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Advantages in Therapy for the
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Linda Ottoboni T, Arianna Merlini T and Gianvito Martino *

Neuroimmunology Unit, Division of Neuroscience, Institutef Experimental Neurology, San Raffaele Scienti c Institutdilan,
Italy

The physiological and pathological properties of the neutagerminal stem cell niche
have been well-studied in the past 30 years, mainly in animgland within given limits
in humans, and knowledge is available for the cyto-architgonic structure, the cellular
components, the timing of development and the energetic maitenance of the niche, as
well as for the therapeutic potential and the cross talk bet@en neural and immune cells.
In recent years we have gained detailed understanding of thgotentiality of neural stem
cells (NSCs), although we are only beginning to understandé&ir molecular, metabolic,
and epigenetic pro le in physiopathology and, further, moe can be invested to measure
guantitatively the activity of those cells, to modeh vitrotheir therapeutic responses or to
predict interactionsin silico. Information in this direction has been put forward for othe
organs but is still limited in the complex and very less accesble context of the brain.
A comprehensive understanding of the behavior of endogen@aINSCs will help to tune
or model them toward a desired response in order to treat comfex neurodegenerative
diseases. NSCs have the ability to modulate multiple celld functions and exploiting
their plasticity might make them into potent and versatile elular drugs.

Keywords: neural stem cells, microenvironment, plasticity,
aging

metabolism, in ammation, stroke, multiple sclerosis,

INTRODUCTION

Although it has been thought for a long time that mammalian negenesis occurs only during
embryonic and perinatal stages, young neurons are contislyancorporated into the adult brain
as demonstrated by Altman and Das already in the early sikfiésan, 1962; Altman and Das,
1969. Indeed, neural stem cells (NSCs), residing in the braimmofst adult mammals in the
so-called “neurogenic niches,” sustain neurogenesisujtiout life. It is estimated that 700 new
neurons are generated every day by the neuropoietic nicheniadult human hippocampus,
outlining one aspect of the plasticity/renewal capacity of B§Qioth et al., 2010; Spalding et al.,
2019. As for other stem cells, the specialized microenvironmathe neurogenic niche ensures
not only NSC self-renewal but also di erentiation, mainlytinneurons. However, neurogenesis
is not the only activity of NSCs in the adulthood. As a mattéfaxct, recent studies indicate that
adult NSCs residing within the sub-ventricular zone (SVZphtiphysiologically exert alternative
functions to cell replacement, the so-called non-neurogémictions (Martino et al., 201} mainly
aimed at protecting CNS homeostasis, in both physiologicdl pathological conditions. They
regulate and are regulated by several signaling pathwegigl¢ and Song, 20)L&hat, tuning
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the evolution of progenitor proliferation, division, and nmiagion,  from type C cells. Type A cells migrate tangentially to form the
can per sealso impact the composition of the nich@reston rostral migratory stream (RMS) to the olfactory bulb for terraln
and Sherman, 2011; Gattazzo et al., 30Neighboring cells, dierentiation. Once in the olfactory bulb, the neuroblasts
the vasculature and the cerebrospinal uid constitute theiima defasciculate from the stream and migrate radially to thée s
routes through which molecular signals reach NSCs and a eadf terminal di erentiation into neurons Qlvarez-Buylla et al.,
their behavior. 2000. SVZ-NSCs give rise also to oligodendrocyte precursors
Overall, knowing the physiological properties of NSCs anénd mature oligodendrocytes, continuously replenishingsdell
what changes in pathological conditions opens up the podibili the corpus callosum\(enn et al., 2006
of exploiting NSC plasticity for preventive/therapeutic purp@se  The primary role of the neurogenic SGZ niche instead
This review will primarily focus on (i) the properties is to generate new granule cells, primary excitatory neurons
of precursors of the adult neurogenic niches of the centralhat support hippocampus-dependent cognitive functiodsdo
nervous system (CNS); (ii) the mechanisms of inter- andantr et al., 2008 Stem cells of the SGZ give rise to radial astrocytes
cellular communication of NSCs and other cells, resident othat convert into immature progenitors (Type 1, the counterpar
not in the niche, in physio- and patho-logical conditions, of type B in the SVZ) and eventually into neuroblasts (Type 2,
with focus on multiple sclerosis (MS) and ischemic strokethe counterpart of Type C-A cells in the SVZj{ao et al., 2008
neurodegenerative disorders of the brain that unfold aarnd Complete depletion either of type 2 or type C cells, respectively in
chronic consequences. the SGZ and SVZ, (non-radial glia like cells) stops neurogenesis
(Doetsch et al., 1999; Ahn and Joyner, 20Cdthough, but
WHAT DEFINES A NSC AND A NSC NICHE? infrequently, dividing radial glia could sustain neurogeseas
well (Seri et al., 2004NSCs of the SGZ are also in close contact
At the onset of murine neurogenesis, at embryonic day 9.8, thwith blood vessels and endothelial cells, that act as sca gldin
precursors in the CNS are neuroepithelial cells (NECs) thamfo cells for NSCs Halmer et al., 20Q0and play a major role in
a tube with a central canalTéverna et al., 20)4NECs are directing NSC speci cation $hen et al., 2004, 2008; Tavazoie
highly proliferative and initially divide symmetrically ®xpand; etal., 2008; Kokovay et al., 2010
afterwards they convert into radial glial cells (RGCs) thiatae This is the conventional cell classi cation for the mouse néura
both symmetrically and asymmetrically. Basal processes G5RGgerminal center, which has been better characterized.
are used by newborn neurons as guiding sca olds while they In humans the SVZ di ers from the one in rodents because
migrate away from the germinal niche toward the pial surface. it organizes into four layers instead: the ependymal layes, t
Although most CNS regions largely extinguish their NSChypocellular gap, the astrocytic ribbon, and the transitional
pool after development, discrete areas of the adult brainimeta zone to the parenchyma, rich in myelin and oligodendrocytes
NSCs and active neurogenesis throughout liféng and Song, (Quinones-Hinojosa et al., 20pMigrating neuron-like cells can
2005, 2011 Namely, the striatal subventricular zone (SVZ)occasionally be found in the layers Il and Il as individuallge
and the hippocampal dentate gyrus (DG, subgranular zonéSanaietal., 2004; Quinones-Hinojosa et al., paA@letail, layer
SGZ) are the most extensively characterized adult neutogen consists of an ependymal monolayer lining the ventriculatlw
niches. However, according to the most recent evidendes,sf  with astrocytic processes contacting the ventricular wadlyer
neurogenesis are present also in the ependyfiaatez-Buylla 1, also known as the gap region, is rich in GFARrocesses,
and Lim, 2004; Bjornsson et al., 2018ear the third and fourth  with only some neuroblasts in the anterior regions. Ependyma
ventricle, in the forebrain, in the striatum, in the amygdaln  cells send basal processes into Layer I, making criticaiaots
the hypothalamus, in the substantia nigra and in the subcatiti with the underlying basal lamina. Layer Il may function ag th
white matter or spinal cord root gangli@érnier et al., 2002; Lie corridor for neuroblast migration. Layer Ill is the prolifative
et al., 2002; Kokoeva et al., 2005; Chang et al., 2008; Emist e region of the human SVZ, with GFARKi67¢ and CD13% cells.
2014; Muratori et al., 2015; Stolp and Molnar, 2)Proliferating  Few neuroblasts are present in the human SVZ, compared to the
cells from those regions, namely somatic NSCs, can be ésblatrodent, and are found mainly in Layer Ill. Some ependymal cells,
and established as virtually perpetual cell lines in response which typically comprise the epithelial barrier of the venle,
broblast growth factor 2 (FGF-2) and epidermal growth facto have motile cilia and are found in small clusters (4-14 cells) in
(EGF) similar to their embryonic counterparts§¢mple, 200). Layer Il (Quinones-Hinojosa et al., 2006; Kam et al., 20Dayer
In the adult neural stem cell niche, NSCs, immature neurongV represents the rst portion of brain parenchyma away from
supporting astrocytes, blood vessels and epithelial ciliagdld c the parietal ventricle and where the rst evidence of neur@s
are in close contact and the vasculature with “leaky” fezgur found.
supports adult neurogenesiBi(tti et al., 2011 In the mouse, the

SVZ contains slowly dividing progenitors that can be sulxtt
into two types: type B1 cells, in close contact with both theEXTRACELLULAR CUES AND INTRINSIC

cerebrospinal uid (CSF) and the blood vessels of the SVZ, ang;ENETIC PROGRAMS CONTROL THE NSC
type B2 cells, closer to the striaturiniie et al., 201). B1 cells FUNCTIONS IN PHYSIOLOGICAL
give rise to transit amplifying cells (type C cells), locatad i CONDITIONS IN THE ADULT BRAIN

close proximity to blood vessels, and along with B2 cellsy the
form a glial supportive sheath around their more di erentiated Main feature of NSCs is their plasticit$(h et al., 2009; Martino
progeny and migrating neuroblasts, type A cells, that origgna et al., 201). The two major adult stem neurogenic niches take
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advantage of dierent mechanisms to exploit this property,resting microglia secrete factors that promote NSC niche
which manifests as self renewal capacity, quiescence, alietab maintenance and, at the same time, astrocyte di erentiation
modulation, homing, di erentiation capacity, cellular cregak, of striatal NSCsvia the Jak/Stat3 pathwayZlju et al.,
and immune surveillance=jgure 1A, Table 1). 2009. Moreover, microglia contribute to the development of
The maintenance of the neurogenic niche itself and theytoarchitectonic and functional di erences across catiareas
renewal capacity depends on active intrinsic genétio(ie etal., of the brain, secreting growth factors, and cytokines tlgtttly
2013 and epigeneticl(iu et al., 2010; Yao et al., 2QJgFograms  regulate the neurogenic proce$sr( and de Vellis, 2005; Harry,
along with microenvironment-dependent specic properties.2013; Su et al., 20).4Converselyjn vitro, microglia promote
Autocrine regulators of NSC proliferation, such as transforg  neuronal di erentiation, but not maintenance or self-renalw
growth factora (Tropepe et al., 1997; Guerra-Crespo et al.(Walton et al., 2006 On the other side, activated microglia
2009 andb (Dias et al., 2014 amphyregulin, broblast growth inhibit neurogenesis ierra et al., 20)4favoring gliogenesis
factor-2 (FGF-2), insulin-like growth factor 2 (IGF2M@rques via tumor necrosis factoe (TNFa) (Carpentier and Palmer,
et al., 201) are released from speci c subsets of NSCs along009, and when exposed to interleukin 4 (IL4) and interferon-
with leukemia inhibitory factor (LIF), ciliary neurotrophifactor g (IFNg), they secrete insulin-like growth factor 1 (IGF1) and
(CNTF) that promote proliferationfEmsley and Hagg, 2003; Lee promote neuronal di erentiation of NSCsBHutovsky et al.,
et al., 201Band sphingosine-1-phosphate (S1P) or prostaglandiz00§. Conversely, NSCs can also in uence microglia VEGF
D2 (PGD2) thatinstead maintain quiescené®(lega et al., 2014; that in turn modulates microglial activation, proliferatioand
Chaker et al., 2036 The environment-contribution to NSCs phagocytosisNiosher et al., 2012
plasticity encompasses several elements as described below. Stem plasticity is modulated by other cell types as well, namely
Close anatomical association between NSCs and the vascudestrocytes, residing in close proximity with NSCs both in the
structure (vascular niche) is preserved both in the SVZ an®VZ and in the SGZ. Their contribution to NSC proliferation
SGZ and vascular endothelial cells of the niche secretehNotds likely exploitedvia ATP release ao et al., 20)3while
ligands Jaggedl, Jagged2, and Delta-like-4, crucialrdafdo  Wnt3, neurogenesin-1 (NG1), thrombospondin-1 (TSP1) as
self-renewal and neurogenesishen et al., 2004; Androutsellis- well as interleukin-b (IL1b) and interleukin-6 (IL6) promote
Theotokis et al., 2010; Lu et al., 2).JRecent evidence supports hippocampal neurodi erentiation (Jeki et al., 2003; Lie et al.,
the hypothesis that the cross-talk between blood vessels agd05; Barkho et al., 2006; Lu and Kipnis, 20X0f note, when
NSCs is bi-directional: NSCs can indeed provide juxtacrimé a FGF2-producing astrocytes age, neurogenesis is impéiteetiy
paracrine signals to drive endothelial cellShpu and Modo, etal., 200k
2016 and promote angiogenesisiicks et al., 2013 Moreover, Signals arising from the ependymal and meningeal cells and
vascular endothelial growth factor (VEGF) is a shared cueeleased in the CSF may also in uence NSC activifyn(et al.,
both for angiogenesis and neurogenesis because on onet sid€000; Siegenthaler et al., 2D0Mdeed, NSCs possess primary
promotes the angiogenic development of capillaries, on themth cilia which sense liquor morphogens, such as FGF2, IGF2
the secretion of neurogenic molecules by proximal endogheli (e ective at lower level postnatally), Wnt and Sonic Hedgehog
cells @Qin et al., 2002; Cao et al., 2004; Kim et al., 2004; Ud@HH) (Corbit et al., 2005; Rohatgi et al., 2007; Breunig et al.,
et al., 2008; Ruiz de Almodovar et al., 2D0urther, other cues 2008; Kim et al., 2010; Ihrie et al., 2011; Lehtinen and Walsh
secreted from vascular endothelial cells such as neuroinoph201) and, possibly, the CSF ow itself. The latter indeed can,
3 (NT3) or betacellulin (BTC) maintain quiescence or promotevia mechano-sensing signaling, promote proliferation and
proliferation of NSCs, respectivelfz0mez-Gaviro et al., 2012; di erentiation (Li et al., 2011; Arulmoli et al., 2015; Jagielska
Delgado et al., 20)4although there is evidence of NT3 e ect et al., 201).
on di erentiation (Shimazu et al., 2006while stromal derived Moreover, cytoarchitectonic innervatiorvia GABA (0-
factor-1 (SDF1) stimulates the maotility of type A, B, and CAminobutyric acid)-, glutamin-, colin-, serotonin-, and
neuroblastsi{okovay et al., 2090 dopamin-ergic neurons sustains neurogenesis in the nichen (
The extracellular matrix (ECM), a dynamic and complexet al., 2009; Song et al., 2012; Paez-Gonzalez et al., 200y Y
environmental element characterized by biophysical anet al., 2014; Alunni and Bally-Cuif, 2016; Chaker et al.,62.01
biochemical properties specic for each tissue and able t&onversely, it is not clear yet whether NSCs have an impact on
regulate cell behavior, represents also an essential plagégrn  axons and neuronal circuitryZhang Y. et al., 20)6
cell niche Gattazzo et al., 20)4Extensions of the extracellular ~ The niche is also very much dependent on and prompt
matrix known as fractones project from the blood vessels ef thto metabolic changes. While lipid metabolism maintains
subventricular plexus as thin, highly branching ECM stalkatt proliferation and neurogenesis (structural and energy support
expand into bulbs where they contact the basal surface of thgdycolysis regulates NSCs development and di erentiation
ependymal layerNercier et al., 2002 Fractones are enriched (Knobloch et al., 203 The metabolic activity strongly depends
in laminin, heparan sulfate, perlecan, nidogen, and collagenon oxidative saturation because in mammalian CNS oxygen
Those associations are able to bind several growth factonggulates the growth and dierentiation state of stem cells
suggesting that they may play a role in concentrating, atitiga (De Filippis and Delia, 2011; Ivanovic and Vlaski-Lafarge,
and presenting trophic factors to cells within the nichiétever 2016; Sandvig et al., 201 Dividing progenitor cells depend
etal., 200). more on glycolysis, whereas di erentiated progeny relies on
NSCs receive inputs also from other cells such as microglienergetically e cient oxidative phosphorylation occurring a
which reside in close proximity to NSCs of the niche. Indeedlow oxygen concentration. Apart from those, other important
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FIGURE 1 | Schematic representation of the interplay among cel Is of the neural stem cell niche of the subventricular zone (A ,B,C) , vascular endothelial
cells (EC), ependymal cells (E), differentiated oligodemdytes (O), astrocytes (As), and neurons (N). Green is uséar positive regulators of neural stem cell function,
red for inhibitory regulators. Mechanisms are in itali¢A) depicts mechanisms and factors in physiological conditios: in steady-state, B cells self renewal is promoted
by niche-derived factors such as CNTF, EGF, FGF2, LIF, PGD218, and TGF, as well as by systemic-derived factors as VEGF, BDNF and SDFThe cerebrospinal
uid also contributes actively to niche homeostasisvia IGF1, Wnt and Shh that signal to B cellwia their apical cilium. Aging increases neurogenesis-inhtiory factors
such as B2M, CCL2, CCL11, CCL19, while pro-neurogeneic faairs as GDF11 decrease. The hypoxic milieu of the niche favoB cell quiescence, while C and A
precursors rely on oxidative phosphorylation. In steady-ste, astrogliogenesis is generally inhibited, while gromg astrocytes secrete both pro-neurogeneic and
anti-neurogeneic mediators. Nonetheless, a basal level afligodendrogenesis and in particular neurogenesis occuralso during the steady state.(B) depicts
mechanisms and factors that are altered in the SVZ niche in éhcontext of stroke. Ischemia increases Epo, Ang2 and VEGF aseil as morphogens BMP, RA and
SHH, which stimulate neurogenesis. Moreover, chemotactiand growth factors produced within the lesion (e.g. CXCL12CCL2) guide newly formed glial and
neuronal cells toward the ischemic area. Hypoxia and incresed nitric oxide inhibit B cell cycling while low @ promotes precursor differentiation. Direct

(Continued)
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FIGURE 1 | Continued

transdifferentiation (dashed arrow lines) from ependymaklls and astrocytes to neurons might also contribute to stke-induced neurogenesis. Strokeper se
increases oligodendrogenesis and astrogliogenesis as weln particular, SVZ-derived, Thbs4 positive astrocytes arpivotal in containing tissue damage and
preventing hemorrhagic transformation(C) depicts mechanisms and factors that are altered in the SVZ ahe in the context of MS. Neurogenesis in inhibited by IFy
Gal3 and upregulation of phoshorylated-SMAD (pSMAD) in neagenic precursors. IFN also inhibits oligodendrogenesisvia upregulation of Glil. NSCs produce a
wide array of soluble mediators, including IL15 that attradNK cells, which in turn contribute to the neurogenic niche dsfunction observed in MS models.

metabolic pathways are active in neural stem cells, such) as (& enhanced; (ii) striatal spiny interneurons and glutamgier

glycogen synthesis or glutamine/folate metabolisBogdman neurons are ectopically found in the injured cortex and in

and Hajihosseini, 20)5(ii) phosphatidylinositol 3-kinase/AKT the striatum after strokeThored et al., 20Q7while migrating

(PIBK/AKT) growth factor pathway insulin-dependent; (iii) neuroblasts become oligodendrocytes in area of demy@imat

mTOR pathway nutrient-dependentR@falski et al., 20)2 after exiting the niche; (iii) ependymal cells behave as pribgen

(iv) AMP-activated protein kinase (AMPK)/LKB1 pathway, (Luo etal., 2008and directly convert into neuronsfarlen et al.,

sensor of intracellular adenosine monophosphate (AMP) t®009; (iv) reactive astrocytes in ischemic brain injury exhs|f

ATP ratios, and (v) the sirtuin pathway, metabolic sensors ofenewal capacity and multipotenci( o et al., 2008; Gabel et al.,

NAD (nicotinamide adenine dinucleotide) level and epigenet 2016.

repressorsfolmes et al., 2012; Shyh-Chang et al., 2013 The fact that non-neurogenic precursors can convert into
Cell to cell contact has also been shown to play a roleeurogenic cells clearly highlights how exogenous factars c

in exploiting the plasticity of NSCs. Astrocytes of the nichetrigger plasticity within and outside of the nich€érlen et al.,

negatively control neuronal di erentiation through astgte-  2009; Magnusson et al., 2014; Shetty and Hattiangady,).2016

secreted factors such as insulin like growth factor bingingtein ~ Moreover, during pathology and steady-state, NSCs also exert

6 (IGFBP6) and decorinHarkho et al., 2006; Wilhelmsson trophic non-neurogenic functions which are crucial to maaint

et al., 201y, while astrocytic ephrin-B2 positively regulatesbrain homeostasis.

proliferation (Ashton et al., 2012 In the following section we will explore how NSC niches
Another peculiar property of NSCs consists in their capacityfunction during CNS injury, with focus on stroke, multiple

to migrate where their replacement or bystander e ect issclerosis and their animal modeBigures 1B,G Table 1).

needed. Indeed, endogenous NSCs migrate out of the niche

at physiological rate to maintain brain homeostasis, either

di erentiating or releasing tropic factorsShen et al., 2004; Effect of Oxygen Supply on Neural Stem

Kokaia et al., 2002 When transplanted during acute or Cell Plasticity, Connection with Stroke, and
chronic neuroin ammatory disorders, NSCs show remarkabIeMultiple Sclerbsis ’

pathotropism: they follow the molecular gradient of chemdiac ) ; .
in ammatory factors (uller et al., 200and reach the damaged In physiological condltloqs, neural stem cells are expos.ed
site where they start secreting a series of molecules l{pag to an oxygen concentrau_on between 2.5 and_ 5:0%’ which
morphogenetic protein 4, noggin, Notch, Jagged, and SHH) t8r0m°tgs N_SC seIf-reneV\mlaVI_EGl_: and_erythrop0|et|n (EPO)
recapitulate the microenvironment of the SVZ niche (atypical'orOd9‘:'[Ion induced b_y hypoxia inducible factoral HIFl1a
ectopic perivascular nicheP{uchino et al., 2003, 2010; Irvin (Paviicaetal., 2012; Lietal., 2014

et al., 2004; Stidworthy et al., 2004; Martino and Pluch2ag6; In the quiescent state, NSC mitochondria are quite immature
Bon;guidi ot al 2008 h ' " with globular shape, do not depend much for energy on oxidative

Of note, beside communicatiomia soluble factors, NSCs phosphorylation (OXPHOS), rather on glycolysis, with high

sense and can release intracellular messengerswrappettiesreslaCtate production Zheng ?t al., 20,])6 Although glycolysis
(Cossetti et al., 20)4Although their role in adult NSCs is almost produces Iesg ATP than mitochondrial OXPHO_S’ the pathway
unexplored (more is known for other types of stem cells), Vesic is very fast in NSCslio and Suda, 2034 Their anaerobic

can transfer information in the form of MRNA, ribosomal RNA, metapolism Is sustgined mainly by mitochondria uncoupling
long non-coding RNA, microRNA, DNA, protein, or lipids protein 2 (UCP2), high level of hexokinase Il and low pyruvate

(Thery et al., 2002; Huang et al., 2013; Batiz et al., 2015}/Kirdehydrogenase to keep under control the production of re&cti
etal., 2015 oxygen species (ROSMédhavan et al., 2006; Zheng et al.,

2019. In this way, DNA and proteins of the cells are protected
from ROS-dependent potential damage. Further, ROS, produced

NSC FUNCTION IN in limited amount in physiological conditions and normally
neutralized, are also bene cial because they triggerrsakwal
NEUROINFLAMMATION AND and neurogenesis$ € Belle etal., 20).1Conversely, di erentiated
NEURODEGENERATION. FOCUS ON cells present elongated, crystae-rich mitochondria, highé&o
MULTIPLE SCLEROSIS AND ISCHEMIC of mitochondrial glucose oxidation (OXPHOS) over glycolysis
STROKE. as metabolic supportZhang et al., 2014; Marcialis et al., 216

Moreover, NSCs increase Krebs' cycle functionality andeshess
The peculiar plasticity of the CNS and of its NSCs manifesés aft lactate production, concurrent with increased number anthto
CNS injury, when (i) proliferation and di erentiation of NSCs mitochondrial mass$%ola et al., 20)3
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TABLE 1 | Evidences from the literature are schematically repo rted.

Molecule Physio-pathology Source Qutcome References
Acetylcholine Physiology (ChATY) ’T‘neurogenesis Paez-Gonzalez et al., 2014
neurons (synergizing with FGF2)
Angiopoietin 2 Stroke SVZ neuroblasts, endothelial MNSC and neuroblast Cui et al., 2009; Liu et al., 2009
cells migration
MNSC neurogenic
differentiation
ANKYRIN3 Physiology Ependymal cells “Mneuroblasts Paez-Gonzalez et al., 2011
ATP Physiology Astrocytes PNSC proliferation Cao etal., 2013
B2M Aging (increases) Blood neurogenesis Smith L. K. et al., 2015
BDNF Physiology and stroke PNSC differentiation Chen et al., 2005
Betacellulin (BTC) Physiology Endothelial cells PNSC proliferation Gomez-Gaviro et al., 2012
BMP4 Physiology Ependymal cells ’T‘glial differentiation Gajera et al., 2010
CCL11 Aging Blood J/neurogenesis Villeda et al., 2011
CNTF Steady-state A subtype of B cells of the MNSC self-renewal Emsley and Hagg, 2003; Lee
SVZ, other? WNSC neurogeneic etal., 2013
differentiation
Decorin Steady-state Astrocytes YNsc neurogeneic Barkho et al., 2006
differentiation
Delta-like-4 Steady-state Endothelial cells MNSC proliferation Androutsellis-Theotokis et al.,
2010
Dickkopf-1 Aging NSCs J/neurogenesis Seib et al., 2013
Dopamine Physiology Dopaminiergic neurons 'T‘neurogenesis O'Keeffe et al., 2009
(synergizing with with EGF)
Ephrin-B2 Steady-state Astrocyte PNSC proliferation Ashton et al., 2012
“Mneurogenesis
EPO Hypoxia, stroke Endothelial cells, Blood MNSC proliferation and Pavlica et al., 2012
survival
FGF2 Physiology Astrocytes MNSC proliferation and Shetty et al., 2005; Widera et al.,
survival 2006
GABA Physiology Young neuroblasts UNsc proliferation and Liu et al., 2005
neuronal differentiation
GDF11 Aging (decreases) Blood “Mneurogenesis Katsimpardi et al., 2014
Galectin-3 MS Svz WNSC proliferation James et al., 2016
Glutamate Physiology Tissue neuroblast survival Platel et al., 2010
Gonadotropin- releasing Aging Hypothalamic cells proliferating activity of Zhang et al., 2013

hormone (GrH)

IFNg

IGF1

IGF2

IGFBP6
IL10

IL1b

IL6

Jaggedl

LIF

Stroke, MS, steady-state

Steady-state, aging

Steady-state, CNS tumor,
development, aging

Steady-state
Steady-state, stroke

Stroke, MS

Infections, stroke

Steady-state, MS

Steady-state

Immune cells, NSCs

Microglia, endothelial cells

Cerebrospinal uid

Astrocytes
Teg

Microglia, NSCs,
monocyte/macrophages?

NSCs, microglia

Astrocytes

hypothalamic NPC
WNSC proliferation
M Ditferentiation
PNSC proliferation
MNSC neuronal
differentiation

Nglial development

MNSC proliferation

\neurogenic differentiation
PNSC proliferation
J/neurogenic differentiation
MNUNSC proliferation
PNSC apoptosis
'T‘gliogenic differentiation
MNSC proliferation
“Mneuroblast survival

J/neurogenesis
differentiation
NOPC proliferation

MNSC proliferation

Pluchino et al., 2008; Li et al.,
2010b; Kulkarni et al., 2016

Butovsky et al., 2006; Joseph
D'Ercole and Ye, 2008;
Llorens-Martin et al., 2009

Lehtinen and Walsh, 2011

Barkho et al., 2006
Perez-Asensio et al., 2013;
Wang et al., 2015

Wu et al., 2013 Widera et al.,
2006; Guadagno et al., 2015

Gallagher et al., 2013;
Chucair-Elliott et al., 2014; Meng
etal., 2015

Stidworthy et al., 2004;
Wilhelmsson et al., 2012

Bonaguidi et al., 2005

(Continued)
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TABLE 1 | Continued

Molecule Physio-pathology Source QOutcome References

MCP-1/CCL2

Neuregulin 1 and 2

Neurotrophin 3 (NT3)

NGF

Noggin

Oxygen (2-5%)

Oxygen K 1%)

PDGF
PGD2
Retinoic acid (RA)

ROS

S1P
SDF-1/CXCL12

Serotonin
SHH

Surivivin

TGFRa

TGP

Thbs4

TNFa

TSP1

VEGF

Wnt3

Stroke, aging, epilepsy,
CNS tumors

Steady-state
Steady-state
Steady-state, MS, stroke?
Steady-state
Steady-state, stroke
Stroke, MS

Physiology

Steady-state

Stroke, steady -state
Steady-state, stroke?
Steady-state

Stroke, MS, steady-state,
traumatic brain injury
Physiology
Development,

steady-state, MS

Aging

Steady-state, stroke

Steady-state, development

Stroke

Stroke, MS?

Steady-state

Steady-state, Stroke

Steady-state

Immune cells? Microglia?
Astrocytes?

Neuroblasts, GFA® NSCs in
the SVZ

Endothelial cells

Svz

Ependymal cells, subgranular
zone

NSCs

NSCs

GFAP-positive cells
?

Meninges, other?
NSCs
?
NSCs, meninges, endothelial

cells, immune cells, tumor
cells

5-HT neurons
Ventral forebrain neurons

Astrocytes

NSCs?

NSCs

SVZ NSCs

Microglia, astrocytes,
monocyte/macrophages?

Astrocytes

NSCs; astrocytes; endothelial
cells

Astrocytes

™NSC migration
“Mneuronal differentiation and
neuritic formation of
mesencephalic NSCs
’T‘glial differentiation of NT2
NSCs

MNSC proliferation
Mneuroblast migration
MNSC quiescence
'T‘neurogenic differentiation
™NSC proliferation
'T‘neurogenic differentiation
™NSC proliferation
'T‘neurogenesis

PNSC self renewal

UNSC differentiation
WNSC self renewal

PNSC differentiation
™NSsC proliferation

YNsc proliferation
Mneurogenesis

PNSC self renewal
“Mneurogenesis
WNSC proliferation
/MNSC migration
PNSC survival
PNSC differentiation
Mneurogenesis
MNSC speci cation
N neurogenesis OPC
differentiation
Mneurogenesis
“Mneurogenesis

Temporal regulation of
neurogenesis and potency of
NSCs
MNSVZ-NSC astrogenesis (via
Notch signaling)

Nglial scar formation
MNSC proliferation
PNSC apoptosis
NGliogenic differentiation
PNSC proliferation
“Mneurogenesis

PNSC proliferation and
maintenance
“Mneurogenic differentiation
/MNSC migration
“Mneurogenesis

Vrotsos et al., 2009;
Colucci-D'Amato et al., 2015;
Osman et al., 2016

Ghashghaei et al., 2006

Shimazu et al., 2006; Delgado
etal., 2014

Calza et al., 1998; Triaca et al.,
2005

Lim et al., 2000; Bonaguidi et al.,
2008

Santilli et al., 2010

Felyetal., 2011

Jackson et al., 2006

Codega et al., 2014

Plane et al., 2008; Siegenthaler
et al., 2009

Le Belle et al., 2011

Codega et al., 2014

Reiss et al., 2002; Imitola et al.,
2004; Itoh et al., 2009; Carbajal
et al., 2010; Li et al., 2012
Brezun and Daszuta, 1999
Breunig et al., 2008; Ihrie et al.,

2011; Samanta et al., 2015
Miranda et al., 2012
Tropepe et al., 1997;

Guerra-Crespo et al., 2009
Dias et al., 2014

Benner et al., 2013

Widera et al., 2006; Guadagno
etal., 2013

Lu and Kipnis, 2010

Kojima et al., 2010; Kirby et al.,
2015

Okamoto et al., 2011

On the other side, the rst consequence of the bloodet al., 2006; Minger et al., 2007; Wang et al., 2011; Zhang and
ow occlusion in brain ischemia is hypoxic injury that causesChopp, 201} to support replenishment of neurons in the RMS,
extensive neural cell deathliquet et al., 2008 Nonetheless and migration in the region of ischemic brain injury, and growdi
surprisingly, hypoxia, while being detrimental in the acut@apé oligodendrocyte progenitors that disperse to the gray and evhit
of stroke, in a second step, contributes to promote neurogenesmatter (Zhang et al., 2001, 2012; Parent et al., 2002; Minger et al.,
(Arvidsson etal., 2002; Tonchev etal., 2003; Jinetal., Bss 2007; Li et al., 2010a; Zhang and Chopp, 2016
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Hypoxia has recently emerged as a concurrent complication @ncephalomyelitis (EAE), the preclinical model of MS, ¢fN
disease progression also in MS. Indeed, important lack of exygedramatically decreases progenitor proliferatigfii(chino et al.,
occurring as a consequence of in ammation, has been medsur@008; Pereira et al., 201%and inhibits the recruitment of
in brain gray matter regions of MS patients, where it ggr se newborn neurons to the olfactory bulb (OB). IigNmight also
be considered co-causative for neurodegeneratitaider et al., play a crucial role in regulating glioma-associated oncogene
2014; Yang et al., 20)L5Since hypoxia and in ammation are homolog-1 (Glil), a Shh-induced trasncription factor thaiwes
strictly linked, it is still di cult to tease apart their resgtive  the oligodendroglial fate of NSC$\ang et al., 2008; Li et al.,
contributions in MS Gun et al., 1998; Lassmann, 2003; Davie2010b; Samanta et al., 2015
et al., 201R It looks like hypoxia can occur in MS patients asa The complement system also inhibits NSC activity as
consequence of increased oxygen demand. When this requestiemonstrated with complement receptor 2 (Cr2) knock out
not satis ed, hypoxia can be further detrimental for surraling  mice that have increased basal neurogenédisriyama et al.,
neural stem cellsI{rapp and Stys, 2009 201). Moreover, lipid modi ers present in in ammation, such

as leukotriene, can negatively regulate NSC proliferatilosly

. via TNFa and IL1b (Bonizzi et al., 1999; Wu et al., 201©f
Effect of In ammation on Neural Stem Cell note, montelukast, a leukotriene receptor blocker proteamf

Plasticity, Connection with Stroke, and this event (arschallinger et al., 20).5

Multiple Sclerosis IL6 is another crucial mediator of NSC function and
It has been well-documented that the brain cannot bets induction, e.g., during maternal infection and stroke,
simplistically considered an immune privileged sitée(ine and  permanently perturbs NSC proliferation and neurogenesis
Benes, 20Q6and actually immune system activation in the brain (Gallagher et al., 2013; Chucair-Elliott et al., 2014; Menal.et
exerts both damaging and bene cial e ects on CNS function2015.
(Martino, 2009, depending on the onset of the in ammation, on ~ Conversely, the anti-in ammatory interleukin-10 (IL10hi
the cell types involved in the process and on the chronicityheft rodents keeps NSCs in an undi erentiated proliferation state,
responseCrutcher et al., 2006; Kyritsis et al., 2012 rather than promoting di erentiation Ben-Hur et al., 2003;
NSCs share with the immune system an array of secreteéderez-Asensio etal., 2013; Wang et al., 015
mediators and receptors, which are all relevant for the Nevertheless, as anticipated, inammation can be also
maintenance of the neurogenic niche and, at the same timéene cial for NSCs. First, the immune system in general
represent the prerequisite for the interaction of NPCs witle th and T cells in particular are involved in maintaining niche
microenvironment, especially during neuroin ammatiorD¢  neurogenesis, as indeed genetic T-cell depleted mice present
Feo etal., 2012; Kokaia et al., 2012 compromised cognitive functionsZ{v et al., 2006 Moreover,
Indeed, in ammation,via its associated cues (i.e. cytokineschemokines such as monocyte chemoattractant protein 1
chemokines, chemical species....), strongly impacts steict (MCP1) or SDF1, released in in ammatory conditions, promote
and function of the stem cell niche, acts directly on NSCsnigration of NSCs to site of injury and local TNFor IL1b
and aects tissue restoration/regenerationa microglia and trigger their proliferative capacity/(idera et al., 2006 Second,
astrocyte activationHkdahl et al., 2003; Pluchino et al., 2008jnjection of moderately activated microglia can regulatait
Pourabdolhossein et al., 2017 homeostasis and neurogenedisi{ovsky et al., 2006; Bachstetter
In homeostatic conditions, microglia are rami ed in shapeetal., 201).
to maintain surveillance. Upon pathogen invasion or insults, Further, NSCs directly produce in ammatory chemokines
they retract the protrusions, become amoeboid, increase the(Covacu et al., 2009 promoting a feed forward loop at sites
migratory behavior, and secrete cytokines. IL6, BINFE1b, and  of tissue damagelr(iitola et al., 2004; Belmadani et al., 2006;
complement 1 subunit g (C1q) are among the most potentVidera et al., 2006; Wang et al., 2)0NSCs can also directly
microglia—derived cytokines, able to compromise the niche&hange in ammatory responses through immunomodulatory
environment, inhibit neurogenesid/éllieres et al., 2002; Monje factors Pluchino et al., 2005; Ben-Hur, 2008; Yong and Rivest,
et al., 2008 induce oligodendrogenesigdlerio et al., 200Zand ~ 2009; Butti et al., 20)2r trophic factors Huang et al., 2014
a subtype of reactive astrocytésddelow et al., 2007 Further, In particular, SVZ-NSCs can protect striatal neurons from the
while NSC-derived nitric oxide synthase promotes release @xcitotoxic damage occurring in stroke and epilepsy, retegsi
small amounts of nitric oxide (NO) with neurogenic properties endogenous endocannabinoids, likely upon in ammatstiynuli
(Carreira et al., 2010; Luo et al., 2)18bundant NO released (Buitti et al., 201 Endogenous NSCs also secrete MCP1, VEGF,
by microglia or astrocytes in in ammatory conditions (i) fmbits ~ IL4, and interleukin-15 (IL15), the latter known to retaink\
proliferation of NSCs acting on the EGF recept@(reira etal., cells in the chronic phase of EAE in mice and of MS in humans.
2019 or on the transcription factor complex Neuron-Restrictive Indeed, in the SVZ, NK cells contribute to the dysfunction of
Silencer Factor /RE1-Silencing Transcription factor, NRSE'RE the neurogenic niche observed in EAE by killing stem cells (
(Bergsland et al., 20).4nd (ii) promotes gliogenesi8érgsland et al., 201j Moreover, in ammatory cytokines lead to metabolic
etal., 2014 reprogramming of the arginase pathway in NSCs ultimately
IFNg, a pleiotropic cytokine, has a central role in regulatingimpacting on the NSC mediated anti-proliferative e ect on T
NSCs proliferation and quiescencEulkarni et al., 201 In  cells Orago et al., 200)6Further, it has been reported that human
in ammatory conditions, such as experimental autoimmuneNSCs hinder the di erentiation of myeloid precursor cells into
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immature dendritic cells and the nal maturation into funicihal  immunization) or immune-mediated (EAE) demyelination
antigen presenting cell®{uchino et al., 2009 causes reduced neuroblast proliferation in the olfactoriblnf

In stroke, immune cell in Itration and in ammation take mice, while neutralization of immune mediators, such as ¢FN
place as secondary events to hypoxic injury, which is resplensiband Galectin3 in ammatory cytokines, restores neurogénes
of the massive neuronal death. Upon brain injury, the blood-both in vitro (Pluchino et al., 2008; Tepavcevic et al., J@nd
brain barrier (BBB) is disrupted, its permeability incregsesin vivo(Monje et al., 2003; James et al., 201iideed, in human
migrating immature neurons associate with the angiogenisamples, the SVZ of post-mortem MS brains is altered, with
fenestrated endothelium, thus mimicking the neurogeniche reduced number of neuroblasts in the SVZ of the lateral vieler
structure ©Ohab et al., 2006; Ohab and Carmichael, 2008 Conversely, neuroin ammation increases neurotrophin leve
Neutrophils and innate immune cells are the rst players,(e.g., nerve growth factor-NGF) in the SVZ{lza et al,
although also T and B cells cross the damaged-BBB, inducirig98; Triaca et al., 20)5likely counteracting the inhibitory
a rapid adaptive autoimmune response to neuronal antigens ect of proin ammatory molecules. Further, demyelinatios i
(Chamorro et al., 2002 As consequence of inammation, able to boost proliferation of NSCs in the neurogenic niches
neurogenesis is activated in strok&#ng et al., 2011; Katajisto promoting their di erentiation (Pluchino et al., 2005; Menn
et al.,, 201p supported by soluble factors such as bonet al., 2008 Only in conditions of acute cytokine exposure,
morphogenic protein forni et al., 2013 retinoic acid Plane either by focal intrathecal cytokine injection or as a consatce
et al., 2008 sonic hedgehogCQheng et al., 20)5C-C motif of strong microglia activation, the proliferative capacity o
chemokine Ligand 2 (CCL2)Jsman et al., 20)6along with  the niche is inhibited. In terms of gliogenic di erentiation,
SDF1 and angiopoietin-2 (Ang2) that home NSC progenitorsn ammatory conditions may increase the percentage of Gfig2
to the site of injury (Thored et al., 2006 where they improve cells originating from the SVZvia modulation of bone
functional recovery Guzman et al., 200&@nd di erentiate into  morphogenetic protein (BMP) signaling épavcevic etal., 20).1
neurons Parsalia et al., 2007Nevertheless, they present only The transcription factor Glil seems to be a key regulator oZ SV
limited reparative properties because matured neurons tend toligodendrogenesis and may be a promising target for reparati
die (Arvidsson et al., 2002; Marti-Fabregas et al., 2010; Kazarstrategies in MS, as pharmacological inhibition of Glil dgrin
et al., 2018 Moreover, given that NSCs themselves express arflAE promotes remyelination and improves clinical outcome
release respectively C-X-C motif chemokine receptor 4 (CXCR4jpamanta et al., 2015
and SDF1, they might play a role in regulating axonal remadgeli Leveraging the regenerative potential of NSCs and their
in ischemic brain. On the other hand, SVZ-derived astrosyteimmunomodulatory and trophic functions, NSC transplant
have a crucial role in ischemic stroke: photothrombotic @at has been proposed as therapeutic strategy for in ammatory
ischemia induces a strong gliogenic, Notchl-dependent iespo diseases of the CNS. In stroke, transplanted NSCs directly
in the SVZ, which generates thrombospondin-4 (Thbs4)-pesiti modulate neuronal circuit plasticityZhang et al., 200%hrough
astrocytes. Thbs4 astrocytes are essential components ghi#h the expression of developmental molecules such as guidance
scar and their proliferation might be favored over neuroggse molecules (i.e., slit, thrombospondin-1 and -2) and troplaictbr
after cortical injury Benner et al., 20)3 Conversely, it has such as VEGFAndres et al., 20)1In fact, transplanted NSCs
also been reported that in ammation can promote neurogenesif stroke stimulate the proliferation of endogenous neuranst
in dormant neural progenitors in nonconventional neurogeni cells ¢hang et al., 2011; Hassani et al., 2012; Mine et al.,
regions (iao and Chen, 2003 2013, increase endogenous angiogenesis after sttbked et al.,

Further, stroke increases generation of oligodendrocyt@005, scavenge the neurotoxic moleculésr(sley et al., 2004
precursor cells (OPCs) from NSC in the ischemic brain, altfiou and contribute both directly and indirectlyv{a astrocytes) to
it remains to be de ned whether NSC-derived OPCs, besidglutamate clearanc&gcigaluppi et al., 2009, 2016

oligodendrogenesis, help with brain repair, likely comnuating In EAE, transplanted NSCs directly inhibit both T cell
with cerebrovasculature and other brain parenchyma célisi(  and myeloid cell immune responses. In the CNS, they block
etal., 201p in ammatory cell recruitment, T cell proliferation and promet

Overall, according to several evidences, in ammation inthe apoptosis of brain-reactive T cell&ifstein et al., 2003;
stroke can be bene cial for NSCs, nonetheless other report&luchino et al., 2005In peripheral secondary lymphoid organs
evaluating microglia function, claim that activated ED1 of EAE mice, antigen-speci ¢ proliferation of T cells, dendriti
microglia impair basal neurogenesiskdahl et al., 20Qdikely  cell antigen presentation and chemotactic gradients are iraga
via TNFa/TNFR1 signaling lpsif et al., 2008; Chen and Palmer, by NSCs transplanted either subcutaneously or intravenously.
2013; Gebara et al., 2013n humans, a de nitive robust As an example, NSC-secreted LIF, on one hand, stimulates
evidence of clinical post-stroke neurogenesis remains demat endogenous remyelination in the CNSgterza et al., 20).3on
of investigation as analysis of autopsy tissue provided pesiti the other, inhibits Th17 cell di erentiation in the periphery@o
results Ekonomou et al., 20)2avhich are instead lacking when et al., 201)L
labeling newly born neurons with*C (Huttner et al., 201 Overall, the current literature shows that a controlled use of

In MS preclinical models, it is important to distinguish in ammation in CNS injury could be of help in regenerative
among experimental conditions since they inuence theapproaches when NSC proliferation needs to be boosted and
experimental evidence. Nonetheless, either chemicalllCYLP in ammatory tweaking can have bene cial outcomes. An option
focal (site injection of TNBR-IFNg combined with subclinical could consist in reducing NSC sensitivity to in ammatory

Frontiers in Cell and Developmental Biology | www.frontisin.org 9 May 2017 | Volume 5 | Article 52



Ottoboni et al. NSCs in Steady-State and Disease

mediators and, at the same time, increasing the therapeutiegulations. Indeed, accumulation of mutations in mitociloial
e cacy of NSCs when transplanting engineered cells. DNA (mtDNA) occurs during aging and comes along with
abnormal accumulation of toxic by-productsSiqueira et al.,
. 2005 because mtDNA lacks protective histones and is located
Effec.t (,)f Aging on !\Ieurgl Stem Cell close to the major source of ROS, the electron transport chain
Plasticity, Connection with Stroke, and (Park and Larsson, 20).1
Multiple Sclerosis In ammation is another comorbidity factor associated with
Aging is a common feature of both stroke and progressivaging. The immune molecules C-C motif chemokine-11 (CCL11)
multiple sclerosis and loss of niche integrity, depletion foé t and b2-microglobulin (B2M), as well as CCL2, C-C motif
stem cell pool, cellular senescence, defect in cell-cetacoim  chemokine-19 (CCL19) and haptoglobin, contribute to low-
the niche or metabolic changes are all shared charactaiftat grade of inammation in aging (in ammaging) Kranceschi
contribute to the demise of the aging neurogenic niché et al., and Campisi, 201y and negatively a ect neurogenesigil(eda
2014. etal., 2011; Wyss-Coray, 2(Q1kdeed, heterochronic parabiosis
The most signi cant consequence of age in the SVZ consistsetween aged and young mice rejuvenates and reverses dtem ce
in the alteration of the niche cytostructure and in reductio aging in numerous tissue§pnboy et al., 200%r administration
of the neuroblast population, with reduced proliferation andof plasma from young mice can ameliorate cognitive impairment
neurogenic capacityKerever et al.,, 20)50n the contrary, inaged miceV\illedaetal., 2014
oligodendrogenesis is substantially not a ected by agiather Last, itis worth mentioning that also the cellular environnien
oligodendrocyte recruitment and di erentiation are impaite of the niche sustains aging features. Astrocytes of theenich
(Sim et al., 2002; Franklin and Ffrench-Constant, 2008; @eno with age, reduce release of WntBi€ et al., 2005; Okamoto
and Todd, 201} The latter is indeed a causal pathogenicet al., 201}, that in turn down regulates Survivin expression
characteristic of chronically demyelinated MS lesions imlans and increases release of Dickkopf-related protein 1 (DKK1), a
(Kuhlmann et al., 2008 canonical Wnt signaling inhibitor. The nal e ect is induced
Concurrently, given that senescence does not spare thliiescence on one sidé/{randa et al., 201 and negative
vasculature Karkas and Luiten, 20)1the environment of regulation of NSC neurogenesiS€ib et al., 20)%n the other.
the niche may enrich for toxic factors which further sustainThis is paired with physical changes of the extracellular matri
exhaustion, reduce neuroplasticity and cause cognitivdéirdiec which also a ect senescence of the niclia(tazzo et al., 20)4
(Villeda et al.,, 2011 Potential therapeutic strategies to Conversely, itis also possible that NSCs e ciently graft 8%z
counteract the decline of adult stem cells may involve thend well di erentiate in both young and aged hippocampus,
promotion of a rejuvenating environment@tsimpardi et al., suggesting that advanced age of the host at the time of ggafti
2019 or the prevention of premature exhaustion of long-livedhas no major adverse e ects on engraftment, migration, and
self-renewing NSC populations. Neurogenic decline in aged S\Vdi erentiation of SVZ-NSCs §hetty and Hattiangady, 20)L6
can occur because of the accumulation of damaged DNA and Age is an independent risk factor for brain ischendiée(rinigh
both nuclear and mitochondrial DNA are susceptible to age<et al., 2010; Roger et al., 20Jhd stroke models using aged
related changes@iley et al., 2004Upon sensing DNA damage, animals are clinically very relevari®¢pa-Wagner et al., 2007
SVZ cells upregulate the inhibitor of cyclin kinase to post-eon From work on animals, it has been reported a 50% decline
cell cycle entry and reduce proliferation of NSG&(ofsky et al., in neurogenesis in the SVZ of elder compared with young—
20049. adult animals Darsalia et al., 2005; Macas et al., 2006; Ahlenius
NSC age-dependent cell plasticity is also inuenced byt al., 200Q Unfortunately, although endogenous neurogenesis
metabolic changesR@bie et al., 2011; Chaker et al., 208 has been observed even in aged humans, it is still not clear
far as nutrient sensing pathways, growth di erentiation faell to what extent newly formed neurons are functionally relgva
(GDF11), has been identi ed as one of the extrinsic cirdagat for stroke recovery in human patients. Thus, cell therapies
youth signals that maintain neurogenesisa(simpardi et al., have been implemented to address this question. An open-
2019, although those ndings are currently matter of further label, single-site, dose-escalation study was performed3n 1
validation Egerman et al., 2015; Smith S. C. etal., YAtis still  aged patients after ischemic stroke, transplanting by starén
unknown whether the e ect is direct onto NSCs or indireda  the neural stem cell line CTX0EOS in the ipsilateral putamen.
improved microvascular network. IGF1, another critical gth ~ After 2 years, improvement in the disability score scale (88)
factor, per sestimulates proliferation and di erentiation of NSCs ranging from 0 to 5 (median 2) points has been recorded
(Aberg, 201} but decreases with agin@d¢nntag et al., 2005 (Borlongan, 2016; Kalladka et al., 2D18imilarly, studies in
Nonetheless, it is also life—long exposure to IGF1 that wittanimal models examined whether exogenous NSC delivery might
age causes decline of neurogeneSisaker et al., 20)5Along  restore neurogenesis in the DG of old rodents. Both embryonic
the same line, NAB and AMP levels, which re ect cellular and fetal derived NSCs stimulated neurogenesis in younddbr o
energy state, decline with age in the hippocampus, in paralleinimal models. Likely the e ect was exerteth suppression
with reduction of di erentiation and self-renewal capacity o of microglia/macrophage activationi( et al., 2011 Of note,
NSCs, because their regulatory enzyme decrebsest(@al., 2012; inhibition of microglial activation has also been reported in
Stein and Imali, 2014 As far as oxygen-dependent e ect, thoseischemic mice following systemic delivery of mouse NSCs
are linked to failure in maintaining appropriate mitochondria (Bacigaluppi et al., 2009
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Those data suggest that the problem with NSCs irendogenous plastic cells. To treat neurodegenerative tiongj
ischemic stroke is to some extent cell autonomous, becaubeth iPSC-derived NSCs or terminally di erentiated neurons
the environment of the aged brain does not preclude NS@ave been transplanted in preclinical models. Early on, it has
engraftment. been demonstrated that those cells are able to survive and

In MS, loss of myelin, a specialized membrane produceddequately integrate into the host brainKi et al., 2012; Tornero
by oligodendrocytes, essential for normal CNS functionais et al., 2013; Qi et al., 20},7and recently it was reported
characteristic feature. Aging impairs not only the neurogen that transplanted human iPSC-derived cortical neurons can
but also the oligodendrogenic properties of the brain gerrhinabe incorporated also into injured cortical circuits and could
niches as a consequence of longer cell cycle length of NS€antribute to functional recoveryTornero et al., 201)7 Beside
and of their progeny, loss of growth factors and upregulatibn oreparative activity, transplanted cells can improve the brain
inhibitors (Hamilton et al., 201B Iron accumulation Andersen  functional outcome, directly waking up brain plasticityia
et al., 201} linked in cascade to oxidative alteration andtheir bystander e ects. Indeed, transplanted cells promote the
to mitochondrial dysfunction [lahad et al., 20)5are other formation of new synapses among existing neurons or preserve
recognized characteristics of neurodegeneration in pregjve axonal integrity releasing trophic factor for myelinatinglls as
aged MS individuals. A direct impact also on neural stem celldescribed in ischemic stroke and in a preclinical model of MS
has not been experimentally prove@irgbbe et al., 20)but can  (Oki et al., 2012; Espuny-Camacho et al., 2013; Laterza et al.,
reasonable be speculated. 2013; Tornero et al., 2013

In the context of demyelination, work by Crawford et al. In addition, the release of soluble factors by (neural) stem
demonstrated responsiveness of OPCs to demyelinatiosglls along with cell-cell interactions supports angiogentet,
although remyelination and susceptibility to aging is regity = beside self organizing blood vesselsufuma et al., 20)3
dependent: in chemically-induced demyelination of the corpuguarantees trophic support for proper integration of neuronal
callosum in aged animals, dorsal SVZ-NSCs are e cientlycells and sustains synaptogenesis. Further, the bystandet e e
recruited to lesions and their dierentiation into OPCs is is exploited also in terms of (i) inhibition of neutrophil
impaired, whereas ventral NSCs are recruited more slowlgnd peripheral dendritic cell activation and recruitment,) (ii
but di erentiate rapidly into OPCs; similarly, while in aged inhibition of e ector T- and B-cells, (iii) attenuation of BB
animals the percentage of dierentiated OPCs from dorsabdamage, or (iv) stimulation of the M2 microglial phenotype
NSCs is half of the one seen in young animals, the percentagerago et al., 2003 Similar evidence of the (neuro)-protective,
of ventral NSCs di erentiating into OPCs remained constantregenerative, and angiogenic properties of iPSCs is not alaila
(Crawford et al., 2006 This evidence has signi cantimplications yet from their complete secretome, nonetheless it can be
for the progressive form of MS, for which age is the currentreasonably predicted.
best associated risk factokinden et al., 2004; Scalfari et al., As of now, while work by Jensen et al. reported no iPSC-
201). As disease progresses with age, repair, remyelinationediated improvement in behavioral function in stroké&(isen
and other physiological functions become less robust. Ahimeet al., 201} several others, as previously mentioned, show that
models have shown that while OPC recruitment toward lesionalso direct iPSC transplantation improves neurological score
remains intact, di erentiation into myelinating oligodemdcytes motor, sensory and cognitive functions, already within thst
decreases with age with a slower and less e ective remyielinat week after transplantation, when migration, maturation, agtic
process compared to young rat®igt and Franklin, 2008; integration, and paracrine release into the host brain is plated
Ruckh et al., 2002 Similarly, elder human subjects showed(Oki et al., 2012; Polentes et al., 2012; Tornero et al., 2013;
reduced remyelinating capabilities. Multiple hypotheses caivuan et al., 2013; Tatarishvili et al., 2D14
explain these ndings, including either extrinsic factors o  Similarly, transplant of iPSC-derived neural precursors in
intrinsic characteristics such as epigenetic changes krtoviie  the MS context dramatically reduced T cell in ltration and
modulated during aging and thus to impact OPC maturationameliorated white matter damage in treated EAE micet¢rza
(Rist and Franklin, 2008 et al, 2013; Zhang C. et al., 2)ltoth via improved

di erentiation toward cells of the oligo-glial lineage anda
soluble factor releasédterza et al., 20).3

HOW DO NEURAL PRECURSORS FROM Experimental validation in humans, both for stroke and MS,
INDUCED PLURIPOTENT STEM CELLS could be useful in the future but regulatory guidelines fafes
STAND? clinical trial are awaited.

The technology of somatic cell reprogramming (induced
pluripotent stem cells, iPSCs) that developed in the IasgA'\I WE GUIDE NEURAL STEM CELL

10 years Takahashi et al., 20)7represents an invaluable PLASTICITY TOWARD A DESIRED

alternative strategy to obtain, in large scale and indeshit RESPONSE?

neural precursors, unfolding new research and clinical aesn

Expandable intermediate neural precursors can be obtainethking advantage of their plasticity, stem cells can generate
with published protocols Kalk et al., 2012; Reinhardt et al., repair, and change nervous system functions. Fine-tunindgpef t
20193 and the cells resemble most of the speci ¢ properties oin ammatory responses or proper modulation of the hypoxic
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and aging conditions should provide a permissive milieu for arplasticity still needs to be properly manipulated for therapeutic
e ective reparative process. In this sense, the perspective thatirposes.
aged hippocampus licenses e cient and functional engraftment On one end, cells can be expanded and bioengineering
(Shetty and Hattiangady, 20)Léputs forward the possibility approaches are becoming available to further potentiate their
that grafted niches can continuously generate new neuraids a availability Bressan et al., 2014; Bouzid et al., 2016; Gardin
glia which, in turn, are expected to improve the plasticity andet al., 2015 For instance,jn vitro preconditioning with low
function of aged brain tissue. oxygen tension might enhance NSC survival as it mimics
As engineering and reprogramming approaches advancéhe oxygen supply normally found in brain tissuesafvkins
transplant of exogenous human NSCs are optimized andt al., 2013; Sandvig et al.,, 2D1Nonetheless, it is this
better understanding of NSC regulation in physio- patholadic same plasticity that could threaten their therapeutic capacit
conditions is achieved, it will be possible to fully take adege because the manipulation of cells themselves or of the
of the therapeutic potential of those cells and successfuliipgx trophic microenvironment, might induce unwanted side-e sgt
their plasticity. such as senescence from over-stimulation. Thus, it might be
So far, it is possible to (i) engineer NSCs to deliveworth increasing the knowledge on (i) the in uence of cell
extrinsic stem cell fate determinants or intrinsic factdteat metabolism on NSC behavior during CNS diseases; (ii) the
allow the development of biomimetic environmental cuesex-vivomaintenance of NSCs; (iii) the most suitable window
to control stem cell fatesMichailidou et al., 2014; Karimi time for transplant to best leverage graft survival and disease
et al., 201f (ii) culture and expand stem cells outside ofspeci ¢ environmental conditions. Indeed engraftment eagicy
their native environmentsomura et al., 201); (i) perform  strongly correlates with therapeutic bene ts.
localized delivery of microspheres to specically di erenéa Furthermore, this additional knowledge should shed light o
endogenous stem cellss¢mez et al., 20)5 (iv) engineer the age-related decline of the stem cell niche, which conte®
somatic cells to obtain induced NSCs with reparative fun&io to neurodegeneration in both chronic and acute diseases.
(Hargus et al., 20)#(v) engineer human stem cells to obtain Last, careful analysis of the microenvironment is warrarted
inde nitely expandable lines for clinical purposesdllock et al., overcome complications and to improve the e cacy of cell
2009; (vi) snapshot the metabolic prole of cells in physio- therapy approaches.
pathological conditions Eystrom et al., 2014; Dislich et al.,
2019. _ o AUTHOR CONTRIBUTIONS
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