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H I G H L I G H T S

• Neural stem cells are not equally plastic homogeneous cells, but rather a combination of distinct subpopulations.

• The cerebrospinal fluid is an essential component of the neural stem cell niche.

• Neural stem cells auto-regulate themselves.

• Innervations release neurotransmitters to neural stem cells, and affect neural stem cell behavior.

• The biggest challenge remains to study the neural stem cell niche in humans.

A R T I C L E I N F O

Keywords:
Neural stem cell
Niche
Microenvironment
Maintenance
Plasticity

A B S T R A C T

In mammals, new neurons can be generated from neural stem cells in specific regions of the adult brain. Neural
stem cells are characterized by their abilities to differentiate into all neural lineages and to self-renew. The
specific microenvironments regulating neural stem cells, commonly referred to as neurogenic niches, comprise
multiple cell populations whose precise contributions are under active current exploration. Understanding the
cross-talk between neural stem cells and their niche components is essential for the development of therapies
against neurological disorders in which neural stem cells function is altered. In this review, we describe and
discuss recent studies that identified novel components in the neural stem cell niche. These discoveries bring new
concepts to the field. Here, we evaluate these recent advances that change our understanding of the neural stem
cell niche heterogeneity and its influence on neural stem cell function.
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1. Introduction

Since the time of Santiago Ramón y Cajal, for almost a century, the
adult nervous tissue had been mistakenly considered invariable in all
animals. This concept started changing, when, initially, it was dis-
covered that invertebrates are not included in this conception, espe-
cially during metamorphosis [1]. Later, also lower vertebrates, such as
birds during their song learning process, were described to possess
plasticity in the central nervous system [2]. Finally, in mammals, while
the vast majority of neurons are generated in utero [3], at the end of
last century, neural stem cells were described in specific regions in the
adult brain [4].

Neural stem cells are undifferentiated neural cells that are defined
based on their extensive replicative potential, their ability to differ-
entiate into multiple central nervous system neuronal and glial cell
types, and their capacity for long-term self-renewal. Albeit the high
proliferative capacity is a hallmark of stemness, a unique characteristic
of neural stem cells, comparing to other central nervous system cells, is
their capability to stay dormant for very long periods, providing a re-
serve pool of cells available for tissue regeneration and cell replacement
throughout life [5,6].

In the adult mammalian brain, there are at least two areas that are
neurogenic and contain a reservoir of neural stem cells: the subgranular
zone in the hippocampal dentate gyrus and the subventricular zone
around the lateral ventricles [7]. Interestingly, the hypothalamus has
been recently identified as a possible third neurogenic area in the
mammalian brain [8,9] (Fig. 1). Hypothalamic neurogenesis has been
associated to the regulation of body weight homeostasis and the control
of energy balance [10,11]. Quiescent and activated neural stem cells
coexist within these neurogenic regions generating new cells
throughout life [12–14]. The role of adult neurogenesis goes also

beyond the simple replacement of cell loss in the adult central nervous
system, as it has been associated with multiple brain functions.

Adult neural stem cells in the dentate gyrus originate intermediate
progenitor cells [15], which go through fast, but limited, divisions be-
fore they exit the cell cycle and differentiate into mature astrocytes and
neurons. This process has been demonstrated to be crucial in memory
formation and behavioral performance [16]. Interestingly, physical
exercise, which promotes learning and memory, activates subgranular
zone neurogenesis [17–19]. Within the adult subventricular zone, ac-
tivated neural stem cells form neuroblasts which travel through the
rostral migratory stream to the olfactory bulb, where they originate
periglomerular and granule mature neurons [20]. These neurons
formed in the olfactory bulb are involved in olfactory learning during
adulthood [21,22]. Adult neural stem cells also originate NG2-glia cells
that disperse to the white and gray matter, which can generate corpus
callosum oligodendrocytes or olfactory bulb interneurons [23–25].

It is still unclear how neural stem cells are actively maintained
throughout life, and what are the cellular interactions, molecular cas-
cades, and accountable cell and non-cell-autonomous signals that reg-
ulate neural stem cell behavior. Tissue microenvironments are very
complex, being composed of multiple cell types with a variety of cues
that are constantly released [26–32,186,187]. Understanding the sig-
naling mechanisms that determine neural stem cell fate will be crucial
for the success of clinical applications targeting these cells. Recent
studies using genetically modified mouse models indicate that the fate
of neural stem cells is finely regulated by changes in the surrounding
microenvironment, also termed niche, in which they reside. These
changes are dictated by both extrinsic (for instance, physical activity,
stress, environmental enrichment, or aging) and intrinsic (for instance,
cytokines, growth factors, hormones, or neurotrophins) factors [33].
Therefore, decisions regarding neural stem cell self-renewal, activation

Fig. 1. Presence of neural stem cells (tanycytes) in the adult hypothalamus.
Three proliferative zones were reported in the adult hypothalamus. The first (I) proliferative zone, in the dorsal α1 region, after a stimulus (IGF-1) can induce
tanycytes to originate neurons and possibly astrocytes in the adjacent hypothalamic parenchyma. The second (II) proliferative zone, in the dorsal α2 region, can be
stimulated by FGF-2 activating the symmetric self-renewal of dorsal α2 tanycytes or can be give origin to neurons and astrocytes; and rarely oligodendrocytes. In the
third (III) proliferative zone, called “hypothalamic proliferative region”, located in the adjacent median eminence (ME), tanycytes proliferate symmetrically giving
rise to neurons, and possibly progenitors of oligodendrocytes. FGF-2: fibroblast growth factor type 2; IGF-1: Insulin-Like Growth Factor 1; PVH: paraventricular
nucleus; LHA: lateral hypothalamic area; DMH: dorsomedial hypothalamic; VMH: ventromedial hypothalamic; ARC: arcuate nucleus; 3V: third ventricle.
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or differentiation are dependent on the interaction with constituents
from their niche. The deregulation of those microenvironmental reg-
ulatory mechanisms may cause dysfunction of neural stem cells, leading
to neurological disorders [34].

The discovery of neural stem cells in the adult brain provided us
with a promising target for central nervous system disease therapies
[35]. A large number of investigations were already performed in order
to understand the behavior of these cells in the adult brain; never-
theless, the best is yet to come. Recently, several components of the
neural stem cell niche have been identified, regulating neural stem cell
activity by supplying various signals. In this review, we present an
overview of the current knowledge on the variety of brain components
in the neurogenic niche and their effects on neural stem cells.

2. Heterogeneity of neural stem cells

Neural stem cells are not equally plastic homogeneous cells, but
rather a combination of distinct subpopulations [36]. This concept
needs to be considered to fully understand the relationship between
adult neural stem cells and their niches. Neural stem cells display re-
gional heterogeneity possibly acquired from their embryonic origin and
niche patterning [188]. Viral lineage-tracking and recombinase-based
fate mapping experiments of cell populations in distinct dorso-ventral
or rostro-caudal regions of the adult subventricular zone revealed that a
mosaic of neural stem cells are distributed in diverse domains, corre-
lating with specific regional expression of particular transcription fac-
tors [37]. This subventricular zone regional identity of adult neural
stem cells appears as early as embryonic day E15.5 [38]. Nevertheless,
it remains poorly explored how exactly adult neural stem cells become
regionally specified. Interestingly, heterotopic transplantation studies
suggest that neural stem cell identity is partially a cell intrinsic char-
acteristic, as neural stem cells, after transplant to a different neurogenic
area, keep their regional identity and continue to produce the same
progeny as in the original position [39]. Additionally, neural stem cells
undergo changes in chromatin structure, mRNA, and noncoding RNA
levels that make them more or less sensitive to external signals over
short time periods [40–42].

The unique genetic signature reflects the regional identity of neural
stem cells. Importantly, the heterogeneity revealed at the molecular
level may translate into singular functional differences. Both quiescent
and activated neural stem cells are present within the neurogenic niches
[5]. Multiple molecular markers were proposed to be used to distin-
guish neural stem cell subsets such as CD15 [43], CD133 [44], Sox1
[45], Nestin [46–48], and EGFR [49]. More recently, the possibility of
analyzing multiple molecular markers in combination (GFAP, EGFR,
CD133, Nestin, CD9, CD81, CD24, and VEGF), by the use of transgenic
mice, flow cytometry, and single cell RNAseq, revealed the complexity
within the neural stem cells population [50–53]. These differences
within neural stem cells possibly reflect transcriptional networks and
signaling set points unique to subsets of neural stem cells. Although the
regional identity of neural stem cells has been mainly typified in mouse
models, analyses in the primate brain have also revealed heterogeneity
of subventricular zone neural stem cells which declines with aging [54].
Nevertheless, our knowledge on the human neural stem cells hetero-
geneity remains very limited. In the future, deciphering the functional
consequences of adult neural stem cell heterogeneity will be crucial to
understand brain functioning in physiologic and pathologic conditions.

Although neural stem cell heterogeneity has not been exhaustively
explored yet in the adult dentate gyrus, subpopulations of neural stem
cells with different morphologies and behaviors have been described in
this neurogenic area [55,56]. The dentate gyrus is anatomically sub-
divided into temporal and septal regions [57]. Remarkably, these two
areas differ in their functionality and molecular composition [58].
There is a gradient in the expression of several molecules throughout
the dentate gyrus. For instance, Wnt inhibitor Frizzled-related protein 3
is highly expressed in the temporal region in comparison with the

expression in the septal area [59]. Interestingly, genetic deletion of this
gene results in activation of neural stem cells in the temporal region,
indicating a potential molecule that creates spatial heterogeneity in the
adult dentate gyrus [60]. Moreover, neurogenesis in the septal region,
in comparison with the temporal region, is faster [61]; while the den-
sity of neural stem cells in the temporal region is lower than in the
septal region [62]. Unfortunately, still there are no defined molecular
markers to distinguish neural stem cell subtypes in vivo.

In a recent elegant study, Song’s group used morphological differ-
ences to separate subgranular zone neural stem cells into two subsets
[56]. The rarer neural stem cells, termed type β cells, have shorter and
more branched processes compared to the more abundant type α cells.
Genetic fate mapping revealed that type α cells can originate type β
cells, therefore being hierarchically superior to type β cells, while type
β cells did not proliferate. Nevertheless, the heterogeneity within the
population of type α cells was not yet explored, and remains unknown
whether all type α cells can form type β cells. These data suggest that
there are different neural stem cell populations in the adult dentate
gyrus. Single cell RNAseq analyses will permit high throughput data
collection that may reveal whether these cell populations can be further
subdivided into multiple subsets with distinct functions, reacting dif-
ferently to niche signaling.

Novel tools should be generated to determine what constitutes a
population of neural stem cells versus transition cellular states. As
neural stem cells also present microenvironment dependent plasticity,
future studies should explore how neural stem cells heterogeneity af-
fects cell competition within the same niche, and whether such het-
erogeneity allows adaptation to distinct microenvironmental cues.
Defining the signals that can influence different neural stem cells po-
pulations behavior will have important implications for developing
therapeutic strategies for neural disorders based on the mobilization of
endogenous neural stem cells.

Very little is known about the extrinsic signals that regulate neural
stem cells subpopulations. It is still not completely known whether and
how the neurogenic microenvironments differ. The functional hetero-
geneity of neural stem cells points to the potential for matching het-
erogeneity of influences from the niche that support the behavior of
these neural stem cell subsets. The remainder of this review will focus
on the neural stem cell niche heterogeneous components.

3. Cerebrospinal fluid in the neural stem cell niche

Neural stem cells in the subventricular zone are in direct contact
with the cerebrospinal fluid-filled ventricles [63]. The cerebrospinal
fluid is a reservoir of signaling molecules, which is modulated by ex-
ternal factors. Subsequently, neural stem cells receive cues from this
fluid, allowing them to sense external changes. The cerebrospinal fluid
is essential for the development and maintenance of the central nervous
system [64–66]. It contains multiple trophic factors essential for the
maintenance and proliferation of neural stem cells, including trophic
factors and neuroendocrine peptides [67–75]. Cerebrospinal fluid also
regulates neural stem cell behavior via hydrostatic forces [76]. Now, in
a recent article in Cell Stem Cell, Petrik and colleagues reveal a mole-
cular sensor present in neural stem cells which detects cerebrospinal
fluid flow [77] (Fig. 2). The authors demonstrated that neural stem cells
are highly enriched with the epithelium sodium channel [77]. Petrik
and colleagues investigated the role of the epithelium sodium channel
in neural stem cells by using state-of-the-art techniques, including
subventricular zone whole mounts, sophisticated Cre/loxP techniques
in vivo, confocal microscopy, and electrophysiological recordings. These
experiments showed that epithelium sodium channel is essential for
neural stem cells proliferation in vitro [77]. Strikingly, genetic deletion
of epithelium sodium channel specifically from neural stem cells re-
duced the number of neural stem cells and inhibited their activation
and proliferation, leading to reduction of neuroblasts derived from
these neural stem cells [77]. Interestingly, artificial cerebrospinal fluid
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flow promoted neural stem cells proliferation in the whole mount
subventricular zone through epithelium sodium channels. As when
these channels were specifically blocked, the effect on neural stem cells
proliferation disappeared [77]. Additionally, Petrik and colleagues de-
monstrated that within neural stem cells epithelium sodium channels
induce sodium and calcium influx in response to cerebrospinal fluid
flow [77].

This study reveals a novel mechanism of the interaction between
cerebrospinal fluid flow and neural stem cells, nonetheless several
questions remain unanswered. Conditional gene manipulation strate-
gies, as the ones used in this study, offer a powerful tool to study the
role of specific genes in particular cell populations [78]. Nevertheless,
this type of studies also may have their caveats. The main findings from
this study are based on the data obtained from tamoxifen-inducible
Glast promoter driven CreER-LoxP system. In this mouse model, cells
produce the recombinase based on their expression of the glutamate
aspartate transporter (Glast). Albeit neural stem cells express Glast,
they are not the only cells in the brain that express this gene, and, more
importantly, other cells present in the subventricular zones will pro-
duce the recombinase in those mice as well, such as pericytes [79].
Therefore, it remains to be answered whether the genetic ablation of
epithelium sodium channel in Glast-expressing cells may contribute to
the behavior of neural stem cells indirectly in the subventricular zone.
Another question that remains open, is, as discussed above, that neural
stem cells are heterogeneous in their niche. Future studies should ex-
amine whether epithelium sodium channel is crucial to sense the cer-
ebrospinal fluid flow in all neural stem cells or in a specific sub-
population. It remains also unknown whether the importance of this
channel in sensing the cerebrospinal fluid flow is restricted to a certain
time period throughout life, and when during development this channel
becomes crucial.

Importantly, it still needs to be explored whether the role of the
epithelium sodium channel on neural stem cells id altered in neuro-
degenerative disorders. Are some of the defects in neurogenesis seen in
brain pathologies due to altered sensing of the cerebrospinal fluid flow
by neural stem cells? As neural stem cells are key in neural regenera-
tion, is the neurogenic control by the cerebrospinal fluid flow trans-
mitting physiological and pathological conditions of the brain to the
neural stem cells?

4. Autocrine regulation in the neural stem cell niche

Multiple signaling molecules identified in the neurogenic niche
regulate the behavior of neural stem cells, such as neurotransmitters,

growth factors, and membrane-associated ligands. Most of these mo-
lecules are derived from various cellular components of the neural stem
cell niche, and act in a paracrine, non-cell autonomous, way. Whether
neural stem cells can be regulated by factors derived from themselves
remains unknown. Now, in a recent article in Cell Stem Cell, Zhou and
colleagues show that neural stem cells in the subgranular zone can
regulate their own quiescence in an autocrine manner [80] (Fig. 3).
Interestingly, based on a single neural stem cell RNAseq analysis from
the same group [81], the authors found that lactadherin, also known as
Mfge8 or SED1, is highly expressed in quiescent neural stem cells from
the dentate gyrus. Zhou and colleagues used state-of-the-art techniques,
including sophisticated Cre/loxP technologies, in vivo lineage-tracing,
and confocal microscopy to determine the role of lactadherin in neural
stem cells in the subgranular zone. Their results demonstrated that
lactadherin is required to promote the maintenance and quiescence of
neural stem cells in the hippocampus. Strikingly, genetic ablation of
lactadherin from neural stem cells led to decreased density of quiescent
neural stem cells in the adult subgranular zone [81]. Furthermore,
short-term fate tracking upon deletion of lactadherin in quiescent
neural stem cells revealed a significant increase in proliferating neural
stem cells, indicating that lactadherin blocks neural stem cell activation
and proliferation. Finally, Zhou and colleagues explored the mechanism
by which lactadherin promotes neural stem cell quiescence, demon-
strating that it is via suppression of mTOR1 pathway [80]. This work
provides a novel role for lactadherin in the hippocampus, and reveals
that neural stem cells are also crucial in the formation of their own
niche.

Zhou and colleagues examined neural stem cell as a homogeneous
cell population in their study [80]. Nevertheless, as mentioned above, it
would be interesting to explore whether lactadherin is restricted to a
neural stem cell subset. Moreover, the mouse model that was used to
study neural stem cells (Gli1-CreERT2 mice) is not specific to neural
stem cells, as it presents recombinase activity also in perivascular cells
[82–84]. Therefore, future experiments will reveal whether lactadherin
is an exclusively autocrine signal or if it may derive from other niche
components as well. Additionally, it remains unknown whether in other
neurogenic niches besides the hippocampus lactadherin has a similar
role.

5. Perivascular neural stem cell niche

Stem cells from multiple organs are located in a very close position
to the vascular network, including neural stem cells, implicating that
blood vessels are an integral constituent of the stem cell niche

Fig. 2. Changes in cerebrospinal fluid flow can
alter neural stem cell proliferation and neuro-
genesis. In the subventricular zone (SVZ) of the
lateral ventricles, neural stem cells are in close
contact with the cerebrospinal fluid (CSF).
Alterations in the cerebrospinal fluid flow are
detected by epithelial sodium channels present
in these cells, which can affect their prolifera-
tion and differentiation. Epithelial sodium
channel (ENaC), calcium release-activated
channels (CRAC), phosphorylated extracellular
signal-regulated kinases (pERK).
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[24,85–91]. Interestingly, the neurogenic regions are more vascularized
than not-neurogenic areas in the brain [91–93]. The vasculature in
these regions is more permeable, and the blood flow in slower, sug-
gesting that there is facilitation in the access of blood-derived signals to
the neural stem cells [24,91,92,94]. In both main neurogenic regions,
subventricular and subgranular zones, proliferating neural stem cells
are in close physical proximity to the vasculature than other niche
cellular components [89,86–91,95,96]. Importantly, transplanted
neural stem cells also preferentially associate to blood vessels [97].
Although some studies correlate angiogenesis in the neural stem cell
niche with increased neurogenesis [98–101,18,102,103], others show
that expansion of the niche vasculature not necessarily is accompanied
by augment in neurogenesis [98].

Demonstrating the functional significance of endothelial cells in the
neural stem cell niche, Otonne and colleagues have demonstrated
functional contact mediated cross-talk between endothelial cells and
neural stem cells in vivo [104]. Conditional deletion of the trans-
membrane ligands, Jagged1 or ephrinB2, specifically in endothelial
cells in vivo culminates in an expansion of proliferating neural stem
cells, followed by their long-term depletion [104], indicating that these
molecules are crucial to keep a reserve of neural stem cells in a quies-
cent state.

In the search for endothelially-secreted factors that regulate neural
stem cells behavior, a recent study by Sato et al. (2017) revealed that
soluble amyloid precursor protein derived from endothelial cells is

essential for neural stem cell quiescence [105,106]. The authors found
by in vitro experiments that soluble amyloid precursor protein sup-
presses neural stem cell growth, and enhances neurosphere-forming
capacity, while maintaining their multipotency. Moreover, Sato and
colleagues also discovered that, in amyloid precursor protein-null mice,
there is a rise in neural stem cells proliferation in their niche [105].
Furthermore, using Tie2-Cre/amyloid precursor protein floxed mice,
the authors deleted amyloid precursor protein specifically in en-
dothelial cells, revealing that endothelial cells, but not astrocytes reg-
ulate neural stem cells activation in the subventricular zone through
amyloid precursor protein [105]. As Tie2 expression is not exclusive to
endothelial cells [107,108], it is possible that the observed neural stem
cell response may be due to hematopoietic cells in which amyloid
precursor protein was also genetically eliminated as well in Tie2-Cre/
amyloid precursor protein floxed mice. To avoid Cre recombinase ac-
tivity in hematopoietic cells, more specific mouse models should be
used in future studies, such as VE-Cadherin-CreERT2 mice [109]. In VE-
Cadherin-CreERT2/amyloid precursor protein floxed is possible control
amyloid precursor protein expression in the endothelium at different
stages.

The perivascular niches are themself complex and heterogeneous
composed by multiple other cell types in addition to endothelial cells in
the neurogenic niches, such as perivascular astrocytes, perivascular
neurons [106,110,111], perivascular macrophages [112–114], peri-
vascular adventitial cells [115], perivascular fibroblasts [116],

Fig. 3. Autocrine signaling in the subgranular zone (SGZ) in the dentate gyrus. Quiescent radial glia like neural stem cells (RGLs) are activated and continuously give
rise to newborn dentate granule cells. Milk fat globule-epidermal growth factor (Mfge8), also called lactadherin, is a neural stem cell enriched niche factor that
maintains the neural stem cell pool in the dentate gyrus during early postnatal development and in the adulthood by promoting neural stem cell quiescence. Mfge8 is
enriched in quiescent neural stem cell and regulates neural stem cell quiescence, via mTOR1 signaling, and its deletion depletes neural stem cells and decreases adult
neurogenesis.
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perivascular microglia [117], vascular smooth muscle cells [118], and
pericytes subsets [119]. Interestingly, pericytes from several peripheral
tissues have been shown to behave as stem cells [78,120–139,189,190],
generating other cell types, and also to regulate the behavior of other
stem cells, as hematopoietic stem cells in their niches [87,88,140–144].
Although growing evidence also shows that central nervous system
pericytes alter their characteristics following stimuli and develop
stemness [145–149], whether pericytes are an essential component of
neural stem cell niche, and what are their exact roles remains un-
explored. Future studies should elucidate what is the relationship be-
tween different components of the perivascular neural stem cell mi-
croenvironment. Is there a cross-talk between the different perivascular
constituents of the neural stem cell niche? Also, the identification of
molecules contributing to the anchoring of neural stem cells to the
perivascular niche deserves further research.

6. Neuronal role in the neural stem cell niche

Neurotransmission has been classically defined as signaling between
neuronal subtypes. Nevertheless, this concept has changed, and now we
know that released neurotransmitters can signal not only to neurons,
but also to other cell types present in the microenvironment where they
are released. Recent studies have revealed that innervations are es-
sential components of the neural stem cell niche, and the release of
neurotransmitters affects the neural stem cell behavior in the neuro-
genic area [150]. Different from embryonic neurogenesis, adult neu-
rogenesis is regulated also by neuronal activity [3,33,151–154]. Un-
derstanding which are the specific neurons that regulate neural stem
cells in the adult brain and the underlying mechanisms is fundamental
yet challenging. Mostly due to the lack until recently of techniques to
access the behavior of neural stem cells in vivo. The recent technical

advancements, such as characterization of specific neural stem cell
markers, DREADDs (designer receptors exclusively activated by de-
signer drugs), optogenetics, cross-synaptic specific tracing, and the
evolution of Cre/loxp systems are bringing exciting findings and novel
concepts to the field. Now researchers are in a unique position to an-
swer essential questions about neuronal activity-dependent neural stem
cell regulation.

Using the combination of lineage-tracing and optogenetics, Song
and colleagues have recently revealed that dentate parvalbumin+
interneurons regulate adult hippocampal neural stem cells via tonic
GABA signaling in an activity-dependent manner [155,156]. Decrease
in the activity of these interneurons promotes increase in the number of
quiescent neural stem cells, while conversely activation of parval-
bumin+ interneurons inhibits the activation of neural stem cells
[152,155]. Interneurons expressing neuropeptide Y have been im-
plicated in the control of adult neurogenesis via promoting neural stem
cell proliferation [157–159]. Moreover, interneurons expressing va-
soactive intestinal peptide (VIP) have been shown to mediate neuro-
genesis via VIP receptors on neural stem cells [160]. As hippocampal
interneurons receive afferent inputs from distant brain regions, there is
a need to understand how distal neuronal inputs impact adult hippo-
campal neural stem cells via local interneurons. One recent study by
Bao and colleagues (2017) addressed this by using state-of-art techni-
ques [161]. The authors discovered by using virus-based retrograde
tracing that medial septum GABAergic neurons are the main afferents
to the hippocampal parvalbumin+ interneurons [161]. Markedly,
GABA signaling derived from medial septum GABAergic neurons onto
hippocampal parvalbumin+ interneurons leads to neural stem cell
regulation [161]. Depletion of medial septum GABAergic neurons re-
sults in neural stem cell depletion in the hippocampus, indicating that
distal brain activity regulates hippocampal neural stem cell behavior

Fig. 4. α-synuclein (α-SYN) present in dopaminergic nigral afferents is essential for the normal cycling and maintenance of neural stem cells (NSCs) in the adult
subventricular zone.
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[161]. Detailed characterization of multiple synaptic inputs that end
onto distinct cellular components of the hippocampal neural stem cell
niche will provide insights into the spatial organization of the local
circuitry, and how it affects neural stem cell niche constituents.

The subventricular zone is also innervated by multiple nerve fibers
of different origins that may influence the neural stem cell behavior.
Neurons expressing nitric oxide synthase regulate neural stem cell
proliferation by nitric oxide production [162]. The subventricular zone
is also supplied by choline acetyltransferase expressing axons which
regulate neural stem cell proliferation through the neurotransmitters
that they produce [163,164]. Additionally, selective lesion of dopami-
nergic nerve fibers leads to reduced proliferation of neural stem cells in
the suventricular zone [165–168]. In a recent article in Journal of
Neuroscience, Perez-Villalba and colleagues revealed an important
component of the subventricular zone neural stem cell niche: α-synu-
clein possibly derived from dopaminergic axons maintains neural stem
cells in their subventricular niche [169] (Fig. 4). The authors identified
that α-synuclein is expressed in dopaminergic nerve fibers innervating
the subventricular zone, but is not present in the suventricular zone
itself. Perez-Villalba and colleagues discovered that the absence of α-
synuclein, in α-synuclein knockout mice, leads to reduction in neural
stem cells in the subventricular zone. Strikingly, adenovirus-mediated
expression of α-synuclein in the substancia nigra neurons and L-DOPA
treatment prevent neural stem cell loss in the neurogenic area [169].
This study brings strong evidence for the participation of dopaminergic
in the maintenance of adult neural stem cells. Nevertheless, further
studies need to confirm the participation of α-synuclein derived from

dopaminergic fibers in the neural stem cell niche. The use of conven-
tional knockout mice has proved to be a valuable tool for understanding
the role of key proteins in physiological and pathological states.
Nonetheless, these technologies produce broad changes in gene func-
tion throughout the body, affecting multiple different cells. Thus, they
are limited in that they do little to identify the specific roles of a gene in
a specific cell type. Because the molecular functions of α-synuclein may
depend on a specific neuronal subpopulation in which it is expressed,
restricting gene manipulation to specific neurons in the brain may be
more useful for understanding the role of α-synuclein in the neural stem
cell niche. Thus, conditional gene manipulation approaches provide an
effective option. The main findings from this study are based on the
data obtained from α-synuclein knockout mice. As during development
α-synuclein may be expressed in distinct tissues in various cellular
populations [170], it is possible that the effect on neural stem cells
could be due to other cell types in which α-synuclein was deleted as
well in the α-synuclein knockout mouse model. Because of this, the
combination of mouse models that allow to target specifically dopa-
minergic neurons, such as tyrosine hydroxylase-Cre, with α-synuclein
floxed mice will provide a tool to study the role of α-synuclein speci-
fically within dopaminergic neurons.

Interestingly, recently, in Science, Paul and colleagues demonstrated
that a subpopulation of hypothalamic nerve fibers essential in the
control of hunger and satiety regulate adult neural stem cells pro-
liferation in vivo [171,172]. The authors identified by in vitro assays β-
endorphin, an endogenous kappa opioid receptor ligand, as an extrinsic
cue that activate quiescent neural stem cells. Furthermore, as β-

Fig. 5. Hippocampal neurogenesis was not detected in adult humans by Sorrells et al. (2018). The study of Sorrells and colleagues suggests differences in neuro-
genesis among primates. In humans, in the dentate gyrus (DG), a proliferative subgranular zone (SGZ) is not formed near the granule cell layer (GCL), instead, the
proliferating cells, which express progenitor stem markers, are mostly scattered in the hilus and depleted from the 7 years old. The number of young neurons,
DCX+PSA-NCAM+cells, in GCL and hilus, also decrease from birth and in adult individuals, these cells are no longer found in the hippocampus. In adult humans,
the predominance of morphologically mature neurons expressing PSA-NCAM+and NeuN was observed. In rhesus macaque (M. mulatta) there are some differences
in the process of neurogenesis. In DG the formation of a germinative proliferative subgranular zone (SGZ) is observed. The number of proliferative cells and young
neurons DCX+PSA-NCAM+decreases until the 7 years old, an age in which the germ cell layer in the SGZ already becomes dispersed. A developmental nor-
malization has shown that the decrease of young neurons in humans is more accelerated than in monkeys, which allows the identification of still rare DCX+PSA-
NCAM+neurons in adult monkeys. PSA-NCAM: Polysialylated neural cell adhesion molecule; DCX: doublecortin; NeuN: neuronal nuclear antigen.
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endorphin is a posttranslational cleavage product of proopiomelano-
cortin [173], Paul and colleagues examined the function of proopio-
melanocortin-expressing neurons in the neural stem cell micro-
environment. Using state-of-the-art techniques including sophisticated
in vivo inducible genetic approaches, such as lineage-tracing Cre/loxP
mediated technologies in combination with viral vectors, the authors
increased acutely proopiomelanocortin-expressing neurons activity
using activating DREADDs (Designer Receptors Exclusively Activated
by Designer Drugs) or selectively eliminated these neurons. These ex-
periments revealed that proopiomelanocortin-expressing neurons affect
neural stem cell proliferation in the anterior ventral subventricular zone
[171,172]. Importantly, Paul and colleagues analyzed and manipulated
hypothalamic neural activity in mice fed ad libitum or fasted, indicating
that hunger and satiety states specifically regulate neural stem cells
proliferation in the anterior ventral subventricular zone through proo-
piomelanocortin-expressing axons. This new study reveals a new con-
stituent of the neural stem cell niche and shows that distal brain activity
may regulate subventricular zone neural stem cell behavior.

7. Clinical relevance

Rodent models aim to recreate features of human physiology as
closely as possible. Nevertheless, whether the same phenomena that is
observed in mouse models occur in humans needs to be questioned.
Also, whether there is conservation in the cellular and molecular me-
chanisms of regulation of neural stem cells in humans and mice remains
poorly explored.

Nearly all our understanding of the neural stem cell behavior de-
rives from studies in rodent models, and our knowledge about neural
stem cells in the human brain is still very limited. Comparative analyzes
of adult neurogenesis have uncovered a big variety in this phenomenon
among different species [174]. Neuroanatomical experiments and

modern techniques, such as radiocarbon dating, have proved that
neural stem cells are present in the adult human brain [175]. The
subventricular zone neurogenic niche differs between mice and hu-
mans, based on the cell types that form this area [176]. Newly formed
neural progenitors in this zone also differ in their fate, becoming
medium spiny neurons in the striatum [177], instead of forming ol-
factory interneurons as in mice [178]. Recent also have also shown that
neural stem cells are present in the hypothalamic neurogenic region in
the human adult brain [179,180].

Although some studies have suggested that hippocampal neural
stem cell niche in humans resembles the one in rodents, and the fate of
neural stem cells are dentate granule neurons in both species
[181,182], a recent intriguing study in Nature has challenged this
concept [183]. Sorrells and colleagues found that the number of hip-
pocampal neural stem cells and young neurons decreases in the first one
year of age, and only few isolated young neurons are present in the
hippocampus in the first decade of life [183]. Strikingly, the authors did
not detect any neural stem cells or young neurons in the adult human
dentate gyrus [183]. Additionally, Sorrells and colleagues assessed
autopsies hippocampi from monkeys. Although the authors detected
neurogenesis in the early postnatal life, it diminished with aging [183]
(Fig. 5). In contrast, another study published in Cell Stem Cell at the
same time suggested just the opposite [184]. Boldrini and colleagues
analyzed the hippocampi of healthy humans of different ages. The au-
thors revealed that neurogenesis in healthy older individuals without
any neurological dysfunction was preserved with aging [184] (Fig. 6).
The discrepancies between these two studies may be due to several
technical issues, such as limitations of specific neural stem cell markers
and quantitative aspects in humans, as it was elegantly discussed in a
recent mini-review [185]. Very little is known about the niches of the
neural stem cells in the distinct adult human brain neurogenic areas.

Fig. 6. Hippocampal neurogenesis continues during aging in humans.
The study of Boldrini and colleagues suggests that neurogenesis is present in the human hippocampus. PSA-NCAM was detected in cells that had morphology of
intermediate neural progenitors and immature granule neurons showing that these cells remained preserved with aging. PSA-NCAM: Polysialylated neural cell
adhesion molecule.
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8. Conclusions and perspectives

The works discussed in this review illustrate the complexity of the
microenvironments where neural stem cells are located in the brain.
Multiple cell populations contribute to the complex maintenance and
regulation of neural stem cells. The availability of refined genetic
technologies has demonstrated that changes to the niche content may
have profound effects on neural stem cell behavior. Recombination-
based technologies provide powerful ways to interrogate the cellular
and molecular components of the neural stem cell niches. Future clar-
ification of the interactions between neural stem cells and their mi-
croenvironments in pathological conditions may lead to improved
methods to exploit the clinical potential of neural stem cells. In the
future, targeting the niche itself could become an attractive potential
alternative for the treatment of neurological illnesses. The balance of
extrinsic effects from the neurogenic niche can also differ under distinct
physiological circumstances. Whether newborn, adult, and aged neural
stem cells have variable physiological demands remains poorly under-
stood. The examination of how the neural stem cells niches age will
reveal essential information for the treatment of age-related neurolo-
gical disorders. The biggest challenge for the future still will be to
translate animal research into humans. Enhancing the availability of
human brain tissue samples will be fundamental to reach this aim.
There is also a need for novel strategies to study the generation of new
neurons in vivo in the adult human brain. A more detailed analysis of
single cell phenotypes in the neurogenic niches, by for instance single-
neural stem cell RNA sequencing as well as by single-cell RNA se-
quencing of each of the neural stem cell niche components in the adult
brain, will provide beneficial knowledge. Immense progress has been
made in our understanding of the importance and the complexity of the
niche to the function of neural stem cells and to the physiology of the
organism as a whole. Nevertheless, the best is yet to come.
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