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Abstract

:

Neural stem cells (NSCs) are self-renewing, multipotent cells which give rise to all components of the central nervous system (CNS) during embryogenesis, but also activate in response to injury and disease and maintain a certain level of neurogenic activity throughout adulthood. This activity takes place in specialized regions of the brain, the neurovascular niches, whose main role is to control the behaviour of the CNS. In adult mammals, two main “canonical” niches have been described: The subventricular zone (SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus. This review discusses our current understanding of the neural stem cells and their canonical niches, as well as their structure, behaviours, and role in neural disease.
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1. Introduction


The creation of new nervous system cells through the process of neurogenesis in mammals was originally thought to only take place throughout embryonic stages of development. However, this concept was questioned after the discovery of dividing cells in the hippocampus of adult rats [1], and of cells capable of in vivo proliferation and differentiation after extraction [2]. The fact that adult mammals are capable of maintaining neurogenesis throughout adult life thanks to multipotent neural stem cells (NSCs) is now widely accepted [3,4,5,6,7,8,9], and several functions and roles of neurogenesis and adult-born neurons have been described [10,11,12,13,14,15,16,17,18].



These NSCs reside in specialized niches in the adult mammalian brain, referred to as neurovascular niches (NVNs), including the subventricular zone (SVZ) and subgranular zone (SGZ). These niches are specialized microenvironments whose main purpose is to regulate self-renewal, proliferation, and differentiation of NSCs through their extensive interaction and participation with the niche itself, as well as maintain homeostasis and control central nervous system (CNS) behaviour [19,20,21].




2. Neural Stem Cell Niches: SVZ and SGZ


Two NVNs in which neurogenesis takes place have been described in the adult mammalian brain: The SVZ, in the lateral ventricle (LV) [22,23], and the SGZ, located in the dentate gyrus (DG) of the hippocampus [4,24] (Figure 1).



2.1. SVZ


The SVZ has been described as a site of neurogenesis in several mammalian species, including humans [22,25,26,27,28,29,30]. It is located in the lateral wall of the LV, and consists of different cell populations, including: NSCs, a monolayer of ependymal cells or E-type cells, transit amplifying cells (TAP or C-type cells, also known as intermediate progenitors or IPCs), neuroblasts (or A-type cells), astrocytes, and endothelial cells (BECs) that constitute the microvasculature [31,32] (Figure 2).



B-type cells follow cellular processes that, upon spread, lead to encountering cerebral capillaries and the ventricular wall, lined by the monolayer of E-type cells. This morphology suggests that B-type cells receive stimuli by direct contact from BECs and E-type cells. Despite being stem cells, B-type cells do not remain amorphous and undifferentiated, but rather showcase features that match those of differentiated astrocytes [33].



B-type cells retain the apical-basal polarity layout of radial glia (their predecessors), which contacts the ventricle and cerebrospinal fluid (CSF) that it contains through small, specialized apical processes with a single primary cilium. Moreover, up to a third of all cells in contact with the ventricular wall are B-type, and they are often found to be clustered [34]. This region of the SVZ is built in a “pinwheel” configuration, with the apical endings of B-type cells surrounded by E-type cells with large apical surfaces, and with intercellular junctions found between cells of the same type and both cell types [34].



In addition, these B-type cells can function as quiescent (qNSCs) or active (aNSCs). The aNSCs can transform into C-type cells, losing their GFAP expression and expressing neuronal differentiation transcription factor (ASCL1). Upon activation, their position shifts toward the vascular niche from the original ependymal location [35]. However, these movements are not unidirectional, and C-type cells can return and even interact with other NSCs. Moreover, dynamism is heavily age-dependent with morphological changes, and the tendency to stay in place increases alongside age [35].



B-type cell populations are not homogeneous, with differences present among cells of the matching activation state and in the diverse neuronal subtypes that they eventually give rise to [36]. This heterogeneity is mainly determined by the specific location within the niche itself, with B-type cells from the septal wall exhibiting a bias toward an oligodendrogenic fate, whereas lateral wall populations tend to result in neurogenesis [37]. Moreover, there are differences in gene expression profiles depending on whether cells originate from dorsal or ventral areas of the niche. These persist through the subsequent C- and A-type cell stages, delineating functional subclasses of adult-born new neurons as determined by the regional allocations of B-type cell populations they originate from [38].



Both B- and C-type cells are found near blood vessels, but most of the proliferative cells found in the SVZ are C-type; they undergo multiple rounds of mitosis to generate a sizable population before differentiating. In addition, those destined to be neurons give rise to A-type cells, which are also in close contact with blood vessels [31]. Most A-type cells leave the SVZ and migrate to the olfactory bulb (OB) through the rostral migratory stream (RMS), mirroring the flow of CSF [39] and moving longitudinally to vessels parallel to this RMS, suggesting that the capillaries function as migratory scaffolds [40]. Once in the olfactory bulb, they become mature interneurons [41].



However, this is not the only migration pattern, since a medial migratory stream (MMS) focused on the prefrontal cortex is also present in humans during early post-natal development stages. This stream is reduced in older children and nearly extinct in adults, and has yet to be identified in other vertebrates [42]. Moreover, children younger than 3 months of age showcase regions of high cell density adjacent to the anterior body of the lateral ventricle and within the neighbouring subcortical white matter, forming an “Arc” structure along sagittal sections. These are composed of migrating young neurons, which eventually move in chains or as individual cells toward the cortical tissue (including cingulate gyrus and prefrontal cortex) and differentiate into interneurons [43].



The “canonical” SVZ-RMS-OB migratory pathway may not be present in humans beyond immediate post-birth timeframes [42]. The human OB does show some remarkable plasticity [44,45,46], but this may be due to locally-generated neurons from resident NSCs or NSC-like populations [47], if it even takes place at all [48]. The RMS itself does appear to be present in humans, although lacking chain-migration [49] and with extremely low numbers of neuroblasts, which would render their sustained migration unlikely if not outright impossible due to the fact that neuroblasts are the ones that form and maintain the migratory route [22]. A possible ventricular extension conforming to a migratory path has been described [50], but this structure does not seem to be widespread among humans [51], even if there is some evidence of its existence [52]. A definitive answer to whether human olfactory bulbs are indeed recipients for newly generated SVZ neurons or they have purposes that are different from the rest of the mammals is yet to be determined, which might be relevant to discern how much of the knowledge on SVZ NSCs and niche obtained from animal models can be extrapolated to humans, if any at all.




2.2. SGZ


The SGZ is a germinal layer located between the densely packed granule neurons of the granule cell layer (GCL) and the hilus of the DG, where granule neurons are born, and neurogenesis takes place in close association with blood vessels [53,54,55]. Adult hippocampal neurogenesis has been observed in several mammals, including rodents, insectivores, carnivores, ungulates, and primates [56]. SGZ neurogenic activity begins relatively in early post-natal stages, and transitions to activity-dependent regulation after a re-structuring takes place to match the shift in function, hinting at an experience- and activity-based neurogenesis as opposed to be merely linked to adult development [57]. A high degree of synaptic formation and pruning within the hippocampus is paramount for memory encoding and processing, and this is dependent on two things: The immune system and the proximity of the cells to the vasculature [58]. Adult-born neurons originating from the DG are thought to partake in hippocampal-dependent cognitive development [59] and functions, such as spatial memory and pattern separation (the ability to discriminate between similar experiences) [60], non-destructive information encoding [61,62,63], inhibitory network regulation [64], or social memory maintenance (but not acquisition or retrieval) [65]. Moreover, a role in stress response and regulation through the suppression of the hypothalamic-pituitary-adrenal (HPA) axis has been described [16].



NSC populations are not identical between SVZ and SGZ, with small differences present in structure and location. Unlike their counterparts in the SVZ, SGZ NSCs are found deep in the brain parenchyma, surrounded by neurons and glial cells and away from the ventricular walls and the flow of the CSF [66]. SGZ NSCs seem to descend from a single precursor population in the dentate neuroepithelium (DNE), which expands and then migrates following the dentate migratory stream (DMS) to the primitive DG. These precursors acquire their adult properties during neonatal stages, but without any significant changes to their lineage specification, and maintain neurogenesis processes between peri- and post-natal stages [67,68].



Neural progenitors have been identified in the hippocampus as radial glia-like cells (RGLs) [69], also known as radial astrocytes [70] or Type 1 cells [71]. Similar to the B-type cells of the SVZ, they express GFAP, nestin, and Sox2, and possess radial processes that contact vessel endothelial cells in specialized irregular areas of the basement membrane, providing access to blood-borne substances despite the existence of the blood-brain barrier (BBB) [72]. Intermediate progenitors, also known as Type 2 cells, are equivalent to C-type cells from the SVZ, are highly proliferative, and normally express nestin and DCX. These eventually transform into neuroblasts, also known as Type 3 cells, which express DCX and PSA-NCAM, but not nestin. They migrate along the blood vessels until they reach the granular layer, where they differentiate into mature dentate granular neurons [54] (Figure 3).



The extent to which hippocampal neurogenesis persists into adulthood in humans is not yet clear, as it is a controversial topic with seemingly contradictory results. Certain studies have found no significant levels of neurogenesis beyond early childhood [73,74,75], while others point at lifelong neurogenic activity [3,5,9,76,77,78], with the issue far from settled [79,80,81]. The scale seems to tip in favour of adult hippocampal neurogenesis, with indirect (functional) evidence pointing toward it as well, but many questions remain unanswered [82]. Considering the amount of research carried out on the topic of human hippocampal neurogenesis and the fact that the bulk of the functional evidence of adult neurogenesis that is relevant to neurological processes is aimed at this niche, the SGZ is the most likely out of the two canonical niches to be the first to have its secrets unravelled in humans. However, that unravelling has not been reached yet.





3. Niche Components


The neural stem cell niches are formed by various cell types, such as BECs, pericytes, astrocytes, and microglia. The proper function of cerebral microvascular networks as well as the niche itself depends on the synergistic interaction between them [83,84,85].



Pericytes are mural cells that directly adhere to capillaries and regulate microvessel permeability, vasoconstriction, and BBB-specific gene expression [84,86]. SVZ NSCs control the capillary tone and blood flow in the surrounding area through pericyte activation [87]. Astrocytes are glial cells of the CNS which are commonly identified through GFAP expression [88]. Microglia are mononuclear phagocytes, and represent the main permanent immune cell population in the CNS [89]. In addition, the SVZ-specific population showcases a unique phenotype and transcriptome when compared to other regions of the brain [90,91]. SVZ/RMS microglia present a reduced phagocytic activity, and instead take part in the migration of SVZ-generated neurons toward their final destination in the OB. The disruption of these populations has adverse effects on neuron migration and survival [90]. Moreover, SVZ microglia are capable of acting as a hotbed for repopulation following whole-brain microglia depletion, and are resistant to the inhibitors [92].



Other key components of the niche include the vasculature, the extracellular matrix, and the CSF, as well as the lateral ventricle choroid plexuses (LVCPs), which are primary producers of CSF and source of secreted factors with different effects on SVZ NSCs and their progeny [93].



All these components determine the behaviour and fate of NSCs through the production and release of a number of paracrine factors, directly or contained in exosomes. They decide how quickly NSCs divide and the type of cells they give rise to [94,95,96] (Figure 4).



3.1. Vasculature


The distinctive requirements of the adult mammalian brain result in the development of unique vascular structures. In the CNS, BECs form the highly restrictive and semi-permeable BBB, which separates circulating blood from the cerebral extracellular space and strictly regulates the transport of molecules to maintain a highly specific and controlled microenvironment [97]. The majority of proliferative NSCs and NPCs are commonly found near specialized blood vessels [53] (Figure 5), with BECs playing a key role in regulating the behaviour of these cells by, for example, maintaining the quiescence of NSCs [98].



This permeability extends to the SVZ, with vascular endothelial cells lacking astrocyte end feet and pericyte coverage. On the other hand, the SGZ does not present it under normal homeostatic conditions. Therefore, the SVZ allows for direct interactions between NSCs and vascular endothelial cells, which play a crucial role in NSC regulation of quiescence and differentiation. For example, the laminin-binding α6β1 integrin receptor (expressed in NSCs, but lost after differentiation) maintains NSC adhesion to blood vessels, while the disruption of its function results in NSCs moving away from the vascular network and entering a proliferative state [31]. The homing mechanism that directs NSCs toward blood vessels in the first place and upregulates α6β1 integrin expression to favour this adhesion involves interactions between stromal-derived factor 1 (SDF1) mainly produced by ependymal cells and CXC chemokine receptor 4 (CXCR4) expressed in NSCs [99]. Similarly, quiescent NSCs are maintained in that state through cell–cell interactions with BECs involving the ephrinB2 and jagged1 transmembrane ligands, among other cues. These suppress qNSC receptivity to proliferation and differentiation-inducing factors and enforce stemness [98].



Furthermore, vascular endothelial cells communicate with NSC through secreted factors (such as PEDF and betacellulin, which promote self-renewal and proliferation, respectively [19,100]), as well as NSC and endothelial cell expressed factors (such as VEGF and ang-1).




3.2. Neural Stem Cells


NSCs are defined as cells that can self-renew (i.e., proliferate generating identical cells) and that are multipotent (they can give rise to the major neuronal lineages, including neurons, astrocytes, and/or oligodendrocytes). During embryogenesis, NSCs are localized in the ventricular zone of the neural tube and can give rise to all of the necessary cell types for CNS formation [101]. This includes the glial lineage (astrocytes and oligodendrocytes) and the neuronal lineage (granular and periglomerular neurons) [2,102]. Moreover, they present activity in response to injury, resulting in increased proliferation of new neurons and possess a protective role [103,104,105].



As with many other proliferative cells, a vast majority of NSCs remain quiescent, in a state of reversible cell cycle arrest that prevents proliferation, thus retaining their future proliferation potential and avoiding damage accumulation that may hinder that purpose. Certain NSCs remain the same from early stages of embryonic development. They only become activated significantly later at post-natal or even adult stages and continue to produce neurons [106]. Quiescent NSCs display different cell cycle properties, behaviours, and molecular signatures from their activated (actively generating differentiated progeny) states, and give rise to different final cell populations: Neurons and colony-forming cells in the case of the latter, and olfactory bulb interneurons in the case of the former, with the result of quiescent NSCs showcasing significantly slower kinetics and little- to no-colony-forming abilities [107]. Moreover, activated SVZ NSCs possess increased levels of epidermal growth factor receptor (EGFP), which controls some of their defining characteristics compared to their quiescent counterparts [108,109].



Division of active NSCs does not follow a fixed mode, with two distinct possibilities: Asymmetric division, to produce one differentiated cell and one stem cell, and symmetric division, to give rise to two differentiated cells or expand the NSC population. In the case of symmetric division, asymmetry is still required for a proper function, but is achieved on a population level through a balance on the rate of expansion and differentiation [110,111]. SVZ NSCs tend to follow the latter, with roughly 80% dividing into differentiated cells, while 20% are tasked with self-renewal. This layout results in the progressive depletion of NSC “reserves”, but allows for a large number of generated progeny for the OB and decouples NSC proliferation from differentiation [112]. On the other hand, SGZ NSCs mainly follow an asymmetric division, resulting in the maintenance of the stem cell population while producing a differentiated cell at the same time. Symmetric differentiation and self-renewal take place as well, but at a more reduced frequency [69,113].



Some NSCs return to a quasi-quiescent state after becoming activated and going through a few divisions, although this state does not last in the long term, and they soon return to an active state [113]. This would suggest that previously active NSCs are more likely to become activated again than ones that have been quiescent for a long period of time [114].




3.3. SOX


The Sox proteins are a group of transcription factors that share a high-mobility-group (HMG) DNA-binding domain originally identified in the mammalian sex-determining region Y protein (SRY). These proteins are highly conserved through evolution, and show a very restricted and targeted binding behaviour [115,116]. While the group comprises several members, varying levels of sequence identity between them result in the formation of subgroups. These display different functions from each other, while in-group members have overlapping functions due to identity. This, combined with a high molecular versatility and target gene selectivity, allows the same factors to play different roles in different tissues and processes [117]. Sox proteins primarily act alongside “partner” factors to carry out their actions (with the binding of a single partner-less Sox protein to a DNA site having no effect), although their function can be further regulated by their concentration, by post-transcriptional modifications by miRNAs, by interactions with other proteins, or by auto-regulation of their expression by other members of the Sox family [118]. Sox group members are found in several developmental processes [118]. One example is in the neural crest, a cell population that gives rise to most of the craniofacial complex, melanocytes, the peripheral nervous system, and other facial structures [119].



The SoxD subgroup is composed of three genes: Sox5, Sox6, and Sox13. These are among the largest members of the Sox family and present a high level of sequence identity, but only share the HMG itself with other Sox members. SoxD genes are expressed in diverse cell types throughout development and adulthood, most notably in critical aspects of development, such as cell fate determination [120]. During development, all three factors are expressed in CNS cells and cartilage tissues, with unique expression shown in melanocytes and Th17 cells for Sox5 [121,122], myocytes and erythroid cells for Sox6 [123], and neuroepithelium, arterial walls, and T lymphocytes for Sox13 [124,125,126]. SoxD members are involved in corticogenesis, with Sox5 regulating differentiation for certain sets of cortical neurons and showcasing a mutually exclusive expression pattern with Sox6 [127,128]. Sox13 is co-expressed alongside Sox5 and Sox6 in oligodendroglial-lineage cells, and complements their development [129].



In the context of the NSC niches, Sox5 and Sox6 are predominantly expressed in SGZ NSCs, with most showcasing co-expression of both factors alongside Sox2, and with Sox5 expression augmented in aNSCs compared to qNSCs. In turn, an increase in Sox5 expression results in hindering of their ability to enter a quiescent state when prompted by other markers, such as bone morphogenetic protein-4 (BMP-4). The absence of Sox5 and Sox6 in SGZ NSCs results in their inability to become activated, pointing to both factors as crucial for qNSC activation [130].



Sox2 belongs to the SoxB1 subgroup, and has a high functional connection to stem cell status. In mammals, it is expressed and required from early stages of embryonic development, both in NSCs of the blastocyst inner cell mass and in neural epithelial cells [131]. At later stages of development, Sox2 is preferentially maintained in stem cells of different tissues, most notably the developing and post-natal nervous system [131]. Within the nervous system, Sox2 is highly expressed in NSCs and NPCs, constituting the ventricular zone of the developing neural tube, and its conditional deletion impacts the function of these NSCs both in vitro and in vivo. Studies have shown that it is absolutely necessary for the development of the mouse olfactory neuroepithelium, a neurogenic epithelium in which long-term stem cell self-renewal occurs and which, in addition, can reprogram differentiated cells to induce pluripotent stem cells (iPSCs) [131].



Sox9 is another Sox-family transcription factor that partakes in nervous system development, which is required for initial neural crest induction and gliogenesis [132]. It is required to maintain NSC multipotentiality in the adult brain, with its absence resulting in a lack of astrocytes, oligodendrocyte, and neuron generation [133]. Sox9 downregulation is required for neurogenesis, while its overexpression results in maintenance of SVZ cells as GFAP+ astrocytes with no neuronal production. This downregulation is carried out by miR-124, which then regulates the progenitor count and timing of differentiation and maintains homeostasis in the niche [134,135].



Sox4 and Sox11 belong to the SoxC subgroup, which regulates mammal nervous system development. Both factors are critical for the proper generation of sympathetic ganglia and spinal cord, among other tissues [136,137]. SoxC group members promote the expression of differentiated neuronal proteins, with Sox11 as a promoter of neuronal-specific gene expression [138]. Sox4 and Sox11 expression in DG-lineage begins after neuronal fate commitment takes place, as they regulate the initiation of maintenance of the neurogenic process and their absence results in hindrance of neuron production [139].




3.4. Other NSC Markers


Doublecortin (DCX) is a microtubule-associated phosphoprotein expressed in neuronal precursors of the developing CNS and required for neuronal migration and differentiation [140]. DCX influences stabilization and destabilization of MTs, orchestrates cellular dynamics, and links cytoskeletal components, which is unique among other microtubule-associated proteins in collectively carrying out all three of these functions [141]. DCX expression in the adult brain is mainly restricted to neurogenic niches, i.e., SGZ and SVZ [142], and, in particular, to proliferating progenitors and immature neurons, which is absent at any point before or after those stages [143].



Neuroepithelial stem cell protein (nestin) is a class VI intermediate filament protein that makes up a critical component of the cytoskeleton. It is present during CNS development and in adult NSCs, and its expression is downregulated after differentiation takes place [144]. The role played by the cytoskeleton in the process of cell division and differentiation gives nestin a relevant profile in stem cells, alongside other paths of action, such as a regulatory effect on assembly and disassembly of other cytoskeletal components, as well as factors of differentiation [144]. In the adult brain, nestin positive cells correspond to NSCs and progenitor cells in the SVZ, RMS (where progressively reduced expression patterns are found, corresponding to migrating only-differentiated neurons) and SGZ, and serve as accurate markers for these cell types [145]. Although immature neurons are also capable of showcasing reduced nestin expression, expression levels are many times lower than those of progenitor cells, thus still maintaining its reliability as a marker [146].



Polycomb repressive complex 2 (PRC2) mediates gene silencing that results in tissue maintenance and developmental process control. It consists of several different subunits, including the core protein embryonic ectoderm development (Eed). Eed is extensively expressed on cells belonging to the SVZ lineage, and its loss reduces NSC proliferation and neurogenesis in the SVZ through an increase in the production of the transcription factor Gata6. Gata6, in turn, maintains cyclin-dependent kinase inhibitor 1 (p21) [147].



Oligodendrocyte transcription factor (OLIG2) is a basic helix-loop-helix (bHLH) transcription factor that determines oligodendrocyte lineage by controlling oligodendrocyte precursor cell (OPC) specification, differentiation, and myelination [148]. It is highly expressed in undifferentiated and proliferative NSCs, where it regulates proliferation and morphology [149]. Its export from the nucleus is critical for astrocyte differentiation. Therefore, it is located in the nucleus of NSCs, while astrocytes showcase cytoplasmic expression [150].



Lunatic fringe (Lfng) is a fringe protein involved in the regulation of Notch signalling, and it appears to be selectively expressed in adult NSCs, possibly as a method of communication between NSCs and their differentiated “daughter” cells to properly regulate cycling and maintain enough stock to maintain a steady progeny. Lfng expression is restricted to the SGZ and can act as a marker for hippocampal NSCs [151].



Akhirin (AKH) is a new soluble molecule identified recently as a stem cell maintenance regulator. The potential role of AKH regarding neurogenesis is an important novel discovery. AKH may be involved in differentiation, proliferation, and self-renewal process in NSCs/NPCs located in both niches. Similarly, the lack of akhirin is observed to produce limited growth and development in these neurogenic regions [152,153].



BASP1 is considered a signal processing protein that plays critical roles in synaptic plasticity and neurite outgrowth and belongs to a family of growth-associated proteins. While expressed throughout the whole brain during development, it is restricted to neurogenic regions in the adult brain, and acts as a marker for NSCs, with robust expression found on NSCs of the SGZ and SVZ [154].




3.5. Extracellular Vesicles


With communication between cellular components as significantly critical for the proper maintenance of neurogenic niches, the mechanisms of this communication are key to understanding these processes. Extracellular vesicles (EVs), among which exosomes are found, are a novel pathway which appears to play a relevant role in stem cell niches. EVs transport proteins, lipids, and nucleic acids. In particular, they are rich in small non-coding RNAs (ncRNAs), the most common being miRNAs, thus altering the target cell’s processes, phenotype, or physiology [155]. Exosomes are formed in a separate way from other vesicles and can stimulate receptors on target cells, or transfer superficial receptors across different cells. Moreover, they are capable of penetrating the blood-brain barrier (BBB) [156], as well as inducing the disintegration and transmigration of other cells across it [157].



EVs are released by all types of cells in the brain: Neurons, astrocytes, oligodendrocytes, microglia, and neural progenitor cells [158]. Among other processes, exosomes take part in bidirectional oligodendrocyte-neuron communication [159]. The majority of the cell types present in the niches secrete or are targets for EVs, including exosomes, and these are also relevant in communication among neural cells and with blood (Figure 6).



Human umbilical vein endothelial cell (HUVEC)-derived exosomes have been shown to increase proliferation, decrease apoptosis, and maintain multipotency in NSCs [160]. Multipluripotent mesenchymal stromal cell (MSC)-derived exosomes can significantly increase neurogenesis in the DG [161]. In addition, NSCs can propagate some of their immune modulatory activities and activate Stat1 signalling on target cells through EV secretion [162]. NSC-derived EVs can create a positive neuroprotective and regenerative effect on ischemic stroke and traumatic brain injury models [163,164].



Micro RNAs (miRNAs) are small noncoding sequences of RNA between 18–25 nucleotides in length that regulate gene expression at the translation level [165]. They take part in developmental and disease processes, and act as repressors by guiding the cleavage of target miRNAs, or by directly inhibiting their translation [166]. The miR-124 is a heavily conserved miRNA whose variants can account for 25% to 50% of all brain miRNAs [167].



Several steps of adult neurogenic processes are regulated by miRNAs, including proliferation, differentiation, glial cell proliferation/differentiation and angiogenesis, neuroblast migration and neuron maturation, and neuronal fate, etc. While the specific transport and uptake mechanism has yet to be determined, all the relevant miRNAs have been found in exosomes, sometimes very extensively, thus presenting a strong case for exosome-mediated communication taking place in this context [155].



Modulation of cell aging is carried out by hypothalamic NSC partly through the release of exosomes carrying miRNAs [168]. In addition, embryonic NSC-derived exosomes facilitate the differentiation of NSCs and the maturation of both neuronal and glial cells. This is carried out through the delivery of miR-9, which is abundantly expressed and is a key regulator of neurogenesis timing [169]. Microglia and NSC carry out exosome-mediated crosstalk as part of the injury repair process, and this is carried out through the exchange in miRNAs focused mostly on proliferation [170]. Neonatal NSCs from the SVZ release extracellular vesicles targeted to microglia, which regulate their physiology and morphology [171].



The miR-204 maintains a state of readiness in qNSCs, ensuring their ability to rapidly become activated and differentiate while stopping the initiation of this response. This priming is carried out by the choroid plexus through secretion of this miRNA, and regulates neurogenic fate determinants, such as Sox11, Meis2, or Pax6 [172].




3.6. Extracellular Matrix


The extracellular matrix (ECM) of the niches also plays a role in the regulation and maintenance of NSCs. Standard brain parenchyma does not easily allow for neurogenesis, or the integration of new neurons to take place other than in cases of injury, as opposed to niche ECM [173,174]. In the SVZ, the ECM takes the form of “fractones”, complex structures displaying a fractal ultrastructure (thus the name) that consist of collagen IV, laminin, nidogen, and heparan sulphate proteoglycans (HSPGs) and are affiliated with basement membranes despite their distinctive morphology [175].



These structures act on niche cells through their interactions with growth factors and cytokines, diffusible signal proteins that regulate cell dynamics both near the production site (paracrine action) and at longer distances through diffusion in the intracellular space, or through the bloodstream akin to hormones [176]. Moreover, physical characteristics are relevant as niche ECM showcases a significantly higher level of stiffness compared to standard brain parenchyma, and neurogenesis itself is reactive to differences in its value; higher levels of stiffness seem to correlate with an increase in neurogenic activity [177,178].



Several of these signal molecules bind to heparin, with HSPGs in the ECM facilitating binding to their corresponding receptors in target cells [179]. Fractone-bound HSPGs in the SVZ interact with fibroblast growth factor-2 (FGF-2) [180], bone morphogenetic protein-7 (BMP-7) [181], and bone morphogenetic protein-4 (BMP-4) [182], sequestering and regulating their action in altering cell proliferation behaviour. Moreover, fractones include an extra component in the form of bulbs, small spherical deposits found at the ependymal layer, and at the centre of pinwheels. These bulbs are produced by ependymal cells and take part in NSC regulation through their laminin composition, with the absence of the latter resulting in increased cell proliferation and reduced amount of qNSCs [183].



The expression of the ECM cross-linking protein transglutaminase 2 (Tgm2) is enriched in SVZ ECM and is also expressed in ependymal cells and NSCs in contact with the ventricle. It promotes neurogenesis and NSC proliferation in vitro and in vivo through intracellular functions, although as a multifunctional enzyme it may also carry out extracellular functions in vivo, and it contributes to ECM stiffness, potentially further partaking in regulatory activity [178].



In the case of the SGZ, β1-integrin is part of the family of transmembrane receptors that mediate cell-extracellular matrix and cell–cell interaction and is highly expressed in NSCs where it promotes and regulates maintenance. β1-integrin is critical for the maintenance of the structural integrity of DG, inhibition of astrocyte differentiation, maintenance of NSC populations, and regulation of neurogenesis. Ablation of β1-integrin results in reduced neurogenesis as well as depletion of the radial NSC population, with these effects showing sex-specific differences in time-course [184].




3.7. Cerebrospinal Fluid


The cerebrospinal fluid constitutes the environment of the brain and spinal cord, and thus envelopes and protects the CNS. It is secreted by the choroid plexus in the ventricles, and primarily flows through cisterns and the subarachnoid space until its absorption by the arachnoid villi and drainage into the blood or extracranial lymphatic system [185].



CSF is not simply a protecting layer, as it also maintains homeostasis of the brain fluids (as an ionic buffer) and provides the means for waste disposal. Inadequate amounts of CSF can result in impairment of brain development or other pathologies, such as hydrocephaly [186]. Moreover, CSF partakes in component exchange with the interstitial fluid and mediation of several signalling pathways. Some of these pathways involve B-type cells from the SVZ, which are in direct contact with the CSF itself through primary cilia [187]. A wide range of proteins, neurotransmitters, and peptides are present in the CSF, and are secreted by neurons, glia, and ependyma, transported through specialized mechanisms, or originate from cells present in the CSF itself; with all varying in composition as the flow moves throughout its course [188]. Ependymal flow of CSF creates a chemorepulsive gradient throughout the CSF flow, which matches movements from the RMS followed by SVZ-originated neuroblasts, and guides and supports the migration of the latter [39].



CSF is a key factor in embryonic brain growth, morphogenesis, and histogenesis through its interplay with the neuroepithelium (primary neural stem cells in early stages of development) [189], and it is involved in the synthesis and transport of neurogenic factors [190]. Embryonic CSF holds a “cocktail” of growth factors and morphogens capable of inducing replication and neuronal differentiation in NSCs. This effect can be induced in adult NSC populations and results in increased neural progenitor and neurogenesis activity. In addition, proper maturity of the newly-generated neurons after migration is carried out [191]. Adult CSF can still trigger a differentiative response in NSCs in vitro, although the specifics are not clear. One study found the response to be biased toward astroglial fate in detriment of NSC proliferation and maintenance or a neural differentiation fate [192], while another study resulted in an increase in proliferation, restriction in motility, and differentiation with neural fate propensity [193]. The effect of CSF on neural progenitors takes place, among other factors, through the delivery of insulin-like growth factor (Igf) signalling, the regulation of which extends to disease states, as well [194].



Another key system in CSF regulation of SVZ NSCs is the epithelial sodium channel (ENaC), which is a voltage- and ligand-independent ion channel sensitive to fluid shear stress expressed in kidneys and lungs (including stem cells), as well as several locations in the nervous system, including brain centres controlling fluid volume or blood pressure. ENaC is differentially expressed in SVZ NSCs and progenitors and is critical for their proliferation, with increases in CSF fluid flow triggering fast proliferation responses [195]. While it is suggested that this mechanism is used to detect the mere presence of the ventricle (with fluid flow representing CSF and thus the location of the ventricle itself), it is also likely to be a way to detect changes in physiological and pathological conditions of the brain, as these in turn trigger changes in CSF flow and composition [196].





4. Neural Stem Cell Niches and Disease


One of the main motivations to enhance the study of the brain at a cellular level is fighting the consequences of neurodegenerative diseases and medical conditions. These health disorders directly result in cell death, causing structural damage that results in dysfunction of nervous activity and cognitive impairment. Neurodegeneration is a process that can appear in various levels of failure of the neuronal activity extending from molecular to systemic [13].



In the SVZ of rodents, suppression of the olfactory neurogenic pathway translates into deficiencies in mating, breeding, and integral abilities to the survival of most mammals [18]. On the other hand, the DG restraint of adult neurogenesis results in essential alterations in learning and memory [197]. Alterations in DG neurogenic activity and homeostasis might be relevant factors of hippocampal disruption and the ensuing cognitive and degenerative effects of pathological processes, such as amyotrophic lateral sclerosis (AHN), Huntington’s disease (HD), Parkinson’s disease (PD), dementia with Lewy bodies, and frontotemporal dementia [198]. Disruption in the SVZ and DG has been associated with PD, HD, Alzheimer’s disease (AD), and epilepsy [199,200,201]. Therefore, understanding the mechanisms of neurogenesis regulation can prove crucial for finding robust solutions for these illnesses.



4.1. Aging


Aging has been established as the most significant risk factor for neurodegenerative diseases. Suffering from a neurodegenerative disease, such as PD, amyotrophic lateral sclerosis (ALS), HD, or dementia hastens aging of the brain, in relation to disorders in NSC niches [202].



During aging, NSCs and their progenitors exhibit reduced proliferation and neuron production [203,204], which is thought to contribute to age-related cognitive impairment and reduced plasticity that is necessary for some types of brain repairment [205]. System-wide blood-borne factors whose levels increase with age in healthy individuals take part in this process, and the exposure of young individuals to the old-age-mimicking levels of these factors results in similar impairments and reductions in neurogenic activity [206,207]. Moreover, the opposite applies and the exposure of aged individuals to blood-borne factors and concentrations associated with earlier life stages result in vascular remodelling and increased neurogenic activity [208,209]. Some of these processes involve BEC activity, triggered by the action of the aforementioned factors in the systemic circulation [209,210].



The structure of the niche vascular network itself also changes with age, with decreased vessel diameter and increased tortuosity showcased by older individuals [211]. These parameters can result in reduced blood flow and even ischemia [212], and are a departure from the original values of the SVZ, where tortuosity is lowest close to the ventricle and ependymal cell layer [213]. However, these changes are not the same between males and females, with females showing decreases in vessel density and tortuosity while diameters increase. Moreover, females display a lower amount of age-related neurogenesis disruption and progenitor proliferation [211].



Furthermore, microglia take part in hippocampal neurogenesis regulation through phagocytosis of cells entering apoptosis between the progenitor and neuroblast stages, thus maintaining homeostasis [214]. The presence of microglia brandishing the phagocytic pouches required for this effect is reduced in aged individuals, pointing at an age-induced disruption in microglial function as another factor in age-induced alterations in neurogenic and cognitive functions [198].



Another contributor to the increase in speed in the aging process is mitochondria. Mitochondria are crucial regulators of cell death, and thus intrinsically concerning in neurodegenerative diseases. This contribution is made through the accumulation of mitochondrial DNA (mtDNA) mutations and the resulting net production of reactive oxygen species (ROS) [215].




4.2. Stress


Stress is considered another risk factor for neurodegeneration. PD has been associated with post-traumatic stress disorder (PTSD) [216]. Some studies show that prolonged-lasting midlife stress is correlated later in life with the increase in CSF biomarkers considered to be characteristic of unspecific neurodegenerative processes [217]. SGZ neurogenesis takes part in the stress response by acting as a “stress buffer” and reducing its magnitude. Conversely, adrenal glucocorticoids (GDs) inhibit neurogenic activity [16,218]. The neurogenesis-suppressing effect of GDs and their negative impact on SGZ cells may take place through autophagic processes, where cytoplasmic components are sequestered in double-membraned autophagosomes for lysosomal degradation, as opposed to conventional apoptotic activity [219]. The anti-depressant effect carried out by ketamine takes place through the increase in activity of adult-born immature granule neurons in the SGZ via α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor (AMPAR) activation, and this activation alone is enough to induce beneficial effects [220].




4.3. Stroke


When blood supply to a region of the brain is interrupted, the affected tissue receives an insufficient level of oxygen, which in turn causes cell death. Although not broadly recognized as a neurodegenerative disease, there are plenty of studies reporting stroke-induced secondary neurodegeneration and glial disturbance, showcasing accumulation of neurotoxic proteins, such as amyloid-β in a similar way to other neurodegenerative diseases [221]. Another result of the injury is the generation of a hypoxic environment, which in turn causes an increased rate of differentiation in NSCs compared to standard conditions, providing a neurogenic response. Nevertheless, there are limits to this response, as determined by the minimum oxygen levels that allow proper NSC differentiation [222]. Transplantation of NSCs into the stroke site reduces lesion size and apoptosis rate in the penumbra throughout their secretion of neuroprotective paracrine factors, although the elevated rate of cell death on the graft caused by the hostile environment hinders these efforts [223]. Nuclear factor-erythroid 2-related factor 2 (Nfrf2) takes part in the maintenance of homeostasis by enhancing the production and release of antioxidant, anti-inflammatory compounds, and the induction of an increased expression enhances NSC survival on the injury site, and thus, the neuroregenerative effect these partake in [224].




4.4. Alzheimer’s Disease


AD is the most common neurodegenerative disorder, although most of its causes are still unknown. Neurogenesis impairments have been linked with AD-induced abnormalities of the brain fatty acid metabolism. An accumulation of triglycerides and building of mono-unsaturated fatty acids were observed in the NSC forebrain niche, with the loss of NSC activity possibly reversed or decreased through inhibition of the transformation of saturated to mono-saturated fatty acids in the brain. Moreover, a relation was established between qNSC sensitive to certain levels of fatty acids at local level [225]. Analysis of vasculature permeability in aging and mild cognitive impairment patients revealed that progressive BBB breakdown begins in the hippocampus and may contribute to early stages of dementia associated with AD [226]. Fibrinogen is proposed as a regulator of NSPC-derived astrogenesis from the SVZ through the BMP receptor signalling pathway [227].




4.5. Parkinson’s Disease


PD is associated with functional changes suffered by microglia and astrocytes in the substantia nigra, resulting in decreased dopamine levels due to the loss of midbrain dopaminergic neuron populations [228]. The therapeutic use of NSC grafts has been demonstrated to drive an astrocyte-dependent Wnt1 signalling activation, which in turn favours the neurorestorative activity of the midbrain dopaminergic neurons [229]. Adult SVZ and SGZ have been studied to pursue a neural and glial cell replacement. Diseases in which only one or few cell types are lost might increase the chances of success in cell replacement strategies via NSCs treatment. ES cell-derived and adult NSCs are capable of induction to generate oligodendrocyte precursors [230,231]. A novel model of NSC-ES coculture combined to produce a similar environment of the neurovascular niche, showcased that the proper selection of NSCs combined with midbrain dopaminergic neurons that integrate into the existing nigrostriatal DA pathway could result in a drastic reduction in the symptoms of PD [232].




4.6. Glioblastoma


Adult glioblastoma (GBM) is the most common type of primary malignant brain tumour and the most aggressive one [233]. Despite multiple advances in therapies and care, it still displays a very poor prognosis in most cases, with low long-term survival rates, and a particularly negative effect on patients and caregivers due to the associated decline in quality of life and neurological function [234].



Several studies have established a relationship between contact or closeness of the tumour with the SVZ and a poor prognosis and lower survival rate, as well as a potential cause of GBM recurrence [235,236,237,238]. SVZ irradiation may even present itself as a potential treatment to improve prognosis and increase survival rates [239,240].



While originally thought to be exclusively generated from glial cells, further research has pointed at multiple cell types with stem-cell-like properties as the source. These cancer stem cells (CSCs), or rather glioma/glioblastoma stem cells (GSCs) can differentiate and self-renew, and also provide chemotherapy and radiotherapy resistance [241]. GSCs, in turn, would have been generated from NSCs, and SVZ NSCs in particular, after an oncogenic transformation [242]. GSCs share many properties and markers also present in NSCs. Similarly, astrocyte-like SVZ NSCs can acquire GBM driver mutations and migrate away from the SVZ, resulting in uncontrolled proliferation and high-grade malignant glioblastomas in distal regions [243,244].





5. Current Limitations


The issue of unravelling the details of adult neurogenesis is made even more complex by the fact that neurogenic processes show great variation between species, and are also affected by age and pathological states, potentially rendering any results difficult or outright impossible to extrapolate between them [245]. Moreover, these differences may be related to the actual role and relevance that adult neurogenesis has for each of them, if any at all, which would thus result in a fundamental incompatibility between the dynamics of two species, unless their “need” for neurogenic processes happen to align (and even then, extrapolation might not prove successful) [246].



Even the size of the brain itself could influence neurogenesis, with larger brains making it significantly harder for new neurons to migrate through the distances between niches and target areas, and thus, rendering them ineffective. On the other hand, this could be circumvented through mechanisms that bypass these restrictions [247]. For example, the maintenance of local progenitor populations in distant areas from the niches (such as those suggested as a source of non-canonical neurogenesis) could prevent the need for young neurons to migrate long distances by virtue of simply being located significantly closer to their target regions; therefore, this generates different requirements for dynamics and cell populations involved in these processes.



Another issue concerns the actual methods used to detect neurogenesis itself, which are not without their shortcomings. Markers, such as DCX, may accurately label cells with characteristics matching those of immature neurons, but they do not necessarily imply that these immature neurons were newly generated in adulthood as part of active neurogenic processes. Several regions of the brain can hold resident populations of immature neurons that originated during embryogenesis, which can remain developmentally frozen for long periods of time (up to decades) and which provide a non-proliferative source of plasticity throughout adulthood [248,249,250,251,252]. These carry out “protracted” neurogenesis processes as an extension of embryonic development, in contrast with “persistent” neurogenesis which remains throughout aging, even with reductions in activity [253].



Existing mature neurons may also be contributing to this confusion, as certain conditions can induce the expression of cell cycle markers [254,255], and the possibility of undergoing a “dematuration” process, which results in gene expression patterns matching those of immature neurons [256,257]. These result in increased expression of some of these immature-neuron-associated markers, which in turn could provide false positive or abnormally inflated results for “neurogenic activity” without involvement in actual NSCs or precursors [258].




6. Non-Canonical Neurogenic Sites


It should be noted that the two canonical NSC niches might not be the only source of neurogenic activity present in the brain. Potential alternative locations have also been described, such as the neocortex and the hypothalamus, but the relevance and magnitude of activity with respect to the main niches is not clear [259,260,261]. Similarly, a possible reservoir of undifferentiated progenitors has been found in the adult cerebellum, which respond to tissue degeneration [262] and may be able to differentiate and replenish the population of Purkinje cells after injury [263]. Other suggested sites of potential non-canonical-niche neurogenesis include amygdala [264,265], striatum [266], and substantia nigra [267]. The lack of information or certainty pertaining to some of these potential new sites can be attributed to current techniques that are not suitable for detecting the very limited amount of neurogenesis that takes place in basal conditions [268].



Many questions are yet to be answered, such as the origin of the progenitor cells that carry out these processes, and their possible relation or lineage connection to other (canonical) stem cell types. The significance of the processes may need questioning as well, since the resulting immature neurons might present impaired differentiation and survival and no clearly discernible role [269]. It is even called into question whether these constitute real adult neurogenic activity, as the evidence may only be the result of interference from dormant immature or “dematurated” mature neurons (explained in the previous section). While plasticity does seem to exist in these areas in one way or another and actual neurogenic activity cannot be ruled out as its source, it cannot be confirmed [253]. Therefore, the topic of neurogenesis outside of the canonical niches remains controversial.




7. Closing Remarks


We have progressed from the original dogma of a static nervous system beyond embryonic development, and a plethora of discoveries have been made on the dynamics of adult neurogenesis, NSCs, and their niches. Nevertheless, many questions remain unanswered.



Neurogenic activity on the canonical neural stem cell niches of adult mammals is widely accepted as a fact, and enough evidence supports this notion. Similarly, the basis of NSC as well as niche structure and dynamics seem to be understood to a reasonable extent. However, the details are not all clear. For example, whether all answers found in the study of animal models also translate to humans, including SVZ and OB neurogenesis (or possible lack thereof), or whether adult neurogenesis takes place in the human DG, as many studies suggest but others question. However, these niches are not exclusively composed by the NSCs and progenitors that reside and act inside of them, as there are plenty of other pieces in the puzzle which are only starting to be discovered. Elements, such as the vascular network, microglia, and even only the extracellular matrix of the niche itself, have relevant roles in neurogenesis regulation and maintenance.



The true role and relevance of NSCs in brain injury and pathological processes are also still under research, with certain intriguing results. For example, the effect of aging on NSC as well as niche function and structure, and its relationship with neurodegenerative disorders, which could eventually pave the way for new therapeutic approaches to alleviate the negative effects and risks of disease brought by the natural aging process.



To date, the spotlight has been placed on these canonical niches, and for good reason, as they are the expected main hotbeds of neurogenic activity, and the most likely ones to provide insight into NSC activity and dynamics (as well as the less difficult avenues to pursue that insight). Nevertheless, there are enough hints at other sources of neurogenesis and regeneration throughout the whole adult brain to not let the niches be the only focus, at least until a more definitive answer is found on the topic of whether adult neurogenesis really exists beyond the canonical niches. Any potential discoveries on this topic might be relevant in the study of brain dynamics in both health and pathology.
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Figure 1. The 20x× magnification confocal microscopy images of coronal mouse brain slices. Blue: DAPI (cell nucleus marker). (a) Detail of the subventricular zone (SVZ) within the lateral ventricle (LV), marked with arrows. (b) Detail of the subgranular zone (SGZ) within the dentate gyrus (DG), marked with arrows. 
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Figure 2. Diagram of the location and structure of the different cell types of the SVZ. LV: Lateral ventricle; E: Ependymal cells; B: Neural stem cells (NSCs), also known as radial glia-like cells (RGLs); C: Transient amplifying cells (TAPs), also known as intermediate progenitors (IPCs); A: Neuroblasts; As: Astrocytes; BV: Blood vessels. 
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Figure 3. Diagram of the location and structure of the different cell types of the SGZ. RGL: Radial glia-like cells, corresponding to NSCs and known as Type 1; IPC: Intermediate progenitor cell, also known as Type 2; NB: Neuroblast, also known as Type 3; N: Granule neuron; BV: Blood vessel, granule cell layer represented by faint pink cells in the background. 
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Figure 4. Scheme of cells and secretome in the neurovascular niche (NVN). The niche components regulate cell differentiation through the production and release of several paracrine factors and exosomes. 
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Figure 5. The 20× magnification confocal microscopy images of mouse brain slices showcasing neural stem cell niche structure and their intricate vascular network. Red: CD31 (vascular endothelial cell marker); Blue: DAPI (cell nucleus marker). (A) Lateral ventricle (LV) and subventricular zone (SVZ); (B) dentate gyrus (DG) and subgranular zone (SGZ). 
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Figure 6. Overview of potential extracellular vesicle (EV)-mediated cellular interactions in the nervous system, and the receptors or molecules involved in their integration. 
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