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Abstract Specialised cells of the brain are generated from a population of multipotent stem cells found in the
forming embryo and adult brain after birth, called neural stem cells. They reside in specific niches, usually in a
quiescent, non-proliferating state that maintains their reservoir. Neural stem cells are kept inactive by various cues
such as direct cell-cell contacts with neighbouring cells or by soluble molecules that trigger intracellular responses.
They are activated in response to injuries, physical exercise, or hypoxia condition, through stimulation of signaling
pathways that are usually correlated with increased proliferation and survival. Moreover, mature neurons play essential
role in regulating the balance between active and quiescent state by realising inhibitory or activating neurotransmitters.
Understanding molecular mechanisms underlying neuronal differentiation is of great importance in elucidating
pathological conditions of the brain and treating neurodegenerative disorders that until now have no efficient

therapies.
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Introduction

Neural stem cells (NSCs) are multipotent stem cells
found in both embryonic and adult brain. Embryonic
NSCs’ niches are represented by ventricular zone (VZ)
and subventricular zone (SVZ), while in the adult brain
these cells reside in SVZ and subgranular zone (SGZ)
located in the dentate gyrus (DG) (Zhang and Jiao 2015).
Stem cell niches are specific microenvironments that
influence stem cell activation, self-renewal capacity,
proliferation, and differentiation by exposing them to
external stimuli. Thus, besides internal regulators, stem
cell fate is controlled through direct cell-cell interactions
established between cell surface molecules, soluble
factors or even mechanical cues provided by the
extracellular matrix (ECM) (Solozobova et al., 2012).
Embryonic NSCs derive from neuroepithelial cells that
later become radial glial cells, losing epithelial
characteristics, and gaining astroglial features (Yao et al.,
2016). During embryonic development, NSCs undergo
symmetric divisions that maintain stem cell pool, and
asymmetric divisions that give rise to progenitor cells
which will consequently generate specialised cells of the
central nervous system. (Zhang and Jiao 2015). In the
adult brain, NSCs, like many other adult stem cells, are
usually maintained in an inactive state, called quiescence,
characterized by the absence of mitotic divisions (Ding et
al., 2020). However, NSCs can initiate cell cycle
progression as a response to nutrients, physiological

stimuli, and physical activity (Fabel and Kempermann
2008; Ding et al., 2020; Urban et al., 2019). Preserving
the balance between quiescence and proliferation is
crucial since dysregulation can lead to serious
pathologies of the nervous system. Aberrant divisions can
give rise to malignant diseases such as glioma or
Huntington disease, while impaired differentiation might
be engaged in neurodegenerative disorders such as
Alzheimer’s. However, the exact mechanism underlying
these disorders are still debated and under investigation
(Steindler et al., 2012; Shen et al., 2019). Unexpectedly,
recent investigations found that ablation of NSCs in
Alzheimer’s disease models can improve cognitive
function and synaptic transmission, without affecting
amyloid P levels (Zhang et al., 2021). Thus, there is need
of further studies regarding NSCs’ implication in
pathologies of the nervous system

Maintenance of quiescent cells

In normal physiological conditions most NSCs are found
in a quiescent state which represents a reversible form of
cell-cycle arrest, usually in the GO or G2 stages of the
cell cycle (Otsuki and Brand, 2020). In case of injury or
pathological conditions, they can re-enter the cell-cycle,
but generate only a few mature neural cells that integrate
into existing circuits (Li et al., 2010; Wang et al., 2011).
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Interestingly, cells in the G2 phase are the first ones to
reactivate in Drosophila melanogaster. However, the
choice between G2 or GO phases seems to be completely
invariant (Otsuki and Brand, 2018). Maintenance of
guiescence is an active, important process since it avoids
exhaustion of the stem cell pool. It is controlled by both
extrinsic and intrinsic factors, such as niche components
or epigenetic regulators, depending on physiological state
and other stimuli (Fabel and Kempermann 2008; Ding et
al., 2020). Neighbouring neurons and endothelial cells,
establishing direct cell-cell interaction with NSCs,
control their quiescent state through membrane-bound
proteins, such as ephrinB2, ephrin B3 and Jagged 1
(Ottone et al., 2014; Dong et al., 2019). Additionally,
release of diffusing molecules allows quiescence
regulation by cells that aren’t in close proximity. Distal
control of NSCs activity can be mediated by bone
morphogenetic proteins (BMPs) (Mira et al., 2010;
Marqués-Torrejon et al., 2021), Wingless-related
integration site (Wnt) antagonists (Jang et al., 2013; Sun
et al., 2015) or neurotrophin 3 (NT-3) (Delgado et al.,
2014). Transcriptional analysis revealed that NSCs’
quiescence is associated with increased responses to
niche signaling, decreased transcriptional and
translational activity and the use of glycolysis as the main
source of energy (Shin et al., 2015; Llorens-Bobadilla et
al.,, 2015; Dulken et al., 2017, Urban et al.,, 2019).
Moreover, inactive NSCs are characterized by low
epigenetic silencing, including low miRNAs expression
(Shi et al., 2010; Massirer et al., 2011). Quiescent NSCs
are a heterogenous population, having different degrees
of inactivity and ability to activate and regain latency
(Otsuki and Brand 2020).

A. Extrinsic regulators in NSCs quiescence

A.1. Notch signaling

Notch signaling has an important role in controlling
NSCs’ quiescence. It is activated by ligands from Delta
and Jagged protein families which determine
translocation of the Notch intracellular domain (NCID)
into de nucleus, where it interferes with recombining
binding protein suppressor of hairless (Rbpj) and with co-
activator Mastermind-like (Maml). These events lead to
expression of hairy and enhancer of split (hes) gene
family, Hes1 and Hes5 being antagonists of Neurogenin 2
and Achaete-scute homolog 1 (Ascll) (Artavanis-
Tsakonas et al., 1999; Kageyama et al., 2007: Sueda and
Kageyama 2020). Conditional knock-out of Rbpj in mice
lead to increased neuronal differentiation for a short
period of time, followed by reduction of NSCs reservoir
and failure of neurogenesis (Imayoshi et al., 2010). There
are different types of Notch receptors which are thought
to induce distinct cellular responses with Rbpj as a
downstream effector. Notchl receptor seems to be
involved in activation and neural differentiation of NSCs
(Basak et al., 2012; Herrick et al., 2018). Activation of
NSCs might be mediated by induced oscillations in Hesl
levels, their frequency being the main triggering cue

(Kaise and Kageyama 2021). On the other hand, Notch 2
and 3 receptors are involved in maintaining NSCs’
quiescence (Alunni et al., 2013; Kawai et al., 2017
Engler et al., 2018;). In DG, Notch2 signaling was proved
to directly target inhibitor of differentiation 4 (id4), up
regulating its expression along with hes5. Overexpression
of 1d4 blocks cell-cyle entry and promotes astrocytic
differentiation (Zhang et al., 2019). However, there are
contradicting results that present Notchl role in
maintaining NSCs pool and quiescence (Ables et al.,
2010; Herrick et al., 2017), or a collaborative action
between Notchl and Notch2 in quiescence and neuronal
differentiation (Herrick et al., 2018; Mase et al., 2020).
These contrasting discoveries emphasize the need for a
better understanding and further studies on Notch
receptors in NSCs’ quiescence. Besides regulating hes
genes, Notch/Rbpj signaling might act by increasing
SRY-box transcription factor 2 (Sox2) expression. In
Rbpj defective mice, restoring Sox2 levels had a positive
impact on NSCs’ pool depletion (Ehm et al., 2010).
However, Sox2 is rather considered to be a stemness
marker (Graham et al., 2003; Suh et al., 2007; Favaro et
al., 2009; Codega et al., 2014; Than-Trong et al., 2018).
Than-Trong et al. (2018) identified Heyl as a
downstream effector of Notch3 signaling that indirectly
regulates sox2, controlling NSCs’ stemness.

A.2 Neurotransmitter regulation

Signaling through neurotransmitters modulates NSCs’
quiescence and activation in both neurogenic niches.
Radial glial-like NSCs located in SGZ are maintained
quiescent through gamma aminobutyric acid (GABA)
released by  parvalbumin-positive  interneurons.
Moreover, at SVZ level, neural progenitor cells have the
same effects. NSCs’ responses to GABA are mediated
through both ionotropic GABAA and G-protein coupled
metabotropic GABAg receptors (Song et al., 2012;
Giachino et al., 2014). Further investigations revealed
distant control of quiescent NSCs by neurons from
medial septum. These cells send depolarizing GABA
signals to parvalbumin expressing interneurons, through
long projections (Bao et al., 2017). Other distant
regulators are Mossy cells, which use one direct and one
indirect pathway to induce opposite responses in NSCs.
When moderately stimulated, they promote quiescence
through commissural projections that activate GABA
releasing interneurons. On the other hand, high
stimulation led to dominant direct pathway that uses
glutamatergic signaling to activate NSCs (Yeh et al.,
2018). Treatment with GABAg receptor antagonist in
cerebral ischemic mice improved proliferation of neural
stem cell, the amount of immature neurons and
neurogenesis, emphasizing the role of GABA in NSCs
pool maintenance (Song et al., 2021). Contrariwise,
kalinic acid, a glutamate receptor agonist, activate NSCs
and stimulate astrocytic differentiation, while high doses
led to adoption of reactive astrocyte phenotype (Sierra et
al., 2015). Interestingly, NSCs present diazepam binding
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inhibitor that interfere with GABA signaling and promote
their proliferation. This mechanism could be an
adaptative response to extrinsic stimuli that maintains
equilibrium between proliferation and stem cell pool
preservation (Dumitru et al., 2017).

A.3 Wnt signaling inhibition

Whnt ligands represent a family of secreted glycoproteins,
rich in cystine, that bind to Frizzled and LRP5/6
receptors (LDL receptor-related proteins 5 or 6).
Canonical Wnt signaling involves recruitment of Axin
and disheveled (Dvl), event that allows the transfer of -
catenin intro the nucleus, where it binds to T-cell
factor/lymphoid enhancer factor (TCF/LEF) family of
transcription factors (MacDonald et al., 2009; Niehrs
2012; Bengoa-Vergniory and Kypta 2015). NSCs in both
neurogenic niches are activated by canonical Wnt
signaling, promoting self-renewal and proliferation (Lie
et al., 2005; Bowman et al., 2013; Qu et al., 2013; Urban
et al., 2019). Therefore, antagonists of Wnt proteins are
expected to revert these effects. In mice, Wnt inhibitor
Dickkopf-1 (Dkk-1) is responsible of supressing
neurogenesis, while its loss led to increased activity of
neural progenitor stem cells and glutamatergic
differentiation (Seib et al., 2013). In mouse DG, granule
neurons secrete Wnt antagonist secreted frizzled-related
protein 3 (sFRP3), whose loss activates quiescent NSCs
and neuron maturation (Jang et al., 2013). Further
analysis revealed that sFRP3 activity is gradually
decreased along the septo-temporal axis, resulting into a
graded distribution of neurogenesis (Sun et al., 2015).
Moreover, Chavali et al., (2018) identified non-canonical
Wnt signaling in SVZ, which is involved in NSCs’
quiescence. This pathway actions through Rho-GTPase
CDC42, promoting NSCs attachment to the niche.
During demyelination, switching from non-canonical to
canonical Wnt signaling is necessary to achieve
proliferation and tissue repair.

A.4 Other extrinsic signals provided by the niche

Vasculature is an important component of the NSCs’
niche, not only for its trophic support, but also for
providing signals that influence their fate. NT-3
originating from endothelial cells and choroid plexus
capillaries, is delivered to NSCs via vasculature and
cerebrospinal fluid, where it induces phosphorylation of
nitric oxide synthase. Nitric oxide in turn, acts as a
cytostatic factor that promotes quiescence (Delgado et al.,
2014). In SVZ, NSCs establish direct cell-cell
interactions with endothelial cells, which are mediated by
ephrinB2 and Jaggedl proteins, resulting in cell-cycle
arrest and induction of quiescence. EphrinB2 diminishes
CyclinD expression by attenuating mitogen activated
protein kinase (MAPK) signaling, while Jaggedl
maintains type B-cell phenotype (Ottone et al., 2014).
Glutamatergic neurons in direct contact with NSCs,
modulate activation and quiescence by interfering with
ephrinB3-ephrinB2 signaling (Dong et al., 2019).

B. Intrinsic regulators in NSCs quiescence

Recent transcriptomic profiling revealed key role of
lysosomal degradation in balancing proteostasis with
implications in NSCs’ quiescence and activation.
Quiescent NSCs present more protein aggregates which
accumulate in large lysosomes, while active NSCs have
intense proteasome activity. Aging impairs lysosomal
functions causing protein aggregates accumulation, thus
dampening NSCs activation. On the contrary, stimulation
of lysosomal degradation reverts NSCs’ ability to activate
(Leeman et al., 2018). Ablated lysosomal activity results
in exit from quiescent state, conditioned by activation of
Notch and epidermal growth factor (EGF) receptors,
while activated EGF receptor (EGFR) is degraded at
higher rates in dormant NSCs. Moreover, conditional
knockout of transcriptional factor EB, a key regulator in
lysosomal biogenesis, increases NSCs proliferation in
vivo, along with expression of activated EGFR and
Notchl (Kobayashi et al., 2019). However, protein S
ablation in mice lead to exit from quiescence
accompanied by decreased expression of Notchl, Jagged,
Hesl and Hes5 proteins (Zelentsova et al.,, 2017).
Proteolysis is also involved in returning to quiescence of
active NSCs. E3-ubiquitin ligase Huwel determines
destabilization of Ascll which in turn prevents
accumulation of cyclin Ds and induces a dormant state of
activated NSCs in DG (Urbén et al., 2016).

Neural stem cell activation and
proliferation

Activation and proliferation of NSCs can occur in
response to environmental cues such as physical exercise
(Dumitru et al., 2017), circadian rhythm (Draijer et al.,
2019), or to support physiological needs after tissue
damage (Chavali et al., 2018) and neuronal loss (Barkho
et al 2011). Similar to quiescence, NSCs’ activation and
proliferation are coordinated by internal and external
stimuli provided by the niche (Otskui and Brand, 2018;
Zhang et al., 2020) (Fig.1). Additionally, stimuli such as
EGF and basic FGF (bFGF) can manifest collaborative
effects with other cues (Arsenijevic et al., 2001; Paez-
Gonzalez et al., 2014; Matsui and Mori, 2018). Soluble
molecules released by M2-polarized microglia synergise
with bFGF and EGF in maintaining proliferative state of
NSCs, emphasizing the role of immunological profile
(Matsui and Mori, 2018). A distinct population of choline
acetyltransferase (ChAT) positive neurons in SVZ
exercises the same effects in combination with FGF
(Paez-Gonzalez et al., 2014), enhancing neurogenesis and
recovery after stroke (Wang et al, 2017). Also,
endothelial cells utilise betacellulin, a member of the
EGF family to support proliferation and neurogenesis
(Gomez-Gaviro et al., 2012), while leucine-rich repeats
and immunoglobulin-like domanins protein 1 prevents
exist from quiescence by limiting EGFR signaling
activation (Marqués-Torrejon et al., 2021). Stimulation of
EGFR signaling induces cell cycle entry of quiescent
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NSCs by activation of phosphoinositide 3-kinase
(PIBK)/Akt, mitogen-activated protein kinase kinase
(MEK)/ extracellular signal-regulated kinases (ERK) and
mechanistic target of rapamycin (mMTOR) pathways
(Cochard et al., 2021). Moreover, absence of EGFR in
mice causes impaired NSC expansion and susceptibility
to epileptic seizures (Robson et al., 2018). A possible
dual role exists for BMP signaling, as it was proved to be
involved in both quiescent maintenance (Mira et al.,
2010; Marqués-Torrejon et al., 2021) and proliferation
(Chen et al., 2019). NSCs’ activation can also be dictated
by internal regulators such as cell cycle heterogeneity
(Otsuki and Brand 2018) or proteostasis modulated by
vimentin (Morrow et al., 2020).

A. WNT signaling

Various cues, such as epigenetic regulators (Wang et al.,
2017; Zhang et al., 2018), oxygen levels (Qi et al., 2017),
or inorganic salts (Zhang et al., 2019) induce NSCs
proliferation through Wnt/B-catenin signaling. Orphan
nuclear receptor TLX increases Wnt7 expression in NSCs
and their proliferative capacity, suggesting an
autocrine/paracrine mechanism to control proliferation
(Qu et al., 2010). Additionally, Wnt-stimulated glial cells
secrete soluble factors that enhance NSCs’ proliferation
(Yue et al., 2020). Neurotoxins such as paraquat (Zhao et
al., 2018) or organic compounds (Tiwari et al., 2015)
inhibit NSCs’ proliferation by interfering with this
pathway. Several micro RNAs that are involved in
inhibiting or supressing tumorigenic processes, also
control proliferation in NSCs through Wnt/B-catenin
signaling. MIRNA-21 and 124 overexpression led to
increased levels of B-catenin and its downstream target
Cyclin D1 along with decreased expression of glycogen
synthase kinase-3p (GSK-3pB) and p21 (Jiao et al., 2018;
Zhang et al., 2018). In hypoxic conditions, miR-26a
prevents NSCs apoptosis by directly targeting GSK-3p
mMRNA transcript (Li et al., 2019), while miR-148b
inhibits proliferation by interefering with Wntl mRNA
(Wang et al., 2017). Furthermore, low oxygen levels are
important regulators of stemness and proliferation, as
NSCs reside in hypoxic niches during embyonic
development and in adult brain (Wu et al., 2018). Both
adult and foetal NSCs proliferate in low hypoxic
conditions dependent of Wnt/B-catenin signaling.
However, unlike foetal cells, in adult NSCs, Wnt/p-
catenin pathway activity occurs in response to hypoxia-
inducible factor-1a (HIF-1a) (Braunschweig et al., 2015;
Qi et al., 2017). In normoxic conditions HIF-1o response
is impaired due to its prolyl hydroxylases mediated
degradation (Wu et al., 2018). Proliferation dependent on
Wnt/B-catenin signaling is dysregulated due to heme
oxygenase activity, a common characteristic in Parkinson
and Alzheimer’s diseases (Si et al., 2020). Gisenoside 20
(S)-prtopanaxadiol and oleanoic acid enhance NSCs’
proliferation through Wnt/ f-catenin activity and
ameliorate cognitive deficits in mice (Zhang et al., 2018;
Lin et al., 2020; Lin et al., 2021).
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Fig.1. External and internal stimuli controlling NSCs’
quiescent state and activation. NSCs are exposed to various
cues that dictate their choice between quiescence and
activation. External regulators provided by the niche could be
represented by direct cell-cell contacts, soluble factors or even
neurotransmitters. These stimuli can trigger intracellular
signaling pathways with further repression or activation of
transcription. The figure was created in BioRender.

B. MAPK/ERK and AKT signaling

MAPK and Akt are both signaling pathways associated
with cell proliferation and migration, their aberrant
expression often leading to malignant pathologies
(McCubrey et al., 2007). MAPK signaling consists of
four different cascades, depending on their downstream
MAPK proteins, which respond to mitogens, growth
factors and other external stimuli. Three of them are
mediated by ERKZ1/2, p38-MAPK and Jun amino-
terminal kinases (JNK1/2/3) and considered conventional
pathways, while the fourth one relies on ERK5 (Lu and
Xu 2006; Sun et al., 2015). Akt signaling occurs through
activation of cytokine receptors, tyrosine Kkinase
receptors, or G protein coupled receptors. It involves
activation of PI3K with further production of
phosphatidylinositol3,4,5-triphosphat (PIP3) that recruits
3-phospho-inositide-dependent protein kinase 1 (PDK1).
PDK1 phosphorylates Akt proteins, involved in cell
growth and survival (Hers et al.,, 2011). PI3K/Akt
signaling can be activated in response to different cues
such as reactive oxygen species (ROS) (Le Belle et al.,
2011), chaperone proteins (Huang and Wang 2018) or
even phytochemicals (Lu et al., 2020; Zhou et al., 2020)
to promote NSCs’ proliferation. In low hypoxic
conditions, niche components secrete  vascular
endothelial growth factor (VEGF) or brain derived
neurotrophic factor (BDNF) that rise PI3K, Akt and JNK
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levels in NSCs (Cai et al., 2014). Moreover, after
oxygen-glucose deprivation, glucose-regulated protein 78
exercises anti-apoptotic and proliferative effects through
PI3K/Akt and ERK1/2 pathways (Liu et al, 2018).
Phytochemicals, such as astragalosides (Chen et al.,
2019; Sun et al., 2020) and musk ketone (Zhou et al.,
2020), that were known for their beneficial post-stroke
effects, decrease apoptosis and enhance proliferation by
regulating EGFR/MAPK and PI3K/Akt signaling. Other
study identified miR-145 as an important regulator of
NSCs’ function after ischemia through MAPK pathway,
that leads to decreased levels of Cleaved-caspase 3 and
increased levels of Cyclin D1. Moreover, overexpression
of miR-145 improved walking ability, spatial learning
and memory in mice (Xue et al., 2019).

C. Insulin pathway

Insulin is an important mediator in the brain and
exercises its role in cell growth, autophagy, cognitive and
mitochondrial function through insulin receptors (IRs)
that activate PI3K/Akt/GSK-3B signaling cascade.
Dysfunctional insulin and PI3K/Akt signaling can lead to
accumulation of neurofibrillary tangles and amyloid-f,
which are characteristic to Alzheimer’s disease (Gabbouj
et al.,, 2019; Akhtar et al., 2020). Early studies have
proved the participation of insulin-like growth factors
(IGFs) in neural progenitors’ cell cycle regulation and
proliferation (Lichtenwalner et al., 2001; Aberg et al.,
2003; Bracko et al., 2012), as well as its role in NSCs’
expansion, survival, and proliferation (Burns and Hassan
2001; Ziegler et al., 2012; Ziegler et al., 2014; Ziegler et
al.,, 2015). IGF-1 is necessary for EGF, and bFGF
mediated proliferation and maintenance of NSCs
(Arsenijevic et al., 2001). Additionally, co-signaling
through IGF-1 and EGF receptors led to enhanced cyclin
D1, phosphorylated histone 3 and retinoblastoma (RB)
expression, along with increased neural progenitors’
proliferation after brain injury (Alagappan et al., 2014).
NSCs exposure to insulin resulted in activation of insulin
receptor substrate 2 and higher activity of Gl-pahse
cyclin-dependent kinase 4 with increased proliferation
and neuron maturation (Chirivella et al., 2017). In D.
melanogaster, heat shock protein 83 (Hsp83) acts as an
internal regulator of NSCs’ exit from quiescence and
reactivation by associating with co-chaperone Cdc37 and
IR, triggering PI3K/Akt signaling (Huang and Wang
2018). NSCs are maintained quiescent by protein
phosphatase 2 A of the Striatin-interacting phosphatase
and kinase complex, which prevent premature activation
of IR and PI3K/Akt signaling. Oppositely, activity of
MOB family member 4 along with connector of kinase to
AP-1 belonging to the same complex reverts these effects
and induces reactivation (Gil-Ranedo et al., 2019). A
concerning aspect is that insulin-like growth factor
binding protein 2 (IGFBP2) expression is often enhanced
in glioblastoma and is corelated with cancer progression,
poor survival, and recurrence (Doetsch et al., 1999;
Sallinen et al., 2000; Elmlinger et al., 2001; Lin et al.,

2009; Moore et al., 2009; Shen et al., 2019). Shen et al.,
(2019) identified that IGFBP2 promotes proliferation,
while inhibiting neuronal and astrocytic differentiation of
NSCs, regulating cell cycle genes similar as in
glioblastoma cells. Thus, low activity of insulin pathway
poses the risk of developing Alzheimer’s disease, while
aberrant  functioning might increase chances of
aggressive malignant processes.

D. Neurotransmitters

Neural cells utilise neurotransmitters such as GABA
(Yeh et al, 2018), glutamate (Liu et al., 2015),
acetylcholine (Paez-Gonzales et al., 2014) or serotonin
(Tong et al., 2014) to exercise control on NSCs’ fate.
While GABA acts predominantly as an inhibitor of
proliferation and inductor of quiescence, glutamate
stimulates cell cycle progression (Moss and Toni, 2013;
Yeh et al., 2018). On the other hand, Shrm4 activates
GABAg; signaling that further leads to upregulation of
anti-apoptotic and mitogen proteins’ expression, along
with downregulation of pro-apoptotic ones (Tian et al.,
2020). Glutamate exercises its proliferative effects on
NSCs and neural progenitors by increasing levels of
VEGF and cyclin D1 (Liu et al., 2015), along with o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
(AMPA) receptor activation and calcium uptake (Song et
al., 2017). Moreover, studies conducted on metabotropic
glutamate receptors revealed them to be important targets
in regulating NSCs’ proliferation (Erichsen et al., 2015;
Dindler et al., 2018).

Serotonin is another regulator of NSCs’ proliferation and
expansion, as they express serotonergic receptors 2C and
5A. In V-SVZ, serotonergic neurons from dorsal and
median raphe emit axonal projections that activate NSCs’
proliferation and neurogenesis (Tong et al., 2014). In
adult mouse, activation of serotonin receptor 2A
promotes basal progenitor proliferation, through ERK
signaling (Xing et al., 2020). Also, N-acetyl serotonin
prevents oxidative stress in NPCs and counteracts
proliferative and migratory capacity impairments by
increasing activity of PI3K/Akt/cCAMP pathway (Li et al.,
2019). However, in zebrafish, inflammatory processes
associated with Alzheimer’s disease impair tryptophan
metabolism in serotonergic neurons, inhibiting NSCs’
proliferation and neurogenesis. Thus, impaired serotonin
production acts indirectly on NSCs, stimulating BDNF
release and further activation of nerve growth factor
(NGF) receptor signaling (Bhattarai et al., 2020). These
results indicate a context-dependent role of serotonergic
control in NSCs’ niche.

Neural stem cells’ paths of differentiation
and lineage specific markers

It was observed that NSCs can generate new types of
neural cells, astrocytes and oligodendrocytes when
implanted at brain level (Kang et al., 2014). In order to
give rise to specialised cells of the brain, NSCs go
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through multiple differentiation stages, characterized by
specific markers. However, the complete mechanisms
underlying cell lineage specification in vivo are not fully
understood (Beattie and Hippenmeyer 2017). A proposed
scheme of differentiation and markers for each stage are
represented in Fig. 2, along with key regulators of
specification. NSCs in the adult brain are also called
radial-glial cells, considered to be a subset of astrocytes
that are set aside during embryogenesis to become NSCs
residing at SVZ and SGZ level (Zhao and Moore 2018).
Radial glial cells in the DG express markers common to
astrocytes, stems cells and NSCs from developing
embryo, such as Nestin, Sox2 and glial fibrillary acidic
protein (GFAP). After division, they generate
intermediate progenitor cells (IPC) positive for T-box
brain protein 2 (Tbr2). These cells are lineage restricted
and thus, experience limited rounds of division. (Hodge
et al., 2008; Bonaguidi et al., 2011; Berg et al., 2015;
Berg et al., 2018).

A. Neuronal stages of differentiation and markers

Intermediate progenitor cells (IPC) differentiate to give
rise to immature and further mature neurons. Besides
Thr2, they also express GFAP, Achaete-scute complex
homolog-1  (Ascll), minichromosome maintenance
protein 2 (MCM2) and forkhead box O3 (FoxO3) at early
stages. However, towards differentiation into more
mature neurons, markers such as doublecortin, NeuN,
Calretinin or RE1-silencing transcription factor (REST)
are beginning to be expressed (Zhang and Jiao 2015).
Giving the fact that NSCs generate multiple specialised
types of neurons, each specification is associated with a
unique profile of markers. These markers are mostly
involved in neurotransmitters’ metabolism and transport,
besides mature neurons-associated proteins. When
discussing dopaminergic differentiation, some of the
most investigated markers are orphan nuclear receptor
(Nurrl) necessary for neuronal lineage specification,
tyrosine hydroxylase involved (TH) in dopamine
biogenesis and dopamine transporter (DAT) (Wagner et
al., 1999; Sagal et al., 2014; Tan et al., 2014; Lee et al.,
2016a; Lee at al., 2016b). On the other hand, GABAergic
neurons highly express GABA, Calbidin 1 (CALB) and
B-cell lymphoma/leukemia 11B (Bcl11B) and glutamate
decarboxylase (GAD) isoforms 65 and 67 (Zhao et al.,
2013; Abeysinghe et al., 2015; Lin et al., 2015; Nikouei
et al., 2016). Glutamatergic differentiation is marked by
expression of glutamate receptor 1 (GIuR1) and vesicular
glutamate transporter 1 and 2 (VGLUT1/2) (Schuurmans
et al., 2004; Jeon et al., 2014). Serotonergic neurons are
characterized by increased expression of tryptophan
hydroxylase (TPH), aromatic aminoacid decarboxylase
(AADC), vesicular monoamine transporter (VMAT),
Hrtla and GATA-binding factor (GATA) 2 and 3
transcription factors. Moreover, mature neurons express
functional serotonin transporter (SERT) (Salli et al.,
2004; Ren-Patterson et al., 2005; Cao et al., 2017).
Finally, motoneurons express choline acetyltransferase

(ChAT) enzyme involved in acetylcholine synthesis,
insulin gene enhancer protein 1/2 (ISL-1/2) and Hb9
(O’Brien et al., 2015; Jordan et al., 2008; Natarajan et al.,
2014).
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Fig.2. NSC’ paths of differentiation and specific markers
expressed at each stage. The figure was created in BioRender.

B. Glial stages of differentiation and markers

Radial glial cellssfNSCs also generate astrocytes and
oligodendrocytes. However, existing data is not clear
about the identity of possible intermediate precursor that
further differentiate into these specialized cells, and it
needs more investigations. A subtype of precursors called
glial restricted precursor cells are able to differentiate
into oligodendrocytes and type 1 and 2 astrocytes. Type 1
astrocytes could derive from astrocyte restricted
precursors, while type 2 astrocytes and oligodendrocytes
could be derived from oligodendrocytes precursors
(Martins-Macedo et al., 2021). Regarding their specific
markers, glial restricted progenitors express A2B5
antibody (Campanelli et al., 2008; Martins-Macedo et al.,
2021). Upon further differentiation into oligodendrocytes
precursor, these cell express platelet-derived growth
factor receptor a (PDGFRa), neural/glial antigen 2 (NG-
2) and Sox2 (Lee et al., 2000; Rowitch et al., 2002;
Campanelli et al, 2008). Oligodendrocytes are
characterized by several markers such as myelin basic
protein (MBP), NG-2 or oligodendrocyte-specific protein
(OP) (Michalski et al., 2018), while astrocytes type 2 are
positive for A2B5 and GFAP (Raff et al., 1993).
Astrocyte precursors can be identified through a specific
profile of markers that includes pair box gene 2 and
vimentin without expression of GFAP and S100 (Mi and
Barres 1999; Martins-Macedo et al., 2021). Astrocytes on
the other hand express S100f along with GFAP, NDRG2
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and aldehyde dehydrogenase 1 (ALDH1) (Cahoy et
al.,2008; Zhang et al., 2019).

Neural differentiation

A schematic representation of possible neural
differentiation pathways of NSC, along with necessary
inducers is provided in Fig.3.

Neural

stem cell
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Fig.3. Neural differentiation of NSCs and inducers
necessary for lineage specification. The figure was created in
BioRender.

A. Motor neurons

Motor differentiation of NSCs holds great promise in the
treatment of neurodegenerative pathologies such as
Machado-Joseph disease (Mendonga et al., 2015) or
amyotrophic lateral sclerosis (ALS) (O’Brien et al.,
2015). Most studies utilise other cell types, such as
astrocytes (Shao et al., 2011) and pluripotent stem cells
(Yun et al., 2015; Jha et al., 2015) to obtain human NSCs
and further differentiate them intro motoneurons. When
NSCs originate from other adult multipotent stem cells,
like human adipose-derived stem cells, it is considered
transdifferentiation as it results in obtaining cells with
another germ layer origin (Darvishi et al., 2017; Darabi et
al., 2017).

Human foetal NSCs could be differentiated into Hb9" and
ChAT" motoneurons upon priming with bFGF for 4 days,
identifying its role not only for proliferation, but also in
plasticity. Thus, higher concentrations of FGF have
mitogenic effects, whereas lower concentrations support
neurogenesis (Jordan et al., 2009). This is aquired by
temporal control of PI3K/Akt/GSK-3f3 pathway that
maintains low levels of phosphorylated Akt (p-Akt) in
favour of GSK-3f activation both in vitro and in vivo

(Ojeda et al., 2011). Signal transducer and activator of
transcription 3 (STAT3) inhibitor synergise with bFGF in
promoting motoneuron phenotype and diminishing levels
of astrocytic marker GFAP, by inhibiting nuclear
translocation of STAT3 (Natarajan et al., 2014). Other
molecules used to differentiate NSCs, regardless of their
origin, into motoneurons are retinoic acid (RA), sonic
hedgehog (Shh) and purmorphamine. These factors
induce immature cells or motor neuron progenitors which
require the presence of BDNF, glial-derived neurotrophic
factor (GDNF), NT-3 and ciliary neurotrophic factor
(CNTF) for survival and maturation (Shao et al., 2011,
Jha et al., 2015; Yun et al., 2015; Darvishi et al., 2017).
Besides soluble factors, functionalized biomaterials that
mimic nervous tissue could be utilised to induce better
yields, as they provide mechanical and biochemical cues
necessary for adherence and allow proper release of
differentiation inducers (Binan et al., 2014; Yun et al.,
2015). In vivo, it was observed that Reelin/Disabled
pathway is necessary for motoneuron differentiation of
NSCs and neural progenitors’ grafts after transplantation
in mice (Arimitsu et al., 2019).

B. Dopaminergic neurons

Impaired dopaminergic functioning is one of the main
causes underlying neurological pathologies such as
Parkinson’s disease, drug and alcohol addiction or
schizophrenia (Daadi 2019). During embryogenesis, Wnt
ligands, FGF-8 and Shh are the main regulators of
dopaminergic differentiation. Wnt ligands, especially
Whntl, block GABAergic or serotonergic transcriptional
programs by repression of Nkx2.2 and by upregulating
Orthodenticle homeobox 2 (Otx2) expression, while
FGF8 and Shh are important inducers of dopaminergic
differentiation (Ye et al., 1998; Rossler et al., 2010).
Rossler et al., (2010) utilised the same cocktail of factors
on non-mesencephalic NSCs obtaining few dopaminergic
precursors. Adding an inhibitor of histone deacetylase
resulted in higher yields and more mature dopaminergic
neurons, emphasizing the importance of epigenetic
regulators. This treatment led to elevated expression of
dopaminergic factors like Otx2 and Msh homeobox 1
(Msx1) along with tyrosine hydroxylase and pituitary
homeobox 3 (Pitx3) (Rossler et al., 2010). Other studies
also utilised B27, GDNF and BDNF to induce
dopaminergic differentiation (Alizadeh et al., 2017;
Nakaji-Hirabayashi et al., 2019; Daadi 2019). An
important role is attributed to p70 ribosomal S6 kinase
(S6K), a downstream effector of PI3K/Akt/mTOR
signaling that is activated in response to insulin in
dopaminergic neurons (Fang et al., 2007). S6K promotes
dopaminergic differentiation dependent on insulin
concentrations both in vivo and in vitro (Lee et al.,
2016a). Contrariwise, inhibition of phosphatase and
tension homolog (PTEN), which is a PI3K/Akt inhibitor,
led to increased proliferation and decreased dopaminergic
differentiation of NSCs, while expression of PTEN led to
increased S6K activity by supressing ERK pathway. A
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possible explanation of these events is that PTEN
signaling exercises a stronger inhibitory effect on ERK
pathway  which is  responsible of  supressing
phosphorylation of S6K (Lee et al., 2016b).

Early studies demonstrated that the orphan nuclear
receptor Nurrl is necessary for dopaminergic
differentiation (Wagner et al., 1999) and that it synergises
with Neurogenin 2 in neural progenitor cells to generate
mature dopaminergic neurons (Andersson et al., 2007).
Single use of Nurrl was also proved to be incompletely
efficient  in  generating  morphologically  and
phenotypically matured dopaminergic neurons. Tan et al.,
(2011) identified member of the POU domain family of
transcription factor, Brn4, to be necessary for maturation.
Moreover, it induces maturation in TH-transfected NSCs
by triggering expression of GDNF along with its
receptors GFRa-1 and Ret (Tan et al., 2014).

C. Glutamatergic neurons

In DG, neurodifferentiation of glutamatergic granule cells
requires expression of neuroD1 for cell-survival and
maturation, which is under transcriptional repression
control of Sox2. In addition, activation of neuroD1 is
mediated by Wnt/B-catenin pathway (Liu et al., 2000;
Kuwabara et al., 2009; Hodge et al., 2012). Azim et al.,
(2014) found that Wnt-mediated signaling specifically
promotes glutamatergic specification of progenitors in
dorsal SVZ. Other transcriptional regulators are
Neurogenin 1 and 2, which inhibits GABAergic
differentiation, while promoting glutamatergic phenotype
in early-born neurons. On the other hand, later-born
neurons require a synergic interaction between paired box
6 (Pax6) and orphan nuclear receptor TIx for
specification (Schuurmans et al., 2004). Fragile X mental
retardation protein (FMRP), whose mutation is
responsible of fragile X syndrome, acts as translational
repressor of NeuroD1 that impairs glutamatergic
differentiation. Treatment with valproic acid inverts
effects of overexpressing FMRP (Jeon et al., 2014).
Moreover, in rats, prenatal exposure to ethanol led to
aberrant differentiation of glutamatergic neurons and
decreased expression of GABAergic ones. These effects
were associated with increased levels of NeuroD,
Neurogenin2, Pax6 and postsynaptic density protein-95
(PSD-95) (Kim et al., 2010). Exposure of hippocampal
precursors to soluble neural cell adhesion molecule
(NCAM) promoted glutamatergic phenotype and
upregulated neuroD and neurogeninl, emphasizing the
modulatory role of extracellular matrix. Besides
transcription factors, increased levels of p-MAPK,
GluR1, NR1 and Calcium/calmodulin-dependent protein
kinase type Il were observed along with decreased level
of p-STAT3 (Shin et al.,, 2002) Furthermore, ectopic
expression of fez family of zinc finger 2 (fezf2) induces
glutamatergic neurons from GABAergic committed
progenitors (Rouaux and Arlotta 2010). In vivo,
overexpression of fezf2 is sufficient to promote
differentiation of NSCs from SVZ, preferentially

adopting GABAergic path, to convert into glutamatergic
neurons (Zuccotti et al., 2014).

D. GABAergic neurons

GABAergic differentiation from NSCs can be obtained
by blocking Hesl expression through antisense
oligonucleotide along with cultivation in the presence of
B27, RA, and dibutyryl cyclic adenosine monophosphate
(CAMP) in vitro. This strategy leads to BrdU positive
cells that also express GABA and ameliorate seizures and
epileptiform discharges in rats (Kabos et al., 2002; Xu et
al., 2019). Another approach uses sequential treatment
with RA and potassium chloride (KCI) to generate
GABA secreting neurons which maintains their
phenotype in a Huntington’s disease model in vivo. RA
treatment induced neuronal differentiation, while KCI
was responsible of the acquired GABAergic phenotype,
maturation, and decreased proliferation (Bosch et al.,
2004). However, stimulation with BDNF and B27, seems
to induce better yields in acquiring GABAergic
phenotype than treatment with NGF or RA-KCI (Silva et
al., 2009). Moreover, differentiation of human NSCs
from SVZ with only BDNF induced GABAergic neurons
that improved recovery after ischemic stroke in rats
(Abeysinghe et al., 2015). Results from a recent study
established that homeobox-containing transcription
factor, Engrailed 2, is necessary in GABAergic
differentiation as it modulates BDNF signaling (Boschian
et al., 2018). A three-step protocol that sequentially
combined BDNF with Shh and Dkk-1, along with
valproic acid and p-associated protein kinase inhibitor Y-
27632, obtained neurons with increased expression of
map2, calbl, darpp, bclllb and arpp21 genes. Dkk-1 and
Shh act collaboratively to promote transition to ventral
telencephalic  neuron phenotype. Notably, neural
differentiation also relied on insulin or IGF-1 stimulation
(Lin et al., 2015). Other important regulators promoting
transition to GABAergic phenotypes are
neurotransmitters (Samarasinghe et al.,, 2014) and
calcium-mediated signaling, (Ciccolini et a., 2003), as
well as mechanical cues provided by cell-adhesion
molecules (Silva et al., 2009). For example, L1 cell
adhesion molecule promotes GABAergic differentiation
in detriment of adopting cholinergic differentiation path
(Dihné et al., 2003).

E. Serotonergic neurons

Even though dysfunction of the serotonergic system is
involved in neuropsychiatric disorders, there are a few
studies investigating differentiation of serotonin
producing neurons (Jansch et al., 2021). It seems that Shh
is an important regulator of serotonergic regulation
during both vertebrate neural specification (Hynes and
Rosenthal 1999) and differentiation from ES-derived
neural progenitors in vitro (Salli et al., 2004). Besides,
Shh, Salli et al. (2004) used bFGF to obtain TPH,
serotonin and SERT positive cells. However, this study
did not include evaluation of SERT-binding site and 5
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hydroxytriptamine (5-HT) transporter (Ren-Patterson et
al., 2005). Embryonic neural progenitors, differentiated
into sertonergic-like phenotype after stimulation with
Shh, bFGF and FGF-8, manifested good function of
SERT activity and 5-HT uptake. Moreover, implantation
of these cells into SERT-lacking mice led to increased
expression of SERT protein (Ren-Patterson et al., 2005).
Riaz et al., (2004) induced serotonergic differentiation in
human foetal neural progenitors with the aid of serotonin,
FGF-1, BDNF and forskolin. Additionally, NSCs and
neural progenitors obtained from induced pluripotent
stem cells (iPSCs), could be differentiated into
serotonergic neurons after Shh stimulation with further
presence of FGF-4, GDNF, BDNF and cAMP (Lu et al.,
2016; Jansch et al., 2021). Ascll might also contribute to
serotonergic differentiation, since a neurogenin family
member, that usually directs glutamatergic phenotype,
inhibits this type of specification by Hes-mediated
repression of Ascl transcription. (Carcagno et al., 2014).
Another inhibitor is interleukin 1 B which is associated
with decreased levels of Bcl-2 and pERK (Zhang et al.,
2013).

Clinical applications of NSCs

Given NSCs’ multiple possibilities of differentiation,
their therapeutic potential was investigated in many
pathologies of the nervous system, such as traumatic
brain injury (Hu et al., 2020), epilepsy (Maisano et al.,
2012), Huntington’s disease (Kim et al., 2020) or spinal
cord lesions (Hwang et al., 2016). However, an increased
interest was manifested for  neurodegenerative
pathologies, such as Alzheimer’s and Parkinson’s disease
or ALS.

Alzheimer’s disease

According to Alzheimer’s Association (2016) this
pathology is the most common degenerative disorder in
the US where it affects over 5 million people, being
associated with loss of cholinergic neurons and synapses
(Cattaneo and Calissano, 2012; Zhu et al., 2020). Zhang
et al. (2019) implanted NSCs derived from pluripotent
stem cells into the hippocampus of Alzheimer’s suffering
mice, observing efficient differentiation, long-term
survival of the newly produced neurons and integration
into synaptic circuits. In addition to that, NSCs’
transplant improved cognitive abilities. Transplantation
of NSCs in Alzheimer’s model also leads to metabolic
changes by increasing levels of N-acetylasparatate and
glutamate, along with enhanced levels of PSD-95, which
can be corelated with synaptogenesis (Zhang et al.,
2017). Comparable results were obtained in a recent
study by Zhu et al., (2020) along with improvement of
learning and memory.

Parkinson’s disease

Parkinson’s disease involves loss of mesodiencephalic
dopaminergic neurons from Substantia nigra that further

leads to motor dysfunctions. For this matter, cell
replacement therapy could represent an efficient solution
for the disruption of the dopaminergic signaling in the
brain (Ramos-Moreno et al., 2012). In patients suffering
from Parkinson’s disease, NSCs show modified
transcriptomic and proteomic profiles for genes and
proteins  participating in  mitochondrial  function,
metabolism, and cytoskeleton organization. Also, they
transit into a primed-quiescent, proliferative state
(Donega et al., 2019). Implantation of dopaminergic
neurons derived from NSCs, not only reduced motor
dysfunction in rats, but also improved drug response and
cognitive performance, along with enhanced survival and
maturation (Ramos-Moreno et al., 2012). These neurons
are capable of dopamine release after excitation, have
good tyrosine hydroxylase activity and present reduced
asymmetric rotation specific to Parkinson’s disease
(Kang et al., 2014).

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis represents an incurable
neurodegenerative disease affecting motoneurons from
the primary cortex, brainstem and spinal cord. A phase |
clinical study used foetal human NSCs to assess their
safety and efficacy after transplantation to ALS suffering
patients. NSCs therapy did not increase disease
progression and led to improvements that lasted up to 7
months. Giving the fact that only 6 patients were
included in this study and the conclusions were
promising, there is a need for further investigation on
larger groups (Mazzini et al., 2015). It was observed that
during NSCs’ differentiation into motoneurons,
mitochondrial biogenesis is increased, while glycolytic
flux is decreased. These results could therefore serve for
a better understanding of ALS development that involves
impaired mitobiogenesis (O’Brien et al., 2015).

Conclusions

Neural stem cells represent a heterogenous population of
cells residing in two distinct niches at brain level, which
further dictate their fate through various mechanical,
biochemical, and  epigenetic  regulators  that
collaboratively work together in preserving tissue
homeostasis. NSCs’ fate can be influenced not only by
local factors, but also by cells located outside their niche,
as well as by cues outside the body such as physical
exercise or physiological factors, many of them having
specific, contextual effects. Even though there are a lot of
studies trying to elucidate the complex mechanism
underlying NSCs’ fate, there are still unanswered
guestions and intricacies. Thus, integrative analysis,
provided by multi-omics approaches, could serve for a
better insight of the relationships existing between
different regulators. Nevertheless, NSCs have great
potential in treating neurodegenerative disorders, being a
huge resource of possible therapeutic strategies.
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