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The neural stem cell niche is a key regulator participating in the maintenance, regeneration, and repair of the brain. Within the niche neural stem cells (NSC) generate new neurons throughout life, which is important for tissue homeostasis and brain function. NSCs are regulated by intrinsic and extrinsic factors with cellular metabolism being lately recognized as one of the most important ones, with evidence suggesting that it may serve as a common signal integrator to ensure mammalian brain homeostasis. The aim of this review is to summarize recent insights into how metabolism affects NSC fate decisions in adult neural stem cell niches, with occasional referencing of embryonic neural stem cells when it is deemed necessary. Specifically, we will highlight the implication of mitochondria as crucial regulators of NSC fate decisions and the relationship between metabolism and ependymal cells. The link between primary cilia dysfunction in the region of hypothalamus and metabolic diseases will be examined as well. Lastly, the involvement of metabolic pathways in ependymal cell ciliogenesis and physiology regulation will be discussed.
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Introduction


Neural stem cell niche organization and physiology

The mammalian brain cortex originates from neuroepithelial stem cells (NESCS) or primary neural stem cells (pNSCs) (Solozobova et al., 2012), which differentiate toward radial glial cells (RGCs) during embryogenesis (Malatesta et al., 2008). RGCs, in turn, generate nascent projection neurons (Götz and Huttner, 2005; Molnár et al., 2019) that form a six-layered neocortex in an inside-out structural pattern, with the earlier migrating newborn neurons generating the deep cortical layers, and vice versa (Agirman et al., 2017). Toward the end of embryonic neurogenesis, the RGC scaffold detaches from the apical surface and leads to astrocyte and ependymal cell (EC) generation through asymmetric divisions (Molnár et al., 2019). RGCs also give rise to the adult neural stem cells (aNSCs) (Malatesta et al., 2008), which in the adult life are organized within specialized microenvironments, called neural stem cell niches (NSCN) (Andreotti et al., 2019). So far, two adult neurogenic areas have been established, the subgranular zone (SGZ) and the ventricular-subventricular zone (V-SVZ) niches, with the former being the main site of hippocampal neuronal generation and the latter being the main region from where the produced neuroblasts migrate toward the olfactory bulbs where they further differentiate into neurons (Altmann et al., 2019). NSCs at the SGZ are responsible for generating new excitatory neurons that colonize the dentate gyrus (DG) and contribute to adaptable memory development (Merkle et al., 2007). Within the niche, type 1 hippocampal stem cells are radial glia-like progenitors that divide at a low rate mainly asymmetrically to produce the type 2 cells, rapidly dividing (transient amplifying) progenitors. Type 2 cells initially have glial characteristics (also called Type-2a cells), but shortly after their generation change to express more neuronal characteristics, which are then designated as Type-2b cells (Kempermann et al., 2015). The progeny of type 2 cells differentiates into neuroblasts which shift their orientation from tangential to the length of the SGZ to a more polarized morphology to assume an essentially vertical orientation. Then, neuroblasts slowly maturate into granule cells, fully integrated into the hippocampal circuitry (Dantzer et al., 2008; Duan et al., 2008). Apart from intrinsic factors, it has been shown that extrinsic cues such as enriched odor exposure, aerobic exercise, increased stress, and dietary restriction can also regulate neurogenesis at the SGZ (Ming and Song, 2005). Within the V-SVZ, both proliferating and non-proliferating cells reside (Figure 1). The proliferating aNSCs residing in the region expressing an astroglial phenotype and give rise to astroglial-like cells which lack an apical contact with the cerebrospinal fluid (CSF) (Obernier and Alvarez-Buylla, 2019) and the so-called transient amplifying progenitor cells that can in turn lead to the production of neuroblasts (Obernier and Alvarez-Buylla, 2019). The non-proliferating cells are the ependymal cells (ECs) which are cuboidal to columnar ciliated cells (del Bigio, 1995), participating in various crucial physiological functions namely CSF circulation (Milošević et al., 2014) and trophic and metabolic support of the aNSCs (Murphy et al., 2017). They finetune adult neurogenesis through the so-called pinwheel structures surrounding the aNSCs cells (Paez-Gonzalez et al., 2011).
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FIGURE 1
Schematic representation of the subventricular zone (SVZ) neural stem cell niche and its cellular components; SVZ, subventricular zone; CSF, cerebrospinal fluid.


The specific cytoarchitecture of the V-SVZ niche is tightly associated with a specific and uniquely organized extracellular matrix (ECM) that regulates cell proliferation, differentiation, and migration throughout adulthood. The brain ECM alters its composition based on the developmental stage (Bandtlow and Zimmermann, 2000), but as far as its main structure is concerned, it comprises three main regions, the basal lamina the perineuronal nets and the neural interstitial matrix (Murphy et al., 2017). The brain ECM plays a fundamental role in neurogenesis, through NSC behavior regulation as it is a major source of chemical and biological cues, but it also provides physical and mechanical support to the NSCs all of which determine their fate (Shabani et al., 2021). Besides the classical SVZ and SGZ niches there are studies indicating that new neurons can be formed outside the SVZ and SGZ. The most intriguing non-canonical niche is the hypothalamic neurogenic site located in sub-ependymal zone of the third ventricle (HVZ). This zone consists of tanycytes, ciliated and non-ciliated ependymocytes which line the third ventricle as well as glial cells and neural cells (Rojczyk-Gołębiewska et al., 2014). The regulated hypothalamic neurogenesis in adult mice may play a previously unappreciated role in physiology and disease (Kokoeva et al., 2005; Rojczyk-Gołębiewska et al., 2014).

Identifying the mechanisms that govern pNSC and aNSC behavior is a multifactorial process which includes intrinsic and extrinsic mechanisms in the NSCN. The role of metabolism and specifically mitochondrial metabolism has been recently implicated as a regulator of NSC self-renewal and differentiation (O’Brien et al., 2015; Khacho et al., 2017; Knobloch and Jessberger, 2017). There is a reciprocal crosstalk between cell mechanics and metabolism (Romani et al., 2021). Given the anatomical complexity of the NSCN, and that EC borders with the CSF it is plausible that mechanical forces might affect SVZ homeostasis. The goal of this review is to provide an overview of the role of metabolism in the subventricular zone (SVZ) and subgranular zone (SGZ). The role of the hypothalamic niche will be briefly mentioned as it is linked to metabolic diseases (obesity). Our focus is the adult neural stem cell niche with occasional references to embryonic neural stem cells when it is deemed necessary. In terms of the cell types within the niche, the review mostly focuses on neural stem cells and multiciliated ependymal cells. The role of primary cilia in regulating the hypothalamic niche physiology is also being studied. The NSC fate is discussed in the context of different metabolic substrates and mitochondrial function. Additionally, the relationship between cerebrospinal fluid (CSF), ependymal cells and NSCN is also being studied in reference to metabolism. Lastly, although ECs have motile cilia, we have also included studies on both motile and non-motile cilia to gain a broader understanding of the issue (Satir and Christensen, 2007; Kishimoto and Sawamoto, 2012).




Metabolic requirements of the neural stem cell niche


Metabolic control of neural stem cell fate (self-renewal vs. differentiation)

As mentioned previously, neurogenesis is an important and intricate process carried on postnatally in distinct niches such as SVZ and SGZ (Bond et al., 2015). Understanding the NSC behavior is of paramount importance as it will unravel fundamental mechanisms occurring during neurogenesis (Taverna et al., 2014). In the recent years, the concept of metabolic reprogramming, which is the change in a cell’s metabolic activity, usually from glycolysis to oxidative phosphorylation (OXPHOS), depending on the current needs, is increasingly considered a fundamental factor regulating stem cell fate (Cliff and Dalton, 2017). Consequently, understanding what triggers metabolic reprogramming and how cell metabolism directs NSC fate decisions may provide new insight into the brain’s regenerative potential.

Focusing on NSCs, cell metabolism has been shown to play a crucial role in a variety of processes, such as NSC proliferation, differentiation, and quiescence (Ito and Suda, 2014; Chandel et al., 2016) (Figure 2). In particular, NSC proliferation both during the embryonic and the adult period is linked to higher levels of glycolysis while, NSC differentiation is linked to an upregulation of genes involve in OXPHOS (Llorens-bobadilla et al., 2015; Agostini et al., 2016; Zheng et al., 2016; Maffezzini et al., 2020). This shift was once proposed to be a means to achieve a higher level of energy production but nowadays is considered a mechanism to drive NSC fate decisions (Homem et al., 2014; Stoll et al., 2015). This metabolic change from glycolysis to oxidative phosphorylation is especially essential during mid-embryogenesis, a time point at the peak of neurogenesis and neuronal production in cortical development (Mira and Morante, 2020) (Figure 2). Additional insights on the way glycolysis regulates NSC fate comes from studies suggesting that TP53 inducible glycolysis and apoptosis regulator (TIGAR), an endogenous inhibitor of glycolysis, is highly expressed in mature neurons and promotes NSC differentiation through acetyl coenzyme A (acetyl-CoA)-mediated histone acetylation (Zhou et al., 2019).
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FIGURE 2
Graphic illustration of the main metabolic pathways of neural stem cells. In this figure the major changes in metabolic pathways occurring in quiescent and proliferating neural stem progenitor cells (NSPCs) as well as in immature neurons in the adult dentate gyrus and the developing forebrain are shown; FAO, Fatty Acid Oxidation; OXPHOS, Oxidative Phosphorylation; ROS, Reactive Oxygen Species.


Lipid metabolism has also been found to be important in aNSC fate and in particular in hippocampal neurogenesis where it has been shown to control the proliferative activity of aNSCs. Fatty acid oxidase (FAO) seems to maintain NSC stemness whereas lipogenesis drives them toward differentiation (Maffezzini et al., 2020), a finding that has also been verified in humans (Namba et al., 2021). Specifically, fatty acid synthase (Fasn) is upregulated in NSCs whereas knockout Fasn mice showed decreased neurogenesis. The degree of lipogenesis is reduced in quiescence NSCs and is gradually increasing in proliferating NSCs, a process controlled by Spot14 through reduction of the amount of malonyl-CoA, the crucial substrate of Fasn to initiate lipogenesis (Knobloch et al., 2013). Spot14, a protein that has been previously shown to play a role in lipid metabolism (Zhu et al., 2001), is not expressed in aging NSC whereas it is induced by running leading to NSC proliferation by upregulating Fasn. This affected hippocampal-dependent learning and memory during neurogenesis that was shown to be tightly linked with exercise a process with high metabolic demands. The important role of Fasn in exercise-mediated cognitive enhancement was also highlighted in another study, implicating exercise-induced stimulation of neurogenesis (Chorna et al., 2013). In particular, human variant for the Fasn, R1812W, impaired adult hippocampal NSC activity, lipid accumulation in NSCs with ER stress and cognitive defects.

Neural stem cells (NSCs) in the SVZ producing enzymes required for fatty acid oxidation show constant increases in oxygen consumption upon treatment with a polyunsaturated fatty acid (Stoll et al., 2015). FAO inhibition, in turn, has been shown to result in a reduced NSC pool, which was due to increased differentiation and reduced self-renewal of NSCs, suggesting that FAO is indeed crucial for NSC maintenance (Xie et al., 2016). Knobloch et al. also demonstrated that the rate of FAO in NSCs in the hippocampal region regulated the balance between quiescent and proliferative states. Specifically, quiescent NSCs demonstrated high levels of carnitine palmitoyltransferase 1a (Cpt1a)-dependent FAO whereas is proliferative NSCs do not. Strikingly, manipulation of malonyl-CoA, favoring lipogenesis, is sufficient to induce quiescence exit and enhance NSC proliferation (Knobloch et al., 2017). Accumulation of lipids in the form of lipid droplets in the niche might influence NSC behavior. A study in Drosophila demonstrated that lipid droplets in the NSC niche sustained the proliferation of NSCs (neuroblasts) during starvation protecting both glia and neuroblasts by providing a ‘safe’ storage for polyunsaturated fatty acids during oxidative stress (Bailey et al., 2015). The above data from mouse model systems are reinforced by in vitro models of human brain development studies suggesting that altered lipid metabolism contributes to intellectual disability (Bowers et al., 2020) highlighting the importance of lipid accumulation in human neurogenesis shedding light on the beneficial role of the exercise and lipid metabolism in human behavior. Interestingly, lipid metabolism was also associated with human neurogenesis and cognitive deficits like intellectual disability and other neuropsychiatric disorders, with a characteristic example being the link between FAO deficits and autism (Xie et al., 2016).

From all the above, the importance of lipid metabolism was highlighted. Nevertheless, the energetic demands are different between actively proliferating and quiescent NSCs in the adult brain as specific metabolic processes were found different in the two categories of neural stem cells (Figure 2). In order to explain the lipid metabolism-associated metabolic switch, it has been speculated that proliferating NSCs activate lipogenesis in order to increase the amount of lipids available, that will later be use for plasma membrane synthesis (Knobloch, 2017). On the other hand, quiescent (non-proliferative) NSC use fatty acid oxidation to cover their energetic demands and maintain their stemness (van Noorden et al., 2022).

Glutaminolysis has also been shown to play a crucial role in NSC fate decisions. Specifically, glutaminolysis is required for the Rho GTPase Activating Protein 11B (ARHGAP11B)-mediated promotion of SVZ basal progenitors (BPs) proliferation during the embryonic life (Namba et al., 2020). What makes this finding even more interesting is that glutaminolysis is one of the few metabolic pathways which have been proven to regulate NSC fate decisions in humans and it appears to promote NSC proliferation (Namba et al., 2021).

Overall, there is evidence supporting the role of metabolism in the NSC fate and function regulation, reinforcing the notion that lipid and fatty acid metabolism contribute to human neurogenesis and behavior. It should also be noted that the transition from NSC to a neuronal lineage is accompanied by increased mitochondrial biogenesis, as well as downregulation of glycolysis and fatty acid oxidation pathways, reduction in glycolysis-related proteins, such as hexokinase 2 (HK2) and isoform A of lactate dehydrogenase (LDHA), switch from M2 isoform of the pyruvate kinase (PKM2) to its constitutively active M1 isoform (PKM1) and upregulation of OXPHOS-related genes (Zheng et al., 2016; Calvo-Garrido et al., 2019). Understanding how metabolism affects NSC behavior could potentially develop new therapeutic approaches to control it. In the next section the way mitochondria act as crucial regulators of NSC fate decisions by affecting metabolism will be discussed.



Mitochondrial physiology, autophagy and epigenetics interplay: New players in neural stem cell fate regulation

Mitochondria are bioenergetic organelles involved in a variety of anabolic and catabolic functions (Chandel, 2021). Metabolites generated by the tricarboxylic acid (TCA) cycle and the electron transport chain, including adenosine triphosphate (ATP), reactive oxygen species (ROS), Acetyl-CoA, α-ketoglutarate (a-KG), and nicotinamide adenine dinucleotide (NAD)/NADH ratio, serve as signaling molecules regulating several aspects of stem cell function (Martínez-reyes and Chandel, 2020). Stem cells, including NSCs have several antioxidant defense systems regulated by transcription factors [Forkhead/winged helix box gene, group O (FoxO), Nuclear factor erythroid 2-related factor 2 (Nrf2)] to keep ROS within a narrow range. The low concentration of ROS is considered a hallmark of adult stem cells and plays an essential role in their homeostasis (Tsatmali et al., 2005; Go, 2012; Ma et al., 2015; Chandel et al., 2016; Shyh-Chang and Ng, 2017), ensuring their protection against oxidative damage. There is also evidence suggesting that mitochondrial ROS act as a rheostat to affect gene expression and regulate cell fate (Le Belle et al., 2011; Walton et al., 2012; Maryanovich and Gross, 2013). In particular, the Forkhead Box O-3 (Foxo3)-dependent antioxidant system is essential for the self-renewal of NSCs by asymmetric divisions (Renault et al., 2009; Webb et al., 2013). ROS-mediated NSC fate decisions are also relevant in aging. In a mouse model of advanced aging accumulating mitochondrial DNA (mtDNA) mutations with age [DNA Polymerase gamma A (PolgA) mutant mice], there is a decrease in quiescent NSCs in the adult SVZ accompanied by a loss of self-renewal that could be rescued with antioxidants was observed (Go, 2012). However, high ROS levels in NSCs can impair adult neurogenesis or shift NSC fate decisions toward the astroglial lineage at the expense of newborn neurons (Fishman et al., 2009; Ali et al., 2015). Mitochondrial dynamics, as well as mitochondrial crosstalk with other organelles (Yambire et al., 2020) play an important role in determining cell fate and function as well. Khacho and Slack (2018). The importance of mitochondria for stem cell function is supported by several studies demonstrating that mitochondrial dysfunction can lead to deleterious effects on stem cell function, both during development and in the adult brain (Khacho et al., 2016, 2017; Beckervordersandforth, 2017; Beckervordersandforth et al., 2017; Bahat and Gross, 2019; Chen et al., 2020). Several studies suggest that alterations in mitochondrial respiration (Figure 3) can impair adult neurogenesis (Calingasan et al., 2008; Beckervordersandforth et al., 2017; Khacho et al., 2017). This has been demonstrated using conditional deletion of genes integral to mitochondrial function and examining the effect on NSCs in the adult mouse. The genes that have been tested are the TFAM (transcription factor A, mitochondrial) (Beckervordersandforth et al., 2017), the α-KG-dehydrogenase complex (Calingasan et al., 2008) the mitochondrial oxidoreductase protein apoptosis initiating factor (AIF) (Khacho et al., 2017). Apart from the essential role that mitochondria play in adult NSCs, recent studies have also revealed the importance of mitochondrial dynamics during neural development, particularly during NSC fate decisions and neuronal differentiation. In addition to metabolic changes, mitochondria within NSCs undergo morphological changes as cells commit to a neuronal lineage in SVZ. These changes in shape are not consequential but rather direct the metabolic changes and regulate the fate of NSCs by mitochondrial-to-nuclear retrograde signaling mediated by ROS and transcription factor Nrf2 (Steib et al., 2014; Khacho et al., 2016). On the other hand, loss of dynamin-related protein 1 (DRP1) in uncommitted NSCs causes mitochondrial elongation, decreased mitochondrial ROS levels, and promotes NSC self-renewal capacity (Khacho et al., 2016). In support of the impact of morphological changes of mitochondria in neuronal commitment, Iwata et al. recently proposed that fusion vs. fission of mitochondria in ventricular zone NSCs during M-phase modulate neuronal commitment and differentiation (Iwata et al., 2020). It is important to note that the role of mitochondrial dynamics in NSC fate is mediated at the nuclear level, by means of mitochondrial to nuclear retrograde signaling, to regulate the transcription of self-renewal versus differentiation genes (Figure 3). Another important aspect in NSCs fate commitment is autophagy given that autophagy is lower in quiescent NSCs and promotes NSC activation and differentiation (Casares-Crespo et al., 2018). Mutations in autophagy related 5 (ATG5) and Autophagy and Beclin 1 Regulator 1 (Ambra1) components of autophagic machinery in NSCs or pharmacologic interventions that suppress autophagy impair early steps of stem and progenitor cells differentiation (Vázquez et al., 2012; Wang et al., 2013). It has also been shown that bi-allelic null mutations in p62 present with early-onset neurodegenerative disorders (Haack et al., 2016; Muto et al., 2018). Specifically, it resulted in a dramatic increase of lactate dehydrogenase A (LDHA) expression, which correlated with deficient neurodifferentiation due to the inability to upregulate genes important for OXPHOS (Calvo-Garrido et al., 2019), a phenotype rescuable by N-acetylcysteine, suggesting a role of p62 in oxygen sensing or ROS management and implying the role of autophagy in brain-related disorders (Lee et al., 2013; Deng et al., 2021). It is known that under oxidative stress p62 stabilizes Nrf2 (Jain et al., 2010; Komatsu et al., 2010). Deletion of p62 also rescued the NSC pool in the SVZ and dental gyrus of autophagy deficient FIP 200-KO mice, demonstrating an important role for p62 in neuronal development regulation, probably by regulating intracellular superoxide levels (Wang et al., 2016).
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FIGURE 3
TCA cycle metabolites and stem cell fate. The interplay between the metabolic mitochondrial and epigenetic factors regulating neural stem cell fate decisions. 1CM, 1-carbon cycle; Ac, acetyl group; Ac-CoA, Acetyl-CoA; a-KG, Alpha-ketoglutarate; ACLY, ATP citrate lyase; DNMT, DNA methyl transferase; ETC, electron transport chain; HAT, histone acetyl transferase; JHDM, JmjC domain-containing histone demethylation protein; KMT, histone lysine N-methyltransferase; L-2-HG, L-2-hydroxyglutarate; LDH, lactate dehydrogenase; MDH1, malate dehydrogenase 1; MDH2, malate dehydrogenase 2; Me, Methyl group; MPC, mitochondrial pyruvate carrier; NAD, Nicotinamide adenine dinucleotide; OAA, oxaloacetate; PDH, pyruvate dehydrogenase; SAM, S-Adenosyl methionine; TDH, threonine dehydrogenase; TET, Ten Eleven Translocation enzyme.


Epigenetic modifications, including DNA and histone modifications have also been shown to play a crucial role in the regulation of NSC fate (Yao et al., 2016) with histone demethylation and acetylation being the main modifications promoting NSC proliferation and self-renewal and methyl-CpG binding protein 2 (MECP2)-mediated histone methylation promoting terminal neuronal differentiation and synaptogenesis (Niklison-Chirou et al., 2020). Histone methylation has been shown to influence Notch1 (Zhang et al., 2015) and Huntingtin expression (Irmak et al., 2018; Lu et al., 2020; Alcalá-Vida et al., 2021). Histone acetylases and deacetylase also regulate proper NSC function through huntingtin expression regulation (Yildirim et al., 2019). Given the fact that NSC fate is both metabolically and epigenetically regulated, a link between metabolic and epigenetic regulation has been described (Figure 3). Specifically, it appears that specific metabolites promote a NSC epigenetic reprogramming, thus affecting NSC self-renewal and differentiation (Fawal and Davy, 2018). It has been shown that lipid-derived acetyl-CoA promotes histone hyperacetylation (McDonnell et al., 2016), a process involved in TIGAR-mediated NSC differentiation (Zhou et al., 2019). Flavin Adenine Dinucleotide (FAD) enhanced neuronal differentiation of human NSCs by facilitating nuclear localization of Lysine-specific demethylase 1 (LSD1) (Hirano and Namihira, 2016). In the epigenetic control of NSC fate, the mitochondria are critical regulators of this process through the cellular NAD+/NADH ratio regulation that can dictate the fate of stem cells via sirtuins (Imai and Guarente, 2014; Cai et al., 2016) (Figure 3). Sirtuin 1 (SIRT1) has been shown to be expressed mainly in stem cells, with a much lower expression during differentiation and this has been shown to be required for the maintenance and differentiation of stem cells (Calvanese et al., 2010). An increase in NAD+/NADH ratio inhibits adult hippocampal NSC self-renewal and promotes embryonic NSC neuronal differentiation (Ma et al., 2014; Zhang et al., 2016). Additional studies highlight that NAD+ is a key regulator of stem cell fate during the normal aging process. NAD-dependent Sirt1 activation contributes to quiescence in adult NSCs through peroxisome proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1a) activation (Rodgers et al., 2005; O’Brien et al., 2015) and Forkhead Box O1 (FOXO1) deacetylation (Brunet et al., 2004; Renault et al., 2009; Webb et al., 2013). There are also studies demonstrating that genetic or pharmacological inhibition of Sirt1 in adult NSCs favors their exit from quiescence and stimulates their proliferation and differentiation (Rafalski et al., 2013; Saharan et al., 2013; Hu et al., 2014). It is worth noting that nicotinamide phosphoribosyl transferase (NAMPT), which partially controls NAD+ levels, declines with age in the mouse hippocampus (Stein and Imai, 2012). Deletion of NAMPT in adult NSCs and progenitor cells reduces their ability to self-renew, proliferate, and generate oligodendrocytes, which can be rescued by nicotinamide mononucleotide (NMN; a precursor of NAD+) supplementation (Stein and Imai, 2014). On the other hand, other studies have suggested that NAD-activated Sirt1 suppresses the quiescence and promotes proliferation and differentiation (Hisahara et al., 2008; Ma et al., 2014). However, activation of SIRT1 by resveratrol to mimic early neural developmental stress increased neural tube defects in mouse embryos (Li et al., 2017). Thus, tight regulation of NAD+/NADH ratio is essential for neurogenesis (Figure 3). Besides Sirt1, sirtuin 6 (SIRT6) might regulate cell fate during adult hippocampal neurogenesis (Okun et al., 2017).



Primary cilia and neurogenesis: The hypothalamus paradigm

As it was mentioned in the introduction, RGCs can differentiate into aNSCs and ECs with the latter ones being multiciliated. RGCs, as most cells, have primary cilia to detect the environment and respond appropriately (Higginbotham et al., 2013). Primary cilia detect extracellular cues, such as mechanical flow and chemicals, and transduce these signals to regulate various processes, including differentiation, cell cycle regulation, neurotransmission, and metabolism (Berbari et al., 2009). In addition, many cells with primary cilia differentiate toward multiciliated ones, as is the case for postnatal radial glial cells in the SVZ which differentiate into multiciliated ependyma cells (Delgehyr et al., 2015).

Primary cilia themselves have been shown to be metabolically regulated with cholesterol metabolism being a key regulator of primary cilium physiology. One characteristic example is sterol regulatory element-binding protein 1 (SREBP1c), an important transcription factor for fatty acid and cholesterol biosynthesis, whose aberrant activation has been shown to suppress ciliary formation (Gijs et al., 2015). Dysregulated cholesterol metabolism also negatively affects ciliogenesis, as atorvastatin-mediated cholesterol depletion leads to reduced ciliary signaling, ciliation frequency and ciliary length (Maerz et al., 2019), which could explain the teratogenic effects of statins (Maerz et al., 2019). The above is linked to studies suggesting that atorvastatin promotes Notch1 expression and increase aNSC proliferation after stroke (Chen et al., 2008). In addition, proper cholesterol distribution among the different organelles is crucial for proper ciliogenesis (Maharjan et al., 2020).

Glucose metabolism also plays a significant role in primary cilium function, as glucose deprivation induces primary cilia formation through mammalian target of rapamycin complex 1 (mTORC1) inactivation and p27 activation (Takahashi et al., 2018). Additionally, methylglyoxal, a glycolytic intermediate metabolite, modulates Notch signaling to regulate neural progenitor cell (NPC) fate decision (Rodrigues et al., 2020).

As previously stated, the role of primary cilia is important in determining aNSC (Amador-Arjona et al., 2011; Khatri et al., 2014; Tong et al., 2014) and EC fate (Mirzadeh et al., 2010). The most characteristic paradigm of the above is the hypothalamic neurogenic niche, which comprises of two main layers, the hypothalamic ventricular zone (HVZ) and the hypothalamic proliferating zone (HPZ) (Rojczyk-Gołębiewska et al., 2014). In this niche, four types of radial glia-like tanycytes along with ciliated and non- ciliated ependymal cells are found (Rojczyk-Gołębiewska et al., 2014). Recent studies have demonstrated that tanycytes’ primary cilia are considered key players in hypothalamic neurogenesis (Rojczyk-Gołębiewska et al., 2014). Specifically, in embryonic hypothalamic niche primary cilia function determines hypothalamic neurogenesis. Primary cilia mediate early life programming of adiposity through lysosomal regulation in the developing mouse hypothalamus (Lee et al., 2020; Yamakawa et al., 2021). Primary cilia modulate energy homeostasis through centrally mediated control of feeding (hypothalamus) and peripheral tissue signaling and homeostasis (pancreas, skeletal muscle, adipocyte differentiation) (Rojczyk-Gołębiewska et al., 2014). Several pediatric obesity syndromes have been found to have mutations in genes related to primary cilia function such as Bardet-Biedl syndrome (BBS), Ahlstrom syndrome, Mental retardation, truncal obesity, retinal dystrophy and micropenis syndrome (MORM) and Carpenter syndrome (Ansley et al., 2003; Hampshire et al., 2006; Alessandri et al., 2010). Besides this, there are several studies suggesting the fundamental role of primary cilia in appetite regulation by leptin signaling. Several key molecules involved in appetite and satiety regulation such as leptin receptor, melanocortin-4-receptor (MC4R), or adenylate cyclase 3 are affected by the function of primary cilium (Ou et al., 2009; Han et al., 2014; Oh et al., 2015; Krashes et al., 2016; Grarup et al., 2018). Preadipocytes possess a primary cilium during differentiation that plays a critical role in their ability to become adipocytes (Marion et al., 2008; Kopinke et al., 2017). It is worth mentioning that primary cilia in human embryonic stem cells affect their commitment to neuroectoderm through the autophagy-Nrf2 axis (Jang et al., 2016).



Ependymal maturation and their metabolic function in neural stem cell niches

The SVZ is sandwiched between a basement membrane on the one end (attached to blood capillaries) and ECs on the other end (del Bigio, 2010). EC have motile cilia (Delgehyr et al., 2015) and are exposed to the CSF mechanical forces (Siyahhan et al., 2014; Ringers et al., 2020). It has been already demonstrated that mechanical forces, especially shear stress, affect ciliogenesis (Sheng et al., 2020) and potentially might affect the stem cell niche. For the homeostasis of CSF flow to be achieved, ependymal cells need to maintain ciliary and planar cell polarity during and after ciliogenesis as it has been shown by Yamada et al. in hydrocephalus models, with an increase in CSF oscillation directly impedes normal cilia beating (Yamada et al., 2021).

Studies in renal epithelial cells have shown that primary cilia detect shear stress and stimulate lipophagy, promote mitochondrial biogenesis and increases ATP production which provides the energy required for metabolic reprogramming and cellular adaptation (Miceli et al., 2020). Similarly, ependymal cells have the potential to respond to CSF shear stress. In addition, although ependymal maturation is mainly a gene-controlled process, late findings have shown EC ciliogenesis is metabolically regulated, which comes in accordance with studies suggesting that metabolic dysregulation is involved in hydrocephalus pathophysiology (Caner et al., 1993; Kondziella et al., 2008; Lummis et al., 2019) and that ECs secrete a variety of metabolic products, such as apolipoprotein E (APOE) (Lee et al., 2012).

Ependymal cells (EC) act as a barrier as well as selective transporter of molecules such as fatty acids which enter ependymal cells and incorporated into triacyl glycerol compounds. This sequestration of fatty acids in the form of triacyl glycerol seem to be part of an active transport mechanism of essential fatty acids from CSF to central nervous system (CNS) (Etschmaier et al., 2011). On the other hand, lipids secreted from glial cells pass through the ependymal barrier into the CSF (Marin et al., 2013). EC play an important role regulating the biology of NSC within SVZ niche, by providing signals from CSF that influence adult NSC quiescence and proliferation (Mirzadeh et al., 2008; Tavazoie et al., 2008). Specifically, they secrete Noggin and thus favor neurogenesis by suppressing bone morphogenetic protein (BMP) (Lim et al., 2000; Lee et al., 2012; Yousef et al., 2015). Importantly within the SVZ and the subgranular zone adult NSCs require fatty acid oxidation for their proliferation and differentiation (Chorna et al., 2013; Knobloch et al., 2013; Stoll et al., 2015). With aging the SVZ ependymal cell number decreases, and these cells accumulate large lipid droplets which are vital for normal ependymal function (Bouab et al., 2011). Hamilton et al. have demonstrated in an Alzheimer’s mouse model that excess of lipid droplets in the ependymal lining of the VZ leads to decreased NSC proliferation suggesting that perturbed lipid metabolism in disease might be directly influencing NSC behavior (Hamilton et al., 2015). In another mouse model of Huntington’s disease (HD) lower 24S-hydroxycholesterol levels have been linked to increased neurodegeneration (Kacher et al., 2019). Lipidomic profiling of HD patients also stress the significant role of lipids which leads to a disrupted EC layer in the SVZ (Hunter et al., 2018). Additional evidence of the role of lipid metabolism in ependymal cells comes from studies suggesting that lipid-laden ECs are also linked to an increase in quiescent NSCs and neuroinflammation markers (Shimabukuro et al., 2016). One important aspect of the SVZ adult neurogenic niche is the regulation of NSC biology by ependymal cells (ECs). In this section we will focus on EC differentiation, which includes the process of EC ciliogenesis, and the metabolic regulation of these processes. Multiciliated ECs, are postmitotic cells derived from RGCs. They are committed toward the ependymal lineage in the mid embryogenesis and their generation is primarily controlled by the Geminin family proteins (Kyrousi et al., 2015, 2017; Lalioti et al., 2019b; Ortiz-Álvarez et al., 2019). We have previously shown that Geminin coiled-coil domain-containing protein 1 (GemC1) and Multiciliate Differentiation and DNA Synthesis Associated Cell Cycle Protein (Mcidas) operating in a hierarchical mode and transcriptionally activate Forkhead Box J1 (Foxj1), c-Myb and p73 (Kyrousi et al., 2015; Lalioti et al., 2019a) in EC differentiation (Figure 4).


[image: image]

FIGURE 4
Neural stem cell differentiation toward the ependymal cell lineage pathway. The ependymal cell differentiation process is depicted which is primarily controlled by the Geminin family protein members. GemC1:Geminin coiled-coil domain-containing protein 1, Mcidas: Multiciliate Differentiation and DNA Synthesis Associated Cell Cycle Protein, Foxj1: Forkhead Box J1.


In the study of Lalioti et al. deletion of GemC1 in mice triggered cell fate changes of neural progenitor cells of the brain into adult NSCs instead of the brain ependymal cells. These cell fate alterations were followed by global changes in chromatin accessibility of several genes promoters resulting in higher accessibility of NSCs-related promoters. Among others fatty acid binding protein 7 (Fabp7) and lactate dehydrogenase B (Ldhb) gene promoters which are important for fatty acid metabolism and lipid biosynthesis were found to display increased accessibility in GemC1-knockout mice (Lalioti et al., 2019b). The link between EC ciliogenesis and metabolism is also evident in the case of p73, which is the master transcriptional regulator of ciliogenesis (Jackson and Attardi, 2016) and has also been found to affect metabolism (Nemajerova et al., 2018). There is an intriguing possibility that p73 affects ciliogenesis through lipid metabolism. Specifically, p73 regulates cellular metabolism and energy production, directly through transcriptional regulation of several metabolic enzymes such as glutaminase 2 and glucose 6 phosphate dehydrogenase (Du et al., 2013). It also promotes glycolysis, amino acid uptake and biosynthesis of acetyl-CoA (Amelio et al., 2014). It is important to emphasize that p73 interacting with p63 promotes fatty acid oxidation and inhibits fatty acid synthesis (Sabbisetti et al., 2009; Su et al., 2012). The mechanism by which p73 affects fatty acid metabolism can be mediated by autophagy as indicated by studies in hepatocytes (He et al., 2013).




Discussion and future directions

Here, we comprehensively reviewed the existing literature on Neural stem cell Niche regarding the role of metabolism in NSC fate with special emphasis in ciliogenesis. Over the years, significant progress has been made to unravel the mechanisms by which NSCs are differentiated toward neurons during embryonic and adult neurogenesis. Recently it has been discovered that cellular metabolism plays an important role in maintaining quiescent or proliferative NSCs and in modulating self-renewal and differentiation of NSCs. The main goal for future research is to unravel the metabolic adaptations that occur in NSCs that maintain their stemness or initiate their differentiation. Cell metabolism may serve as a signal integrator that “translates” a variety of signals into an integrated metabolic response that may affect cells at multiple levels, e.g., energy status, fuel utilization source, oxidative stress, and epigenetics. Thus, studying the interplay between transcriptional programs, morphogenic signaling, and its down-stream or up-stream regulation of the metabolic state may substantially improve our understanding of how NSPCs orchestrate the construction of the brain. Given that cilia, primary or motile, are in the interface between extracellular and intracellular space, their contribution in metabolic processes is not unexpected as discussed here. Although we do not fully understand the mechanisms of metabolic control of NSPC behavior yet, there is strong evidence that the metabolic state is a novel key player regulating the balance between stem cell quiescence/activation and subsequent differentiation. Identification and subsequent targeting of the compensatory metabolic pathways create opportunities for more efficient therapeutic strategies. Forward and unbiased metabolomics approaches should facilitate understanding this metabolic rewiring. Developing further knowledge on other aspects of neural stem cell metabolism such as metabolic compartmentalization, metabolic crosstalk with other cell types, and EC subtype-specific metabolic traits is another future challenge in this young field and a prerequisite to the development of novel therapeutic strategies.
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