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ABSTRACT

In the adult rodent brain, neural stem cells (NSCs) persist in the

ventricular-subventricular zone (V-SVZ) and the subgranular zone

(SGZ), which are specialized niches in which young neurons for the

olfactory bulb (OB) and hippocampus, respectively, are generated.

Recent studies have significantly modified earlier views on the

mechanisms of NSC self-renewal and neurogenesis in the adult

brain. Here, we discuss the molecular control, heterogeneity, regional

specification and cell division modes of V-SVZ NSCs, and draw

comparisons with NSCs in the SGZ. We highlight how V-SVZ NSCs

are regulated by local signals from their immediate neighbors, as well

as by neurotransmitters and factors that are secreted by distant

neurons, the choroid plexus and vasculature. We also review recent

advances in single cell RNA analyses that reveal the complexity of

adult neurogenesis. These findings set the stage for a better

understanding of adult neurogenesis, a process that one day may

inspire new approaches to brain repair.

KEY WORDS: Differentiation, Neural stem cells, Neurogenesis,

Self-renewal, Stem cell heterogeneity, Transcriptomics

Introduction

Most adult organs retain a population of somatic stem cells that can

respond to physiological conditions or injury by producing new

cells for tissue homeostasis or repair. The brain was long considered

an exception; it was widely assumed that the adult brain contained

progenitors to generate glial cells, but that new neurons could only

form during embryonic development. This dogma was challenged

in the 1960s when Joseph Altman suggested that the addition of

newborn neurons could occur in multiple regions of the adult

mammalian brain including the hippocampus, olfactory bulb

(OB) and cortex (Altman, 1962; Altman and Das, 1965). Direct

demonstration for neurogenesis came from studies in songbirds: the

laboratory of Fernando Nottebohm identified newly formed cells as

neurons based not only on their structure, but also on their

electrophysiological properties and functional integration into the

song-control nuclei (Paton and Nottebohm, 1984; Burd and

Nottebohm, 1985). This suggested that primary progenitors/neural

stem cells (NSCs) with the ability for long-term self-renewal and the

generation of neurons and glia persisted in the adult brain. A decade

or so later, the presence of NSCs in mammals was suggested by the

isolation and in vitro propagation of cells with stem cell properties

(Reynolds and Weiss, 1992; Richards et al., 1992; Gage et al.,

1995). Since then, the presence of adult mammalian NSCs and the

addition of new neurons into the adult OB and hippocampus has

been widely confirmed (for a review, see e.g. Song et al., 2016;

Gonçalves et al., 2016; Lim and Alvarez-Buylla, 2016).

In the adult mammalian brain, the majority of NSCs are found

within the ventricular-subventricular zone (V-SVZ) on the walls of

the lateral ventricles (LVs). These primary progenitors give rise to

young neurons that migrate a long-distance (3-8 mm in mice) to the

OB. New OB neurons are thought to contribute to fine odor

discrimination and odor-reward association (Li et al., 2018; Grelat

et al., 2018; Lledo and Saghatelyan, 2005). NSCs are also found in

the subgranular zone (SGZ) of the hippocampus; these generate new

excitatory neurons for the dentate gyrus (DG), which plays roles in

learning, memory and pattern separation (Ming and Song, 2011).

These cells are known by several names: radial astrocytes, radial

glia-like cells, radial cells, neural progenitors or type 1 progenitors.

We refer to them here as radial astrocytes (RAs), given their original

identification as a type of astrocyte (Eckenhoff and Rakic, 1984)

before they were identified as NSCs (Seri et al., 2001, 2004).

Although much progress has been made in characterizing

adult NSCs, the lineages they generate and the signaling pathways

that influence their behavior, we are still lacking a detailed

understanding of the mechanisms that sustain the NSC pool while

ensuring life-long neurogenesis. For example, the extrinsic and/or

intrinsic factors that promote quiescence and activation of NSCs

remain largely unknown. Moreover, heterogeneity appears to be a

key feature of primary progenitors/NSCs in the mammalian brain,

but how this heterogeneity arises and how it affects NSC function is

not fully understood.

Here, we review recent findings on adult neurogenesis, focusing

on NSCs in the V-SVZ. The responses of NSCs to injury have been

reviewed elsewhere (e.g. Sun, 2016; Patel and Sun, 2016; Chang

et al., 2016) and are not covered here. We first discuss the

identification, regulation and heterogeneity of NSCs. We then

review recent insights into the transcriptomic signatures of adult

NSCs, and summarize our understanding of NSC modes of division

and their mechanisms of persistence in adult mice. Where relevant,

we compare NSCs in the two neurogenic regions of the adult

mammalian brain and discuss recent controversies on the extent to

which neurogenesis continues in the adult human brain.

NSC identities and dynamics in the V-SVZ

Initial clues into the glial nature of NSCs came from work in

songbirds. In adult canaries, radial glia persist in the walls of the

forebrain ventricles and their division was linked to the production

of new neurons (Alvarez-Buylla et al., 1990). In the late 1990s,

it became evident that mammalian NSCs also have glial

characteristics (for a review, see Kriegstein and Alvarez-Buylla,

2009). Indeed, it was shown that radial glia (RG) and a subset of

V-SVZ astrocytes (B1 cells) are the NSCs of the ventricular zone

(VZ) of the developing brain (Anthony et al., 2004; Miyata et al.,

2001; Noctor et al., 2001; Götz et al., 1998) and of the V-SVZ of
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the adult forebrain (Doetsch et al., 1999), respectively. Shortly

thereafter, NSCs in the SGZ were identified and were also shown to

have astroglial properties (Seri et al., 2001, 2004; Garcia et al.,

2004; Filippov et al., 2003).

The V-SVZ is the largest germinal zone in the adult brain. In

young adult mice, there are roughly 7000 B1 cells per lateral wall of

the lateral ventricles (Mirzadeh et al., 2008). B1 cells retain key

epithelial properties of radial glia: they contact the cerebrospinal

fluid (CSF) with a small apical ending and contact blood vessels

with a longer basal process (Fig. 1). However, the ventricular

surface in the adult acquires a unique pattern very different to that in

the embryo, because of the development of ependymal (E) cells that

exhibit large apical surfaces. As such, the small apical domains of

B1 cells are surrounded by the large apical surfaces of E cells,

forming pinwheel-like structures (Fig. 1). Multiciliated E cells have

been suggested to function as NSCs (Johansson et al., 1999), but

other studies have shown that they do not divide in the adult

(Spassky et al., 2005; Chiasson et al., 1999). Recent work using

single cell transcriptomic and lineage analysis has further confirmed

that E cells do not possess progenitor properties or function as NSCs

(Shah et al., 2018).

In young adult mice, B1 cells produce ∼10,000 young migrating

interneurons (neuroblasts, also known as A cells; Lois et al., 1996)

every day through the generation of transient amplifying

intermediate progenitors (IPCs; also known as C cells) (Doetsch

et al., 1999). V-SVZ C cells divide three to four times before

generating A cells, which also divide to further amplify the number

of young neurons generated (Ponti et al., 2013). A cells collect from

throughout the V-SVZ and, using chain migration, enter the rostral

migratory stream (RMS) in which they continue to migrate to the

OB (Lois and Alvarez-Buylla, 1994; Lois et al., 1996; Doetsch

and Alvarez-Buylla, 1996; Luskin, 1993). Within the OB, young

neurons differentiate into local interneurons that integrate into the

existing circuitry (Petreanu and Alvarez-Buylla, 2002; Imayoshi

et al., 2008; Luskin, 1993). Interestingly, B1 cells are heterogeneous

and generate – depending on their location in the V-SVZ – different

subtypes of OB interneurons (discussed below) (Merkle et al., 2007,

2014). B1 cells also generate B2 cells (Obernier et al., 2018), a

population of proliferative V-SVZ astrocytes, the function of which

is unknown (Doetsch et al., 1997). Interestingly, B1 and B2 cells are

coupled through gap-junctions, which allows for calcium waves to

travel among groups of B cells (Lacar et al., 2011). B2 cells do not

contact the lateral ventricle but, as with B1 cells, they contact the

vasculature (Fig. 1). Interestingly, during fetal human development,

RG that lose apical contact with the ventricle (known as outer RG or

basal RG) also function as primary progenitors of neurons (Hansen

et al., 2010). Although the number of B1 cells drastically reduces in

the first year of life in mice, the levels of newborn neurons in the OB

are less affected by age, suggesting that a second population of

NSCs that lack apical contact might exist in the adult rodent brain

(Obernier et al., 2018). B1 cells also produce oligodendrocytes

(Fogarty et al., 2005; Casper and McCarthy, 2006; Nait-Oumesmar

et al., 1999; Menn et al., 2006). However, it remains unknown

whether individual NSCs are multipotent in vivo and can generate

both neurons and glia.

The B1 cell niche: regulators from near and far

B1 cells receive multiple signals that regulate their renewal and

differentiation (Fig. 2). Compared with NSCs in the embryonic

brain, adult NSCs receive signals from the fully formed brain with

all its complexity and connectivity. Below we discuss the signaling

molecules that regulate the behavior of V-SVZ B1 cells. These

include factors from immediate NSC neighbors, from the choroid

plexus (CP), CSF and vasculature, and from local and distant

neuronal sources (Fig. 2). B1 cell-intrinsic factors and their role in

V-SVZ neurogenesis have been reviewed elsewhere (e.g. Lim and

Alvarez-Buylla, 2016; Jones and Connor, 2012; Bond et al., 2015;

Murao et al., 2016) and are not discussed here.

Signals from neighboring cells

B1 cells exist in a niche in which they are in intimate contact with

other B1, E, A and C cells (the ‘immediate niche’) as well as the

vasculature (Fig. 2A; also see Table 1). A cells release gamma-

aminobutyric acid (GABA), which activates GABAA-receptors on
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Fig. 1. The V-SVZ: a niche for adult neurogenesis. Schematic of the

organization and composition of the adult V-SVZ in the walls of the lateral

ventricle (LV). B1 cells (light blue) have astroglial characteristics and function

as the NSCs in the V-SVZ. They give rise to B2 cells (dark blue), which share

many astroglial characteristics with B1 cells, including contacts with blood

vessels (BV), but lack an apical contact. B1 cells also generate transient-

amplifying cells (C cells; green) that give rise to young neurons (A cells; red).

B1 cells are in contact with the cerebrospinal fluid (CSF; blue arrows) through a

small apical contact that harbors a primary cilium. The choroid plexus (CP;

blue) secretes factors into the CSF that are important for the regulation of B1

cells (see Fig. 2); the CP and CSF are therefore included as part of the niche.

B1 cell apical endings are surrounded by the large surfaces of multiciliated and

biciliated ependymal cells (E/E2 cells) which form pinwheel-like structures.

In addition, supraependymal axons (orange) coursing on the surface of the

ventricular wall contact both E cells and B1 cells. Below the apical surface, in

the SVZ, B1 cells contact C cells, A cells, BV and B2 cells. Mature neurons

(N; orange) and astrocytes (As; pale blue) can be found below the V-SVZ

in the striatum.
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Fig. 2. Signaling molecules that regulate V-SVZ

neurogenesis. (A,B) A number of signaling

molecules promote or inhibit the proliferation of B1

cells and hence regulate neurogenesis. These

regulators can come from cells in direct contact with

B1 cells (the ‘immediate’ niche) or frommore distant

sources. (A) Nearby cells, such as C cells, A cells,

other B1 cells and E cells release factors (purple)

that can influence B1 cells. B1 cells also contact

blood vessels (BV) with the end foot of their basal

process, which allows cell-cell interaction with

endothelial cells and access to soluble factors

(orange) in the blood. Dashed arrows indicate as yet

unknown actions. (B) Factors (dark blue) from the

CSF and CP act on B1 cells through their apical

contacts. A number of distant signals (red), such as

neurotransmitters released from neurons that reside

outside the niche, also act on NSCs and their

progeny.
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B1 cells, thereby reducing proliferation (Liu et al., 2005; Fernando

et al., 2011). In contrast, the release of the diazepam-binding

inhibitor protein (DBI) from B1 cells and C cells increases V-SVZ

proliferation and A cell production (Alfonso et al., 2012). Through

their lateral processes, B1 cells contact each other and likely

exchange signals that are associated with their state of activation and

possibly their mode of division. Such cell-cell communication

between B1 cells may instruct the activation of one NSC upon the

consumption or death of a neighboring NSC.

Apically, B1 cells are surrounded by E cells, which propel the CSF

with bundles of longmotile cilia. E cells release noggin, an antagonist

of bone morphogenetic protein (BMP) 4 (Lim et al., 2000). BMP4

inhibits cell proliferation (Mercier and Douet, 2014) and favors

glial differentiation (Lim et al., 2000). It is thought that noggin

releases this inhibition, which promotes V-SVZ cell proliferation and

neurogenesis. BMP4/7 together with fibroblast growth factor (FGF)

2b (FGF2), which promotes proliferation in the V-SVZ (Mercier

and Douet, 2014; Douet et al., 2013, 2012), are sequestered by

extracellular matrix structures called fractones (Kerever et al., 2007).

Each fractone is contacted by multiple processes from cells in the

V-SVZ, including B1 cells (Obernier et al., 2018; Mercier et al.,

2002). A recent report shows that a second atypical bulbar form of

fractones next to B1 cells could play important roles in the regulation

of neurogenesis (Nascimento et al., 2018). Interestingly, these bulbs,

which are rich in laminin α5, appear to be deposited not by blood

vessels, but by E cells. Genetic deletion of laminin α5 in E cells

increases cell proliferation in the V-SVZ.

In addition to E cells and B1 cells and their progeny, the V-SVZ

contains microglia (Doetsch et al., 1997). These blood-derived brain

macrophages appear to be particularly abundant in the V-SVZ early

in postnatal life (Shigemoto-Mogami et al., 2014), which corresponds

to a period of high oligodendrogenesis and neurogenesis activity

(Tong et al., 2015; Batista-Brito et al., 2008; Hinds, 1968; Bayer,

1983; Kessaris et al., 2006). Depletion of microglia results in

decreased neurogenesis and oligodendrogenesis, and reduced levels

of cytokines (Shigemoto-Mogami et al., 2014). Although the number

of microglia decreases, some persist in the adult V-SVZ and have a

more activated phenotype than those in the brain parenchyma

(Mosher et al., 2012; Goings et al., 2006). The function of microglia

in the regulation of B1 cells remains unknown, but it has been

suggested that progenitor cells may regulate the activation of

microglia (Mosher et al., 2012). Microglia have also been shown to

be present next to chains of A cells, where they promote the migration

of young neurons (Ribeiro Xavier et al., 2015).

These findings highlight that B1 cells derive information from cells

that surround them, including lineage-related progeny and other cells

within the niche. B1 cells also appear to actively change contacts with

neighboring cells through the constant extension and retraction of

processes (Obernier et al., 2018). In addition, the extracellular matrix

appears to act together with cell-cell contacts, possibly sequestering

cytokines and/or growth factors. How these signals work in concert to

determine whether B1 cells divide to generate progeny or self-renew

remains unknown. Making this regulation even more complex,

factors beyond the immediate vicinity of the niche play key roles in

regulating B1 cells, as discussed below.

The blood and endothelial cells

The basal end-feet of B1 and B2 cells contact blood vessels (Shen

et al., 2008; Obernier et al., 2018; Figs 1 and 2A; also see Table 1).

Interestingly, calcium waves that spread through gap junctions

between B cells can also propagate into blood vessels (Lacar et al.,

2011). This close association of B1 cells with the vasculature appears

to be mediated by stromal-derived factor (SDF) 1 (Cxcl12) that is

expressed by endothelial cells, as well as through α6β1 integrins,

which appear to inhibit proliferation in the V-SVZ (Shen et al., 2008;

Tavazoie et al., 2008; Kokovay et al., 2010). Endothelial cells

also release betacellulin (BTC), which increases B1 and C cell

proliferation and stimulates neurogenesis via EGFR/ErbB4/ERK

Table 1. Signaling molecules regulating V-SVZ neurogenesis

Niche compartment Signaling molecules References

CSF/CP ↑ Sonic hedgehog (Shh)

↑ Fibroblast growth factor 2 (FGF2)

Zappaterra and Lehtinen, 2012

↑ Bone morphogenic protein 5 (BMP5) Silva-Vargas et al., 2016

↑ Insulin growth factor (IGF) Lehtinen et al., 2011; Silva-Vargas et al., 2016

↑ Leukemia inhibitory factor (LIF) Bauer and Patterson, 2006

↓ Interleukin 1 beta (IL1beta) Kokovay et al., 2012

↓ Sphingosine-1-phosphate

↓ Prostaglandin D2

Codega et al., 2014; Sato et al., 2007; Kondabolu et al., 2011

Distant ↑ Glutamate Song et al., 2017

↑ Serotonin (SERT) Tong et al., 2014a; Brezun and Daszuta, 1999

↑ Proopiomelanocortin (POMC) Paul et al., 2017

↑ Acetylcholine Paez-Gonzalez et al., 2014

↑ Phasic GABA Young et al., 2012

↑↓ Dopamine Höglinger et al., 2004; Baker et al., 2004; Lennington et al., 2011;

Kippin et al., 2005

Immediate niche ↑ Diazepam-binding inhibitor protein (DBI) Alfonso et al., 2012

↑ Noggin

↑ Fibroblast growth factor 2 (FGF2)

↓ Bone morphogenetic protein 4/7 (BMP4/7)

Lim et al., 2000

Mercier and Douet, 2014; Douet et al., 2013, 2012

↓ Tonic GABA Liu et al., 2005; Fernando et al., 2011

Vasculature ↑ Prolactin Shingo et al., 2003

↑ Growth differentiation factor (GDF) 11/BMP11 Katsimpardi et al., 2014

↑ Betacellulin (BTC) Gómez-Gaviro et al., 2012

↑ Pigment epithelium-derived factor (PEDF) Gómez-Gaviro et al., 2012; Andreu-Agulló et al., 2009

↓ EphrinB2 (EphB2) Ottone et al., 2014

↓ α6β1 Integrin Shen et al., 2008; Tavazoie et al., 2008; Kokovay et al., 2010

Signaling molecules can positively or negatively regulate neurogenesis (indicated by the direction of arrows).
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signaling (Gómez-Gaviro et al., 2012). Pigment epithelium-derived

factor (PEDF; Serpinf1) is also released by endothelial cells and

enhances Notch signaling in activated NSCs (aNSCs), which

promotes symmetric self-renewal (Gómez-Gaviro et al., 2012;

Andreu-Agulló et al., 2009). Through endothelial ephrin B2 and

jagged 1-mediated inhibition of differentiation, direct cell-cell contact

between B1 cells and endothelial cells arrests B1 cells in the G0-G1

phase of the cell cycle and maintains NSCs in a quiescent state

(Ottone et al., 2014). Interestingly, the basal processes and end-feet of

B1 cells are highly dynamic and can shift along and between blood

vessels (Obernier et al., 2018), suggesting that NSCs may select sites

and timing of contacts with the vasculature. C cells, and in particular

proliferating C cells, are also closely associated with blood vessels in

an SDF1 and α6β1 integrin-dependent manner (Shen et al., 2008;

Tavazoie et al., 2008). The vasculature appears to also contribute to

chain migration of A cells along a vascular scaffold (Snapyan et al.,

2009; Bovetti et al., 2007). Moreover, circulating factors in the blood

exert their effects on V-SVZ neurogenesis in an age-dependent

manner. Young blood displays higher levels of growth differentiation

factor (GDF) 11/BMP11 and has ‘rejuvenating’ effects on the V-SVZ

of older mice; in heterochronic parabiosis experiments, old mice

undergo vascular remodeling and increased neurogenesis in response

to young blood (Katsimpardi et al., 2014).

The cerebrospinal fluid

B1 cells directly contact the CSF through a small apical contact that

harbors a primary cilium that is likely involved in signal transduction

(Rohatgi et al., 2007; Corbit et al., 2005; Tong et al., 2014b). The

CSF contains many signaling molecules that are considered

important for the regulation of the V-SVZ (Fig. 2B; also see

Table 1). These include sonic hedgehog (Shh), FGFs and leukemia

inhibitory factor (LIF) (for a review, see Zappaterra and Lehtinen,

2012). LIF promotes NSC self-renewal at the expense of

neurogenesis (Bauer and Patterson, 2006). B1 cells also respond to

interleukin 1β in the CSF, increasing their expression of vascular cell

adhesion molecule (VCAM) 1 and reducing their proliferation

(Kokovay et al., 2012). Interestingly, the CP secretome changes

during aging, decreasing its proliferation-promoting effects with age

(Silva-Vargas et al., 2016; Lehtinen et al., 2011). For example,

insulin-like growth factor (IGF) 2 in the CSF, which is known to

promote RG proliferation through the IGF1 receptor (Lehtinen et al.,

2011), decreases with age. aNSCs from old mice show increased

clone formation when cultured with CP-conditioned medium from

young mice, which is enriched in BMP5 and IGF1 (Silva-Vargas

et al., 2016). Gradients of chemorepulsive signals created by CSF

flow help guide A cell migration (Sawamoto et al., 2006). Recent

work also suggests that B1 cells sense the flow of CSF through

alpha epithelial sodium channel (αENaC), providing a possible

mechanism for B1 cells to detect the presence of signals in the apical

domain of the V-SVZ (Petrik et al., 2018). Clearly, the CSF contains

many factors that modulate B1 cells and their progeny, but whether

CSF signals are supportive or instructive in the regulation of NSC

self-renewal or differentiation remains unknown.

Neural inputs

B1 cells are also modulated by a number of local neurotransmitters

(Fig. 2B; for a review, see Berg et al., 2013) such as GABA, which

is released as discussed above. However, in contrast to this tonic

activation of B1 cells that promotes quiescence, the phasic

activation of GABAA-receptors has been suggested to promote

progenitor cell proliferation (Young et al., 2012). GABA from

medium spiny and aspiny striatal neurons that project into the

V-SVZ appears to provide phasic activation of GABAA-receptors,

inducing calcium activity in progenitors (Young et al., 2014). In

addition, cholinergic terminals from local choline acetyltransferase

(ChAT)+ neurons have been proposed to modulate progenitor

proliferation and increase the production of young neurons (Paez-

Gonzalez et al., 2014). It has also been shown that glutamate that is

released from striatal neurons can increase the proliferation of A

cells through AMPA receptor activation (Song et al., 2017).

Neural inputs to the V-SVZ also come from more distant

locations (Fig. 2B; also see Table 1). The apical surface of the

V-SVZ is covered by a dense network of supraependymal axons that

originate from serotonergic neurons in the dorsal raphe nucleus and

contact B1 and E cells (Tong et al., 2014a; Brezun and Daszuta,

1999). Serotonin could contribute to the positive regulation of B1

cell proliferation; B1 cells express the serotonin receptors 5HT2C

(HTR2C) and 5A (HTR5A) and respond to 5HT receptor agonists

(Tong et al., 2014a). Dopaminergic neurons from the substantia

nigra and the ventral tegmental area (VTA) also project into the

V-SVZ, and ablation of these neurons results in reduced V-SVZ

proliferation and neurogenesis (Höglinger et al., 2004; Baker et al.,

2004; Lennington et al., 2011). However, dopamine may also inhibit

NSC proliferation; dopamine D2-receptor antagonists increase the

number of label-retaining NSCs as well as neurogenesis and

gliogenesis (Kippin et al., 2005).

Integrating signals in time and space

How V-SVZ NSCs/progenitor cells integrate the many factors from

their immediate surroundings and distant sources remains unknown.

It is possible that subpopulations of NSCs may differ in their

response to extrinsic signals. It is also largely unknown how the

combination of both local and distant factors that regulate adult

NSCs is linked to the function of new neurons in the OB. After their

birth in the V-SVZ, it takes ∼15 days for new neurons to migrate

and differentiate (Petreanu and Alvarez-Buylla, 2002). Therefore,

the birth of neurons is disconnected in time from the ultimate

function these cells have in the OB (Li et al., 2018; Grelat et al.,

2018; Lledo and Saghatelyan, 2005; Cecchi et al., 2001). Any

regulation at the level of the V-SVZ is therefore likely anticipatory,

predisposing the germinal center to increase or decrease neuronal

output in advance of events that may change OB discriminatory

function. Prolactin, which is produced during early pregnancy and

lactation, appears to increase V-SVZ output in female mice,

possibly preparing the OB for changes in the olfactory environment

as the young are born and weaned (Shingo et al., 2003).

Proopiomelanocortin neurons in the hypothalamus also promote

proliferation of NSCs in the anterior-ventral V-SVZ, linking

neurogenesis to neuroendocrine function (Paul et al., 2017).

Alternatively, generation of neurons from the V-SVZ may ensure

that a sufficient supply of young neurons is produced and the excess

eliminated once the cells become integrated into the OB (Petreanu

and Alvarez-Buylla, 2002). Clearly, B1 cells are at the center

of many signaling pathways (Fig. 2), yet an integrative view of

how these factors regulate self-renewal and differentiation of

NSCs, and how this affects physiological function, remains to

be investigated.

Not all NSCs are equal: the origins and heterogeneity

of B1 cells

B1 cells share many features with embryonic NSCs. They possess a

primary cilium that contacts the CSF, they exhibit apico-basal

polarity and they are derived from RG, which earlier in embryonic

development also generate the majority of forebrain neurons
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(Merkle et al., 2004). As in embryonic NSCs, B1 cells also exhibit

heterogeneity with regard to their origins and the cell types they give

rise to (Fig. 3).

During mid-embryonic development, a subpopulation of RG

divides and generates pre-B1 cells that express VCAM1 (Fuentealba

et al., 2015; Furutachi et al., 2015; Hu et al., 2017), which is also

expressed on the apical surface of mature B1 cells and appears to be

crucial for stem cell maintenance. Blocking antibodies or shRNA

against VCAM1 leads to differentiation and depletion of the NSC

population (Kokovay et al., 2012). Then during late embryogenesis,

a second subset of RG upregulates glial fibrillary acidic protein

(GFAP) expression and acquires the transcriptomic signature

of quiescent B1 cells (Yuzwa et al., 2017). These pre-B1 cells

upregulate the negative cell cycle regulator p57kip2 (Cdkn1c) and

remain largely quiescent until activated postnatally to produce OB

interneurons (Fuentealba et al., 2015; Furutachi et al., 2015; Yuzwa

et al., 2017). The subsequent and complete transformation of the

embryonic VZ into an adult V-SVZ has not been well studied. It is

known that transformation occurs progressively during the first ten

postnatal days, coinciding with the differentiation of E cells and the

expansion of their apical surface (Hu et al., 2017; Tramontin et al.,

2003). During this time, B1 cell bodies are displaced into the

underlying SVZ, but they maintain the thin apical domain that

results in the formation of pinwheels.

As in RG, which generate diverse subsets of neurons depending on

their location, B1 cells are heterogeneous in terms of the cell types

they generate (Fig. 3) (for a review, see Chaker et al., 2016). Indeed,

depending on their location along the anterior-posterior and dorsal-

ventral axes of the lateral wall, as well as along the most anterior-

ventral tip of themedial wall of the lateral ventricles, B1 cells generate

at least ten different subtypes of OB interneurons (Merkle et al., 2007,

2014; Kelsch et al., 2007; Delgado and Lim, 2015; Young et al.,

2007; Kohwi et al., 2005, 2007). B1 cells also appear to be highly

resilient to changes in fate: transplanting them from ventral to dorsal

regions of the V-SVZ or vice versa is not sufficient to change the

types of neurons they generate, which suggests that the regional

specification of B1 cells is intrinsic (Merkle et al., 2007). Recent

single cell RNA sequencing data indicates that transcription factors

that are known to be expressed in a spatially restricted manner anti-

correlate with each other (Llorens-Bobadilla et al., 2015). Pax6

expression, for example, determines the generation of dopaminergic

OB interneurons from NSCs and, whereas Pax6 mRNA is widely

expressed in the V-SVZ, Pax6 protein expression is limited to the

dorsal V-SVZ, with the microRNA-7a inhibiting Pax6 protein

expression in other domains. Accordingly, the inhibition of

microRNA-7a (microRNA 7-2) leads to translation of Pax6 mRNA

in these regions and an increase in dopaminergic neurons in the OB

(de Chevigny et al., 2012). Shh signaling in the ventral V-SVZ is

higher than that in the dorsal V-SVZ and is required for the

production of ventrally derived deep granule neurons and calbindin+

periglomerular neurons. Experimentally increasing Shh signaling

dorsally leads to the generation of neurons in the OB that are similar

to those generated from the ventral V-SVZ (Ihrie et al., 2011). Thus,

Shh signaling is instructive for regional specification and the

generation of specific OB interneuron subtypes.

Retroviral barcode lineage tracing has shown that the regional

specification of postnatal progenitor cells can be traced back to early

stages of embryonic development. Adult B1 cells inherit their regional

signature from RG (Fuentealba et al., 2015). However, primary

progenitors at different developmental times (embryonic versus adult)

within the same location differ in the types of neurons they generate.

This is perhaps most dramatic in the pallium: dorsal RG in the cortical

VZ generate excitatory neurons for the different layers of the

developing cortex in the embryo, whereas B1 cells in the dorsal

V-SVZ generate inhibitory interneurons for the superficial granule cell

layer of the OB (Fig. 3) (Merkle et al., 2007; Ventura and Goldman,

2007). Similarly, a postnatal remnant of the medial ganglionic

eminence, which in the embryonic brain is a major source of cortical

interneurons, gives rise to subsets of OB calretinin+ granule neurons

and periglomerular neurons (Merkle et al., 2007). This change in

neuronal cell types that are produced from development to postnatal

life appears to occur in all the walls of the lateral ventricle (Fuentealba

et al., 2015). Subtypes of periglomerular interneurons are further

generated in a temporal manner: whereas NSCs during early postnatal

life mostly generate calbindin+ periglomerular interneurons, tyrosine

hydroxylase+ and calretinin+ periglomerular interneurons are

generated during adult life (De Marchis et al., 2007). The extrinsic

and intrinsic factors that control the switch in neuronal cell fate as

development progresses remain unknown.

It has also been shown that dopaminergic OB interneurons born

at different times give rise to functionally different cell types:

whereas interneurons born postnatally are anaxonic and have no

axon initial segment, those born during embryonic development

have an axon and an axon initial segment, and are more excitable

than postnatally generated cells (Galliano et al., 2018). It is unclear

whether this is because of the integration of young neurons into a

TH+ PGC

Deep GC

CalR+ PGC

Type 1 Type 3

Type 4

Type 2

Superficial GC
CalR+ GC

CalB+ PGC

A V

D P

TypT

Fig. 3. NSC heterogeneity. B1 cells are regionally specified: depending on

their location in the V-SVZ along the anterior-posterior andmedial-lateral axes,

B1 cells generate different subtypes of interneurons that are destined for the

OB. For example, B1 cells in the posterior dorsal V-SVZ (indicated in the

posterior coronal section on the right) generate tyrosine-hydroxylase (TH)+

periglomerular cells (PGCs; pink) and superficial granule cells (GCs; green),

whereas B1 cells in the posterior ventral V-SVZ give rise to calbindin (CalB)+

PGCs (purple). Cells in the anterior medial V-SVZ (shown in the anterior

section on the left) generate calretinin (CalR)+ PGCs (orange). Ventral NSCs

produce deep GCs (blue), whereas dorsal NSCs generate superficial GCs.

A small subset of NSCs in the lateral anterior ventral V-SVZ generates four

additional types of interneurons (type 1-4).
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circuit that differs in maturity, whether the age of the niche affects

the differentiation of primary progenitors or whether primary

progenitors generate different cell types based on their own age. It is

interesting to speculate that those B1 cells born early during

development from RG (pre-B1 cells) have different functions than

B1 cells that are generated by self-renewing divisions later in life.

Similar to pre-B1 cells, some B1 cells may undergo extended

periods of quiescence and function as a reserve for the generation of

neurons as animals age. Such dynamics may require NSCs to keep

track of their own history, e.g. the number of times the cell (or its

predecessors) has already divided.

Overall, these studies reveal that the population of NSCs in the

V-SVZ is heterogeneous: they have different origins and, depending on

their location and time of division, can generate distinct types of

neurons (Fig. 3). The mechanisms underlying this heterogeneity are

largely unknown, but lineage-tracing experiments indicate that regional

specification is established very early in embryonic development and is

inherited by the adult NSCs (Fuentealba et al., 2015).

Gene expression of V-SVZ neural stem/progenitor cells

Adult B1 cells are largely quiescent in vivo (Morshead et al., 1994).

This explains why anti-mitotic treatments, such as Ara-C, spare B1

cells but kill actively mitotic C cells. Following the anti-mitotic

treatment, neurogenesis is re-initiated through the activation of

NSCs (Doetsch et al., 1999; Basak et al., 2018). Two populations of

NSCs have been proposed in the adult V-SVZ – quiescent (qNSCs)

and aNSCs – and are suggested to interconvert in vitro (Codega

et al., 2014). qNSCs and aNSCs have been prospectively isolated

using FACS to study their transcriptome and in vitro stem cell

properties (Codega et al., 2014; Beckervordersandforth et al., 2010;

Capela and Temple, 2002; Khatri et al., 2014). These studies have

revealed that qNSCs and aNSCs both express GFAP and prominin,

but that EGFR expression is limited to aNSCs (Codega et al., 2014).

Nestin is not expressed in qNSCs but, together with EGFR, is

upregulated upon activation. In vitro, qNSCs generate significantly

fewer neurospheres than aNSCs. aNSCs actively proliferate, but this

population contains fewer cells positive for Ki67 (Mki67) compared

with EGFR+ C cells (Dulken et al., 2017). It has been suggested that

both qNSCs and aNSCs contact the LV, but only qNSCs express the

G protein-coupled receptors for sphingosine-1-phosphate and

prostaglandin D2 (Codega et al., 2014), which are present in the

CSF (Sato et al., 2007; Kondabolu et al., 2011). qNSCs are also

enriched in genes that are associated with signaling receptors, cell-

cell adhesion and ion channels, suggesting that quiescence is

actively maintained. By contrast, genes that are involved in cell

cycle control, protein synthesis and DNA repair are enriched in

aNSCs. Interestingly, qNSCs, but not aNSCs, display invaginations

of the nuclear envelope that resemble envelope-limited chromatin

sheets (ELCSs), which are also found in subpopulations of RG

(Cebrián-Silla et al., 2017). These ELCSs are enriched in telomeres

and associated with epigenetic markers that are involved in gene

repression, and have been suggested to act as a nuclear compartment

for heterochromatin domains that are related to quiescence.

Recent advances in single cell RNA sequencing have confirmed

the existence of distinct aNSC and qNSC populations. The

molecular profiles of single V-SVZ cells have been examined

from FACS-sorted cells that express GFAP, prominin, and EGFR

(Dulken et al., 2017; Leeman et al., 2018), or GLAST (Slc1a3) and

prominin (NSCs) and PSA-NCAM (A cells) (Llorens-Bobadilla

et al., 2015). Despite differences in isolation protocols, these studies

uncovered a continuum of cell types that transition from quiescence,

to activation, to differentiation (summarized in Table 2). These

studies further subdivided qNSCs and aNSCs along this trajectory

[into two qNSCs and two aNSCs (Llorens-Bobadilla et al., 2015) or

one qNSC and three aNSCs (Dulken et al., 2017)]. qNSCs, which

express high levels of Hes5, Blbp (Fabp7), Aldh1L1 and GLAST,

enter a primed state before becoming activated and upregulate genes

for protein synthesis and ribosomal biogenesis such as Rpl32, but

not genes related to cell cycle. The upregulation in protein synthesis

genes within the qNSC continuum suggests that the exit from

quiescence is accompanied by translational activation (Llorens-

Bobadilla et al., 2015).

qNSCs were found to express the Notch receptor Notch2 and

transcription factors such as Sox9, Id2 and Id3 (Llorens-Bobadilla

et al., 2015). In contrast, aNSCs, which express EGFR, upregulate

other cell cycle genes, likely related to the transition from non-

mitotic to mitotic aNSCs, and express high levels of the Notch

ligands Fos and basic helix-loop-helix transcriptional activator

achaete-scute family bHLH transcription factor 1 (Ascl1). Ascl1

appears to be a key player in the aNSC transcriptome, as these cells

are enriched in genes that are controlled by this transcription factor

(Andersen et al., 2014). Ascl1 induces neuronal differentiation and

Table 2. Signature of V-SVZ NSCs

NSC subtype Transcripts

qNSCs (Basak et al., 2018) Agt, Aldoc, Apoe, Aqp4, Ascl3, Ascl6, Atp1a2, Bcan, Cldn10, Clu, Cst3, Etnppl, Fgfr3, Gja1, Gpr37l1,

Htra1, Mt1, Prdx6, Prnp, Ptn, Rn45s, Scl1a2, Slc1a3, Slc6a1, Slc6a9, Sparc, Sparcl1, Tspan7

qNSCs (Dulken et al., 2017) Atp1a2, Clu, Fgfr3, Gja1, Id3, Ntsr2, Slc1a3

qNSCs (Llorens-Bobadilla et al., 2015) Bmp1, Bmp6, Bmpr1b, Id2, Id3, Id4, Lfng, Notch2, Slc1a3, Sox9

qNSCs (Leeman et al., 2018) Nupr1, Smarcb1, Tfeb, Tob1, Tp53

qNSC1 (Llorens-Bobadilla et al., 2015) Aldh1l1, Fabp7, Fasn, Hes5, Ldhb, Nr2e1, Slc1a2, Slc1a3

qNSC2 (Llorens-Bobadilla et al., 2015) Aldh1l1, Fabp7, Fasn, Hes5, Ldhb, Nr2e1, Slc1a2, Slc1a3

primed NSCs (Basak et al., 2018) Aldoc, Apoe, C4b, Clu, Cpe, Cst3, Dbi, Dkk3, Fxyd1, Gstm1, Igfbp5, Itm2b, Mt1, Ntrk2, Prdx6,

Rn45s, S100a6, Scl1a2, Sfrp1, Thbs4

aNSCs (Basak et al., 2018) Acot1, Ascl1, Ckb, Cpe, Dbi, Eef1a1, Egfr, Fabp7, Lima1, Luc7l3, Miat, Mycn, Npm1, Olig2,

Pabpc1, Ptma, Rpl12, Rpl41, Rpsa

aNSCs (Llorens-Bobadilla et al., 2015) Ascl1, Dll1, Dll3, Egfr1, Fos, Slc1a3, Soxc

aNSCs (Leeman et al., 2018) Ccnd1, E2f1, Foxm1, Myc, Mycn

aNSC1 (Llorens-Bobadilla et al., 2015) Ascl1, Cdk2, Egfr, Fasn, Ldhb, Rpl

aNSC2 (Llorens-Bobadilla et al., 2015) Ascl1, Aurkb, Cdk2, Dcx, Dlx, Egfr, Fasn, Gad1, Ldhb, Mki67, Rpl, Sp8

aNSCs early (Dulken et al., 2017) Atp1a2, Egfr, Fgfr3, Gja1, Jag1, Jag3, Ntsr2, Rpl32, Slc1a3

aNSC mid (Dulken et al., 2017) Ascl1, Atp1a2, Ccna2, Ccnd2, Egfr, Fgfr3, Gja1, Jag1, Jag3, Ntsr2, Pax6, Rpl32, Slc1a3

aNSC late (Dulken et al., 2017) Ascl1, Ccna2, Ccnd2, Cdk1, Dlx1, Dlx2, Egfr, Jag1, Pax6, Rpl32, Slc1a3

Transcripts that are enriched in quiescent and activated NSC subsets based on single cell RNA sequencing data; for extended lists of genes see references.
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the expression of the Notch ligands delta like canonical Notch

ligand 1 (Dll1) and jagged 1 (for a review, see Kopan and Ilagan,

2009). For example, C cells, which express high levels of Ascl1,

express Dll1 and through Notch-dependent feedback regulate the

quiescence of NSCs that express Notch receptors (Aguirre et al.,

2010; Kawaguchi et al., 2013). The activation of Notch receptors in

neighboring NSCs leads to translocation of the Notch intracellular

domain into the nucleus, in which it forms a transcriptional complex

with Rbpj that activates the expression of Hes1 and Hes5. The

Hes factors, in turn, repress the expression of Dll1 and pro-neural

genes, inhibiting neuronal differentiation in NSCs. Accordingly,

the deletion of Rbpj in NSCs results in a transient increase in

proliferation in V-SVZ cells and increased neurogenesis (Imayoshi

et al., 2010). Interestingly, Rbpj deletion also results in the depletion

of NSCs and the failure to regenerate after treatment with Ara-C,

which suggests that active Notch signaling maintains the

undifferentiated state of qNSCs in the V-SVZ. However, Notch

isoforms are differentially expressed in the V-SVZ: NSCs in the

ventral and lateral wall also appear to express Notch3, the loss of

which leads to exit of quiescence, reduced numbers of qNSCs and

increased NSC cell division in a region-specific manner (Kawai

et al., 2017). In contrast, Notch1 is preferentially expressed in

aNSCs and C cells (Kawai et al., 2017), both of which also express

Ascl1 (Dulken et al., 2017; Codega et al., 2014), and its loss leads to

reduced NSC proliferation (Basak et al., 2012).

A subset of mitotic aNSCs express genes that are associated with

GABAergic neuronal differentiation, such as Dlx1 and Dlx2, and

repress glial-associated genes. This suggests that aNSCs initiate a

neuronal program that potentially primes them for differentiation.

However, whereas cell cycle genes distinguish qNSCs from aNSCs,

other gene modules behavemore dynamically, which suggests that a

single molecular switch that induces differentiation might not exist

(Basak et al., 2018).

The transition from qNSC to aNSC is further accompanied by

changes in cell metabolism. Genes that are involved in glycolysis

are highly expressed in qNSCs, whereas aNSCs are enriched in

genes that are associated with oxidative phosphorylation (Llorens-

Bobadilla et al., 2015; Leeman et al., 2018). qNSCs also express

high levels of Spot14 (Thrsp), a negative regulator of fatty acid

synthase (FASN). The fatty acid binding protein Blbp, which is

involved in transporting lipids that have been taken up from the

circulation, is also expressed at high levels in RG and adult NSCs.

Inhibition of de novo lipogenesis or loss of Blbp decreases

proliferation and neurogenesis of SGZ and V-SVZ NSCs,

whereas the knockdown of Spot14 leads to activation of NSCs in

the SGZ (Knobloch et al., 2013).

qNSCs and aNSCs also use different mechanisms for protein

homeostasis: aNSCs show high proteasome activity in culture and

are enriched with proteasome and chaperone-related genes. By

contrast, qNSCS express genes that are associated with lysosomes

(Leeman et al., 2018). Although qNSCs have lower protein

synthesis rates, they have larger lysosomes and contain more

lysosome-associated protein aggregates than do aNSCs. The

clearance of protein aggregates by lysosomal activity leads to

NSC activation in response to EGF and FGF. Interestingly, aging is

paralleled by robust changes in the transcriptome of qNSCs but not

of aNSCs (Leeman et al., 2018). During aging, neurogenesis and the

number of NSCs decline (Obernier et al., 2018; Enwere et al., 2004),

and lysosome activity becomes impaired in qNSCs, leading to

higher levels of protein aggregates. This may explain the reduced

capability of NSCs to become activated in the aged V-SVZ (Enwere

et al., 2004; Capilla-Gonzalez et al., 2014).

Similarities and differences between V-SVZ and SGZ NSCs

NSCs in the two major germinal centers of the adult brain – the

V-SVZ and the SGZ – share astroglial features and expression of

some molecular markers. There are, however, important differences

in their niches, anatomy and molecular properties. Below, we

highlight some of the similarities and differences between NSCs in

the V-SVZ and SGZ. SGZ NSCs (RAs) have been reviewed in

detail elsewhere (e.g. Gonçalves et al., 2016).

Niches and lineages

One key difference between B1 cells and RAs is their anatomical

location. The SGZ is a displaced germinal niche, located away from

the ventricular walls. The RAs are located deep in the brain, at the

interface of the hilus and the granule cell layer in the DG. Therefore,

unlike V-SVZ B1 cells, RAs do not contact the ventricle. However, as

with B1 cells, RAs contact neighboring NSCs, IPCs and a vascular

plexus under the SGZ (Seri et al., 2004; Palmer et al., 2000).

Furthermore, through their elaborate radial process, RAs contact

mature granule neurons and, in the molecular layer, other glial cells

and axonal terminals (Moss et al., 2016). RAs give rise to IPCs (in the

SGZ known as D cells or Type 2a/2b progenitors), although how

many times these IPCs then divide in the SGZ remains controversial

(Encinas et al., 2011; Seri et al., 2004; Lugert et al., 2012). Ultimately,

IPCs generate young neurons (Kempermann et al., 2004) that do not

move far from the mother RA (Sun et al., 2015) and integrate into the

granule cell layer (GCL), inwhich they differentiate into glutamatergic

excitatory granule neurons (van Praag et al., 2002). Therefore, RAs are

in close proximity to the very same neurons they generate and other

mature neurons of the DG. This is unlike B1 cells, which do not

contact the OB or the neurons within it. Another key difference is that

neurons born from RAs in the adult SGZ are excitatory, whereas B1

cells generate inhibitory neurons. RAs are also able to produce

differentiated astrocytes, but apparently do not generate

oligodendrocytes under normal conditions (Steiner et al., 2004).

However, they can be induced to generate oligodendrocytes by

overexpression of Ascl1 or knockout of the ubiquitin-specific protease

9 X-linked (USP9X) (Oishi et al., 2016; Jessberger et al., 2008).

Similar to the V-SVZ lineage, a continuum from quiescence,

to activation, to differentiation has been shown, based on

transcriptomics, for SGZ NSCs in the adult hippocampus (Shin

et al., 2015; Artegiani et al., 2017). Pseudotime analysis suggests that,

during the transition from qNSC to aNSC, genes that are related to the

Notch, BMP and MAPK pathways are downregulated, whereas low

levels of IPC-related genes and proliferation markers become

expressed in late NSCs. As with V-SVZ NSCs, SGZ NSCs switch

from glycolysis to oxidative phosphorylation during activation:

qNSCs are enriched in genes that are associated with glucose/

glycolysis and lipid metabolism, including fatty-acid degradation

and sphingolipid metabolism, whereas oxidative-phosphorylation,

protein synthesis and cell cycle genes are upregulated in aNSCs.

HopX, which has been recently identified as a marker for outer RG in

the human embryonic cortical SVZ (Pollen et al., 2015), is also

expressed in SGZ qNSCs and is downregulated during the transition

to aNSCs (Shin et al., 2015). Interestingly, HopX is not detected in

V-SVZ NSCs (Li et al., 2015), which suggests important differences

in the expression profiles in NSCs from the two main neurogenic

regions of the adult brain.

Extrinsic regulation

There are also some similarities in the regulation of RAs and B1

cells. RAs make contact with blood vessels in a vascular plexus next

to the SGZ (Palmer et al., 2000; Seri et al., 2004) and, as in B1 cells,
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circulating factors in the blood affect RAs in an age-dependent

manner, possibly owing to an elevation of the levels of the

chemokine CCL11, which reduces neurogenesis (Villeda et al.,

2011). Similar to B1 cells, RAs respond to neurotransmitters that are

released, in the case of RA, from neurons within the DG or from

distant locations. Locally, GABA from DG parvalbumin+

interneurons appears to regulate RA quiescence through tonic

activation of GABAA-receptors (Song et al., 2013, 2012; Ge et al.,

2007). Interestingly, deletion of the γ2 subunit of GABAA-receptors

in RAs promotes symmetric self-renewal (Song et al., 2012).

Treatment with DBI, a negative allosteric modulator of GABAA-

receptors in NSCs and progenitor cells, also promotes RA

symmetric self-renewal and delays the generation of young

neurons (Dumitru et al., 2017). As in the V-SVZ, neurogenesis in

the SGZ/DG is regulated by input from neurons in distant locations.

Serotonin from the raphe nucleus positively regulates SGZ stem/

progenitor proliferation, and lesions of the raphe nucleus reduce

neurogenesis in the SGZ/DG (Brezun and Daszuta, 1999).

Proliferation is also inhibited by the ablation of medial septal

cholinergic neurons or midbrain dopaminergic neurons (Fréchette

et al., 2009; Van Kampen and Eckman, 2010; Höglinger et al.,

2004), or by NMDA receptor agonists and glutamatergic input to

the DG, whereas NMDA receptor antagonists increase neurogenesis

(Cameron et al., 1995; Berg et al., 2013). The locus coeruleus

neurons in the brain stem innervate the hippocampus and release

norepinephrine, which increases proliferation in the SGZ by

activating quiescent RAs through β-adrenergic receptors, or

decreases proliferation and neurogenesis through α2-adrenergic

receptors (Jhaveri et al., 2014, 2010; Kulkarni et al., 2002).

SGZ neurogenesis also responds to the external environment:

hippocampal neurogenesis is reduced under stress (e.g. through the

release of glucocorticoids; for a review, see Mirescu and Gould,

2006), whereas environmental enrichment increases proliferation,

differentiation and/or cell survival in the hippocampus, possibly

through increased levels of vascular endothelial growth factor

(VEGF) and brain-derived neurotrophic factor (BDNF) (for a

review, see Nithianantharajah and Hannan, 2006).

Heterogeneity of NSCs in the SGZ

As seen in the B1 cells of the V-SVZ (discussed above), RAs

exhibit functional and morphological heterogeneity (for review,

see Berg et al., 2018). For example, whereas RAs are more

abundant in the dorsal (temporal) SGZ, RAs in the ventral blade

of the DG generate neurons that appear to mature at a faster rate

than those born dorsally (Piatti et al., 2011). Furthermore, RAs

have been divided into two subtypes: type α and type β. Type α

cells, which represent the majority of RAs, have radial processes

that branch into the molecular layer. The radial processes of type β

RAs, by contrast, are shorter and branch within the GCL, extending

to the border of the outer GCL and inner molecular layer.

Interestingly, similar to the lineage relationship between B1 and

B2 cells in the V-SVZ, type α RAs give rise to type β RAs (Gebara

et al., 2016). Besides these RAs, which possess a radial glia-

like morphology, horizontal non-radial NSCs have been described

in the DG (Suh et al., 2007; Steiner et al., 2006). It remains unclear

how the heterogeneity in morphology of B1 cells and RAs is

associated with their progenitor functions. Whether these

differences are a reflection of stages in quiescence or activation,

or whether different morphological types correspond to unique

populations of primary progenitors, remains an important question

for future research.

Maintenance of V-SVZ neural stem cells

Discovering how primary progenitors are retained throughout

postnatal and adult life is essential in understanding adult

neurogenesis. Sustained neurogenesis for extended periods of

time requires the coordinated regulation of quiescence, self-renewal

and differentiation. These processes require the control of cell

division mode, i.e. symmetric versus asymmetric cell division

(Fig. 4). Symmetric divisions of NSCs can result in either two stem

cells (self-renewal) or two IPCs (i.e. stem cell consumption), and

therefore affect stem cell numbers. In contrast, NSCs undergoing

asymmetric divisions generate one stem cell and one IPC.

Asymmetric divisions in theory could continually replenish the

stem cell pool, but this mode of division does not allow independent

regulation of neurogenesis versus self-renewal. In contrast,

symmetric divisions allow self-renewal to be uncoupled and

independently regulated from differentiation, which allows for

the generation of progeny with minimal replicative burden on

individual stem cells. Symmetric divisions have therefore been

proposed as a mechanism to protect stem cells from cancer and

replicative aging owing to the accumulation of DNA damage

(Shahriyari and Komarova, 2013; Hormoz, 2013). Indeed, it is

becoming increasingly evident that symmetric divisions fuel the

self-renewal of somatic stem cells in various tissues and organisms,

e.g. in the brain of Drosophila melanogaster (Mora et al., 2018),

duringCaenorhabditis elegans germ cell development (Kimble and

White, 1981), and in the adult mammalian hematopoietic system

(Bernitz et al., 2016), epidermis (Rompolas et al., 2016) and

intestinal epithelium (Snippert et al., 2010).

A  Asymmetric divisions B  Symmetric divisions Fig. 4. Division modes of NSCs. (A) Asymmetric

stem cell divisions (proposed e.g. by Calzolari et al.,

2015) generate a fixed lineagewith oneB1 cell (blue)

giving rise to another B1 cell and one C cell (green).

This mode of division requires repeated divisions

of B1 cells for the production of an increased

population of progeny before a final (consuming)

division generates only C cells. (B) Symmetric

divisions can generate either two B1 cells

(symmetric self-renewal) or two C cells (symmetric

consumption/differentiation), allowing self-renewal

and differentiation to be regulated independently,

and allowing the generation of progeny with minimal

replicative burden on individual stem cells. Note

that sister B1 cells can become consumed

asynchronously (left), and thatmultiple self-renewing

divisions can precede consuming divisions (right).
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In the rodent brain, the mode of NSC division changes depending

on developmental stage. Early embryonic neuroepithelial cells in the

neural tube expand through symmetric self-renewal (Kriegstein and

Alvarez-Buylla, 2009). In contrast, RG in the cortical VZ have been

shown to mostly undergo asymmetric cell divisions to both self-

renew and generate cortical neurons, either directly or through IPCs

(Haubensak et al., 2004; Noctor et al., 2004). In the adult V-SVZ,

GLAST+NSCs have been suggested to undergo a rapid sequence of

asymmetric cell divisions before becoming consumed by a terminal

symmetric division, thereby lacking long-term self-renewal

capabilities (Calzolari et al., 2015) (Fig. 4A). However, clonal

analysis using barcoding techniques has revealed that themajority of

OB interneurons born after P28 do not have clonal relationships to

OB neurons that were born earlier (Fuentealba et al., 2015), which

suggests that repeated asymmetric divisions of NSCs do not occur.

Consistently, recent data shows that the majority of GFAP+ V-SVZ

NSCs divide symmetrically to either self-renew or differentiate

(Fig. 4B), but exhibit a greater probability to undergo consuming

divisions (Fig. 5), thereby leading to a decline in B1 cells over time

(Obernier et al., 2018). Similar results were obtained upon lineage

tracing of Troy+ or Ki67+ NSCs (Basak et al., 2018). It will be

interesting to determine whether self-renewing NSCs and those

primed to differentiate differ in their transcriptomic signatures.

B1 cells can symmetrically self-renewmore than once before they

undergo a final differentiative division (Fig. 5), thereby transiently

amplifying their lineage. Interestingly, self-renewing B1 cells can

reside in the V-SVZ for several months before their consumption

(Obernier et al., 2018), which suggests long-term self-renewal

capacities of at least a subset of NSCs. Compared with asymmetric

cell divisions, this sequence of symmetric self-renewal followed

by symmetric differentiation could allow for either the generation

of larger numbers of differentiating progeny or the distribution

of replicative burden between lineage-related B1 cells. Stem cells

in the hematopoietic system have similarly been shown to

asynchronously undergo four rounds of symmetric amplification,

with age-related changes linked to ‘cellular memory’ and the

division history of the cell (Bernitz et al., 2016). It is known that B1

cells can enter extended periods of quiescence of up to several

months (Obernier et al., 2018; Basak et al., 2018) but it remains

unclear whether the sporadic re-activation of NSCs is linked to the

cell history, i.e. the number of previous self-renewing divisions.

Moving forward, it will be interesting to determine whether repeated

self-renewal changes the transcriptomic signature of NSCs.

Thus, in mice, the processes of NSC activation, maintenance and

differentiation seem to be highly regulated throughout the life span

of the animal to maintain neurogenesis, albeit at progressively

reduced levels. The extent of neurogenesis, and the number of NSCs

that continue to generate neurons, in the human adult brain,

however, remains controversial. The protracted development and

longer life-span in humans and other species may limit the processes

of neurogenesis described here in the adult mouse brain to fetal and

infant stages. Indeed, in children younger than one year of age,

many migrating young neurons are present not only in the RMS, but

also throughout the frontal lobe (Sanai et al., 2011; Paredes et al.,

2016b), although the time of birth and origin of these young neurons

remains unknown. In the adult human brain, rare young neurons are

observed in the walls of the lateral ventricles (Sanai et al., 2011;

Wang et al., 2011) but a clear RMS or evidence of migration into the

OB is missing. Surprisingly, in the same adult human brains in

which young neurons are present in the walls of the ventricles, cells

with clear marker expression and morphology of young neurons are

not present in the DG or are extremely rare (Sorrells et al., 2018;

Cipriani et al., 2018; Knoth et al., 2010; Dennis et al., 2016), which

suggests minimal levels of adult neurogenesis. However, other

studies suggest that neurogenesis, even in the aged human DG,

continues robustly (Spalding et al., 2013; Boldrini et al., 2018),

whereas still other studies report a sharp decline and a small and

negligible contribution in adults (Knoth et al., 2010; Dennis et al.,

2016). The reasons that underlie these discrepancies are unclear. It is

possible that, as brain size increases (as occurs in humans) NSCs

which, as discussed above, become regionally specified early

during embryonic development, could become spatially dissociated

from sites of integration (Paredes et al., 2016a). In addition, the large

size of the human brain with its very extensive regions of white

matter may impose limits on postnatal NSC deposition and long-

range neuronal migration. Overall, further studies are clearly needed

to fully understand whether or not neurogenesis occurs in the adult

human brain.

Self-renewal

20%

Terminal

differentiation

80%

A
g

A
g
e

A
g

V-SVZ

stem cell population

Fig. 5. B1 cells decline over time. B1 cells (blue) divide symmetrically.

The majority (∼80%) of B1 cells becomes consumed by the generation of

C cells (green), leading to a declining B1 cell population as the animal ages

(terminal differentiation; green arrow). A smaller fraction (∼20%) of B1 cells

symmetrically self-renews, which generates two B1 cells. Given the high level

of terminal differentiation, this process allows neurogenesis to be maintained

throughout the lifespan of the animal (albeit at lower levels). Note that B1 cells

can undergo more than one round of symmetric self-renewal, enter extended

periods of quiescence, and generate progeny at different times. In addition,

each self-renewing division may lead to intrinsic changes in B1 cells (aging of

the stem cell lineage), here illustrated by different shades of blue.
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Conclusions

We are now beginning to build a detailed molecular description of

the cell types in the V-SVZ, their behaviors and the cell-cell

interactions that take place in this niche. However, a number of key

questions remain open. For example, how do the different

subpopulations that have been defined by transcriptomic analyses

relate to the cell types that exist in vivo? High-resolution

microscopic approaches combined with multiplex mRNA

detection should allow a better identification of cell diversity

in vivo. Advances in live imaging will also soon make it possible to

observe the behavior of B1 cells in vivo, as has been recently

achieved for RAs in the hippocampus (Pilz et al., 2018). B2 cells are

particularly intriguing as they are derived from B1 cells (Obernier

et al., 2018), and it will be interesting to understand their role in the

generation of the neurogenic lineage. Here too, single cell

transcriptomic analyses may provide new tools to lineage trace

B2 cells. How NSCs integrate different signals to regulate adult

neurogenesis also remains elusive. Another fascinating issue is

whether NSCs have a ‘molecular memory’ of their own history

(Fig. 4); self-renewing NSCs and their daughter NSCs may differ

from each other depending on their age, number of previous

divisions and duration of quiescence between divisions.

It is also becoming evident that intrinsic factors, apparently

inherited from the developmental history of each stem cell,

determine the regional heterogeneity of B1 cells. How this regional

heterogeneity is generated and maintained remains a fascinating

problem to resolve. Single cell RNA-sequencing and lineage tracing

approaches could also help to understand regional differences among

B1 cells. It will be equally important to determine what controls the

switch from the generation of forebrain neurons from embryonic RG,

to the generation of OB interneurons from postnatal B1 cells. The

next few years will no doubt shed light on some of these areas, and

will provide a more detailed understanding of the regulation of adult

neurogenesis. This fascinating process, which was long thought to be

impossible, is already revealing basic mechanisms of sustained

neuronal birth and differentiation, and may one day provide a strategy

to replace neurons for brain repair.
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