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Abstract: Oligodendrogenesis is essential for replacing worn-out oligodendrocytes, promoting myelin
plasticity, and for myelin repair following a demyelinating injury in the adult mammalian brain.
Neural stem cells are an important source of oligodendrocytes in the adult brain; however, there are
considerable differences in oligodendrogenesis from neural stem cells residing in different areas of
the adult brain. Amongst the distinct niches containing neural stem cells, the subventricular zone
lining the lateral ventricles and the subgranular zone in the dentate gyrus of the hippocampus are
considered the principle areas of adult neurogenesis. In addition to these areas, radial glia-like cells,
which are the precursors of neural stem cells, are found in the lining of the third ventricle, where they
are called tanycytes, and in the cerebellum, where they are called Bergmann glia. In this review, we
will describe the contribution and regulation of each of these niches in adult oligodendrogenesis.
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1. Introduction

In the central nervous system, the main function of oligodendrocytes is to myelinate
axons by spirally wrapping their cellular processes around them. Myelination is essential
to increase the speed of conduction of action potentials along the axons and results in dev-
astating functional consequences when it is lost in demyelinating diseases such as multiple
sclerosis (MS). Oligodendrogenesis, which is the generation of new oligodendrocytes, is
essential in the healthy adult brain to replace worn-out cells and for adaptive myelination
in the healthy brain. It is also required for regenerating myelin or remyelination to repair
the axons that have lost their myelin or are demyelinated as a result of various neuro-
logical diseases. In the healthy adult mouse brain, 90% of oligodendrocytes survive for
more than 8 months, indicating a very low rate of oligodendrogenesis [1]. Similarly, the
oligodendrocyte population in the white matter of the human brain is remarkably stable,
with an annual turnover of 0.3%, after the completion of developmental myelination [2].
Hence, a major role of oligodendrogenesis is regeneration of myelin in the diseased brain.
The most common neurological disease characterized by loss of myelin is multiple scle-
rosis (MS), but recent studies have highlighted the presence of demyelination in other
neurodegenerative diseases such as Alzheimer’s disease, Amyotrophic lateral sclerosis,
Huntington’s disease, and Parkinson’s disease [3]. Thus, regeneration of myelin is likely to
be a common therapeutic strategy for ameliorating or slowing the disease course of several
neurological diseases.

Myelin can be regenerated either by adult oligodendrocytes in the surrounding
area [4,5] or by newly formed oligodendrocytes produced in response to a demyelinating
injury. However, recent studies in zebrafish suggest that in contrast to new oligodendro-
cytes, the surviving old oligodendrocytes not only elaborate fewer myelin sheaths but also
target the myelin to neuronal cell bodies. Such myelin-wrapped neuronal cell bodies are

Cells 2022, 11, 2101. https:/ /doi.org/10.3390/ cells11132101

https:/ /www.mdpi.com/journal/cells


https://doi.org/10.3390/cells11132101
https://doi.org/10.3390/cells11132101
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://doi.org/10.3390/cells11132101
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells11132101?type=check_update&version=1

Cells 2022, 11, 2101

20f19

also observed in postmortem human MS brains, implying that remyelination by existing
oligodendrocytes is highly inefficient [6].

There are two sources of new oligodendrocytes in the adult mammalian brain—
oligodendrocyte progenitor cells (OPCs), which are present throughout the parenchyma,
and neural stem cells (NSCs), which reside in specific niches in the brain. Although OPCs
are an important source of new oligodendrocytes in demyelinated lesions [7-14], for the
purpose of this review, we will focus on regeneration of oligodendrocytes from NSCs in
the adult mammalian brain, after the completion of developmental myelination.

NSCs differentiate into oligodendrocytes by transitioning through various stages of
development that include the OPCs, marked by expression of NG2 and PDGFR«, which
ultimately differentiate into mature oligodendrocytes expressing CC1 and myelin proteins
such as MBP and MOG both in vivo and in vitro [8]. In the adult brain, they can promote
remyelination in vivo either by replenishing the adult OPCs recruited into lesions, or as
a direct source of oligodendrocytes themselves. NSCs are defined as multipotent cells
that (i) express stem cell markers such as GFAP, GLAST, and CD133; (ii) are capable of
self-renewing; and (iii) have the capacity to differentiate into neurons, astrocytes, and
oligodendrocytes at least in vitro. Amongst the stem cell niches in the adult mammalian
brain, the subventricular zone (SVZ) lining the walls of the lateral ventricles and the
subgranular zone (5GZ) in the dentate gyrus of the hippocampus are the primary zones
for neurogenesis. However, other areas such as the cerebellum and the lining of the
third ventricle, that harbor radial glia-like cells, may have the potential for generation
of oligodendrocytes in vivo [15]. In this review, we will describe the role of NSCs in
oligodendrogenesis, in each of these areas.

2. Subventricular Zone (SVZ)

The SVZ, also called the ventricular-subventricular zone (V-5VZ) and subependymal
zone (SEZ), is the largest germinative area and includes the medial, lateral, and dorsal
or subcallosal walls of the lateral ventricles. The adult SVZ consists of slowly dividing,
quiescent type B NSCs (qQNSCs) expressing GFAP, GLAST, and CD133, which upregulate
nestin and EGFR when activated for neurogenesis. These activated NSCs divide to produce
the type C transit-amplifying progenitors (TAPs), expressing nestin, Ascll (Mash1), Olig2,
DIx2, and EGFR [16-21]. The TAPs in turn generate the type A migratory neuroblasts,
expressing PSA-NCAM, Pax6, and doublecortin (Dcx), which enter the rostral migratory
stream (RMS) and migrate to the olfactory bulb, where they differentiate into interneurons.
The gNSCs account for 3-9% of the cells in the adult SVZ and are specified from radial
glial cells in the embryonic brain between E13.5 and E15.5 but remain quiescent until
activated for neurogenesis in the postnatal brain [22-26]. They also retain their radial
glia-like morphology with a primary apical cilium contacting the CSF and a longer basal
process towards the blood vessels [27]. They are the least proliferative cells in the SVZ,
with a cell cycle length of 17-18 h and a short S-phase length of 4 h. In contrast, the TAPs
constitute 14-22% of cells in the adult SVZ [28] and are the most proliferative cells, with
a cell cycle length of 18-25 h and a long S-phase length of 14-17 h, while the neuroblasts
have a cell cycle length of 18 h and S-phase length of 9 h. Thus, the qNSCs divide initially
to produce TAPs, which divide three times, producing the neuroblasts that undergo one or
possibly two divisions before differentiating into mature postmitotic cells [29]. The aNSCs
and TAPs grow in vitro as neurospheres in suspension cultures and can differentiate into
all three lineages: neurons, oligodendrocytes, and astrocytes (Figure 1) [25,30]. However,
the neuroblasts do not form neurospheres and can only differentiate into neurons, when
cultured in vitro [31]. Of the 2-6% of proliferating aNSCs in the adult SVZ, only about
20-30% self-renew by dividing symmetrically, and the rest divide to generate TAPs, grad-
ually depleting the pool over time [25,32-35]. However, the number of gNSCs is tightly
regulated and dependent not only on the number of TAPs but also on the niche occupancy
such that increasing the proliferation of TAPs results in decreasing the proliferation and
numbers of gNSCs [36-38]. This is controlled in part by epidermal growth factor (EGF) and
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Stages

Markers

Proliferation

notch signaling, which promote their quiescence, and bone morphogenetic protein (BMP)
signaling, which inhibits their activation [36,39]. The different stages of NSCs, marked by
expression of GFAP, Nestin, EGFR, and PSA-NCAM, are also observed in the adult human
SVZ lining the lateral ventricles [40-42]. Similar to the mouse NSCs, the cells from the
adult human SVZ grow as neurospheres and differentiate into all three lineages: neurons,
astrocytes, and oligodendrocytes in vitro [43].

qNSC s aNSC mmmmm) TAP mmmmm) Neuroblast

GFAP GFAP Nestin Dcx
CD133 GLAST EGFR, Olig2 PSA-NCAM
GLAST Nestin Pax6, Ascll Olig2

wt S| T

OPC Oligodendrocyte Astrocyte Neuron

Figure 1. Stages of neural stem cells and their markers. The different stages of neural stem cells
(NSCs) are identified by expression of markers and level of proliferation. Only activated NSCs
(aNSCs) and transit-amplifying progenitors (TAPs) grow as neurospheres and differentiate into the
oligodendroglial, astroglial, and neuronal lineages in vitro. OPC, oligodendrocyte progenitor cell.

The developmental origins of NSCs result in heterogeneous populations of gqNSCs,
which produce different types of olfactory bulb interneurons in the adult brain. Distinct
regions of the germinal zones in the embryo give rise to the different subsets of qNSCs in the
adult SVZ. The embryonic pallium forms the dorsal or subcallosal wall of the adult lateral
ventricle, the lateral ganglionic eminence forms the dorsal part of the lateral wall, the medial
ganglionic eminence forms the ventral part of the lateral wall, while the septum forms the
medial wall of the adult lateral ventricles [44]. Thus, in addition to GFAP, GLAST, and
CD133, which are expressed in all qNSCs, these cells express one of the transcription factors
retained from their embryonic origins, e.g., Nkx2.1, Glil, Gsx2, Emx1, and Zic [44-46]. Each
of these subsets of qNSCs is likely to have a different potential for oligodendrogenesis in
the healthy and injured adult brain.

2.1. Evidence of Oligodendrogenesis from NSCs in the Adult SVZ
2.1.1. Lineage Tracing and Proliferation
Retroviral lineage tracing studies in neonatal rat brains provided the earliest evidence

of oligodendrogenesis in the postnatal SVZ. Proliferating NSCs were labeled with stereo-
tactic injection of retroviruses expressing LacZ into the lateral ventricles of postnatal Day 2
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or 3 rats, and LacZ+ oligodendrocytes were detected a month later in the cortex, corpus
callosum, and striatum [47]. Subsequent studies showed that NSCs isolated from the adult
SVZ generate oligodendrocytes when grown as neurospheres in vitro [48-50].

Indirect evidence of oligodendrogenesis in the adult SVZ came from proliferation
studies following demyelination in the mouse brain. These studies used tritiated thymidine
(3H-thymidine) and 5-bromo-2’-deoxyuridine (BrdU) labeling to show an increase in pro-
liferation of NSCs along with labeled oligodendrocytes co-expressing PSA-NCAM in the
white matter corpus callosum [51,52]. Focal demyelination also increased the proliferation
of TAPs and the expression of pro-oligodendrogenic transcription factors such as Olig?2,
Ascll, and Nkx2.2 [53]. In fact, mild disruption of myelin was sufficient to increase pro-
liferation of NSCs in the SVZ, resulting in enhanced oligodendrogenesis in Plp-null mice,
which show progressive demyelination and axonal pathology [54]. Similarly, there was
a 3-fold increase in proliferation in the SVZ, along with oligodendrocyte progenitors co-
expressing PSA-NCAM in postmortem human MS brains [55]. Interestingly, this increase
in oligodendrogenesis in the MS brain was associated with a decrease in neurogenesis,
suggesting a fate switch as a likely mechanism along with an increase in proliferation [56].

Confirmation of oligodendrogenesis from gNSCs in the healthy adult mouse brain
came from in vivo studies using avian retroviruses (RCAS) to label GFAP+ NSCs express-
ing the avian leukosis virus receptor Tva [50]. In these experiments, oligodendrocytes
derived from qNSCs were found in the corpus callosum, striatum, and fimbria, and in vitro
clonal analysis further confirmed the generation of oligodendrocytes from these NSCs. In
addition, there was a 4-fold increase in oligodendrocytes derived from qNSCs in the corpus
callosum following lysolecithin-induced focal demyelination [50]. Similarly, lineage tracing
of Nestin+ NSCs and TAPs following demyelination revealed that these cells migrate to
the lesion and generate myelinating oligodendrocytes predominantly in the area of the
corpus callosum adjacent to the anterior SVZ. However, this response of NSCs in the SVZ
is delayed and occurs after the exhaustion of oligodendrogenesis by local OPCs [57,58].
Interestingly, all gNSCs do not have the same potential for oligodendrogenesis. Although
all NSCs are multipotent, live imaging of the NSCs derived from the dorsal and lateral SVZ
showed that a single NSC does not give rise to both neurons and oligodendrocytes, and
that expression of Pax6 or Olig2 in TAPs determines their neurogenic vs. oligodendrogenic
fate, respectively [59]. Moreover, oligodendrogenesis is regionalized, with the dorsal SVZ
being more oligodendrogenic compared to the more neurogenic lateral SVZ [59]. This
regionalization arises from the developmental origin of oligodendrocytes.

2.1.2. Developmental Origin of Adult NSC Heterogeneity

In the developing forebrain, oligodendrocytes arise in three sequential waves from
discrete regions of the embryonic SVZ expressing different transcription factors, i.e., from
Nkx2.1+ NSCs in the medial ganglionic eminence, followed by Gsx2+ NSCs in the lateral
ganglionic eminence, and finally the Emx1+ NSCs in the pallium or cortical ventricular zone.
The adult SVZ retains the Nkx2.1+ NSCs in the ventral tip, Gsx2+ NSCs in the dorsolateral
wall, and the Emx1+ NSCs in the dorsal or subcallosal wall of the lateral ventricles. The
Emx1- and Gsx2-derived oligodendrocytes survive in the adult brain, while the Nkx2.1-
derived oligodendrocytes disappear from the postnatal brain [60-62]. Further, tracing
the lineage of Emx1+ NSCs in the early postnatal brain showed that the Emx1-derived
oligodendrocytes, preferentially remyelinated lesions following focal demyelination in the
adult brain [63]. Whether the adult Emx1 pool generates new oligodendrocytes in response
to demyelination remains unknown. More recently, single-cell RN Aseq analysis of the
adult SVZ indicated that the dorsal gNSCs have a greater potential for oligodendrocyte
differentiation than the ventral qNSCs [46]. Thus, it seems likely that the dorsal SVZ has
the potential to regenerate oligodendrocytes following demyelination more efficiently than
the lateral SVZ.

In the adult brain, 9.2% of the cells in the dorsolateral SVZ express Gsx2; of these,
16% are GFAP+ qNSCs, and the rest are EGFR+ TAPs. Loss of Gsx2 in the adult SVZ has
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SVZ

no effect on oligodendrogenesis, but gain of function inhibits neurogenesis and increases
astrocyte generation in the olfactory bulb [64]. This is in contrast to the embryonic SVZ,
where loss of Gsx2 increases differentiation into OPCs, and high levels of Gsx2 inhibit
oligodendrogenesis [65]. However, further studies are needed to examine whether Gsx2+
NSCs are capable of regenerating oligodendrocytes following demyelination and whether
inhibition of Gsx2 can enhance remyelination in the adult brain.

Another subset of NSCs expressing Glil resides in the ventrolateral wall of the lateral
ventricles but does not generate oligodendrocytes in the healthy adult mouse brain; instead,
they give rise to interneurons and astrocytes in the olfactory bulb (Figure 2). About 25% of
Glil-expressing cells in the SVZ are GFAP+ qNSCs, 20% are Olig2+ TAPs, and 18% are PSA-
NCAM-+ neuroblasts [66]. Glil is expressed in gNSCs and their immediate precursor cells,
but not in OPCs or mature oligodendrocytes in the adult brain. Although fate-mapping the
Glil NSCs for up to 6 months did not label oligodendrocytes [42], long-term fate-mapping
detected a few oligodendrocytes in the corpus callosum, a year after labeling the Glil
NSCs [66]. These few oligodendrocytes are likely a response to age-related loss of myelin,
especially since Glil NSCs respond to demyelination by generating oligodendrocytes in
the adult corpus callosum [42,67,68]. Loss of Glil further enhances oligodendrogenesis in
response to demyelination [42].

Third Ventricle

'

Figure 2. Neural stem cells in the adult subventricular zone (SVZ), hippocampal subgranular zone
(5GZ), and the lining of the third ventricle. Glil NSCs were fate-mapped by tamoxifen injection
in the adult (P60-80) Gli1CreER;Ai9 mice and analyzed by immunofluorescence for GFAP (green)
to detect NSCs, TdT (magenta) to detect Glil fate-mapped cells, and Hoechst (blue) to detect cell
nuclei, 2 weeks after tamoxifen administration. The right panels are higher magnification views of
the dotted boxes in the left panels. The arrows indicate the area in the coronal brain sections from
Allen brain atlas. Scale bar = 50 um.

Of all the different subsets of gNSCs, the Glil pool has been most extensively studied
for its remyelination potential. Further studies are needed to confirm the role of other
gNSCs such as the Emx1, Gsx2, Zicl, and Nkx2.1 subsets for oligodendrogenesis in the
adult forebrain, both in health and disease.
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2.2. Signaling Pathways Regulating Oligodendrogenesis from NSCs in the SVZ

There are several signaling pathways important for maintaining the SVZ niche and for
generating oligodendrocytes in response to a demyelinating injury. Here, we have high-
lighted the role of the major signaling pathways: Shh, TGF[3, EGF, Wnt, and Notch pathways.

2.2.1. Sonic Hedgehog (Shh)

Shh signaling is essential for maintaining the NSCs in the adult SVZ. Shh signals by
binding to its receptor patched, relieving the inhibition of Smoothened (Smo), which in
turn increases the activation of downstream transcription factors Glil and Gli2 and inhibits
Gli3 repressor function [69]. In the healthy adult SVZ, ablation of Smo in all gNSCs and
TAPs inhibits their proliferation and consequently reduces the generation of olfactory bulb
interneurons [70]. Conversely, in vitro treatment of primary SVZ NSCs with Shh increases
Glil expression along with their proliferation and blocks their differentiation [71,72]. In-
deed, Glil upregulates a group of ‘stemness’ genes, including Nanog, Sox2, K1f4, Nestin,
Promininl (CD133), and Bmil [73].

In the adult SVZ, Gli2 and Gli3 are expressed in all gNSCs, with slightly more abun-
dance of Gli3 in the dorsolateral SVZ, but Glil is restricted to the ventrolateral SVZ. All
three Gli genes are downregulated as the NSCs proliferate and progress through the TAP
and neuroblast stages [74,75]. Inhibition of the Shh pathway by loss of Smo reduces the
proliferation and number of qNSCs. However, this effect is rescued by the combined loss
of Gli3 and Smo, indicating that Gli3 repressor function is a key inhibitor of neurogenesis
in the healthy adult brain [74]. Consistently, ablation of Gli3 in the dorsolateral SVZ, which
has low levels of Shh signaling, leads to an increase in Olig2+ TAPs [75]. Since Olig2 not
only specifies TAPs at basal levels but also increases oligodendrogenesis when overex-
pressed, these studies suggest that loss of Gli3 may enhance oligodendrogenesis [28,76,77].
Further studies are needed to directly assess the effect of Gli3 on the number of mature
oligodendrocytes in the corpus callosum during homeostasis and remyelination.

While loss of Smo specifically in Glil NSCs in the ventrolateral SVZ does not alter
oligodendrogenesis following demyelination, constitutive activation of Smo in Glil NSCs
increases proliferation of Glil NSCs along with the generation of OPCs without increasing
the number of remyelinating oligodendrocytes [42]. In contrast, inhibition of Glil either
genetically or pharmacologically not only enhances the proliferation of Glil NSCs but also
increases the generation of remyelinating oligodendrocytes following demyelination [42].
Since Glil is expressed in response to the highest levels of Shh, these studies indicate
that while Shh is important for maintenance of gNSCs and generation of OPCs, high Shh
signaling inhibits the generation of mature myelinating oligodendrocytes. Gli2 is essential
for the enhanced remyelination by Glil inhibition [78], further confirming that lower levels
of Shh signaling enhance remyelination, and highlighting the nuanced role of Shh signaling
in remyelination. Whether Shh plays a role in oligodendrogenesis by other subsets of
gNSCs in the adult SVZ remains to be studied.

2.2.2. Transforming Growth Factor-Beta (TGFf) Superfamily

The TGFf superfamily consists of more than 100 proteins, including the bone mor-
phogenetic proteins (BMPs) and transforming growth factor-beta (TGFf3) cytokines. Of the
more than 20 BMP family members, BMP2 and BMP4 are the most extensively studied with
respect to their effects on oligodendrogenesis in the developing and adult brain [79,80].
BMPs are secreted proteins that signal through heteromeric serine/threonine kinase re-
ceptors with BMP2 and BMP4 primarily signaling via the type 1 receptors, BMPR1a and
BMPRI1b, and the ligand-binding type 2 receptor BMPRIIL. Both BMPs are highly expressed
by gNSCs and TAPs, and their receptors, BMPR1a and BMPRII, are expressed in all stages,
but BMPR1b is only expressed by neuroblasts [81]. Active BMP2/4 signaling is only de-
tected in the gNSCs and TAPs in the adult SVZ [82], while noggin, an extracellular inhibitor
of BMP signaling, is expressed by the ependymal cells adjacent to the NSCs [81,83].
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During development, BMP signaling is a potent inhibitor of oligodendrogenesis, and
inhibition of the pathway with noggin rescues this inhibition in vivo and in vitro [84-86].
Similarly, inhibition of BMP signaling in qNSCs and TAPs with noggin or in neuroblasts
with chordin increases oligodendrogenesis from adult SVZ-derived NSCs in vitro [31,87].
Conversely, an increase in BMP signaling cell-autonomously inhibits proliferation and
production of neuroblasts, indicating a functional role for BMP signaling in maintaining
quiescence of NSCs and preventing neurogenesis [81]. Consistently, inhibition of BMP
signaling in adult gNSCs in vivo, either genetically using Glast-CreER; Smad4-floxed
mice or pharmacologically with noggin infusion, significantly reduces neurogenesis by
decreasing the number of neuroblasts without affecting the number and proliferation
of JNSCs and TAPs. This effect is due to an increase in Olig2 expression in the TAPs,
resulting in migration of the neuroblasts to the corpus callosum and differentiation into
oligodendrocytes, thereby increasing oligodendrogenesis at the expense of neurogenesis in
the healthy adult brain [82].

These effects of BMP signaling on oligodendrogenesis are recapitulated upon demyeli-
nation, where a reduction in BMP signaling is accompanied by decreased neurogenesis
in the olfactory bulb with a corresponding increase in the proliferation of Olig2+ TAPs,
leading to an increase in oligodendrocytes in the lesion [56]. Demyelination increases
BMP4 signaling in gNSCs and TAPs but not in neuroblasts. It also increases the number of
gqNSCs in the adult SVZ, and inhibition of BMP signaling with noggin infusion significantly
decreases their number with a concomitant increase in TAPs without affecting the number
of neuroblasts [87].

The TGFf subfamily consists of three isoforms, TGF31, TGF32, and TGFf3, which
bind to serine-threonine kinase receptors. TGF[31 signals by binding to the receptor TGFB3R2
leading to recruitment and phosphorylation of the TGFBR1 receptor, activating its kinase.
Activated TGFfR1 phosphorylates Smad2/3, which form a complex with Smad4 and
translocate to the nucleus for regulation of transcription by interacting with smad-binding
elements in the promoter regions [88]. TGF(31 is predominantly expressed in the choroid
plexus and meninges in the healthy adult brain, but following an injury;, it is expressed
by astrocytes, neurons, and microglia. The ligand-binding receptor TGFBR2 is mostly
expressed in TAPs along with a smaller proportion of gNSCs, but not in OPCs in the adult
brain [89]. Unlike BMP signaling, genetic loss of TGFf3 signaling in gNSCs has no effect
on the number of TAPs or neuroblasts [82]. However, intraventricular infusion of TGFf1
decreases the proliferation of adult NSCs [89].

The TGFEp family is of great interest since it influences proliferation, migration, and
differentiation of NSCs in addition to modulating the immune system [90]. Indeed, TGFf3
ligands, including TGF31 as well as the receptors TGFBR1 and TGFBR2, are highly ex-
pressed by reactive astrocytes and microglia in chronic MS lesions [91]. TGFf1 is also
upregulated in the aging brain where remyelination is limited [92,93]. In rodents, demyeli-
nating lesions show higher TGF{31 expression [94], and transgenic overexpression of TGFf1
in the brain results in earlier onset and more severe disease in the EAE model, suggesting
a negative role in remyelination [95]. On the contrary, genetic knockout of TGFf1 in the
developing embryo results in focal demyelination in the brain, suggesting a positive effect
on developmental myelination [96]. Thus, the actions of TGF{31 signaling are dependent on
the timing, concentration, and cell type, suggesting the presence of specific modulators of
the pathway in different cells to enable a differential response. Indeed, NSCs in the healthy
SVZ respond to TGF1 by inhibiting proliferation at lower levels and inducing apoptosis
at higher levels [89]. However, the effects of TGFf1 on different subsets of gNSCs for
oligodendrogenesis and the molecular mechanisms involved remain unresolved.

2.2.3. Epidermal Growth Factor (EGF)

The expression of the EGF receptor (EGFR) coupled with a high proliferative capacity
enables the TAPs to grow as neurospheres in the presence of EGF, in vitro [19,20]. Enhanc-
ing EGF signaling by intraventricular infusion of EGF expands the qNSCs, increasing the
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generation of Olig2+Nestin+ TAPs, which migrate and differentiate into oligodendrocytes
in the healthy corpus callosum, septum, striatum, and cortex of the adult mouse brain [97].
However, enhancing EGF signaling specifically in TAPs, by overexpressing EGFR in these
cells in vivo, increases their proliferation but reduces the activation of qNSCs, suggesting
a role for EGF in regulating the relative numbers of qNSCs and TAPs [36]. These EGF-
expanded TAPs also promote remyelination following focal demyelination in the adult
brain [97,98]. Indeed, inhibition of EGF signaling in vivo, using a hypomorphic EGFR
mutant mouse, decreases the proliferation of TAPs, leading to reduced oligodendrogenesis
following focal demyelination in the adult brain [99]. Thus, EGF signaling mainly functions
to promote proliferation of TAPs and oligodendrogenesis. Whether this pathway has
similar effects on TAPs derived from different subsets of gNSCs remains unknown.

2.2.4. Wnt Signaling

The Wingless/Integrasel (Wnt) family of secreted glycoproteins consists of 19 Wnt
proteins that signal via -catenin dependent (canonical) or independent (noncanonical)
pathways. Canonical Wnt signaling involves stabilization and translocation of (3-catenin to
the nucleus, where it binds TCF/LEF transcription factors to activate downstream effectors
of the pathway, including Axin2, a sensitive readout of the pathway [100]. Wnt/ 3-catenin
signaling is active in qNSCs and TAPs but not in the neuroblasts of adult SVZ [38,101]. It
has different outcomes in the dorsal SVZ, which is more oligodendrogenic compared to the
more neurogenic lateral SVZ. In the lateral SVZ, activation of (3-catenin increases neurogen-
esis in the olfactory bulb by enhancing proliferation of TAPs [101,102]. In the dorsal SVZ,
[-catenin is expressed mostly in QNSCs, with relatively fewer TAPs and neuroblasts in
the adult brain [103]. Activation of the pathway selectively stimulates proliferation of the
oligodendrogenic lineage by reducing the cell cycle length, ultimately generating a higher
number of oligodendrocytes from the dorsal SVZ [59]. Thus, canonical Wnt signaling en-
hances oligodendrogenesis from adult NSCs in the dorsal SVZ but increases neurogenesis
in the lateral SVZ.

In contrast to the canonical pathway, non-canonical Wnt signaling acting via Cdc42
promotes quiescence in gNSCs by inhibiting proliferation [104]. However, demyelination
activates the canonical pathway and down-regulates the non-canonical pathway, which
activates qNSCs, induces proliferation of TAPs, and increases oligodendrogenesis [104].
Canonical Wnt pathway is also active in MS lesions in the human brain; however, dysregu-
lated pathway activity ultimately leads to failure of remyelination by inhibiting maturation
of OPCs into myelinating oligodendrocytes [105]. Overall, canonical Wnt/ 3-catenin signal-
ing increases proliferation and enhances oligodendrogenesis from select NSC populations
in the adult SVZ.

2.2.5. Notch

Notch is a transmembrane protein that binds to receptors DII1 and Jagged1 in neigh-
boring cells, leading to cleavage and translocation of the notch intracellular domain (NICD)
into the nucleus where it activates target genes such as Hesl and Hes5 [106]. Notch1 and
Hes1 are predominantly expressed in qNSCs, whereas DIll1 and Jagged1 are expressed
in TAPs and neuroblasts. Increasing notchl/Jaggedl signaling increases neurogenesis
by stimulating the proliferation of TAPs [36,107,108]. The gNSCs become dependent on
notch signaling upon activation, and thus, ablation of notch signaling reduces neurogenesis
without decreasing the number of gNSCs [109,110]. This pathway also interacts with
other signaling pathways such as Shh and EGF and it improves the survival of gNSCs
by activating Shh and mTOR pathways [111]. However, EGF signaling in TAPs reduces
notch activity in gNSCs, inhibiting their proliferation [36]. Thus, notch activity regulates
neurogenesis mainly by facilitating communication between the gNSCs and TAPs in the
healthy adult brain.

Demyelination induces Jagged1 expression and increases notch activity in Olig2+ TAPs
and OPCs [112]. It also upregulates Endothelinl (ET-1), which activates notch signaling
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in QNSCs, inducing their quiescence and reducing neurogenesis [113]. Overall, activation
of Notch signaling via noncanonical Wnt signaling or direct overexpression of the notch
intracellular domain (NICD) inhibits remyelination by promoting NSC quiescence and
decreasing oligodendrogenesis [104].

3. Subgranular Zone (SGZ)

The SGZ is the layer of cells, adjacent to the granule cell layer, lining the hilus in the
dentate gyrus of the hippocampus and is one of the principle areas of neurogenesis along
with the SVZ. Since it is located away from the ventricles, it is not in close proximity to
ependymal cells. However, similar to the SVZ, the radial glia-like NSCs, with their cell
bodies in the subgranular layer and their processes traversing the granule cell layer, give
rise to intermediate progenitors or transit-amplifying progenitors (TAPs) and neuroblasts
that generate granule neurons [114]. The NSCs express GFAP and Sox2 while the TAPs
express Sox2, Olig2, and proliferation markers such as MCM2, and the neuroblasts ex-
press PSA-NCAM and doublecortin (Dcx) [115-117]. The fate of NSCs in the SGZ can
be altered by overexpressing or inhibiting transcription factors. As observed in the SVZ,
Pax6 promotes neurogenesis, and overexpression of Pax6 induces maturation of the neu-
roblasts into postmitotic neurons. In contrast, inhibition of Olig2, the oligodendrogenic
transcription factor, represses oligodendrogenesis and switches the fate of neuroblasts to
the astrocytic lineage [118]. In addition, overexpressing Ascll inhibits neurogenesis and
induces oligodendroglial lineage commitment [119].

Amongst the gNSCs in the SGZ are the Shh-responsive Glil-expressing cells, with
about 19% of these cells being GFAP+ gNSCs and 38% being PSA-NCAM+ neuroblasts [66].
Shh is expressed in the granule neurons of the dentate gyrus, adjacent to the hippocampal
Glil stem cells (Figure 2) [120-123]. In vivo overexpression of Shh increases the prolif-
eration of NSCs, and pharmacological inhibition of Shh with cyclopamine reduces their
proliferation, although the specific population of NSCs affected is unknown [123].

The SGZ NSCs are regulated by some of the same signaling pathways as the SVZ.
While Wnt and Shh pathways activate the NSCs, BMP and notch signaling promote their
quiescence [124]. Canonical Wnt signaling via -catenin is active in the SGZ, with the
adult hippocampal NSCs responding to Wnt ligands, i.e., Wnt3 secreted by the astrocytes.
Wnt signaling specifically increases neuronal differentiation of NSCs without altering
the generation of astrocytes and oligodendrocytes. This effect is due to an increase in
proliferation of Dcx+ neuroblasts, but the oligodendrocyte progenitors are not affected by
Wnt3 [125].

BMPs are also expressed in the SGZ along with their receptors and their inhibitor,
noggin [126-129]. BMP signaling is critical in maintaining hippocampal neurogenesis,
with enhanced BMP signaling decreasing neurogenesis and inhibition of BMP signaling
with noggin increasing the self-renewal of GFAP+ NSCs in the SGZ [130]. Similar to that
observed in the SVZ, infusion of TGFf31 in the ventricles or overexpression of TGF{31
in NSCs reduced their proliferation by arresting them in the G0/G1 phase of the cell
cycle, resulting in a decrease in the number of Dcx+ neuroblasts [89,131,132]. Consistently,
reducing TGFf1 signaling in nonhuman primates resulted in an increase in proliferation of
NSCs and accelerated neurogenesis in the hippocampus [133].

Hippocampal demyelination is common in people with MS and correlates with mem-
ory impairments and cognitive decline [134-136]. In mice, demyelination using a cuprizone
diet reduced the proliferation of TAPs in the adult SGZ [137-139], but the neuroblasts
proliferated and differentiated into mature oligodendrocytes [140]. Further studies are
needed to identify mechanisms for enhancing remyelination by NSCs in the SGZ.

4. Tanycytes Lining the Third Ventricle

The NSCs in the adult hypothalamus play an important role in regulation of food
intake and energy balance [141,142]. The hypothalamic third ventricle is lined by a single
layer of cells, consisting of multiciliated ependymal cells along with tanycytes, which have
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a single cilium and a radial glia-like morphology with long processes extending into the
parenchyma [143,144]. Based on their position in the third ventricle, the tanycytes are
classified as a-tanycytes in the lateral wall and p-tanycytes in the floor, lining the median
eminence. Depending on the projection of their processes, a-tanycytes are further sub-
divided into al-tanycytes extending from ventromedial to the dorsomedial nucleus and
a2-tanycytes adjacent to the arcuate nucleus [145]. The tanycytes express NSC markers
such as GFAP, GLAST, vimentin, and nestin; proliferate in vivo; and grow as FGF and
EGF-responsive neurospheres, which can differentiate into neurons, astrocytes, and oligo-
dendrocytes in vitro [143,146-149]. The adult human brain also contains NSCs expressing
GFAP and nestin in the hypothalamic third-ventricular wall [40]. Further, in vivo lineage
tracing experiments in the adult mouse brain show that tanycytes can generate neurons and
astrocytes in the adult hypothalamus, indicating their multipotent capacity [143,145,146].
Thus, these cells can potentially behave as NSCs of the third ventricle.

Tanycytes are regulated by signaling pathways such as Shh and BMPs. Sonic hedgehog
(Shh) is known to be important for the development of hypothalamus, and treatment of em-
bryonic hypothalamic neurospheres with Shh in vitro increases their proliferation [150,151].
In addition, permanently labeling the Sonic hedgehog (Shh)-expressing cells in the Shh-
CreER mouse embryo (E7.5-E11.5) showed that these cells generate tanycytes in the adult
brain [152]. While Shh is expressed in the tanycytes lining the ventral third ventricle, Ptc,
Smo, and Glil are expressed in the tanycytes lining the median eminence in addition to the
ventral part of third ventricle (Figure 2) [122]. In contrast, BMPs and noggin are expressed
in the paraventricular hypothalamic nuclei surrounding the third ventricle [127-129]. How-
ever, the role of Shh and BMPs in oligodendrocyte generation in the healthy hypothalamus
and in remyelination is unknown.

Although tanycytes do not generate oligodendrocytes in the healthy adult brain, indi-
rect evidence suggests that these cells may be activated in response to demyelination in the
hypothalamus and the neighboring optic nerve. Demyelination of the optic nerve close
to the third ventricle increased the proliferation and generation of oligodendrocytes [153],
consistent with their role in myelination of the optic nerve during development [154]. More-
over, when NSCs harvested from the median eminence containing the 3-tanycytes were
transplanted into the shiverer mouse brain lacking myelin, they preferentially differentiated
into oligodendrocytes [155]. Thus tanycytes residing in the third ventricle are a potential
source of NSCs for remyelination.

5. Cerebellum

The adult cerebellum contains NSCs that form neurospheres and differentiate into
neurons, oligodendrocytes, and astrocytes in vitro, but their precise in vivo location is
unknown [156]. Radial glia are precursors of NSCs in the brain [157], and the cerebellum
contains a discrete population of these cells called Bergmann glia, with their cell bodies
located in the Purkinje cell layer and processes (Bergmann fibers) extending radially to
the pial surface of the adult cerebellum [158]. Based on co-expression of NSC markers
such as Sox1/2/9, GFAP, GLAST, and vimentin, several studies have suggested that
Bergmann glia are the NSCs in the adult mouse and human cerebellum [159-162]. Moreover,
these cells proliferate in response to exercise [161] and death of granule cells [163]. They
express Glil, and their cell bodies are adjacent to the Purkinje neurons, which secrete
Shh (Figure 3) [121,164,165]. In fact, Shh is essential for generation of Bergmann glia
from precursor cells in the developing cerebellum [166]. In addition, notch signaling is
essential for their position and morphology in the adult cerebellum [167]. BMP2 and
BMP4 are also expressed in Purkinje neurons and Bergmann glia, but their functional
role is unclear [128,129]. Thus, Bergmann glia are likely to be the putative NSCs of the
adult cerebellum, but their role in oligodendrogenesis in the healthy cerebellum and in
remyelination needs further examination.
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Figure 3. Bergmann glia in the adult cerebellum. Glil-expressing Bergmann glia were fate-mapped by
tamoxifen injection in the adult (P60-80) GlilCreER;Ai9 mice and analyzed by immunofluorescence
to detect TdT-positive (red) Glil fate-mapped cells and Hoechst (blue)-positive cell nuclei, 2 weeks
after tamoxifen administration.

The nature and source of myelin regeneration in the adult cerebellum are still not clear,
despite the description of cerebellar signs in people with MS as early as 1877 by Charcot.
Cerebellar dysfunction, early in the MS disease course, is predictive of disability and disease
progression, and most people with MS develop cerebellar signs after they enter the progres-
sive stages [168-172]. Overall, 11-33% of people with MS are predominantly affected by
cerebellar signs and symptoms, which include tremors, ataxia, and slurred speech, under-
scoring the importance of enhancing remyelination in the cerebellum [173,174]. Moreover,
the cellular source and mechanisms of remyelination are likely to be different from those in
the cerebrum, as indicated by the lack of effects by the FDA-approved MS drug fingolimod
in the cerebellum [175].

6. Conclusions and Future Perspectives

Oligodendrogenesis is essential in the healthy brain for replacing worn-out oligoden-
drocytes and for promoting myelin plasticity. It is also necessary for myelin regeneration
following demyelinating injury in the adult mammalian brain. There are distinct pools of
NSCs that generate oligodendrocytes with distinct molecular mechanisms of oligodendro-
genesis in the healthy vs. demyelinated brain. Future studies using genetic manipulation
of signaling pathways in specific subsets of NSCs are essential to delineate the molecular
mechanisms regulating oligodendrogenesis in the healthy vs. demyelinated brain.

There are considerable differences between remyelination achieved by new oligoden-
drocytes derived from OPCs and NSCs. Most notably, axons remyelinated by NSCs have a
normal G-ratio in contrast to thinly myelinated axons, which are a hallmark of remyelina-
tion by OPCs [42,57]. In addition, there are potential differences between remyelination by
aged local OPCs vs. newly formed OPCs by NSCs, consistent with limited remyelination
by OPCs observed in the aging brain [176,177]. While aged OPCs have limited capacity for
remyelination, NSCs retain their potential for proliferation and differentiation in the aging
brain, although their numbers decline with age, thus underscoring the need to enhance
remyelination by NSCs [178]. More importantly, inhibition of NSC-mediated remyelination
by ablating them results in axonal loss highlighting their significant functional contribution
to remyelination [179]. Taken together these studies suggest that remyelination by NSCs
may provide chronic axonal protection, and enhancing remyelination by NSCs may be
beneficial to preventing axonal degeneration thus providing a strategy for neuroprotective
therapy in MS and other neurological diseases.

Finally, the potential for enhancing oligodendrogenesis from NSCs residing in multiple
areas of the adult brain is becoming increasingly clear. In order to harness this potential, we
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have to not only decipher how NSCs in each niche are regulated by the different signaling
pathways but also take into consideration the heterogeneity of NSCs within each niche.

7. Patents

A patent on the method of targeting GLI1 as a strategy to promote remyelination has
been awarded, with J. Samanta listed as a co-inventor.

Author Contributions: Conceptualization, ].S.; Figures, D.Z.R.; writing—original draft preparation,
J.S.; writing—review and editing, D.Z.R.; supervision, ].S.; funding acquisition, J.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This article was funded by NIH/NINDS, Grant Numbers R01 NS119517 (J.S.) and R03
NS126993 (J.S.).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Tripathi, R.B.; Jackiewicz, M.; McKenzie, I.A.; Kougioumtzidou, E.; Grist, M.; Richardson, W.D. Remarkable Stability of
Myelinating Oligodendrocytes in Mice. Cell Rep. 2017, 21, 316-323. [CrossRef]

2. Yeung, M.S,; Zdunek, S.; Bergmann, O.; Bernard, S.; Salehpour, M.; Alkass, K.; Perl, S.; Tisdale, J.; Possnert, G.; Brundin, L.; et al.
Dynamics of oligodendrocyte generation and myelination in the human brain. Cell 2014, 159, 766-774. [CrossRef]

3. Chen, ].F; Wang, F; Huang, N.X,; Xiao, L.; Mei, F. Oligodendrocytes and myelin: Active players in neurodegenerative brains?
Dev. Neurobiol. 2022, 82, 160-174. [CrossRef]

4. Yeung, M.S.Y;; Djelloul, M.; Steiner, E.; Bernard, S.; Salehpour, M.; Possnert, G.; Brundin, L.; Frisen, ]. Dynamics of oligodendrocyte
generation in multiple sclerosis. Nature 2019, 566, 538-542. [CrossRef]

5. Duncan, I.D.; Raddliff, A.B.; Heidari, M.; Kidd, G.; August, B.K.; Wierenga, L.A. The adult oligodendrocyte can participate in
remyelination. Proc. Natl. Acad. Sci. USA 2018, 115, E11807-E11816. [CrossRef]

6.  Neely, S.A.; Williamson, ].M.; Klingseisen, A.; Zoupi, L.; Early, ].].; Williams, A.; Lyons, D.A. New oligodendrocytes exhibit more
abundant and accurate myelin regeneration than those that survive demyelination. Nat. Neurosci. 2022, 25, 415-420. [CrossRef]

7. Watanabe, M.; Toyama, Y.; Nishiyama, A. Differentiation of proliferated NG2-positive glial progenitor cells in a remyelinating
lesion. J. Neurosci. Res. 2002, 69, 826-836. [CrossRef]

8.  Redwine, ].M.; Armstrong, R.C. In vivo proliferation of oligodendrocyte progenitors expressing PDGFalphaR during early
remyelination. J. Neurobiol. 1998, 37, 413—-428. [CrossRef]

9. Gensert, ].M.; Goldman, J.E. Endogenous progenitors remyelinate demyelinated axons in the adult CNS. Neuron 1997, 19, 197-203.
[CrossRef]

10. Groves, A K,; Barnett, S.C.; Franklin, R.J.; Crang, A.]J.; Mayer, M.; Blakemore, W.F.; Noble, M. Repair of demyelinated lesions by
transplantation of purified O-2A progenitor cells. Nature 1993, 362, 453-455. [CrossRef]

11. Levine, ].M.; Reynolds, R. Activation and proliferation of endogenous oligodendrocyte precursor cells during ethidium bromide-
induced demyelination. Exp. Neurol. 1999, 160, 333-347. [CrossRef]

12.  Nishiyama, A.; Boshans, L.; Goncalves, C.M.; Wegrzyn, J.; Patel, K.D. Lineage, fate, and fate potential of NG2-glia. Brain Res.
2016, 1638 Pt B, 116-128. [CrossRef]

13.  Warrington, A.E.; Barbarese, E.; Pfeiffer, S.E. Differential myelinogenic capacity of specific developmental stages of the oligoden-
drocyte lineage upon transplantation into hypomyelinating hosts. J. Neurosci. Res. 1993, 34, 1-13. [CrossRef]

14. Kremer, D.; Gottle, P.; Hartung, H.P.; Kury, P. Pushing Forward: Remyelination as the New Frontier in CNS Diseases. Trends
Neurosci. 2016, 39, 246-263. [CrossRef]

15. Pinto, L.; Gotz, M. Radial glial cell heterogeneity—the source of diverse progeny in the CNS. Prog Neurobiol. 2007, 83, 2-23.
[CrossRef]

16. Doetsch, F; Caille, I; Lim, D.A.; Garcia-Verdugo, ]. M.; Alvarez-Buylla, A. Subventricular zone astrocytes are neural stem cells in
the adult mammalian brain. Cell 1999, 97, 703-716. [CrossRef]

17.  Doetsch, E; Garcia-Verdugo, ].M.; Alvarez-Buylla, A. Cellular composition and three-dimensional organization of the subventric-
ular germinal zone in the adult mammalian brain. J. Neurosci. 1997, 17, 5046-5061. [CrossRef]

18. Doetsch, F; Garcia-Verdugo, ].M.; Alvarez-Buylla, A. Regeneration of a germinal layer in the adult mammalian brain. Proc. Natl.
Acad. Sci. USA 1999, 96, 11619-11624. [CrossRef]

19. Doetsch, F.; Petreanu, L.; Caille, I.; Garcia-Verdugo, ].M.; Alvarez-Buylla, A. EGF converts transit-amplifying neurogenic
precursors in the adult brain into multipotent stem cells. Neuron 2002, 36, 1021-1034. [CrossRef]

20. Pastrana, E.; Cheng, L.C.; Doetsch, F. Simultaneous prospective purification of adult subventricular zone neural stem cells and

their progeny. Proc. Natl. Acad. Sci. USA 2009, 106, 6387-6392. [CrossRef]


http://doi.org/10.1016/j.celrep.2017.09.050
http://doi.org/10.1016/j.cell.2014.10.011
http://doi.org/10.1002/dneu.22867
http://doi.org/10.1038/s41586-018-0842-3
http://doi.org/10.1073/pnas.1808064115
http://doi.org/10.1038/s41593-021-01009-x
http://doi.org/10.1002/jnr.10338
http://doi.org/10.1002/(SICI)1097-4695(19981115)37:3&lt;413::AID-NEU7&gt;3.0.CO;2-8
http://doi.org/10.1016/S0896-6273(00)80359-1
http://doi.org/10.1038/362453a0
http://doi.org/10.1006/exnr.1999.7224
http://doi.org/10.1016/j.brainres.2015.08.013
http://doi.org/10.1002/jnr.490340102
http://doi.org/10.1016/j.tins.2016.02.004
http://doi.org/10.1016/j.pneurobio.2007.02.010
http://doi.org/10.1016/S0092-8674(00)80783-7
http://doi.org/10.1523/JNEUROSCI.17-13-05046.1997
http://doi.org/10.1073/pnas.96.20.11619
http://doi.org/10.1016/S0896-6273(02)01133-9
http://doi.org/10.1073/pnas.0810407106

Cells 2022, 11, 2101 13 0of 19

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Codega, P; Silva-Vargas, V.; Paul, A.; Maldonado-Soto, A.R; Deleo, A.M.; Pastrana, E.; Doetsch, F. Prospective identification and
purification of quiescent adult neural stem cells from their in vivo niche. Neuron 2014, 82, 545-559. [CrossRef] [PubMed]
Fuentealba, L.C.; Rompani, S.B.; Parraguez, J.I.; Obernier, K.; Romero, R.; Cepko, C.L.; Alvarez-Buylla, A. Embryonic Origin of
Postnatal Neural Stem Cells. Cell 2015, 161, 1644-1655. [CrossRef] [PubMed]

Furutachi, S.; Miya, H.; Watanabe, T.; Kawai, H.; Yamasaki, N.; Harada, Y.; Imayosho, I.; Nelson, M.; Nakayama, K.I;
Hirabayashi, Y.; et al. Slowly dividing neural progenitors are an embryonic origin of adult neural stem cells. Nat. Neurosci. 2015,
18, 657-665. [CrossRef] [PubMed]

Hu, X.L.; Chen, G.; Zhang, S.; Zheng, J.; Wu, J.; Bai, Q.R.; Wang, Y.; Li, ].; Wang, H.; Feng, H.; et al. Persistent Expression of
VCAMI in Radial Glial Cells Is Required for the Embryonic Origin of Postnatal Neural Stem Cells. Neuron. 2017, 95, 309-325.e306.
[CrossRef] [PubMed]

Mich, ] K,; Signer, R.A.; Nakada, D.; Pineda, A.; Burgess, R.].; Vue, T.Y.; Johnson, ]J.E.; Morrison, S.J. Prospective identification of
functionally distinct stem cells and neurosphere-initiating cells in adult mouse forebrain. Elife 2014, 3, €02669. [CrossRef]
Redmond, S.A.; Figueres-Onate, M.; Obernier, K.; Nascimento, M.A.; Parraguez, ].I.; Lopez-Mascaraque, L.; Fuentealba, L.C.;
Alvarez-Buylla, A. Development of Ependymal and Postnatal Neural Stem Cells and Their Origin from a Common Embryonic
Progenitor. Cell Rep. 2019, 27, 429-441.e423. [CrossRef]

Obernier, K.; Alvarez-Buylla, A. Neural stem cells: Origin, heterogeneity and regulation in the adult mammalian brain. Develop-
ment 2019, 146(4), dev156059. [CrossRef]

Hack, M.A.; Saghatelyan, A.; de Chevigny, A.; Pfeifer, A.; Ashery-Padan, R.; Lledo, PM.; Gotz, M. Neuronal fate determinants of
adult olfactory bulb neurogenesis. Nat. Neurosci. 2005, 8, 865-872. [CrossRef]

Ponti, G.; Obernier, K.; Guinto, C.; Jose, L.; Bonfanti, L.; Alvarez-Buylla, A. Cell cycle and lineage progression of neural progenitors
in the ventricular-subventricular zones of adult mice. Proc. Natl. Acad. Sci. USA 2013, 110, E1045-E1054. [CrossRef]

Pastrana, E.; Silva-Vargas, V.; Doetsch, F. Eyes wide open: A critical review of sphere-formation as an assay for stem cells. Cell
Stem Cell 2011, 8, 486—498. [CrossRef]

Jablonska, B.; Aguirre, A.; Raymond, M.; Szabo, G.; Kitabatake, Y.; Sailor, K.A.; Ming, G.L.; Song, H.; Gallo, V. Chordin-induced
lineage plasticity of adult SVZ neuroblasts after demyelination. Nat. Neurosci. 2010, 13, 541-550. [CrossRef] [PubMed]
Obernier, K.; Cebrian-Silla, A.; Thomson, M.; Parraguez, ].I; Anderson, R.; Guinto, C.; Rodas Rodriguez, J.; Garcia-Verdugo, ].M.;
Alvarez-Buylla, A. Adult Neurogenesis Is Sustained by Symmetric Self-Renewal and Differentiation. Cell Stem Cell 2018,
22,221-234.e228. [CrossRef] [PubMed]

Shook, B.A.; Manz, D.H,; Peters, ].J.; Kang, S.; Conover, ].C. Spatiotemporal changes to the subventricular zone stem cell pool
through aging. J. Neurosci. 2012, 32, 6947-6956. [CrossRef] [PubMed]

Lupo, G.; Gioia, R.; Nisi, PS.; Biagioni, S.; Cacci, E. Molecular Mechanisms of Neurogenic Aging in the Adult Mouse Subventricular
Zone. ]. Exp. Neurosci. 2019, 13, 1179069519829040. [CrossRef] [PubMed]

Calzolari, F; Michel, J.; Baumgart, E.V.; Theis, F.; Gotz, M.; Ninkovic, ]. Fast clonal expansion and limited neural stem cell
self-renewal in the adult subependymal zone. Nat. Neurosci. 2015, 18, 490-492. [CrossRef]

Aguirre, A.; Rubio, M.E.; Gallo, V. Notch and EGFR pathway interaction regulates neural stem cell number and self-renewal.
Nature 2010, 467, 323-327. [CrossRef]

Dray, N.; Than-Trong, E.; Bally-Cuif, L. Neural stem cell pools in the vertebrate adult brain: Homeostasis from cell-autonomous
decisions or community rules? Bioessays 2021, 43, e2000228. [CrossRef]

Basak, O.; Krieger, T.G.; Muraro, M.].; Wiebrands, K.; Stange, D.E.; Frias-Aldeguer, J.; Rivron, N.C.; van de Wetering, M.;
van Es, ].H.; van Oudenaarden, A.; et al. Troy+ brain stem cells cycle through quiescence and regulate their number by sensing
niche occupancy. Proc. Natl. Acad. Sci. USA 2018, 115, E610-E619. [CrossRef]

Llorens-Bobadilla, E.; Zhao, S.; Baser, A.; Saiz-Castro, G.; Zwadlo, K.; Martin-Villalba, A. Single-Cell Transcriptomics Reveals a
Population of Dormant Neural Stem Cells that Become Activated upon Brain Injury. Cell Stem Cell 2015, 17, 329-340. [CrossRef]
Bernier, PJ.; Vinet, J.; Cossette, M.; Parent, A. Characterization of the subventricular zone of the adult human brain: Evidence for
the involvement of Bcl-2. Neurosci. Res. 2000, 37, 67-78. [CrossRef]

Weickert, C.S.; Webster, M.].; Colvin, S.M.; Herman, M.M.; Hyde, TM.; Weinberger, D.R.; Kleinman, J.E. Localization of epidermal
growth factor receptors and putative neuroblasts in human subependymal zone. |. Comp. Neurol. 2000, 423, 359-372. [CrossRef]
Samanta, J.; Grund, E.M,; Silva, H.M.; Lafaille, ].].; Fishell, G.; Salzer, J.L. Inhibition of Glil mobilizes endogenous neural stem
cells for remyelination. Nature 2015, 526, 448-452. [CrossRef] [PubMed]

Kukekov, V.G.; Laywell, E.D.; Suslov, O.; Davies, K.; Scheffler, B.; Thomas, L.B.; O’Brien, T.F; Kusakabe, M.; Steindler, D.A.
Multipotent stem/progenitor cells with similar properties arise from two neurogenic regions of adult human brain. Exp. Neurol.
1999, 156, 333-344. [CrossRef] [PubMed]

Chaker, Z.; Codega, P; Doetsch, F. A mosaic world: Puzzles revealed by adult neural stem cell heterogeneity. Wiley Interdiscip Rev.
Dev. Biol. 2016, 5, 640-658. [CrossRef] [PubMed]

Alvarez-Buylla, A.; Kohwi, M.; Nguyen, T.M.; Merkle, ET. The heterogeneity of adult neural stem cells and the emerging
complexity of their niche. Cold Spring Harb. Symp. Quant. Biol. 2008, 73, 357-365. [CrossRef]

Cebrian-Silla, A.; Nascimento, M.A.; Redmond, S.A.; Mansky, B.; Wu, D.; Obernier, K.; Romero Rodriguez, R.; Gonzalez-Granero, S.;
Garcia-Verdugo, ].M.; Lim, D.A; et al. Single-cell analysis of the ventricular-subventricular zone reveals signatures of dorsal and
ventral adult neurogenesis. Elife 2021, 10, e67436. [CrossRef]


http://doi.org/10.1016/j.neuron.2014.02.039
http://www.ncbi.nlm.nih.gov/pubmed/24811379
http://doi.org/10.1016/j.cell.2015.05.041
http://www.ncbi.nlm.nih.gov/pubmed/26091041
http://doi.org/10.1038/nn.3989
http://www.ncbi.nlm.nih.gov/pubmed/25821910
http://doi.org/10.1016/j.neuron.2017.06.047
http://www.ncbi.nlm.nih.gov/pubmed/28728023
http://doi.org/10.7554/eLife.02669
http://doi.org/10.1016/j.celrep.2019.01.088
http://doi.org/10.1242/dev.156059
http://doi.org/10.1038/nn1479
http://doi.org/10.1073/pnas.1219563110
http://doi.org/10.1016/j.stem.2011.04.007
http://doi.org/10.1038/nn.2536
http://www.ncbi.nlm.nih.gov/pubmed/20418875
http://doi.org/10.1016/j.stem.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/29395056
http://doi.org/10.1523/JNEUROSCI.5987-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22593063
http://doi.org/10.1177/1179069519829040
http://www.ncbi.nlm.nih.gov/pubmed/30814846
http://doi.org/10.1038/nn.3963
http://doi.org/10.1038/nature09347
http://doi.org/10.1002/bies.202000228
http://doi.org/10.1073/pnas.1715911114
http://doi.org/10.1016/j.stem.2015.07.002
http://doi.org/10.1016/S0168-0102(00)00102-4
http://doi.org/10.1002/1096-9861(20000731)423:3&lt;359::AID-CNE1&gt;3.0.CO;2-0
http://doi.org/10.1038/nature14957
http://www.ncbi.nlm.nih.gov/pubmed/26416758
http://doi.org/10.1006/exnr.1999.7028
http://www.ncbi.nlm.nih.gov/pubmed/10328940
http://doi.org/10.1002/wdev.248
http://www.ncbi.nlm.nih.gov/pubmed/27647730
http://doi.org/10.1101/sqb.2008.73.019
http://doi.org/10.7554/eLife.67436

Cells 2022, 11, 2101 14 of 19

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Levison, S.W.; Goldman, J.E. Both oligodendrocytes and astrocytes develop from progenitors in the subventricular zone of
postnatal rat forebrain. Neuron 1993, 10, 201-212. [CrossRef]

Gritti, A.; Parati, E.A.; Cova, L.; Frolichsthal, P.; Galli, R.; Wanke, E.; Faravelli, L.; Morassutti, D.].; Roisen, E; Nickel, D.D.; et al.
Multipotential stem cells from the adult mouse brain proliferate and self-renew in response to basic fibroblast growth factor.
J. Neurosci. 1996, 16, 1091-1100. [CrossRef]

Weiss, S.; Dunne, C.; Hewson, J.; Wohl, C.; Wheatley, M.; Peterson, A.C.; Reynolds, B.A. Multipotent CNS stem cells are present in
the adult mammalian spinal cord and ventricular neuroaxis. J. Neurosci. 1996, 16, 7599-7609. [CrossRef]

Menn, B.; Garcia-Verdugo, ].M.; Yaschine, C.; Gonzalez-Perez, O.; Rowitch, D.; Alvarez-Buylla, A. Origin of oligodendrocytes in
the subventricular zone of the adult brain. . Neurosci. 2006, 26, 7907-7918. [CrossRef]

Nait-Oumesmar, B.; Decker, L.; Lachapelle, F.; Avellana-Adalid, V.; Bachelin, C.; Baron-Van Evercooren, A. Progenitor cells of the
adult mouse subventricular zone proliferate, migrate and differentiate into oligodendrocytes after demyelination. Eur. ]. Neurosci.
1999, 11, 4357-4366. [CrossRef] [PubMed]

Picard-Riera, N.; Decker, L.; Delarasse, C.; Goude, K.; Nait-Oumesmar, B.; Liblau, R.; Pham-Dinh, D.; Baron-Van Evercooren, A.
Experimental autoimmune encephalomyelitis mobilizes neural progenitors from the subventricular zone to undergo oligoden-
drogenesis in adult mice. Proc. Natl. Acad. Sci. USA 2002, 99, 13211-13216. [CrossRef] [PubMed]

Nakatani, H.; Martin, E.; Hassani, H.; Clavairoly, A.; Maire, C.L.; Viadieu, A.; Kerninon, C.; Delmasure, A.; Frah, M.; Weber, M.;
et al. Ascll/Mash1 promotes brain oligodendrogenesis during myelination and remyelination. J. Neurosci. 2013, 33, 9752-9768.
[CrossRef] [PubMed]

Gould, E.A.; Busquet, N.; Shepherd, D.; Dietz, RM.; Herson, P.S.; Simoes de Souza, FM.; Li, A.; George, N.M.; Restrepo, D.;
Macklin, W.B. Mild myelin disruption elicits early alteration in behavior and proliferation in the subventricular zone. Elife 2018,
7,€e34783. [CrossRef] [PubMed]

Nait-Oumesmar, B.; Picard-Riera, N.; Kerninon, C.; Decker, L.; Seilhean, D.; Hoglinger, G.U.; Hirsch, E.C.; Reynolds, R,;
Baron-Van Evercooren, A. Activation of the subventricular zone in multiple sclerosis: Evidence for early glial progenitors. Proc.
Natl. Acad. Sci. USA 2007, 104, 4694—-4699. [CrossRef] [PubMed]

Tepavcevic, V.; Lazarini, E; Alfaro-Cervello, C.; Kerninon, C.; Yoshikawa, K.; Garcia-Verdugo, ].M.; Lledo, PM.; Nait-Oumesmar, B.;
Baron-Van Evercooren, A. Inflammation-induced subventricular zone dysfunction leads to olfactory deficits in a targeted mouse
model of multiple sclerosis. J. Clin. Investig. 2011, 121, 4722-4734. [CrossRef]

Xing, Y.L.; Roth, P.T.; Stratton, ]J.A.; Chuang, B.H.; Danne, J.; Ellis, S.L.; Ng, S.W,; Kilpatrick, T.J.; Merson, T.D. Adult neu-
ral precursor cells from the subventricular zone contribute significantly to oligodendrocyte regeneration and remyelination.
J. Neurosci. 2014, 34, 14128-14146. [CrossRef]

Serwanski, D.R.; Rasmussen, A.L.; Brunquell, C.B.; Perkins, S.S.; Nishiyama, A. Sequential Contribution of Parenchymal and
Neural Stem Cell-Derived Oligodendrocyte Precursor Cells toward Remyelination. Neuroglia 2018, 1, 91-105. [CrossRef]
Ortega, F; Gascon, S.; Masserdotti, G.; Deshpande, A.; Simon, C.; Fischer, J.; Dimou, L.; Chichung Lie, D.; Schroeder, T.;
Berninger, B. Oligodendrogliogenic and neurogenic adult subependymal zone neural stem cells constitute distinct lineages and
exhibit differential responsiveness to Wnt signalling. Nat. Cell Biol. 2013, 15, 602—-613. [CrossRef]

Kessaris, N.; Fogarty, M.; lannarelli, P.; Grist, M.; Wegner, M.; Richardson, W.D. Competing waves of oligodendrocytes in the
forebrain and postnatal elimination of an embryonic lineage. Nat. Neurosci. 2006, 9, 173-179. [CrossRef]

Tong, C.K.; Fuentealba, L.C.; Shah, ].K.; Lindquist, R.A.; Ihrie, R.A.; Guinto, C.D.; Rodas-Rodriguez, J.L.; Alvarez-Buylla, A. A
Dorsal SHH-Dependent Domain in the V-SVZ Produces Large Numbers of Oligodendroglial Lineage Cells in the Postnatal Brain.
Stem Cell Rep. 2015, 5, 461-470. [CrossRef] [PubMed]

Zhang, Y.; Liu, G.; Guo, T,; Liang, X.G.; Du, H.; Yang, L.; Bhaduri, A.; Li, X;; Xu, Z.; Zhang, Z.; et al. Cortical Neural Stem
Cell Lineage Progression Is Regulated by Extrinsic Signaling Molecule Sonic Hedgehog. Cell Rep. 2020, 30, 4490-4504.e4494.
[CrossRef] [PubMed]

Crawford, A.H.; Tripathi, R.B.; Richardson, W.D.; Franklin, R.J.M. Developmental Origin of Oligodendrocyte Lineage Cells
Determines Response to Demyelination and Susceptibility to Age-Associated Functional Decline. Cell Rep. 2016, 15, 761-773.
[CrossRef] [PubMed]

Lopez-Juarez, A.; Howard, J.; Ullom, K.; Howard, L.; Grande, A.; Pardo, A.; Waclaw, R.; Sun, Y.Y.; Yang, D.; Kuan, C.Y,; et al. Gsx2
controls region-specific activation of neural stem cells and injury-induced neurogenesis in the adult subventricular zone. Genes
Dev. 2013, 27, 1272-1287. [CrossRef] [PubMed]

Chapman, H.; Waclaw, R.R.; Pei, Z.; Nakafuku, M.; Campbell, K. The homeobox gene Gsx2 controls the timing of oligodendroglial
fate specification in mouse lateral ganglionic eminence progenitors. Development 2013, 140, 2289-2298. [CrossRef]

Ahn, S.; Joyner, A.L. In vivo analysis of quiescent adult neural stem cells responding to Sonic hedgehog. Nature 2005, 437, 894-897.
[CrossRef]

Sanchez, M.A.; Armstrong, R.C. Postnatal Sonic hedgehog (Shh) responsive cells give rise to oligodendrocyte lineage cells during
myelination and in adulthood contribute to remyelination. Exp. Neurol. 2018, 299 Pt A, 122-136. [CrossRef]

Piguet, O.; Double, K.L.; Kril, J.J.; Harasty, J.; Macdonald, V.; McRitchie, D.A.; Halliday, G.M. White matter loss in healthy ageing:
A postmortem analysis. Neurobiol. Aging 2009, 30, 1288-1295. [CrossRef]

Fuccillo, M.; Joyner, A.L.; Fishell, G. Morphogen to mitogen: The multiple roles of hedgehog signalling in vertebrate neural
development. Nat. Rev. Neurosci. 2006, 7, 772-783. [CrossRef]


http://doi.org/10.1016/0896-6273(93)90311-E
http://doi.org/10.1523/JNEUROSCI.16-03-01091.1996
http://doi.org/10.1523/JNEUROSCI.16-23-07599.1996
http://doi.org/10.1523/JNEUROSCI.1299-06.2006
http://doi.org/10.1046/j.1460-9568.1999.00873.x
http://www.ncbi.nlm.nih.gov/pubmed/10594662
http://doi.org/10.1073/pnas.192314199
http://www.ncbi.nlm.nih.gov/pubmed/12235363
http://doi.org/10.1523/JNEUROSCI.0805-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23739972
http://doi.org/10.7554/eLife.34783
http://www.ncbi.nlm.nih.gov/pubmed/29436368
http://doi.org/10.1073/pnas.0606835104
http://www.ncbi.nlm.nih.gov/pubmed/17360586
http://doi.org/10.1172/JCI59145
http://doi.org/10.1523/JNEUROSCI.3491-13.2014
http://doi.org/10.3390/neuroglia1010008
http://doi.org/10.1038/ncb2736
http://doi.org/10.1038/nn1620
http://doi.org/10.1016/j.stemcr.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26411905
http://doi.org/10.1016/j.celrep.2020.03.027
http://www.ncbi.nlm.nih.gov/pubmed/32234482
http://doi.org/10.1016/j.celrep.2016.03.069
http://www.ncbi.nlm.nih.gov/pubmed/27149850
http://doi.org/10.1101/gad.217539.113
http://www.ncbi.nlm.nih.gov/pubmed/23723414
http://doi.org/10.1242/dev.091090
http://doi.org/10.1038/nature03994
http://doi.org/10.1016/j.expneurol.2017.10.010
http://doi.org/10.1016/j.neurobiolaging.2007.10.015
http://doi.org/10.1038/nrn1990

Cells 2022, 11, 2101 15 0f 19

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Balordj, F; Fishell, G. Mosaic removal of hedgehog signaling in the adult SVZ reveals that the residual wild-type stem cells have
a limited capacity for self-renewal. ] Neurosci. 2007, 27, 14248-14259. [CrossRef]

Palma, V,; Lim, D.A.; Dahmane, N.; Sanchez, P.; Brionne, T.C.; Herzberg, C.D.; Gitton, Y.; Carleton, A.; Alvarez-Buylla, A;
Ruiz i Altaba, A. Sonic hedgehog controls stem cell behavior in the postnatal and adult brain. Development 2005, 132, 335-344.
[CrossRef]

Galvin, K.E.; Ye, H.; Wetmore, C. Differential gene induction by genetic and ligand-mediated activation of the Sonic hedgehog
pathway in neural stem cells. Dev. Biol. 2007, 308, 331-342. [CrossRef] [PubMed]

Stecca, B.; Ruiz i Altaba, A. A GLI1-p53 inhibitory loop controls neural stem cell and tumour cell numbers. EMBO J. 2009,
28, 663-676. [CrossRef]

Petrova, R.; Garcia, A.D.; Joyner, A.L. Titration of GLI3 repressor activity by sonic hedgehog signaling is critical for maintaining
multiple adult neural stem cell and astrocyte functions.s. J. Neurosci. 2013, 33, 17490-17505. [CrossRef] [PubMed]

Embalabala, R.J.; Brockman, A A ; Jurewicz, A.R.; Kong, ].A; Ryan, K.; Guinto, C.D.; Alvarez-Buylla, A.; Chiang, C.; Ihrie, R.A.
GLI3 Is Required for OLIG2+ Progeny Production in Adult Dorsal Neural Stem Cells. Cells 2022, 11, 218. [CrossRef]

Maire, C.L.; Wegener, A.; Kerninon, C.; Nait Oumesmar, B. Gain-of-function of Olig transcription factors enhances oligodendroge-
nesis and myelination. Stem Cells. 2010, 28, 1611-1622. [CrossRef] [PubMed]

Del Aguila, A.; Adam, M.; Ullom, K.; Shaw, N.; Qin, S.; Ehrman, J.; Nardini, D.; Salomone, J.; Gebelein, B.; Lu, Q.R.; et al. Olig2
defines a subset of neural stem cells that produce specific olfactory bulb interneuron subtypes in the subventricular zone of adult
mice. Development 2022, 149, dev200028. [CrossRef] [PubMed]

Radecki, D.Z.; Messling, H.M.; Haggerty-Skeans, J.R.; Bhamidipati, S.K.; Clawson, E.D.; Overman, C.A.; Thatcher, M.M,;
Salzer, J.L.; Samanta, J. Relative Levels of Glil and Gli2 Determine the Response of Ventral Neural Stem Cells to Demyelination.
Stem Cell Rep. 2020, 15, 1047-1055. [CrossRef] [PubMed]

Sabo, ].K.; Kilpatrick, T.J.; Cate, H.S. Effects of bone morphogenic proteins on neural precursor cells and regulation during central
nervous system injury. Neurosignals 2009, 17, 255-264. [CrossRef]

Bond, A.M.; Bhalala, O.G.; Kessler, ].A. The dynamic role of bone morphogenetic proteins in neural stem cell fate and maturation.
Dev. Neurobiol. 2012, 72, 1068-1084. [CrossRef]

Lim, D.A.; Tramontin, A.D.; Trevejo, ] M.; Herrera, D.G.; Garcia-Verdugo, ] M.; Alvarez-Buylla, A. Noggin antagonizes BMP
signaling to create a niche for adult neurogenesis. Neuron 2000, 28, 713-726. [CrossRef]

Colak, D.; Mori, T.; Brill, M.S,; Pfeifer, A.; Falk, S.; Deng, C.; Monteiro, R.; Mummery, C.; Sommer, L.; Gotz, M. Adult neurogenesis
requires Smad4-mediated bone morphogenic protein signaling in stem cells. J. Neurosci. 2008, 28, 434—446. [CrossRef] [PubMed]
Peretto, P.; Dati, C.; De Marchis, S.; Kim, H.H.; Ukhanova, M.; Fasolo, A.; Margolis, F.L. Expression of the secreted factors noggin
and bone morphogenetic proteins in the subependymal layer and olfactory bulb of the adult mouse brain. Neuroscience 2004,
128, 685-696. [CrossRef]

Gomes, W.A.; Mehler, M.E,; Kessler, ].A. Transgenic overexpression of BMP4 increases astroglial and decreases oligodendroglial
lineage commitment. Dev. Biol. 2003, 255, 164-177. [CrossRef]

Mehler, M.E,; Mabie, P.C.; Zhu, G.; Gokhan, S.; Kessler, ].A. Developmental changes in progenitor cell responsiveness to bone
morphogenetic proteins differentially modulate progressive CNS lineage fate. Dev. Neurosci. 2000, 22, 74-85. [CrossRef]
Samanta, J.; Kessler, J.A. Interactions between ID and OLIG proteins mediate the inhibitory effects of BMP4 on oligodendroglial
differentiation. Development 2004, 131, 4131-4142. [CrossRef] [PubMed]

Cate, H.S; Sabo, ].K.; Merlo, D.; Kemper, D.; Aumann, T.D.; Robinson, J.; Merson, T.D.; Emery, B.; Perreau, V.M.; Kilpatrick, T.J.
Modulation of bone morphogenic protein signalling alters numbers of astrocytes and oligodendroglia in the subventricular zone
during cuprizone-induced demyelination. J. Neurochem. 2010, 115, 11-22. [CrossRef] [PubMed]

Aigner, L.; Bogdahn, U. TGF-beta in neural stem cells and in tumors of the central nervous system. Cell Tissue Res. 2008,
331, 225-241. [CrossRef]

Wachs, F.P.; Winner, B.; Couillard-Despres, S.; Schiller, T.; Aigner, R.; Winkler, J.; Bogdahn, U.; Aigner, L. Transforming growth
factor-betal is a negative modulator of adult neurogenesis. J. Neuropathol. Exp. Neurol. 2006, 65, 358-370. [CrossRef] [PubMed]
David, C.J.; Massague, J. Contextual determinants of TGFbeta action in development, immunity and cancer. Nat. Rev. Mol. Cell
Biol. 2018, 19, 419-435. [CrossRef]

De Groot, C.J.; Montagne, L.; Barten, A.D.; Sminia, P.; Van Der Valk, P. Expression of transforming growth factor (TGF)-betal,
-beta2, and -beta3 isoforms and TGF-beta type I and type II receptors in multiple sclerosis lesions and human adult astrocyte
cultures. J. Neuropathol. Exp. Neurol. 1999, 58, 174-187. [CrossRef] [PubMed]

Pasinetti, G.M.; Hassler, M; Stone, D.; Finch, C.E. Glial gene expression during aging in rat striatum and in long-term responses
to 6-OHDA lesions. Synapse 1999, 31, 278-284. [CrossRef]

Nicaise, A.M.; Wagstaff, L.].; Willis, C.M.; Paisie, C.; Chandok, H.; Robson, P.; Fossati, V.; Williams, A.; Crocker, S.J. Cellular
senescence in progenitor cells contributes to diminished remyelination potential in progressive multiple sclerosis. Proc. Natl.
Acad. Sci. USA 2019, 116, 9030-9039. [CrossRef] [PubMed]

Hinks, G.L.; Franklin, R.J. Delayed changes in growth factor gene expression during slow remyelination in the CNS of aged rats.
Mol. Cell Neurosci. 2000, 16, 542-556. [CrossRef]

Wyss-Coray, T.; Borrow, P.; Brooker, M.]J.; Mucke, L. Astroglial overproduction of TGF-beta 1 enhances inflammatory central
nervous system disease in transgenic mice. J. Neuroimmunol. 1997, 77, 45-50. [CrossRef]


http://doi.org/10.1523/JNEUROSCI.4531-07.2007
http://doi.org/10.1242/dev.01567
http://doi.org/10.1016/j.ydbio.2007.05.031
http://www.ncbi.nlm.nih.gov/pubmed/17599824
http://doi.org/10.1038/emboj.2009.16
http://doi.org/10.1523/JNEUROSCI.2042-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24174682
http://doi.org/10.3390/cells11020218
http://doi.org/10.1002/stem.480
http://www.ncbi.nlm.nih.gov/pubmed/20672298
http://doi.org/10.1242/dev.200028
http://www.ncbi.nlm.nih.gov/pubmed/35132995
http://doi.org/10.1016/j.stemcr.2020.10.003
http://www.ncbi.nlm.nih.gov/pubmed/33125874
http://doi.org/10.1159/000231892
http://doi.org/10.1002/dneu.22022
http://doi.org/10.1016/S0896-6273(00)00148-3
http://doi.org/10.1523/JNEUROSCI.4374-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18184786
http://doi.org/10.1016/j.neuroscience.2004.06.053
http://doi.org/10.1016/S0012-1606(02)00037-4
http://doi.org/10.1159/000017429
http://doi.org/10.1242/dev.01273
http://www.ncbi.nlm.nih.gov/pubmed/15280210
http://doi.org/10.1111/j.1471-4159.2010.06660.x
http://www.ncbi.nlm.nih.gov/pubmed/20193041
http://doi.org/10.1007/s00441-007-0466-7
http://doi.org/10.1097/01.jnen.0000218444.53405.f0
http://www.ncbi.nlm.nih.gov/pubmed/16691117
http://doi.org/10.1038/s41580-018-0007-0
http://doi.org/10.1097/00005072-199902000-00007
http://www.ncbi.nlm.nih.gov/pubmed/10029100
http://doi.org/10.1002/(SICI)1098-2396(19990315)31:4&lt;278::AID-SYN5&gt;3.0.CO;2-0
http://doi.org/10.1073/pnas.1818348116
http://www.ncbi.nlm.nih.gov/pubmed/30910981
http://doi.org/10.1006/mcne.2000.0897
http://doi.org/10.1016/S0165-5728(97)00049-0

Cells 2022, 11, 2101 16 of 19

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Makwana, M.; Jones, L.L.; Cuthill, D.; Heuer, H.; Bohatschek, M.; Hristova, M.; Friedrichsen, S.; Ormsby, I.; Bueringer, D.;
Koppius, A.; et al. Endogenous transforming growth factor beta 1 suppresses inflammation and promotes survival in adult CNS.
J. Neurosci. 2007, 27, 11201-11213. [CrossRef]

Gonzalez-Perez, O.; Romero-Rodriguez, R.; Soriano-Navarro, M.; Garcia-Verdugo, ]. M.; Alvarez-Buylla, A. Epidermal growth
factor induces the progeny of subventricular zone type B cells to migrate and differentiate into oligodendrocytes. Stemn Cells 2009,
27,2032-2043. [CrossRef]

Cantarella, C.; Cayre, M.; Magalon, K.; Durbec, P. Intranasal HB-EGF administration favors adult SVZ cell mobilization to
demyelinated lesions in mouse corpus callosum. Dev. Neurobiol. 2008, 68, 223-236. [CrossRef]

Aguirre, A.; Dupree, J.L.; Mangin, ].M.; Gallo, V. A functional role for EGFR signaling in myelination and remyelination. Nat.
Neurosci. 2007, 10, 990-1002. [CrossRef]

Wodarz, A.; Nusse, R. Mechanisms of Wnt signaling in development. Annu. Rev. Cell Dev. Biol. 1998, 14, 59-88. [CrossRef]
Adachi, K.; Mirzadeh, Z.; Sakaguchi, M.; Yamashita, T.; Nikolcheva, T.; Gotoh, Y.; Peltz, G.; Gong, L.; Kawase, T,
Alvarez-Buylla, A.; et al. Beta-catenin signaling promotes proliferation of progenitor cells in the adult mouse subventricular zone.
Stem Cells 2007, 25, 2827-2836. [CrossRef] [PubMed]

Yu, ].M.; Kim, ].H.; Song, G.S.; Jung, ].S. Increase in proliferation and differentiation of neural progenitor cells isolated from
postnatal and adult mice brain by Wnt-3a and Wnt-5a. Mol. Cell Biochem. 2006, 288, 17-28. [CrossRef] [PubMed]

Marinaro, C.; Pannese, M.; Weinandy, F,; Sessa, A.; Bergamaschi, A.; Taketo, M.M.; Broccoli, V.; Comi, G.; Gotz, M.; Martino, G.;
et al. Wnt signaling has opposing roles in the developing and the adult brain that are modulated by Hipk1. Cereb. Cortex. 2012,
22,2415-2427. [CrossRef] [PubMed]

Chavali, M,; Klingener, M.; Kokkosis, A.G.; Garkun, Y.; Felong, S.; Maffei, A.; Aguirre, A. Non-canonical Wnt signaling regulates
neural stem cell quiescence during homeostasis and after demyelination. Nat. Commun. 2018, 9, 36. [CrossRef] [PubMed]
Fancy, S.P; Baranzini, S.E.; Zhao, C.; Yuk, D.I; Irvine, K.A.; Kaing, S.; Sanai, N.; Franklin, R.J.; Rowitch, D.H. Dysregulation of the
Wnt pathway inhibits timely myelination and remyelination in the mammalian CNS. Genes Dev. 2009, 23, 1571-1585. [CrossRef]
Kopan, R.; Ilagan, M.X. The canonical Notch signaling pathway: Unfolding the activation mechanism. Cell 2009, 137, 216-233.
[CrossRef]

Givogri, M.L; de Planell, M.; Galbiati, F.; Superchi, D.; Gritti, A.; Vescovi, A.; de Vellis, J.; Bongarzone, E.R. Notch signaling in
astrocytes and neuroblasts of the adult subventricular zone in health and after cortical injury. Dev. Neurosci. 2006, 28, 81-91.
[CrossRef]

Nyfeler, Y.; Kirch, R.D.; Mantei, N.; Leone, D.P,; Radtke, E; Suter, U.; Taylor, V. Jagged1 signals in the postnatal subventricular
zone are required for neural stem cell self-renewal. EMBO J. 2005, 24, 3504-3515. [CrossRef]

Basak, O.; Giachino, C.; Fiorini, E.; Macdonald, H.R.; Taylor, V. Neurogenic subventricular zone stem/progenitor cells are
Notchl-dependent in their active but not quiescent state. J. Neurosci. 2012, 32, 5654-5666. [CrossRef]

Veeraraghavalu, K.; Choi, S.H.; Zhang, X.; Sisodia, S.S. Presenilin 1 mutants impair the self-renewal and differentiation of adult
murine subventricular zone-neuronal progenitors via cell-autonomous mechanisms involving notch signaling. J. Neurosci. 2010,
30, 6903-6915. [CrossRef]

Androutsellis-Theotokis, A.; Leker, R.R.; Soldner, E; Hoeppner, D.J.; Ravin, R.; Poser, S.W.; Rueger, M. A ; Bae, S.K.; Kittappa, R.;
McKay, R.D. Notch signalling regulates stem cell numbers in vitro and in vivo. Nature 2006, 442, 823-826. [CrossRef] [PubMed]
Mathieu, PA.; Almeira Gubiani, M.E; Rodriguez, D.; Gomez Pinto, L.I.; Calcagno, M.L.; Adamo, A.M. Demyelination-
Remyelination in the Central Nervous System: Ligand-Dependent Participation of the Notch Signaling Pathway. Toxicol.
Sci. 2019, 171(1), 172-192. [CrossRef] [PubMed]

Adams, K.L.; Riparini, G.; Banerjee, P.; Breur, M.; Bugiani, M.; Gallo, V. Endothelin-1 signaling maintains glial progenitor
proliferation in the postnatal subventricular zone. Nat. Commun. 2020, 11, 2138. [CrossRef] [PubMed]

Seri, B.; Alvarez-Buylla, A. Neural stem cells and the regulation of neurogenesis in the adult hippocampus. Clin. Neurosci. Res.
2002, 2, 11-16. [CrossRef]

Rieskamp, J.D.; Sarchet, P.; Smith, B.M.; Kirby, E.D. Estimation of the density of neural, glial, and endothelial lineage cells in the
adult mouse dentate gyrus. Neural. Regen. Res. 2022, 17, 1286-1292.

Seri, B.; Garcia-Verdugo, ] M.; McEwen, B.S.; Alvarez-Buylla, A. Astrocytes give rise to new neurons in the adult mammalian
hippocampus. J. Neurosci. 2001, 21, 7153-7160. [CrossRef]

Kempermann, G.; Jessberger, S.; Steiner, B.; Kronenberg, G. Milestones of neuronal development in the adult hippocampus.
Trends Neurosci. 2004, 27, 447-452. [CrossRef]

Klempin, F; Marr, R.A.; Peterson, D.A. Modification of pax6 and olig2 expression in adult hippocampal neurogenesis selectively
induces stem cell fate and alters both neuronal and glial populations. Stem Cells 2012, 30, 500-509. [CrossRef]

Jessberger, S.; Toni, N.; Clemenson, G.D., Jr.; Ray, J.; Gage, EH. Directed differentiation of hippocampal stem/progenitor cells in
the adult brain. Nat. Neurosci. 2008, 11, 888-893. [CrossRef]

Machold, R.; Hayashi, S.; Rutlin, M.; Muzumdar, M.D.; Nery, S.; Corbin, J.G.; Gritli-Linde, A.; Dellovade, T.; Porter, J.A;
Rubin, L.L.; et al. Sonic hedgehog is required for progenitor cell maintenance in telencephalic stem cell niches. Neuron 2003,
39, 937-950. [CrossRef]

Traiffort, E.; Charytoniuk, D.A.; Faure, H.; Ruat, M. Regional distribution of Sonic Hedgehog, patched, and smoothened mRNA
in the adult rat brain. J. Neurochem. 1998, 70, 1327-1330. [CrossRef] [PubMed]


http://doi.org/10.1523/JNEUROSCI.2255-07.2007
http://doi.org/10.1002/stem.119
http://doi.org/10.1002/dneu.20588
http://doi.org/10.1038/nn1938
http://doi.org/10.1146/annurev.cellbio.14.1.59
http://doi.org/10.1634/stemcells.2007-0177
http://www.ncbi.nlm.nih.gov/pubmed/17673525
http://doi.org/10.1007/s11010-005-9113-3
http://www.ncbi.nlm.nih.gov/pubmed/16583142
http://doi.org/10.1093/cercor/bhr320
http://www.ncbi.nlm.nih.gov/pubmed/22095214
http://doi.org/10.1038/s41467-017-02440-0
http://www.ncbi.nlm.nih.gov/pubmed/29296000
http://doi.org/10.1101/gad.1806309
http://doi.org/10.1016/j.cell.2009.03.045
http://doi.org/10.1159/000090755
http://doi.org/10.1038/sj.emboj.7600816
http://doi.org/10.1523/JNEUROSCI.0455-12.2012
http://doi.org/10.1523/JNEUROSCI.0527-10.2010
http://doi.org/10.1038/nature04940
http://www.ncbi.nlm.nih.gov/pubmed/16799564
http://doi.org/10.1093/toxsci/kfz130
http://www.ncbi.nlm.nih.gov/pubmed/31168611
http://doi.org/10.1038/s41467-020-16028-8
http://www.ncbi.nlm.nih.gov/pubmed/32358570
http://doi.org/10.1016/S1566-2772(02)00004-X
http://doi.org/10.1523/JNEUROSCI.21-18-07153.2001
http://doi.org/10.1016/j.tins.2004.05.013
http://doi.org/10.1002/stem.1005
http://doi.org/10.1038/nn.2148
http://doi.org/10.1016/S0896-6273(03)00561-0
http://doi.org/10.1046/j.1471-4159.1998.70031327.x
http://www.ncbi.nlm.nih.gov/pubmed/9489757

Cells 2022, 11, 2101 17 of 19

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Traiffort, E.; Charytoniuk, D.; Watroba, L.; Faure, H.; Sales, N.; Ruat, M. Discrete localizations of hedgehog signalling components
in the developing and adult rat nervous system. Eur. J. Neurosci. 1999, 11, 3199-3214. [CrossRef] [PubMed]

Lai, K.; Kaspar, B.K.; Gage, FH.; Schaffer, D.V. Sonic hedgehog regulates adult neural progenitor proliferation in vitro and in vivo.
Nat. Neurosci. 2003, 6, 21-27. [CrossRef] [PubMed]

Matsubara, S.; Matsuda, T.; Nakashima, K. Regulation of Adult Mammalian Neural Stem Cells and Neurogenesis by Cell Extrinsic
and Intrinsic Factors. Cells 2021, 10, 1145. [CrossRef]

Lie, D.C.; Colamarino, S.A.; Song, H.J.; Desire, L.; Mira, H.; Consiglio, A.; Lein, E.S.; Jessberger, S.; Lansford, H.; Dearie, A.R.; et al.
Wnt signalling regulates adult hippocampal neurogenesis. Nature 2005, 437, 1370-1375. [CrossRef]

Charytoniuk, D.A.; Traiffort, E.; Pinard, E.; Issertial, O.; Seylaz, J.; Ruat, M. Distribution of bone morphogenetic protein and
bone morphogenetic protein receptor transcripts in the rodent nervous system and up-regulation of bone morphogenetic protein
receptor type II in hippocampal dentate gyrus in a rat model of global cerebral ischemia. Neuroscience 2000, 100, 33—43.
Mikawa, S.; Sato, K. Noggin expression in the adult rat brain. Neuroscience 2011, 184, 38-53. [CrossRef]

Mikawa, S.; Wang, C.; Sato, K. Bone morphogenetic protein-4 expression in the adult rat brain. J. Comp. Neurol. 2006, 499, 613-625.
[CrossRef]

Sato, T.; Mikawa, S.; Sato, K. BMP2 expression in the adult rat brain. J. Comp. Neurol. 2010, 518, 4513-4530. [CrossRef]
Bonaguidi, M.A.; Peng, C.Y,; McGuire, T.; Falciglia, G.; Gobeske, K.T.; Czeisler, C.; Kessler, ].A. Noggin expands neural stem cells
in the adult hippocampus. J. Neurosci. 2008, 28, 9194-9204. [CrossRef]

Buckwalter, M.S.; Yamane, M.; Coleman, B.S.; Ormerod, B.K.; Chin, ]J.T.; Palmer, T.; Wyss-Coray, T. Chronically increased
transforming growth factor-betal strongly inhibits hippocampal neurogenesis in aged mice. Am. J. Pathol. 2006, 169, 154-164.
[CrossRef] [PubMed]

Kandasamy, M.; Lehner, B.; Kraus, S.; Sander, PR.; Marschallinger, J.; Rivera, FJ.; Trumbach, D.; Ueberham, U.; Reitsamer, H.A.;
Strauss, O.; et al. TGF-beta signalling in the adult neurogenic niche promotes stem cell quiescence as well as generation of new
neurons. J. Cell. Mol. Med. 2014, 18, 1444-1459. [CrossRef] [PubMed]

Peters, S.; Kuespert, S.; Wirkert, E.; Heydn, R.; Jurek, B.; Johannesen, S.; Hsam, O.; Korte, S.; Ludwig, ET.; Mecklenburg, L.; et al.
Reconditioning the Neurogenic Niche of Adult Non-human Primates by Antisense Oligonucleotide-Mediated Attenuation of
TGFbeta Signaling. Neurotherapeutics 2021, 18, 1963-1979. [CrossRef] [PubMed]

Geurts, J.J.; Bo, L.; Roosendaal, S.D.; Hazes, T.; Daniels, R.; Barkhof, F.; Witter, M.P.; Huitinga, I.; van der Valk, P. Extensive
hippocampal demyelination in multiple sclerosis. ]. Neuropathol. Exp. Neurol. 2007, 66, 819-827. [CrossRef]

Sicotte, N.L.; Kern, K.C.; Giesser, B.S.; Arshanapalli, A.; Schultz, A.; Montag, M.; Wang, H.; Bookheimer, S.Y. Regional hippocampal
atrophy in multiple sclerosis. Brain 2008, 131 Pt 4, 1134-1141. [CrossRef]

Bishop, C.A.; Newbould, R.D.; Lee, ].S.; Honeyfield, L.; Quest, R.; Colasanti, A.; Ali, R.; Mattoscio, M.; Cortese, A.; Nicholas, R.;
et al. Analysis of ageing-associated grey matter volume in patients with multiple sclerosis shows excess atrophy in subcortical
regions. Neuroimage Clin. 2017, 13, 9-15. [CrossRef]

Hahn, K.R.; Kim, W.; Jung, H.Y,; Kwon, H.J.; Kim, D.W.; Hwang, I.K.; Yoon, Y.S. Comparison of the Effects of Cuprizone on
Demyelination in the Corpus Callosum and Hippocampal Progenitors in Young Adult and Aged Mice. Neurochem. Res. 2022,
47,1073-1082. [CrossRef]

Abe, H.; Tanaka, T.; Kimura, M.; Mizukami, S.; Saito, F.; Imatanaka, N.; Akahori, Y.; Yoshida, T.; Shibutani, M. Cuprizone
decreases intermediate and late-stage progenitor cells in hippocampal neurogenesis of rats in a framework of 28-day oral dose
toxicity study. Toxicol. Appl. Pharmacol. 2015, 287, 210-221. [CrossRef]

Zhang, H.; Kim, Y;; Ro, E.J.; Ho, C.; Lee, D.; Trapp, B.D.; Suh, H. Hippocampal Neurogenesis and Neural Circuit Formation in a
Cuprizone-Induced Multiple Sclerosis Mouse Model. J. Neurosci. 2020, 40, 447-458. [CrossRef]

Klein, B.; Mrowetz, H.; Kreutzer, C.; Rotheneichner, P.; Zaunmair, P; Lange, S.; Coras, R.; Couillard-Despres, S.; Rivera, EJ.;
Aigner, L.; et al. DCX(+) neuronal progenitors contribute to new oligodendrocytes during remyelination in the hippocampus. Sci.
Rep. 2020, 10, 20095. [CrossRef]

Pierce, A.A.; Xu, A.W. De novo neurogenesis in adult hypothalamus as a compensatory mechanism to regulate energy balance.
J. Neurosci. 2010, 30, 723-730. [CrossRef] [PubMed]

Kokoeva, M.V,; Yin, H.; Flier, ].S. Neurogenesis in the hypothalamus of adult mice: Potential role in energy balance. Science 2005,
310, 679-683. [CrossRef] [PubMed]

Xu, Y.; Tamamaki, N.; Noda, T.; Kimura, K.; Itokazu, Y.; Matsumoto, N.; Dezawa, M.; Ide, C. Neurogenesis in the ependymal
layer of the adult rat 3rd ventricle. Exp. Neurol. 2005, 192, 251-264. [CrossRef] [PubMed]

Perez-Martin, M.; Cifuentes, M.; Grondona, ].M.; Lopez-Avalos, M.D.; Gomez-Pinedo, U.; Garcia-Verdugo, ].M.; Fernandez-Llebrez, P
IGF-I stimulates neurogenesis in the hypothalamus of adult rats. Eur. J. Neurosci. 2010, 31, 1533-1548. [CrossRef]

Robins, 5.C.; Stewart, I.; McNay, D.E.; Taylor, V.; Giachino, C.; Goetz, M.; Ninkovic, ].; Briancon, N.; Maratos-Flier, E.; Flier, ].S.;
et al. alpha-Tanycytes of the adult hypothalamic third ventricle include distinct populations of FGF-responsive neural progenitors.
Nat. Commun. 2013, 4, 2049. [CrossRef]

Lee, D.A,; Bedont, J.L.; Pak, T.; Wang, H.; Song, J.; Miranda-Angulo, A.; Takiar, V.; Charubhumi, V.; Balordi, F.; Takebayashi, H.;
et al. Tanycytes of the hypothalamic median eminence form a diet-responsive neurogenic niche. Nat. Neurosci. 2012, 15, 700-702.
[CrossRef]


http://doi.org/10.1046/j.1460-9568.1999.00777.x
http://www.ncbi.nlm.nih.gov/pubmed/10510184
http://doi.org/10.1038/nn983
http://www.ncbi.nlm.nih.gov/pubmed/12469128
http://doi.org/10.3390/cells10051145
http://doi.org/10.1038/nature04108
http://doi.org/10.1016/j.neuroscience.2011.03.036
http://doi.org/10.1002/cne.21125
http://doi.org/10.1002/cne.22469
http://doi.org/10.1523/JNEUROSCI.3314-07.2008
http://doi.org/10.2353/ajpath.2006.051272
http://www.ncbi.nlm.nih.gov/pubmed/16816369
http://doi.org/10.1111/jcmm.12298
http://www.ncbi.nlm.nih.gov/pubmed/24779367
http://doi.org/10.1007/s13311-021-01045-2
http://www.ncbi.nlm.nih.gov/pubmed/33860461
http://doi.org/10.1097/nen.0b013e3181461f54
http://doi.org/10.1093/brain/awn030
http://doi.org/10.1016/j.nicl.2016.11.005
http://doi.org/10.1007/s11064-021-03506-8
http://doi.org/10.1016/j.taap.2015.06.005
http://doi.org/10.1523/JNEUROSCI.0866-19.2019
http://doi.org/10.1038/s41598-020-77115-w
http://doi.org/10.1523/JNEUROSCI.2479-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20071537
http://doi.org/10.1126/science.1115360
http://www.ncbi.nlm.nih.gov/pubmed/16254185
http://doi.org/10.1016/j.expneurol.2004.12.021
http://www.ncbi.nlm.nih.gov/pubmed/15755543
http://doi.org/10.1111/j.1460-9568.2010.07220.x
http://doi.org/10.1038/ncomms3049
http://doi.org/10.1038/nn.3079

Cells 2022, 11, 2101 18 of 19

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.
173.

174.

Horiguchi, K.; Yoshida, S.; Hasegawa, R.; Takigami, S.; Ohsako, S.; Kato, T.; Kato, Y. Isolation and characterization of cluster of
differentiation 9-positive ependymal cells as potential adult neural stem/progenitor cells in the third ventricle of adult rats. Cell
Tissue Res. 2020, 379, 497-509. [CrossRef]

Kano, M.; Suga, H.; Ishihara, T.; Sakakibara, M.; Soen, M.; Yamada, T.; Ozaki, H.; Mitsumoto, K.; Kasai, T.; Sugiyama, M.; et al.
Tanycyte-Like Cells Derived From Mouse Embryonic Stem Culture Show Hypothalamic Neural Stem/Progenitor Cell Functions.
Endocrinology 2019, 160, 1701-1718. [CrossRef]

Furube, E.; Ishii, H.; Nambu, Y.; Kurganov, E.; Nagaoka, S.; Morita, M.; Miyata, S. Neural stem cell phenotype of tanycyte-like
ependymal cells in the circumventricular organs and central canal of adult mouse brain. Sci. Rep. 2020, 10, 2826. [CrossRef]
Nesan, D.; Thornton, H.E,; Sewell, L.C.; Kurrasch, D.M. An Efficient Method for Generating Murine Hypothalamic Neurospheres
for the Study of Regional Neural Progenitor Biology. Endocrinology 2020, 161(4), bqaa035. [CrossRef]

Szabo, N.E.; Zhao, T.; Cankaya, M.; Theil, T.; Zhou, X.; Alvarez-Bolado, G. Role of neuroepithelial Sonic hedgehog in hypothalamic
patterning. J. Neurosci. 2009, 29, 6989-7002. [CrossRef] [PubMed]

Alvarez-Bolado, G.; Paul, EA.; Blaess, S. Sonic hedgehog lineage in the mouse hypothalamus: From progenitor domains to
hypothalamic regions. Neural. Dev. 2012, 7, 4. [CrossRef] [PubMed]

Mozafari, S.; Javan, M.; Sherafat, M.A.; Mirnajafi-Zadeh, ].; Heibatollahi, M.; Pour-Beiranvand, S.; Tiraihi, T.; Ahmadiani, A.
Analysis of structural and molecular events associated with adult rat optic chiasm and nerves demyelination and remyelination:
Possible role for 3rd ventricle proliferating cells. Neuromolecular Med. 2011, 13, 138-150. [CrossRef] [PubMed]

Ono, K;; Yasui, Y.; Rutishauser, U.; Miller, R.H. Focal ventricular origin and migration of oligodendrocyte precursors into the
chick optic nerve. Neuron 1997, 19, 283-292. [CrossRef]

Zilkha-Falb, R.; Kaushansky, N.; Ben-Nun, A. The Median Eminence, A New Oligodendrogenic Niche in the Adult Mouse Brain.
Stem Cell Rep. 2020, 14, 1076-1092. [CrossRef]

Klein, C.; Butt, S.J.; Machold, R.P; Johnson, J.E.; Fishell, G. Cerebellum- and forebrain-derived stem cells possess intrinsic regional
character. Development 2005, 132, 4497-4508. [CrossRef]

Anthony, T.E.; Klein, C.; Fishell, G.; Heintz, N. Radial glia serve as neuronal progenitors in all regions of the central nervous
system. Neuron 2004, 41, 881-890. [CrossRef]

Lopez-Bayghen, E.; Rosas, S.; Castelan, F; Ortega, A. Cerebellar Bergmann glia: An important model to study neuron-glia
interactions. Neuron Glia Biol. 2007, 3, 155-167. [CrossRef]

Alcock, J.; Sottile, V. Dynamic distribution and stem cell characteristics of Sox1-expressing cells in the cerebellar cortex. Cell Res.
2009, 19, 1324-1333. [CrossRef]

Alcock, J.; Lowe, J.; England, T.; Bath, P.; Sottile, V. Expression of Sox1, Sox2 and Sox9 is maintained in adult human cerebellar
cortex. Neurosci. Lett. 2009, 450, 114-116. [CrossRef]

Ahlfeld, ].; Filser, S.; Schmidt, F.; Wefers, A.K.; Merk, D.J.; Glass, R.; Herms, J.; Schuller, U. Neurogenesis from Sox2 expressing
cells in the adult cerebellar cortex. Sci. Rep. 2017, 7, 6137. [CrossRef] [PubMed]

Sottile, V.; Li, M.; Scotting, PJ. Stem cell marker expression in the Bergmann glia population of the adult mouse brain. Brain Res.
2006, 1099, 8-17. [CrossRef] [PubMed]

Lafarga, M.; Andres, M.A ; Calle, E.; Berciano, M.T. Reactive gliosis of immature Bergmann glia and microglial cell activation in
response to cell death of granule cell precursors induced by methylazoxymethanol treatment in developing rat cerebellum. Anat.
Embryol. 1998, 198, 111-122. [CrossRef] [PubMed]

Corrales, ].D.; Rocco, G.L.; Blaess, S.; Guo, Q.; Joyner, A.L. Spatial pattern of sonic hedgehog signaling through Gli genes during
cerebellum development. Development. 2004, 131, 5581-5590. [CrossRef] [PubMed]

Wallace, V.A. Purkinje-cell-derived Sonic hedgehog regulates granule neuron precursor cell proliferation in the developing mouse
cerebellum. Curr. Biol. 1999, 9, 445-448. [CrossRef]

Dahmane, N.; Ruiz i Altaba, A. Sonic hedgehog regulates the growth and patterning of the cerebellum. Development. 1999,
126, 3089-3100. [CrossRef] [PubMed]

Komine, O.; Nagaoka, M.; Watase, K.; Gutmann, D.H.; Tanigaki, K.; Honjo, T.; Radtke, F.; Saito, T.; Chiba, S.; Tanaka, K. The
monolayer formation of Bergmann glial cells is regulated by Notch/RBP-] signaling. Dev. Biol. 2007, 311, 238-250. [CrossRef]
Fietsam, A.C.; Darling, W.G.; Sosnoff, ].J.; Workman, C.D.; Kamholz, ].; Rudroff, T. Cerebellar Contributions to Motor Impairments
in People with Multiple Sclerosis. Cerebellum 2021. [CrossRef]

Le, M.; Malpas, C.; Sharmin, S.; Horakova, D.; Havrdova, E.; Trojano, M.; Izquierdo, G.; Eichau, S.; Ozakbas, S.; Lugaresi, A.; et al.
Disability outcomes of early cerebellar and brainstem symptoms in multiple sclerosis. Mult Scler. 2021, 27, 755-766. [CrossRef]
Parmar, K; Fonov, V.S.; Naegelin, Y.; Amann, M.; Wuerfel, J.; Collins, D.L.; Gaetano, L.; Magon, S.; Sprenger, T.; Kappos, L.; et al.
Regional Cerebellar Volume Loss Predicts Future Disability in Multiple Sclerosis Patients. Cerebellum 2021. [CrossRef]

Weier, K.; Banwell, B.; Cerasa, A.; Collins, D.L.; Dogonowski, A.M.; Lassmann, H.; Quattrone, A.; Sahraian, M.A_; Siebner, H.R,;
Sprenger, T. The role of the cerebellum in multiple sclerosis. Cerebellum 2015, 14, 364-374. [CrossRef] [PubMed]

Wilkins, A. Cerebellar Dysfunction in Multiple Sclerosis. Front. Neurol. 2017, 8, 312. [CrossRef] [PubMed]

Rot, U.; Ledinek, A.H.; Jazbec, S.S. Clinical, magnetic resonance imaging, cerebrospinal fluid and electrophysiological characteris-
tics of the earliest multiple sclerosis. Clin. Neurol. Neurosurg. 2008, 110, 233-238. [CrossRef] [PubMed]

Weinshenker, B.G.; Issa, M.; Baskerville, J. Long-term and short-term outcome of multiple sclerosis: A 3-year follow-up study.
Arch. Neurol. 1996, 53, 353-358. [CrossRef]


http://doi.org/10.1007/s00441-019-03132-5
http://doi.org/10.1210/en.2019-00105
http://doi.org/10.1038/s41598-020-59629-5
http://doi.org/10.1210/endocr/bqaa035
http://doi.org/10.1523/JNEUROSCI.1089-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19474326
http://doi.org/10.1186/1749-8104-7-4
http://www.ncbi.nlm.nih.gov/pubmed/22264356
http://doi.org/10.1007/s12017-011-8143-0
http://www.ncbi.nlm.nih.gov/pubmed/21290199
http://doi.org/10.1016/S0896-6273(00)80939-3
http://doi.org/10.1016/j.stemcr.2020.04.005
http://doi.org/10.1242/dev.02037
http://doi.org/10.1016/S0896-6273(04)00140-0
http://doi.org/10.1017/S1740925X0700066X
http://doi.org/10.1038/cr.2009.119
http://doi.org/10.1016/j.neulet.2008.11.047
http://doi.org/10.1038/s41598-017-06150-x
http://www.ncbi.nlm.nih.gov/pubmed/28733588
http://doi.org/10.1016/j.brainres.2006.04.127
http://www.ncbi.nlm.nih.gov/pubmed/16797497
http://doi.org/10.1007/s004290050169
http://www.ncbi.nlm.nih.gov/pubmed/9725770
http://doi.org/10.1242/dev.01438
http://www.ncbi.nlm.nih.gov/pubmed/15496441
http://doi.org/10.1016/S0960-9822(99)80195-X
http://doi.org/10.1242/dev.126.14.3089
http://www.ncbi.nlm.nih.gov/pubmed/10375501
http://doi.org/10.1016/j.ydbio.2007.08.042
http://doi.org/10.1007/s12311-021-01336-6
http://doi.org/10.1177/1352458520926955
http://doi.org/10.1007/s12311-021-01312-0
http://doi.org/10.1007/s12311-014-0634-8
http://www.ncbi.nlm.nih.gov/pubmed/25578034
http://doi.org/10.3389/fneur.2017.00312
http://www.ncbi.nlm.nih.gov/pubmed/28701995
http://doi.org/10.1016/j.clineuro.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18093725
http://doi.org/10.1001/archneur.1996.00550040093018

Cells 2022, 11, 2101 19 of 19

175.

176.

177.

178.

179.

Alme, M.N; Nystad, A.E.; Bo, L.; Myhr, K M.; Vedeler, C.A.; Wergeland, S.; Torkildsen, O. Fingolimod does not enhance cerebellar
remyelination in the cuprizone model. J. Neuroimmunol. 2015, 285, 180-186. [CrossRef]

Segel, M.; Neumann, B.; Hill, M.EE.; Weber, I.P.; Viscomi, C.; Zhao, C.; Young, A.; Agley, C.C.; Thompson, A.J.; Gonzalez, G.A;
et al. Niche stiffness underlies the ageing of central nervous system progenitor cells. Nature 2019, 573, 130-134. [CrossRef]
Baror, R.; Neumann, B.; Segel, M.; Chalut, K.J.; Fancy, S.PJ.; Schafer, D.P.; Franklin, R.J.M. Transforming growth factor-beta
renders ageing microglia inhibitory to oligodendrocyte generation by CNS progenitors. Glia 2019, 67, 1374-1384. [CrossRef]
Ahlenius, H.; Visan, V.; Kokaia, M.; Lindvall, O.; Kokaia, Z. Neural stem and progenitor cells retain their potential for proliferation
and differentiation into functional neurons despite lower number in aged brain. J. Neurosci. 2009, 29, 4408—4419. [CrossRef]
Butti, E.; Bacigaluppi, M.; Chaabane, L.; Ruffini, F.; Brambilla, E.; Berera, G.; Montonati, C.; Quattrini, A.; Martino, G. Neural Stem
Cells of the Subventricular Zone Contribute to Neuroprotection of the Corpus Callosum after Cuprizone-Induced Demyelination.
J. Neurosci. 2019, 39, 5481-5492. [CrossRef]


http://doi.org/10.1016/j.jneuroim.2015.06.006
http://doi.org/10.1038/s41586-019-1484-9
http://doi.org/10.1002/glia.23612
http://doi.org/10.1523/JNEUROSCI.6003-08.2009
http://doi.org/10.1523/JNEUROSCI.0227-18.2019

	Introduction 
	Subventricular Zone (SVZ) 
	Evidence of Oligodendrogenesis from NSCs in the Adult SVZ 
	Lineage Tracing and Proliferation 
	Developmental Origin of Adult NSC Heterogeneity 

	Signaling Pathways Regulating Oligodendrogenesis from NSCs in the SVZ 
	Sonic Hedgehog (Shh) 
	Transforming Growth Factor-Beta (TGF) Superfamily 
	Epidermal Growth Factor (EGF) 
	Wnt Signaling 
	Notch 


	Subgranular Zone (SGZ) 
	Tanycytes Lining the Third Ventricle 
	Cerebellum 
	Conclusions and Future Perspectives 
	Patents 
	References

