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Abstract The adult mammalian central nervous system con-
tains resident neural stem cells able to self-renew and to gen-
erate new neurons throughout life, as well as other neural cell
types. Progressive changes in adult neural stem cells accom-
pany the aging process, which may contribute to a progressive
decline in regenerative capacities, tissue degeneration, and
functional impairments. For example, accelerated and patho-
logical declines in neural stem cell functions have been asso-
ciated with age-related brain diseases. Therefore, identifying
and better understanding the age-associated molecular events
involved in the deterioration of adult neural stem cell homeo-
stasis is of high interest. To date, several intrinsic and extrinsic
factors have been identified as putative drivers for age-related
dysfunctions in brain stem cell niches. This review aims to
provide a concise overview of the age-associated changes that
have been reported in mammalian adult neural stem cells as
well as the underlying events able to trigger those changes.
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Introduction

Neural stem cells are mitotic cells representative of early
stages of brain ontogenesis, characterized by primarily

symmetric divisions that expand neural stem cell pools during
early embryonic development. Under the influence of a large
variety of molecular signaling cascades and cell-cell interac-
tions, neural stem cells are progressively regionally specified
[1]. Then, the mode of cell division begins to gradually shift
from symmetrical to asymmetrical to generate and expand
differentiated cell numbers—i.e., neurons, astrocytes, and ol-
igodendrocytes—while maintaining a reservoir of neural stem
cells. Accordingly, central nervous system (CNS) develop-
ment results from multiple complex sequential events where
neural stem cells are key cell types [1]. Though production,
migration, and differentiation of new neurons are largely pre-
natal events, the adult mammalian brain maintains neurogenic
activity within two discrete brain areas, namely the
subventricular zone of the cortex and the subgranular zone
of the dentate gyrus in the hippocampus [2]. Resident adult
neural stem cells (aNSCs) in these neurogenic niches play
important roles in cognitive functions such as odor discrimi-
nation and spatial learning, as well as contributing to regener-
ation and repair processes in response to brain insults [3]. The
functions supported by adult neurogenesis are controlled at
multiple levels including the number of aNSCs, whether they
are in active or quiescent states, their differentiation potential,
and the survival of newly generated cells [3]. Strikingly, age-
related biological alterations in the brain have been associated
with a progressive decline in adult neurogenesis and correlat-
ed with functional impairments [4, 5]. Moreover, abnormali-
ties in neurogenesis have been reported in neurodegenerative
disorders for which aging is a major risk factor for disease
development/progression such as in Alzheimer ’s,
Parkinson’s, and Huntington’s diseases (respectively referred
as AD, PD, and HD hereafter) [6]. Accordingly, aNSCs are
increasingly seen as key determinants for brain functioning
throughout the life span of an organism as alterations in
aNSCs can con t r i bu t e t o the consequences o f
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neurodegenerative diseases, healthy aging, and reduced CNS
repair. The aging of human aNSCs is a difficult subject to
study because of the scarcity and the lack of easy accessibility
to reliable primary viable tissue. Thus, much of our under-
standing of age-associated changes in mammalian
neurogenesis comes from rodent studies. A large body of ev-
idence demonstrates that neurogenesis is regulated in a com-
plex manner by the dynamic interplay of cell-extrinsic signals
and cell-intrinsic transcriptional and epigenetic regulators.
Therefore, identifying and understanding the whole picture
of the age-associated molecular processes controlling tempo-
ral changes in aNSC properties/homeostasis is crucial. Indeed,
a thorough knowledge of age-associated mechanisms mediat-
ing the decline of adult neurogenesis could lead to the devel-
opment of therapeutic strategies aiming to counteract some of
the detrimental effects linked to aging in the brain and in
relation to resident aNSCs. This review aims to summarize
what is currently known about the drivers and effectors of
age-associated aNSC dysfunctions.

Age-Associated Genomic Modifiers of Adult Neural
Stem Cells

The balance between self-renewal and differentiation of
aNSCs is essential for the maintenance of a stem cell reservoir
and the continuous supply of new neurons as well as other
neural cell types. With aging, changes in the expression of
genes critical for fine-tuning this equilibrium would likely
affect aNSC homeostasis and could lead to age-associated
modifications of aNSC properties such as decreased self-
renewal and/or a reduced ability to give rise to newborn neu-
rons, which are hallmarks of aged aNSCs [4]. Accordingly,
this section reviews the age-associated genetic and epigenetic
mechanisms/changes that have been previously reported in
aNSCs and may contribute to the decline in aNSC function
during the aging process.

Genetic Alterations and Aging

Nuclear and Mitochondrial DNA Instability in aNSCs

Several studies have demonstrated that chronological aging
features an increased burden of DNA damage in most cells
and tissues [7, 8]. Although yet poorly studied, it is most likely
that, similar to other somatic cell types, aNSCs accrue DNA
damage over the lifetime of an organism, usually as the result
of multiple and non-exclusive mechanisms [9]. Notably, both
nuclear DNA and mitochondrial DNA (mtDNA) have dem-
onstrated their susceptibility to be affected by aging-related
processes in the human brain [10, 11], though determining
whether these mutations affect aNSCs specifically has not
been possible from whole brain samples. Nevertheless,

experimental data using aNSCs from young and old mice have
suggested that aging leads to a substantial mutational load
within aNSCs [12]. Overall, genomic instability may result
from increase DNA damage accumulation and/or a decrease
in DNA damage response, which have been described as ge-
nomic changes significantly contributing to cell senescence
and aging phenotypes [9, 13]. For instance, genome instability
can originate from retrotransposition, a mechanism that corre-
lates with chronological aging as transposable elements be-
come more active and mobile in the genomes of aging tissues
[14, 15]. Retrotransposons are mobile elements distributed in
the genome that can create genomic instability through DNA
double-strand breaks and point mutations, but also can impact
gene regulation [16]. Interestingly, a transposable element, the
Long Interspersed Nuclear Elements 1 (LINE-1), has been
shown to be greatly active in the brain and particularly within
the dentate gyrus region containing aNSCs [17]. In an elegant
study, the Gage laboratory has demonstrated that LINE-1
retrotransposition activity, which can be regulated via
SOX2-mediated repression of LINE-1, can influence the dif-
ferentiation of rat neural progenitors, [18, 19]. This becomes
even more interesting when considering that SOX2 is a key
transcription factor for the control of aNSC homeostasis and
neurogenesis [20], and that SOX2 plays an important role in
multiple mechanisms that could regulate aNSC aging [21].
More recently, SIRT6 has been also identified as an epigenetic
repressor of LINE-1 (see also the BEpigenetic Modifications
and Aging^ section) and, interestingly, SIRT6-mediated inhi-
bition of LINE-1 has been found to be significantly decreased
in the mouse brain during the course of aging [22•]. Besides,
other age-associated mechanisms can underlie the cause of
age-associated DNA damage in aNSCs such as less efficient
and more error-prone DNA repair systems [23]. Whichever is
the mechanism responsible for DNA lesions accumulation in
aNSCs during aging, this could impact on the reservoir of
resident stem cells as well as on their differentiated progenies
[24], though the extent of damage or the specific mutation in
the genome will certainly influence the impact to aNSCs. Of
interest, loss-of-function mutations have revealed aging-like
phenotypes in aNSCs, highlighting the importance of a series
of gene products in regulating aNSC homeostasis throughout
life; including PRDM16 [25], BMI1 [26], ATM [27], SIRT1
[28], and members of the Forkhead transcription factor family
O (FoxO) [29, 30]. For example, the transcription factor
FoxO3 has been associated with extreme longevity and the
Brunet laboratory has highlighted the importance of this gene
in the regulation of the aNSC pool in mice by showing that
FoxO3 coordinates the expression of a specific program of
genes that can control self-renewal, differentiation, and oxy-
gen metabolism [30]. Thus, in the absence of FoxO3, neural
stem cells are less able to self-renew and more committed to a
specific lineage. Noteworthy, a common denominator for all
these key proteins contributing to normal aNSC functioning is
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their respective roles in regulating oxidative stress [25,
30–32], shedding light on the fact that aging phenotypes in
aNSCs could also result from the detrimental accumulation of
toxic metabolites and mitochondrial dysfunctions occurring in
the aging process (see also the BMitochondria-Associated
Dysfunctions and Aging^ section). This supports the Bfree
radical theory of aging^ that postulates that aging and its re-
lated diseases are, at least partly, the consequence of free
radical-induced damage [33, 34]. The majority of free radicals
that damage biological systems are oxygen radicals and other
reactive oxygen species (ROS), andmitochondria are the main
source of ROS [35]. It is therefore not surprising that a higher
incidence of mtDNA mutations has been shown to be associ-
ated with the aging brain as well as several age-related disor-
ders such as AD and PD [36]. Wang and collaborators have
demonstrated that mtDNA integrity is essential for aNSC
function as alteration in the mtDNA repair machinery, through
a knockout of 8-oxoguanine DNA glycosylase (Ogg1), can
hamper neuronal differentiation to the benefit of astrogliosis
[37]. This is of particular interest as increased astrogliosis and
decreased neurogenesis have been described in the aging brain
[4]. Moreover, using genomic DNA repair defective mice,
Ahlqvist et al. have demonstrated that mtDNA mutagenesis
reduces the amount of quiescent aNSCs in vivo and hampers
self-renewal in vitro [38], another mark of the aging brain.
Altogether, these studies and many others suggest that DNA
damage, including mtDNA, likely plays a causative role in
aNSC aging (please refer to the accompanying article in this
same issue of Current Stem Cell Reports by Espada et al. for a
detailed view on DNA damage response in the context of
aging).

Telomere Attrition

As another source of genomic instability, telomere shortening
has been largely proposed as one of the mechanisms promot-
ing cellular aging through the progressive loss of DNA se-
quences that protect chromosomes from end-to-end fusions
and prevent gene erosion and so contribute to maintaining
genomic integrity [39]. Notably, telomere attrition is also
one of the leading causes of cellular senescence [13, 40].
Although aNSCs exhibit high telomerase activity [41], which
can lengthen (and maintain) telomeres after cell division, this
has been found insufficient to prevent telomere shortening
during aging [42]. Interestingly, Ferron and colleagues have
demonstrated that telomere shortening can alter self-renewal
and differentiation properties of aNSCs [42, 43], highlighting
the importance of telomere length in the maintenance of aNSC
homeostasis. In addition, telomere shortening can activate
p53, which can lead to a p53-dependent cell cycle arrest but
also impair mitochondrial functions [44]. The latter feeds back
to the highly probable role of mitochondrial dysfunction as a
critical modifier of aNSCs during aging.

Epigenetic Modifications and Aging

Chromatin and Histone Modifiers

Epigenetic modifications essentially refer to reversible chang-
es in DNA methylation patterns, post-translational modifica-
tion of histones, and chromatin remodeling, all able to induce
a change in phenotype without a change in genotype. There
are multiple lines of evidence suggesting that aging is accom-
panied by such epigenetic changes affecting all cells and tis-
sues, and could exert long-lasting effects throughout the life
span of an organism [45]. For instance, changes in histone
acetylation in the brain have been correlated with age-
dependent declines in brain function [46]. This indicates that
epigenetic modifiers such as DNA methyl transferases, his-
tone methyltransferases, histone demethylases, histone
deacetylases, and histone acetyl transferases are probably able
to induce dynamic changes during the course of aging. Of
note, their activity can be under the influence of intrinsic and
extrinsic cues [47]. Importantly, adult neurogenesis and there-
fore aNSC fate are tightly controlled by a complex interplay
between various epigenetic regulators [48]. For example,
members of the trithorax group (TrxG) and polycomb group
(PcG) complexes, which respectively promote and inhibit
gene expression via active (H3K4me3) or repressive
(H3K27me3) marks, allow the dynamic regulation of genes
that are critical for aNSC function [48]. The PcG protein
BMI1 and the TrxG protein MLL1 have been described as
important components implicated in age-associated aNSC
self-renewal and differentiation properties [26, 49], raising
the possibility that age-dependent epigenetic regulation of
gene expression could play a role in decreasing neurogenesis
with age. Although many other epigenetic regulatory factors
have been identified as important for aNSC function and are
likely to impact their neurogenic properties during aging [48,
50], for most such factors, age-dependent dynamic expression
in aNSCs remains to be explored.

Non-coding RNAs

As another non-exclusive epigenetic mechanism at play dur-
ing aging, non-coding RNAs can regulate gene expression in a
dynamic manner that correlates with aging. For example, a
network of heterochronic genes has been found to regulate
temporal changes in aNSC function throughout life.
Functioning as a genetic regulatory system controlling aNSC
properties over time, the heterochronic microRNA let-7b is
upregulated in aged aNSCs. Interestingly, it has been observed
that overexpression of let-7b is sufficient to repress the expres-
sion of the high mobility group transcriptional regulator,
Hmga2, which in turn increases the expression of p16lnk4a

and p19Arf [51]. p16Ink4a is a cyclin-dependent kinase inhibitor
that promotes Rb activation, and p19Arf promotes p53 protein
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stability, both slowing cell cycle progression or inducing cel-
lular senescence [52]. As a consequence, the dynamic changes
in let-7b during aging contribute to reduction in the activity of
aNSC function and neurogenesis in aging animals by reducing
stem cell frequency and self-renewal potential. Interestingly,
this decline can be partially rescued by p16INK4a-deficiency in
aging mice [53]. Supporting further the importance of let-7b
dynamic changes during the aging process, another study has
revealed that let-7b can also inhibit neural stem cell prolifera-
tion and promote differentiation in embryonic brains and
aNSCs through the targeting of Tlx and cyclin D1 [54]. In
addition, another let-7b target, Imp1, contributes to the devel-
opmental switch changing the proliferative state of neural
stem cells, from highly proliferative during fetal development
to a more quiescent state in adult [55]. However, Imp1 does
not seem to be expressed in aNSCs. Altogether, these studies
suggest that let-7b plays a role in neural stem cell proliferation
and differentiation across a spectrum of developmental/adult
stages through the targeting of distinct key molecules, indicat-
ing that changes in let-7b may contribute to aNSC aging.
More generally, these studies suggest that aNSC self-
renewal programs depend on key transcriptional regulators
that can change at different stages of life. Of importance, many
other microRNAs have been identified as regulators of
neurogenesis such as miRs- 124, 137, and 184 [56–58] as well
as the miR-106b∼25 cluster that possesses a FoxO3 binding
site [59]. To date, however, the impact of aging on the activity
of these specific microRNAs has only been demonstrated for
let-7 and miR-124 [60], though numerous microRNAs have
been found differentially regulated in the brain of aged versus
young mice [60, 61]. Importantly, the impact of microRNA-
mediated gene regulation is not limited to healthy aging but
can also correlate with neurodegenerative diseases such as
AD, PD, and HD [62]. In addition, other small non-coding
RNA families as well as long non-coding RNAs (lncRNAs)
have been identified as important regulators of neural cells and
so potentially aNSCs, and their roles in neurodegenerative
disease are progressively being elucidated [62]. For example,
two recent studies have identified lncRNAs that play a role in
adult neurogenesis and could have functional implications in
age-related neurodegenerative diseases [63, 64]. Here again,
however, the dynamic expression of those non-coding RNAs
remains to be investigated to establish clear links with healthy
and/or pathological aging.

Age-AssociatedMetabolic Modifiers in Adult Neural
Stem Cells

Increasing evidence suggests that energy metabolism is a
critical regulator of aNSC function [65]. Accordingly,
age-associated alterations/modifications in mechanisms
that regulate the metabolism of aNSCs are increasingly

seen as forces driving aNSC aging. For instance, aging
and some aging-related brain diseases have been linked
to the progressive accumulation of toxic elements within
cell compartments [33, 34, 66]. The accumulation of toxic
components can result from increased production of toxic
metabolites as well as a reduced capacity to eliminate
noxious foes. In aNSCs, it has been suggested that both
mechanisms could impact the balance between self-
renewal and differentiation. More generally, several mech-
anisms involved in energy metabolism and energy-sensing
pathways underlie the metabolic regulation of aNSC ho-
meostasis [65, 67]. Accordingly, this section reviews the
age-associated mechanisms responsible for metabolic
dysregulations contributing to a neurogenic decline.

Mitochondria-Associated Dysfunctions and Aging

Studies on the aging-determining mechanisms that affect
stem cell function converge to indicate the influence of
the mitochondrion as a major player, and it is also the
case for aNSCs [68]. Indeed, among the effectors that
can induce damaging modifications in aNSCs, altered mi-
tochondrial structure and function have been identified as
possible drivers of aNSC aging [69]. Mitochondria are
intracellular organelles that primarily function to generate
ATP by the process of oxidative phosphorylation that
leads to ROS production. During aging, a decline in mi-
tochondrial integrity (see also BNuclear and Mitochondrial
DNA Instability in aNSCs^ section) is accompanied by an
abnormal accumulation of toxic by-products including
ROS [33, 34]. Numerous studies suggest that control of
endogenous ROS levels may play a significant role in the
regulation of self-renewal and proliferation in aNSCs, as
mechanisms linked to the mismanagement of ROS seem
to alter aNSC function. For example, it has been demon-
strated that the antioxidant enzyme SOD2, which can be
regulated by the longevity-associated transcription factor
FoxO3 [70], can have a protective role in mouse aNSCs
[71]. Along this line, it has been shown that FoxO-
deficient aNPCs have higher ROS levels and reduced
self-renewal potential [29]. Furthermore, Dong and col-
laborators have established an experimental aging model
of aNSCs, using hydroxyurea as a stress-inducer, which
has confirmed the importance of ROS pathways in aNSC
aging [72]. Overall, age-dependent alterations in the anti-
oxidant capacity of the brain [73] may contribute to the
neurogenic decline that comes along with age via the pro-
gressive depletion of the aNSC pool. Independent from
ROS, other mitochondrial dysfunctions that have proven
to be affected in the aging brain may contribute to aNSC
aging, such as oxidation of mitochondrial proteins, chang-
es in the composition of mitochondrial membranes, or
defective mitophagy [69, 74, 75] .
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Proteostasis-Related Alterations and Aging

Numerous studies have revealed the importance of main-
taining homeostasis of the proteome, a process called
proteostasis, to ensure correct cellular function. During
the aging process, however, misfolded and damaged pro-
teins accumulate as a consequence of a functional decline
in mechanisms orchestrating proteostasis such as proteo-
lytic systems and chaperone-mediated protein folding and
stability [76]. The underlying mechanisms that hinder cor-
rect proteostasis as a function of aging have been largely
described elsewhere [66]. Importantly, the functional im-
pact of impaired proteostasis has been described in mul-
tiple stem cell types [77], but little is known in aNSCs
specifically. In a recent study, Moore and collaborators
have indirectly highlighted the importance of proteostasis
in aNSCs through a mechanism that promotes asymmetric
segregation of damaged proteins in aNSCs [78••]. In this
study, the authors demonstrate that aNSCs display a lat-
eral diffusion barrier in the membrane of the endoplasmic
reticulum that facilitates asymmetric segregation of dam-
aged protein between daughter cells, allowing the main-
taining of the aNSCs compartment Bfree of damage.^
With aging, however, weakening of this diffusion barrier
leads to a more symmetric segregation of damaged pro-
teins between aNSCs and their progeny, which conse-
quently leads to progressive accumulation of misfolded
proteins in aNSCs and so to reduced functionality.
Another demonstration of the importance of proteostasis
for aNSCs is that age is one of the main risk factors for
neurodegenerative diseases associated with impaired
proteostasis such as AD, PD, and HD [79], for which
altered neurogenesis accompanied by neuronal loss has
been largely described. In these diseases, the accumula-
tion of neurotoxic proteins and/or protein aggregates are
increasingly seen as triggers or aggravating factors for
neurodegenerative diseases, including the aggregation of
the Aβ peptide and/or the accumulation of toxic Aβ iso-
forms (e.g., Aβ42) associated with AD [80], α-synuclein
associated with PD, or toxic fragment of huntingtin in
HD. Taken together, these observations support further
the importance of proteostasis in aNSCs.

Metabolic Sensors and Aging

Nutrient-Sensing Systems

Nutrient sensors are key determinants in stem cell
homeostasis-regulating metabolic pathways and can im-
pact aNSC function [65]. The life-prolonging effect of
calorie restriction has been largely described and such
an effect is most likely mediated, at least partly, through
the insulin/insulin-like growth factor 1 (IGF-1) signaling

pathway (IIS). Playing a central role in the regulation of
energy homeostasis via the regulation of food intake,
many components of the IIS can regulate aNSC function
including the PI3K/Akt-mTOR and the PI3K/Akt-FoxO
pathways [65]. Supporting the role of the IIS in aNSC
function and aging, it has been shown that IGF-1 can
stimulate aNSC proliferation and subsequent differentia-
tion [81], and a decrease in the level of IGF-1 has been
linked to cognitive aging [82]. However, a recent study
from Chaker and collaborators has offered a new perspec-
tive on the role of IGF-1 in aNSC aging [83]. Using in
vivo IGF-1 receptor deletion in aNSCs, they have shown
that it may not be a reduction in IGF-1 but rather a life-
long exposure to IGF-1 that causes the age-related decline
of adult neurogenesis, entailing changes in IIS function
and metabolic regulation [83]. Therefore, reduced levels
of IGF-1 with age may indicate a reduced neurogenic
activity enabling aNSCs to persist further at old age,
though it cannot be ruled out that this hormone, like
others (e.g., growth hormone), may exert unique effects
during different stages of the life span. In addition to the
IIS pathway, other nutrient-sensing systems have been in-
vestigated as putative modifiers of aNSCs that associate
with aging. Among them, the mammalian target of
rapamycin (mTOR) signaling pathway participates in high
amino acid concentration-sensing, and the age-associated
decline in the activity of the mTORC1 complex was as-
sociated with a reduced proliferation of aNSCs [84].
Additionally, AMP-dependent protein kinase (AMPK)
and Sirtuins, that respectively, sense low energy states
by detecting high AMP levels and high nicotinamide ad-
enine dinucleotide (NAD+) levels, have been also identi-
fied as regulators of aNSC homeostasis [65]. Supporting
further the importance of the coenzyme NAD+ for age-
related conditions, a recent study from Stein and Imai has
demonstrated that NAD+ levels decline with age in the
hippocampus of mice and this decrease coincides with
reduced Nampt levels and reduced differentiation and
self-renewal capacities in aNSCs [85].

Oxygen-Sensing Systems

Oxygen-sensing signaling has proven to be a critical reg-
ulator of aNSC self-renewal and differentiation. More
specifically, the hypoxia inducible factor-1α (HIF-1α), a
regulator of mitochondrial function, appears to be essen-
tial for aNSC maintenance within their hypoxic niches.
Indeed, HIF-1α orchestrates transcriptional responses that
mediate cell adaptation under hypoxic conditions.
Supporting the role of oxygen-sensing signaling in
aNSC, Hif-1α loss-of-function experiments have demon-
strated that oxygen availability is critical for correct aNSC
proliferation and differentiation [86]. A deficiency in the
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activation of HIF-1α downstream targets has been de-
scribed in old mice [87], suggesting that impaired
oxygen-sensing pathway may constitute an important fac-
tor responsible for the neurogenic decline observed in the
aged brain.

Age-Associated Extrinsic Modifiers of Adult Neural
Stem Cells

Beyond age-associated intracellular modifications, pertur-
bations in aNSC homeostasis can also result from extra-
cellular signals. Indeed, the microenvironment in which
aNSCs reside is also subjected to age-associated modifi-
cations, which can impact on aNSCs via cell-cell interac-
tions, paracrine signaling, extracellular matrix (ECM)
changes, and so forth. In addition, systemic factors influ-
ence aNSC function and can contribute to age-related dys-
function. All of these can be under the influence of envi-
ronmental factors including lifestyle. Therefore, this sec-
tion will briefly review some of the extrinsic factors able
to participate to aNSC aging.

Inflammation, Systemic Factors, and Aging

Inflammation is of paramount importance in aging and
may lead to the accumulation of pro-inflammatory cyto-
kines as the result of cellular senescence or tissue damage
as well as a dysfunctional immune system. Long believed
to be an immunologically privileged site, it is now well
established that the brain is also subjected to immune
responses and microglia, the resident macrophages of
brain parenchyma, play a key role in the inflammatory
response and contribute to the age-associated decline in
neurogenesis [88••]. Moreover, other cell types such as
astrocytes participate in the brain immune response.
Although the inflammatory process is crucial for tissue
homeostasis, it has been shown that chronic neuroinflam-
mation is a major player in neurodegenerative diseases
such as AD, PD, and HD [89], though whether it is cause
or consequence or both is still under debate. Overall, in-
flammatory cytokines are key elements of complex
neural-immune interactions and have been shown to im-
pact the differentiation, proliferation, migration, and sur-
vival of aNSCs [90]. However, the effects of cytokines on
aNSCs are complex as they seem to have different effects
on neurogenesis, regardless whether they are anti-
inflammatory or pro-inflammatory cytokines. Never
theless, pro-inflammatory cytokines seem to be generally
more prone to inhibi t neurogenesis while ant i -
inflammatory cytokines enhance neurogenesis [91].
Adding to the complexity of our understanding on the role
of cytokines on aNSC function, discrepancies exist

between studies as some have described pro-neurogenic
effects when others have described anti-neurogenic prop-
erties for the same cytokine. For instance, opposite effects
have been described for transforming growth factor-beta
(TGFβ), an anti-inflammatory cytokine that increases in
endothelial cells of the aNSC niche with age [92, 93].
This indicates that the contribution of certain cytokines
is most probably highly context- and/or dose-dependent.
Paralleling the age-associated elevation of cytokines, re-
duced neurogenesis correlates with the elevation of other
circulating molecules such as chemokines [94]. The che-
mokine CCL11 perhaps best exemplifies this as it was
found to be elevated in both the cerebrospinal fluid and
blood of aged mice, and this elevation was shown to
cause reduced neurogenesis and impaired cognitive func-
tion [95••]. The ultimate demonstration of the importance
of systemic factors in aNSC aging has been brought by a
series of studies showing that heterochronic parabiosis
(between young and old mice) as well as the injection of
young systemic factors such as GDF11 or IGF-1 can en-
hance the neurogenic potential of aged aNSCs [94, 95••,
96]. Of note, external factors such as exercise or caloric
restriction have been described as lifestyle changes able to
impact on systemic factors and, therefore, to be able to
modulate aNSC function [97].

Neurogenic Niche Changes and Aging

In addition to changes in the systemic environment, age-
related changes in the cellular and acellular microenvironment
(i.e., in neural stem cell niches) can impact aNSC fate. As
such, astrocytes act in a paracrine manner to induce aNSCs
expansion via Wnt-mediated signaling [98]. Interestingly, as-
trocytic Wnt3-expression decreases with age and a reduction
in Wnt3 levels is associated with impaired neurogenesis [99].
Moreover, the reduction of astrocyte Wnt-mediated signaling
that occurs within aging neural stem cell niches leads to down-
regulation of Survivin expression in aNSCs and therefore in-
duces aNSC quiescence in the aged brain [100]. Along this
line, astrocytes can release the Wnt inhibitor DKK1 that has
been found to be increased with age in neural stem cell niches,
which negatively regulates adult neurogenesis [101]. Taken
together, these data suggest that age-associated changes in
the astrocyte population within neural stem cell niches can
impact aNSC function. Furthermore, aNSC function is depen-
dent on ECM organization and composition, which can be
progressively altered during aging, disease, and injury [102].
For example, changes in the mechanical properties of the
ECM impact aNSC function [103]. Overall, and even though
yet poorly studied, these few examples demonstrate the im-
portance of considering age-associated changes in stem cell
niches in the development of the aNSC aging phenotype.
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Conclusion

This review provides an overview of some of the main age-
associated modifications that can impact aNSC function.
Noteworthy, most if not all of the age-related mechanisms that
can impact aNSC function have also been described as altered
in neurodegenerative diseases. This is of major relevance as
identifying principles counteracting the effects of aging, act-
ing through the mechanisms herein described, may not only
lead to aNSC rejuvenation but also to functional improve-
ments in both healthy aging and pathological situations.
Obviously, no single mechanism explains all aspects of aging
but, instead, it is likely that multiple non-exclusive processes
contribute to a physiological decline in neurogenesis with var-
iability between individuals. In the future, it would be impor-
tant to define whether one of these mechanisms acts as a
central regulator of aNSC aging and could be considered as
the major trigger of a cascade of modifications, through mul-
tiple mechanisms that could accelerate physiological aging.
To address such a question, lessons from the study of neuro-
degenerative diseases may suggest a major role for neuroin-
flammation, which intertwines with all of the other mecha-
nisms and so has the potential to be a pivotal player. This
remains to be demonstrated, and identifying a central regulator
of aging should be a major subject of study to develop
preventive/curative treatments able to counteract the effects
of aging in order to maintain/restore the neurogenic capacities
of the brain throughout life.
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