. M. (2014). Gene expression changes in aging zebrafish (Danio rerio) brains are sexually dimorphic. BMC Neurosci. 15:29. doi: 10.1186/1471-2202-15-29

Arslan-Ergul, A., Erbaba, B., Karoglu, E. T., Halim, D. O., and Adams, M. M. (2016). Short-term dietary restriction in old zebrafish changes cell senescence mechanisms. Neuroscience 334, 64–75. doi: 10.1016/j.neuroscience.2016.07.033

Arslan-Ergul, A., Ozdemir, A. T., and Adams, M. M. (2013). Aging, neurogenesis, and caloric restriction in different model organisms. Aging Dis. 4, 221–232.

Arvidsson, A., Collin, T., Kirik, D., Kokaia, Z., and Lindvall, O. (2002). Neuronal replacement from endogenous precursors in the adult brain after stroke. Nat. Med. 8, 963–970. doi: 10.1038/nm747

Ayari, B., El Hachimi, K. H., Yanicostas, C., Landoulsi, A., and Soussi-Yanicostas, N. (2010). Prokineticin 2 expression is associated with neural repair of injured adult zebrafish telencephalon. J. Neurotrauma 27, 959–972. doi: 10.1089/neu.2009.0972

Baumgart, E. V., Barbosa, J. S., Bally-Cuif, L., Gotz, M., and Ninkovic, J. (2012). Stab wound injury of the zebrafish telencephalon: a model for comparative analysis of reactive gliosis. Glia 60, 343–357. doi: 10.1002/glia.22269

Baumgart, M., Di Cicco, E., Rossi, G., Cellerino, A., and Tozzini, E. T. (2015). Comparison of captive lifespan, age-associated liver neoplasias and age-dependent gene expression between two annual fish species: Nothobranchius furzeri and Nothobranchius korthause. Biogerontology 16, 63–69. doi: 10.1007/s10522-014-9535-y

Baumgart, M., Priebe, S., Groth, M., Hartmann, N., Menzel, U., Pandolfini, L., et al. (2016). Longitudinal RNA-Seq analysis of vertebrate aging identifies mitochondrial complex I as a small-molecule-sensitive modifier of lifespan. Cell Syst. 2, 122–132. doi: 10.1016/j.cels.2016.01.014

Bernstein, J. J. (1964). Relation of spinal cord regeneration to age in adult goldfish. Exp. Neurol. 9, 161–174. doi: 10.1016/0014-4886(64)90014-7

Best, B. P. (2009). Nuclear DNA damage as a direct cause of aging. Rejuvenation Res. 12, 199–208. doi: 10.1089/rej.2009.0847

Bhattarai, P., Thomas, A. K., Cosacak, M. I., Papadimitriou, C., Mashkaryan, V., Froc, C., et al. (2016). IL4/STAT6 signaling activates neural stem cell proliferation and neurogenesis upon Amyloid-β42 aggregation in adult zebrafish brain. Cell Rep. 17, 941–948. doi: 10.1016/j.celrep.2016.09.075

Bhattarai, P., Thomas, A. K., Zhang, Y., and Kizil, C. (2017). The effects of aging on Amyloid-beta42-induced neurodegeneration and regeneration in adult zebrafish brain. Neurogenesis (Austin) 4:e1322666. doi: 10.1080/23262133.2017.1322666

Broglio, C., Rodríguez, F., Gómez, A., Arias, J. L., and Salas, C. (2010). Selective involvement of the goldfish lateral pallium in spatial memory. Behav. Brain Res. 210, 191–201. doi: 10.1016/j.bbr.2010.02.031

Caldwell, L. J., Davies, N. O., Cavone, L., Mysiak, K. S., Semenova, S. A., Panula, P., et al. (2019). Regeneration of dopaminergic neurons in adult zebrafish depends on immune system activation and differs for distinct populations. J. Neurosci. 39, 4694–4713. doi: 10.1523/JNEUROSCI.2706-18.2019

Celebi-Birand, D., Ardic, N. I., Karoglu-Eravsar, E. T., Sengul, G. F., Kafaligonul, H., and Adams, M. M. (2020). Dietary and pharmacological interventions that inhibit mammalian target of rapamycin activity alter the brain expression levels of neurogenic and glial markers in an age-and treatment-dependent manner. Rejuvenation Res. 23, 485–497. doi: 10.1089/rej.2019.2297

Chinta, S. J., Woods, G., Rane, A., Demaria, M., Campisi, J., and Andersen, J. K. (2015). Cellular senescence and the aging brain. Exp. Gerontol. 68, 3–7. doi: 10.1016/j.exger.2014.09.018

Clint, S. C., and Zupanc, G. K. H. (2001). Neuronal regeneration in the cerebellum of adult teleost fish, Apteronotus leptorhynchus: guidance of migrating young cells by radial glia. Dev. Brain Res. 130, 15–23. doi: 10.1016/S0165-3806(01)00193-6

Clint, S. C., and Zupanc, G. K. H. (2002). Up-regulation of vimentin expression during regeneration in the adult fish brain. NeuroReport 13, 317–320. doi: 10.1097/00001756-200203040-00014

Collins, K., and Mitchell, J. R. (2002). Telomerase in the human organism. Oncogene 21, 564–579. doi: 10.1038/sj/onc/1205083

Comfort, A., and Doljanski, F. (1958). The relation of size and age to rate of tail regeneration in lebistes reticulatus. Gerontology 2, 266–283. doi: 10.1159/000210763

Decarolis, N. A., Kirby, E. D., Wyss-Coray, T., and Palmer, T. D. (2015). The role of the microenvironmental niche in declining stem-cell functions associated with biological aging. Cold Spring Harb. Perspect. Med. 5:a025874. doi: 10.1101/cshperspect.a025874

Ding, L., Kuhne, W. W., Hinton, D. E., Song, J., and Dynan, W. S. (2010). Quantifiable biomarkers of normal aging in the Japanese Medaka fish (Oryzias latipes). PLoS One 5:e13287. doi: 10.1371/journal.pone.0013287

Duan, H., Wearne, S. L., Rocher, A. B., Macedo, A., Morrison, J. H., and Hof, P. R. (2003). Age-related dendritic and spine changes in corticocortically projecting neurons in macaque monkeys. Cereb. Cortex 13, 950–961. doi: 10.1093/cercor/13.9.950

Dugger, B. N., and Dickson, D. W. (2017). Pathology of neurodegenerative diseases. Cold Spring Harb. Perspect. Biol. 9:a028035. doi: 10.1101/cshperspect.a028035

Durán, E., Ocaña, F. M., Broglio, C., Rodríguez, F., and Salas, C. (2010). Lateral but not medial telencephalic pallium ablation impairs the use of goldfish spatial allocentric strategies in a ‘hole-board’ task. Behav. Brain Res. 214, 480–487. doi: 10.1016/j.bbr.2010.06.010

Edelmann, K., Glashauser, L., Sprungala, S., Hesl, B., Fritschle, M., Ninkovic, J., et al. (2013). Increased radial glia quiescence, decreased reactivation upon injury and unaltered neuroblast behavior underlie decreased neurogenesis in the aging zebrafish telencephalon. J. Comp. Neurol. 521, 3099–3115. doi: 10.1002/cne.23347

Ekström, P., Johnsson, C., and Ohlin, L. (2001). Ventricular proliferation zones in the brain of an adult teleost fish and their relation to neuromeres and migration (secondary matrix) zones. J. Comp. Neurol. 436, 92–110. doi: 10.1002/cne.1056.abs

El-Hayek, Y. H., Wiley, R. E., Khoury, C. P., Daya, R. P., Ballard, C., Evans, A. R., et al. (2019). Tip of the iceberg: assessing the global socioeconomic costs of alzheimer’s disease and related dementias and strategic implications for stakeholders. J. Alzheimers Dis. 70, 323–341. doi: 10.3233/JAD-190426

Faggioli, F., Vijg, J., and Montagna, C. (2011). Chromosomal aneuploidy in the aging brain. Mech. Ageing Dev. 132, 429–436. doi: 10.1016/j.mad.2011.04.008

Faggioli, F., Wang, T., Vijg, J., and Montagna, C. (2012). Chromosome-specific accumulation of aneuploidy in the aging mouse brain. Hum. Mol. Genet. 21, 5246–5253. doi: 10.1093/hmg/dds375

Farr, J. N., and Almeida, M. (2018). The spectrum of fundamental basic science discoveries contributing to organismal aging. J. Bone Miner. Res. 33, 1568–1584. doi: 10.1002/jbmr.3564

Fernández, A., Rosilloa, J. C., Casanovac, G., and Olivera-Bravod, S. (2011). Proliferation zones in the brain of adult fish Austrolebias (Cyprinodontiform: Rivulidae). Cell. Mol. Neurosci. 189, 12–24.

Fontana, L. (2009). The scientific basis of caloric restriction leading to longer life. Curr. Opin. Gastroenterol. 25, 144–150. doi: 10.1097/MOG.0b013e32831ef1ba

Ganz, J., Kaslin, J., Hochmann, S., Freudenreich, D., and Brand, M. (2010). Heterogeneity and Fgf dependence of adult neural progenitors in the zebrafish telencephalon. Glia 58, 1345–1363. doi: 10.1002/glia.21012

Ganz, J., Kroehne, V., Freudenreich, D., Machate, A., Geffarth, M., Braasch, I., et al. (2014). Subdivisions of the adult zebrafish pallium based on molecular marker analysis. F1000Res 3:308. doi: 10.12688/f1000research.5595.1

Genade, T., Benedetti, M., Terzibasi, E., Roncaglia, P., Valenzano, D. R., Cattaneo, A., et al. (2005). Annual fishes of the genus Nothobranchius as a model system for aging research. Aging Cell 4, 223–233. doi: 10.1111/j.1474-9726.2005.00165.x

Gerhard, G. S., Kauffman, E. J., Wang, X., Stewart, R., Moore, J. L., Kasales, C. J., et al. (2002). Life spans and senescent phenotypes in two strains of zebrafish (Danio rerio). Exp. Gerontol. 37, 1055–1068. doi: 10.1016/S0531-5565(02)00088-8

Ghosh, S., and Hui, S. P. (2018). Axonal regeneration in zebrafish spinal cord. Regeneration 5, 43–60. doi: 10.1002/reg2.99

Gopalakrishnan, S., Cheung, N. K. M., Yip, B. W. P., and Au, D. W. T. (2013). Medaka fish exhibits longevity gender gap, a natural drop in estrogen and telomere shortening during aging: a unique model for studying sex-dependent longevity. Front. Zool. 10:78. doi: 10.1186/1742-9994-10-78

Grade, S., and Götz, M. (2017). Neuronal replacement therapy: previous achievements and challenges ahead. NPJ Regen. Med. 2:29. doi: 10.1038/s41536-017-0033-0

Grandel, H., Kaslin, J., Ganz, J., Wenzel, I., and Brand, M. (2006). Neural stem cells and neurogenesis in the adult zebrafish brain: origin, proliferation dynamics, migration and cell fate. Dev. Biol. 295, 263–277. doi: 10.1016/j.ydbio.2006.03.040

Han, M. H., Lee, E. H., and Koh, S. H. (2016). Current opinion on the role of neurogenesis in the therapeutic strategies for alzheimer disease, parkinson disease, and ischemic stroke; considering neuronal voiding function. Int. Neurourol. J. 20, 276–287. doi: 10.5213/inj.1632776.388

Hartmann, N., Reichwald, K., Lechel, A., Graf, M., Kirschner, J., Dorn, A., et al. (2009). Telomeres shorten while Tert expression increases during ageing of the short-lived fish Nothobranchius furzeri. Mech. Ageing Dev. 130, 290–296. doi: 10.1016/j.mad.2009.01.003

Hartmann, N., Reichwald, K., Wittig, I., Dröse, S., Schmeisser, S., Lück, C., et al. (2011). Mitochondrial DNA copy number and function decrease with age in the short-lived fish Nothobranchius furzeri. Aging Cell 10, 824–831. doi: 10.1111/j.1474-9726.2011.00723.x

Hernandez-Segura, A., Nehme, J., and Demaria, M. (2018). Hallmarks of cellular senescence. Trends Cell Biol. 28, 436–453. doi: 10.1016/j.tcb.2018.02.001

Hipp, M. S., Kasturi, P., and Hartl, F. U. (2019). The proteostasis network and its decline in ageing. Nat. Rev. Mol. Cell Biol. 20, 421–435. doi: 10.1038/s41580-019-0101-y

Hitchcock, P. F., and Raymond, P. A. (2004). The teleost retina as a model for developmental and regeneration biology. Zebrafish 1, 257–271. doi: 10.1089/zeb.2004.1.257

Höhn, A., Jung, T., Grimm, S., Catalgol, B., Weber, D., and Grune, T. (2011). Lipofuscin inhibits the proteasome by binding to surface motifs. Free Radic. Biol. Med. 50, 585–591. doi: 10.1016/j.freeradbiomed.2010.12.011

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M., et al. (2013). The zebrafish reference genome sequence and its relationship to the human genome. Nature 496, 498–503. doi: 10.1038/nature12111

Ibrahim, S., Hu, W., Wang, X., Gao, X., He, C., and Chen, J. (2016). Traumatic brain injury causes aberrant migration of adult-born neurons in the hippocampus. Sci. Rep. 6:21793. doi: 10.1038/srep21793

Ilieş, I., Sîrbulescu, R. F., and Zupanc, G. K. H. (2014). Indeterminate body growth and lack of gonadal decline in the brown ghost knifefish (Apteronotus leptorhynchus), an organism exhibiting negligible brain senescence. Can. J. Zool. 92, 947–953. doi: 10.1139/cjz-2014-0109

Ilieş, I., Zupanc, M. M., and Zupanc, G. K. H. (2012). Proteome analysis reveals protein candidates involved in early stages of brain regeneration of teleost fish. Neuroscience 219, 302–313. doi: 10.1016/j.neuroscience.2012.05.028

Itoh, T., Imano, M., Nishida, S., Tsubaki, M., Mizuguchi, N., Hashimoto, S., et al. (2013). Increased apoptotic neuronal cell death and cognitive impairment at early phase after traumatic brain injury in aged rats. Brain Struct. Funct. 218, 209–220. doi: 10.1007/s00429-012-0394-5

Itou, J., Kawakami, H., Burgoyne, T., and Kawakami, Y. (2012). Life-long preservation of the regenerative capacity in the fin and heart in zebrafish. Biol. Open 1, 739–746. doi: 10.1242/bio.20121057

Johnson, I. P. (2015). Age-related neurodegenerative disease research needs aging models. Front. Aging Neurosci. 7:168. doi: 10.3389/fnagi.2015.00168

Kabiljo, J., Murko, C., Pusch, O., and Zupkovitz, G. (2019). Spatio-temporal expression profile of sirtuins during aging of the annual fish Nothobranchius furzeri. Gene Expr. Patterns 33, 11–19. doi: 10.1016/j.gep.2019.05.001

Kernie, S. G., and Parent, J. M. (2010). Forebrain neurogenesis after focal Ischemic and traumatic brain injury. Neurobiol. Dis. 37, 267–274. doi: 10.1016/j.nbd.2009.11.002

Kim, Y., Nam, H. G., and Valenzano, D. R. (2016). The short-lived African turquoise killifish: an emerging experimental model for ageing. Dis. Model. Mech. 9, 115–129.

Kishi, S. (2004). Functional aging and gradual senesence in zebrafish. Ann. N. Y. Acad. Sci. 1019, 521–526.

Kishimoto, N., Shimizu, K., and Sawamoto, K. (2012). Neuronal regeneration in a zebrafish model of adult brain injury. Dis. Model. Mech. 5, 200–209. doi: 10.1242/dmm.007336

Kranz, D., and Richter, W. (1970a). [Autoradiographic studies on the localization of the matrix zones of the diencephalon of young and adult Lebistes reticulatus (Teleostae)]. Z. Mikrosk. Anat. Forsch. 82, 42–66.

Kranz, D., and Richter, W. (1970b). [Autoradiographic studies on the synthesis of DNA in the cerebellum and medulla oblongata of teleosts of various ages]. Z. Mikrosk. Anat. Forsch. 82, 264–292.

Kroehne, V., Freudenreich, D., Hans, S., Kaslin, J., and Brand, M. (2011). Regeneration of the adult zebrafish brain from neurogenic radial glia-type progenitors. Development 138, 4831–4841. doi: 10.1242/dev.072587

Kuroyanagi, Y., Okuyama, T., Suehiro, Y., Imada, H., Shimada, A., Naruse, K., et al. (2010). Proliferation zones in adult medaka (Oryzias latipes) brain. Brain Res. 1323, 33–40. doi: 10.1016/j.brainres.2010.01.045

Kyritsis, N., Kizil, C., Zocher, S., Kroehne, V., Kaslin, J., Freudenreich, D., et al. (2012). Acute inflammation initiates the regenerative response in the adult zebrafish brain. Science 338, 1353–1356. doi: 10.1126/science.1228773

Lee, B. Y., Han, J. A., Im, J. S., Morrone, A., Johung, K., Goodwin, E. C., et al. (2006). Senescence-associated β-galactosidase is lysosomal β-galactosidase. Aging Cell 5, 187–195. doi: 10.1111/j.1474-9726.2006.00199.x

Liu, C., Wang, X., Feng, W., Li, G., Su, F., and Zhang, S. (2012). Differential expression of aging biomarkers at different life stages of the annual fish Nothobranchius guentheri. Biogerontology 13, 501–510. doi: 10.1007/s10522-012-9395-2

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The hallmarks of aging. Cell 153, 1194–1217. doi: 10.1016/j.cell.2013.05.039

Maldonado, T. A., Jones, R. E., and Norris, D. O. (2000). Distribution of β-amyloid and amyloid precursor protein in the brain of spawning (senescent) salmon: a natural, brain-aging model. Brain Res. 858, 237–251. doi: 10.1016/S0006-8993(99)02328-8

Maldonado, T. A., Jones, R. E., and Norris, D. O. (2002a). Intraneuronal amyloid precursor protein (APP) and appearance of extracellular β-amyloid peptide (Aβ) in the brain of aging kokanee salmon. J. Neurobiol. 53, 11–20. doi: 10.1002/neu.10086

Maldonado, T. A., Jones, R. E., and Norris, D. O. (2002b). Timing of neurodegeneration and beta-amyloid (Aβ) peptide deposition in the brain of aging kokanee salmon. J. Neurobiol. 53, 21–35. doi: 10.1002/neu.10090

Martino, G., Pluchino, S., Bonfanti, L., and Schwartz, M. (2011). Brain regeneration in physiology and pathology: the immune signature driving therapeutic plasticity of neural stem cells. Physiol. Rev. 91, 1281–1304. doi: 10.1152/physrev.00032.2010

März, M., Schmidt, R., Rastegar, S., and Strahle, U. (2011). Regenerative response following stab injury in the adult zebrafish telencephalon. Dev. Dyn. 240, 2221–2231. doi: 10.1002/dvdy.22710

Matsui, H., Kenmochi, N., and Namikawa, K. (2019). Age- and α-Synuclein-dependent degeneration of dopamine and noradrenaline neurons in the annual killifish Nothobranchius furzeri. Cell Rep. 26, 1727–1733.e6. doi: 10.1016/j.celrep.2019.01.015

Miller, R. A., Harper, J. M., Dysko, R. C., Durkee, S. J., and Austad, S. N. (2002). Longer life spans and delayed maturation in wild-derived mice. Exp. Biol. Med. 227, 500–508. doi: 10.1177/153537020222700715

Nicaise, A. M., Willis, C. M., Crocker, S. J., and Pluchino, S. (2020). Stem cells of the aging brain. Front. Aging Neurosci. 12:247. doi: 10.3389/fnagi.2020.00247

Obermann, J., Wagner, F., Kociaj, A., Zambusi, A., Ninkovic, J., Hauck, S. M., et al. (2019). The surface proteome of adult neural stem cells in zebrafish unveils long-range cell-cell connections and age-related changes in responsiveness to IGF. Stem Cell Rep. 12, 258–273. doi: 10.1016/j.stemcr.2018.12.005

Pal, S., and Tyler, J. K. (2016). Epigenetics and aging. Sci. Adv. 2:e1600584. doi: 10.1126/sciadv.1600584

Petzold, A., Reichwald, K., Groth, M., Taudien, S., Hartmann, N., Priebe, S., et al. (2013). The transcript catalogue of the short-lived fish Nothobranchius furzeri provides insights into age-dependent changes of mRNA levels. BMC Genomics 14:185. doi: 10.1186/1471-2164-14-185

Platzer, M., and Englert, C. (2016). Nothobranchius furzeri: a model for aging research and more. Trends Genet. 32, 543–552. doi: 10.1016/j.tig.2016.06.006

Rajendran, R. S., Wellbrock, U. M., and Zupanc, G. K. H. (2008). Apoptotic cell death, long-term persistence, and neuronal differentiation of aneuploid cells generated in the adult brain of teleost fish. Dev. Neurobiol. 68, 1257–1268. doi: 10.1002/dneu.20656

Rajendran, R. S., Zupanc, M. M., Lösche, A., Westra, J., Chun, J., and Zupanc, G. K. H. (2007). Numerical chromosome variation and mitotic segregation defects in the adult brain of teleost fish. Dev. Neurobiol. 67, 1334–1347. doi: 10.1002/dneu.20365

Reichwald, K., Petzold, A., Koch, P., Downie, B. R., Hartmann, N., Pietsch, S., et al. (2015). Insights into sex chromosome evolution and aging from the genome of a short-lived fish. Cell 163, 1527–1538. doi: 10.1016/j.cell.2015.10.071

Richter, W., and Kranz, D. (1970a). [Dependence of DNA synthesis in the matrix zones of the mesencephalon on the age of the experimental animal (Lebistes reticulatus–Teleostae). Autoradiographic studies]. Z. Mikrosk. Anat. Forsch. 82, 76–92.

Richter, W., and Kranz, D. (1970b). [Radioautographic studies on the dependence of the 3H-thymidine index on age in the matrix-layers of the telencephalon of Lebistes reticulatus (Teleostei)]. Z. Mikrosk. Anat. Forsch. 81, 530–554.

Ruhl, T., Jonas, A., Seidel, N. I., Prinz, N., Albayram, O., Bilkei-Gorzo, A., et al. (2015). Oxidation and cognitive impairment in the aging zebrafish. Gerontology 62, 47–57. doi: 10.1159/000433534

Sacramento, E. K., Kirkpatrick, J. M., Mazzetto, M., Baumgart, M., Bartolome, A., Di Sanzo, S., et al. (2020). Reduced proteasome activity in the aging brain results in ribosome stoichiometry loss and aggregation. Mol. Syst. Biol. 16:e9596. doi: 10.1101/577478

Sahm, A., Bens, M., Platzer, M., and Cellerino, A. (2017). Parallel evolution of genes controlling mitonuclear balance in short-lived annual fishes. Aging Cell 16, 488–496. doi: 10.1111/acel.12577

Saxton, R. A., and Sabatini, D. M. (2017). mTOR signaling in growth, metabolism, and disease. Cell 168, 960–976. doi: 10.1016/j.cell.2017.02.004

Seehafer, S. S., and Pearce, D. A. (2006). You say lipofuscin, we say ceroid: defining autofluorescent storage material. Neurobiol. Aging 27, 576–588. doi: 10.1016/j.neurobiolaging.2005.12.006

Sena, L. A., and Chandel, N. S. (2012). Physiological roles of mitochondrial reactive oxygen species. Mol. Cell 48, 158–167. doi: 10.1016/j.molcel.2012.09.025

Shimoda, N., Izawa, T., Yoshizawa, A., Yokoi, H., Kikuchi, Y., and Hashimoto, N. (2014). Decrease in cytosine methylation at CpG island shores and increase in DNA fragmentation during zebrafish aging. Age 36, 103–115. doi: 10.1007/s11357-013-9548-5

Shohayeb, B., Diab, M., Ahmed, M., and Ng, D. C. H. (2018). Factors that influence adult neurogenesis as potential therapy. Transl. Neurodegener. 7:4. doi: 10.1186/s40035-018-0109-9

Simide, R., Angelier, F., Gaillard, S., and Stier, A. (2016). Age and heat stress as determinants of telomere length in a long-lived fish, the siberian sturgeon. Physiol. Biochem. Zool. 89, 441–447. doi: 10.1086/687378

Skaggs, K., Goldman, D., and Parent, J. M. (2014). Excitotoxic brain injury in adult zebrafish stimulates neurogenesis and long-distance neuronal integration. Glia 62, 2061–2079. doi: 10.1002/glia.22726

Sun, D., McGinn, M., Hankins, J. E., Mays, K. M., Rolfe, A., and Colello, R. J. (2013). Aging- and injury-related differential apoptotic response in the dentate gyrus of the hippocampus in rats following brain trauma. Front. Aging Neurosci. 5:95. doi: 10.3389/fnagi.2013.00095

Terzibasi, E., Lefrançois, C., Domenici, P., Hartmann, N., Graf, M., and Cellerino, A. (2009). Effects of dietary restriction on mortality and age-related phenotypes in the short-lived fish Nothobranchius furzeri. Aging Cell 8, 88–99. doi: 10.1111/j.1474-9726.2009.00455.x

Terzibasi, E., Valenzano, D. R., Benedetti, M., Roncaglia, P., Cattaneo, A., Domenici, L., et al. (2008). Large differences in aging phenotype between strains of the short-lived annual fish Nothobranchius furzeri. PLoS One 3:e3866. doi: 10.1371/journal.pone.0003866

Terzibasi Tozzini, E., Baumgart, M., Battistoni, G., and Cellerino, A. (2012). Adult neurogenesis in the short−lived teleost Nothobranchius furzeri: localization of neurogenic niches, molecular characterization and effects of aging. Aging Cell 11, 241–251. doi: 10.1111/j.1474-9726.2011.00781.x

Terzibasi Tozzini, E., Dorn, A., Ng’oma, E., Polačik, M., Blažek, R., Reichwald, K., et al. (2013). Parallel evolution of senescence in annual fishes in response to extrinsic mortality. BMC Evol. Biol. 13:77. doi: 10.1186/1471-2148-13-77

Traniello, I. M., Sîrbulescu, R. F., Ilieş, I., and Zupanc, G. K. H. (2014). Age-related changes in stem cell dynamics, neurogenesis, apoptosis, and gliosis in the adult brain: a novel teleost fish model of negligible senescence. Dev. Neurobiol. 74, 514–530. doi: 10.1002/dneu.22145

Valdesalicil, S., and Cellerino, A. (2003). Extremely short lifespan in the annual fish Nothobranchius furzeri. Proc. R. Soc. B Biol. Sci. 270, S189–S191. doi: 10.1098/rsbl.2003.0048

Valenzano, D. R., Benayoun, B. A., Singh, P. P., Zhang, E., Etter, P. D., Hu, C.-K., et al. (2015). The African turquoise killifish genome provides insights into evolution and genetic architecture of lifespan. Cell 163, 1539–1554. doi: 10.1016/j.cell.2015.11.008

Valenzano, D. R., Terzibasi, E., Cattaneo, A., Domenici, L., and Cellerino, A. (2006a). Temperature affects longevity and age-related locomotor and cognitive decay in the short-lived fish Nothobranchius furzeri. Aging Cell 5, 275–278. doi: 10.1111/j.1474-9726.2006.00212.x

Valenzano, D. R., Terzibasi, E., Genade, T., Cattaneo, A., Domenici, L., and Cellerino, A. (2006b). Resveratrol prolongs lifespan and retards the onset of age-related markers in a short-lived vertebrate. Curr. Biol. 16, 296–300. doi: 10.1016/j.cub.2005.12.038

Van houcke, J., Bollaerts, I., Geeraerts, E., Davis, B., Beckers, A., Van Hove, I., et al. (2017). Successful optic nerve regeneration in the senescent zebrafish despite age-related decline of cell intrinsic and extrinsic response processes. Neurobiol. Aging 60, 1–10. doi: 10.1016/j.neurobiolaging.2017.08.013

Van houcke, J., De Groef, L., Dekeyster, E., and Moons, L. (2015). The zebrafish as a gerontology model in nervous system aging, disease, and repair. Ageing Res. Rev. 24(Pt B), 358–368. doi: 10.1016/j.arr.2015.10.004

Vijayanathan, Y., Lim, F. T., Lim, S. M., Long, C. M., Tan, M. P., Majeed, A. B. A., et al. (2017). 6-OHDA-lesioned adult zebrafish as a useful parkinson’s disease model for dopaminergic neuroregeneration. Neurotox. Res. 32, 496–508. doi: 10.1007/s12640-017-9778-x

Vijg, J., and Suh, Y. (2013). Genome instability and aging. Ann. Rev. Physiol. 75, 645–668. doi: 10.1146/annurev-physiol-030212-183715

Villasana, L. E., Kim, K. N., Westbrook, G. L., and Schnell, E. (2015). Functional integration of adult-born hippocampal neurons after traumatic brain injury. eNeuro 2:ENEURO.0056–15.2015. doi: 10.1523/ENEURO.0056-15.2015

Wang, N., Luo, Z., Jin, M., Sheng, W., Wang, H. T., Long, X., et al. (2019). Exploration of age-related mitochondrial dysfunction and the anti-aging effects of resveratrol in zebrafish retina. Aging 11, 3117–3137. doi: 10.18632/aging.101966

Wang, X., Romine, J. L., Gao, X., and Chen, J. (2017). Aging impairs dendrite morphogenesis of newborn neurons and is rescued by 7, 8-dihydroxyflavone. Aging Cell 16, 304–311. doi: 10.1111/acel.12553

Wendler, S., Hartmann, N., Hoppe, B., and Englert, C. (2015). Age-dependent decline in fin regenerative capacity in the short-lived fish Nothobranchius furzeri. Aging Cell 14, 857–866. doi: 10.1111/acel.12367

Westra, J. W., Peterson, S. E., Yung, Y. C., Mutoh, T., Barral, S., and Chun, J. (2008). Aneuploid mosaicism in the developing and adult cerebellar cortex. J. Comp. Neurol. 507, 1944–1951. doi: 10.1002/cne.21648

Woodhead, A. D., and Pond, V. (1984). Aging changes in the optic tectum of the guppy Poecilia (lebistes) reticulatus. Exp. Gerontol. 19, 305–311. doi: 10.1016/0531-5565(84)90003-2

World Population Prospects 2019 (2019). United Nations. Available online at: https://population.un.org/wpp/ (accessed September 10, 2020).

Xia, S., Zhang, X., Zheng, S., Khanabdali, R., Kalionis, B., Wu, J., et al. (2016). An update on inflamm-aging: mechanisms, prevention, and treatment. J. Immunol. Res. 2016:8426874. doi: 10.1155/2016/8426874

Yu, X., and Li, G. R. (2012). Effects of resveratrol on longevity, cognitive ability and aging-related histological markers in the annual fish Nothobranchius guentheri. Exp. Gerontol. 47, 940–949. doi: 10.1016/j.exger.2012.08.009

Zhu, S., and Coffman, J. A. (2017). Simple and fast quantification of DNA damage by real-time PCR, and its application to nuclear and mitochondrial DNA from multiple tissues of aging zebrafish. BMC Res. Notes 10:269. doi: 10.1186/s13104-017-2593-x

Zhu, Y., Liu, X., Ding, X., Wang, F., and Geng, X. (2019). Telomere and its role in the aging pathways: telomere shortening, cell senescence and mitochondria dysfunction. Biogerontology 20, 1–16. doi: 10.1007/s10522-018-9769-1

Zikopoulos, B., Kentouri, M., and Dermon, C. R. (2000). Proliferation zones in the adult brain of a sequential hermaphrodite teleost species (Sparus aurata). Brain Behav. Evol. 56, 310–322. doi: 10.1159/000047215

Zupanc, G. K. H., Clint, S. C., Takimoto, N., Hughes, A. T. L., Wellbrock, U. M., and Meissner, D. (2003). Spatio-temporal distribution of microglia/macrophages during regeneration in the cerebellum of adult teleost fish, Apteronotus leptorhynchus: a quantitative analysis. Brain Behav. Evol. 62, 31–42. doi: 10.1159/000071958

Zupanc, G. K. H., and Horschke, I. (1995). Proliferation zones in the brain of adult gymnotiform fish: a quantitative mapping study. J. Comp. Neurol. 353, 213–233. doi: 10.1002/cne.903530205

Zupanc, G. K. H., Kompass, K. S., Horschke, I., Ott, R., and Schwarz, H. (1998). Apoptosis after injuries in the cerebellum of adult teleost fish. Exp. Neurol. 152, 221–230. doi: 10.1006/exnr.1998.6853

Zupanc, G. K. H., and Ott, R. (1999). Cell proliferation after lesions in the cerebellum of adult teleost fish: time course, origin, and type of new cells produced. Exp. Neurol. 160, 78–87. doi: 10.1006/Exnr.1999.7182

Zupanc, G. K. H., and Sirbulescu, R. F. (2011). Adult neurogenesis and neuronal regeneration in the central nervous system of teleost fish. Eur. J. Neurosci. 34, 917–929. doi: 10.1111/j.1460-9568.2011.07854.x

Zupanc, G. K. H., Wellbrock, U. M., Sîrbulescu, R. F., and Rajendran, R. S. (2009). Generation, long-term persistence, and neuronal differentiation of cells with nuclear aberrations in the adult zebrafish brain. Neuroscience 159, 1338–1348. doi: 10.1016/j.neuroscience.2009.02.014

Zupanc, M. M., Wellbrock, U. M., and Zupanc, G. K. H. (2006). Proteome analysis identifies novel protein candidates involved in regeneration of the cerebellum of teleost fish. Proteomics 6, 677–696. doi: 10.1002/pmic.200500167

Zupkovitz, G., Lagger, S., Martin, D., Steiner, M., Hagelkruys, A., Seiser, C., et al. (2018). Histone deacetylase 1 expression is inversely correlated with age in the short-lived fish Nothobranchius furzeri. Histochem. Cell Biol. 150, 255–269. doi: 10.1007/s00418-018-1687-4


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Van houcke, Mariën, Zandecki, Seuntjens, Ayana and Arckens. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Modeling Neuroregeneration and Neurorepair in an Aging Context: The Power of a Teleost Model



		INTRODUCTION



		The Problem: Aging Hampers Neurorepair



		Teleost Fish: The Best of Two Worlds







		EVIDENCE FOR MOLECULAR AND CELLULAR HALLMARKS OF AGING IN THE TELEOST BRAIN



		Genomic Instability



		Epigenetic Alterations



		Telomeric Attrition



		Loss of Proteostasis



		Deregulated Nutrient Sensing



		Mitochondrial Dysfunction



		Cellular Senescence



		Altered Intercellular Communication



		Stem Cell Exhaustion







		IMPACT OF AGING ON THE NEUROREGENERATIVE CAPACITY IN THE ADULT TELEOST



		The Regeneration Capacity of the Teleost Fish Brain



		Aging and the Regeneration Capacity of Teleost Fish: Retained or Lost?



		Neuroregeneration in the Young Adult and Aged Telencephalon







		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fcell-09-619197-g002.jpg
Adult Young adult
Apoptosis

Inflammation

Reactive
proliferation

Migration

Differentiation
Integration

O ependymal cell

injury site neuroblast ;/'1 active microglia

dying neuron newborn neuron glial cell active astrocyte





OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Modeling Neuroregeneration
and Neurorepair in an Aging
Context: The Power of a Teleost
Model









OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-619197-g001.jpg
28 Human

-
S
S Mouse
<
=

Medaka

=
Goldfish

1-3 yrs

Brown ghost knifefish

Zebrafish

2,2 yrs cell senescence 3-3yrs

2,0 yrs cognitive decline & deregulated nutrient sensing
1,6 yrs mtDNA damage

1,5 yrs inflammaging & stem cell exhaustion

1,0y genomic instability

TELEOST FISH

Ki"iﬁSh
0,18-0,5yrs

31 w decreased mtDNA copy number
25 w stem cell exhaustion
20 w neurodegeneration (PD) & inflammaging
16 w cell senescence
13 w deregulated nutrient sensing
9 w cognitive decline & first signs of neurodegeneration






