
The Adult Ventricular–Subventricular Zone
(V-SVZ) and Olfactory Bulb (OB) Neurogenesis

Daniel A. Lim and Arturo Alvarez-Buylla

Eli and Edythe Broad Center of Regeneration Medicine and Stem Cell Research at UCSF, Department
of Neurological Surgery, University of California, San Francisco, California 94143

Correspondence: daniel.lim@ucsf.edu; abuylla@stemcell.ucsf.edu

A large population of neural stem/precursor cells (NSCs) persists in the ventricular–subven-
tricular zone (V-SVZ) located in thewalls of the lateral brain ventricles. V-SVZNSCs produce
large numbers of neuroblasts that migrate a long distance into the olfactory bulb (OB) where
they differentiate into local circuit interneurons.Here,we reviewa broad range of discoveries
that have emerged from studies of postnatal V-SVZ neurogenesis: the identification of NSCs
as a subpopulation of astroglial cells, the neurogenic lineage, new mechanisms of neuronal
migration, and molecular regulators of precursor cell proliferation and migration. It has also
become evident that V-SVZ NSCs are regionally heterogeneous, with NSCs located in dif-
ferent regions of the ventricle wall generating distinct OB interneuron subtypes. Insights into
the developmental origins and molecular mechanisms that underlie the regional specifica-
tion of V-SVZNSCs have also begun to emerge. Other recent studies have revealed new cell-
intrinsic molecular mechanisms that enable lifelong neurogenesis in the V-SVZ. Finally, we
discuss intriguing differences between the rodent V-SVZ and the corresponding human brain
region. The rapidly expanding cellular and molecular knowledge of V-SVZ NSC biology
provides key insights into postnatal neural development, the origin of brain tumors, and
may inform the development regenerative therapies from cultured and endogenous human
neural precursors.

N
ew neurons continue to be added through-
out life to the olfactory bulb (OB) in the

brain of many mammals. In rodents, the adult

germinal region for OB neurogenesis is located
along the walls of the brain lateral ventricles.

Recent results regarding the spatial arrangement

and cellular morphology of the primary neural
precursors—or, neural stem cells (NSCs)—in-

dicate that this region has characteristics similar

to both the embryonic ventricular zone (VZ)
and subventricular zone (SVZ). Given this

new understanding, we now refer to this region
as the ventricular-subventricular zone (V-SVZ).

Neuroblasts born from NSCs in the mouse

V-SVZ migrate rostrally into the OB where they
then disperse radially and differentiate into

functional interneurons (Fig. 1). Several dis-

tinct interneuron subtypes are generated by
the V-SVZ, and estimates indicate that thou-

sands of new OB neurons are generated every

day in the young adult rodent brain. The adult
V-SVZ is also the birthplace of oligodendro-
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cytes in both normal and diseased brain. In

contrast to the embryonic brain, wherein neural
precursors are continually changing their devel-

opmental potential, the adult brain V-SVZ and

its resident NSCs are relatively stable, generating
new neurons and glia for the life of the animal.

V-SVZ NSCs can be cultured as monolayers,

recapitulating in vitro key aspects of in vivo
neurogenesis, and generate OB interneurons

when transplanted back to the SVZ in vivo.

The well-characterized V-SVZ region, the rela-

tively simple developmental lineages of adult V-
SVZ NSCs, and the ability to robustly culture

these NSCs for molecular and biochemical

studies have made the V-SVZ particularly trac-
table for anatomical, cell biological, and molec-

ular-genetic studies of NSC regulation and oth-

er fundamental aspects of neural development.
Here, we will first review basic anatomical,

cellular, and molecular aspects of the rodent
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Figure 1.Overview of adult mouse olfactory bulb (OB) neurogenesis from the ventricular–subventricular zone
(V-SVZ). (A) Sagittal section through mouse head (calvarium is yellow). Neuroblasts (type A cells) born in the
V-SVZ of the lateral ventricle (blue) migrate through a network of paths (red) into the rostral migratory stream
(RMS), which enters the OB. Cells then leave the RMS (arrows, dashed lines) and migrate radially into the OB.
Boxed area is shown enlarged in B. (B) Neuronal layers of OB. Migratory cells depart the RMS and differentiate
into granule cells (GC) or periglomerular cells (PGC), which reside in the granule cell layer (GCL) and
glomerular layer (GL), respectively (type A cells and differentiated interneurons are red). ORNs (small gray
cells) in the olfactory epithelium (OE) project to the GL. The main projection neurons of the OB (mitral cells
and tufted cells) are in gray. (C) Artists’ rendition of a chain of migratory type A cells. These chains are
ensheathed by glial cells (type B cells, blue) and are associated with clusters of transit-amplifying cells (type
C cells, green). (D)DiversityofOB interneurons. TypeAcells differentiate into either PGCs orGCs, which can be
distinguished by morphology, neurotransmitter (NT) phenotype, and markers. CC, Corpus callosum; Cx,
cortex; CB, cerebellum;ORN, olfactory receptor neuron;MCL,mitral cell layer; ep, ependymal cell; TH, tyrosine
hydroxylase.
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V-SVZNSCniche.Wewill then incorporate our

growing understanding of the cell-intrinsic mo-
lecular mechanisms that regulate V-SVZ NSCs,

including the role of transcription factors and

epigenetic regulators, such as chromatin-mod-
ifying factors and noncoding RNAs. Finally, we

will review emerging results that highlight in-

triguing differences between the rodent and hu-
man SVZ. Taken together, the cellular and mo-

lecular knowledge of V-SVZ NSCs biology and

our growing understanding of this region in the
human brain provide key insights into postnatal

neural development as well as specific disease

states, such as glial brain tumors. Furthermore,
lessons learned from the rodent V-SVZ could

serve to develop general strategies for the ma-

nipulation of cultured human NSCs as well as
endogenous neural precursors for the purpose

of regenerative therapies.

THE CELLULAR ARCHITECTURE
OF THE V-SVZ

V-SVZ Progenitors and Lineages
for Adult Neurogenesis

The mammalian brain contains ventricles

filled with cerebrospinal fluid (CSF), and in

adult mice, several thousand NSCs are distrib-
uted along the lateral ventricle walls (Mirzadeh

et al. 2008; Ponti et al. 2013). These adult V-SVZ

NSCs, called type B1 cells, have many charac-
teristics of brain astrocytes (Doetsch et al. 1997,

1999a; Garcia-Verdugo et al. 1998), a glial cell-

type known to have various support functions
for the brain. Type B1 cells express a number of

glial markers including the glial-fibrillary acidic

protein (GFAP), glutamate aspartate transport-
er (GLAST), and brain lipid-binding protein

(BLBP). Furthermore, type B1 cells have end-

feet on blood vessels, which is typical of gray
matter astrocytes. As we discuss in sections be-

low, type B1 cells are unique among brain astro-

cytes in that they frequently make direct contact
with the brain ventricle.

Type B1 cells can exist in a quiescent or ac-

tivated state (Codega et al. 2014; Mich et al.
2014). Nestin is an intermediate filament pro-

tein that has generally been considered to be a

marker of NSCs. Although quiescent type B1

cells do not express nestin, the “activated” pop-
ulation of B1 cells does express this protein.

Thus, these recent data suggest that somemeth-

ods of lineage tracing based on the expression
of the Nestin locus may not fully reflect the de-

velopmental potential of quiescent NSCs in the

V-SVZ.
Activated type B1 cells give rise to transit-

amplifying precursors (type C cells), which gen-

erate neuroblasts (type A cells) that migrate to
the OB. The transcription factors Ascl1 (also

known as Mash1) and Dlx2 are frequently

used as markers of type C cells. The expression
of doublecortin (DCX) and polysialylated neu-

ral-cell-adhesion molecule (PSA-NCAM) dis-

tinguish Dlx2-positive type A cells from type
C cells (Doetsch et al. 1997).

Based on in vitro time-lapse video micros-

copy, V-SVZ NSCs can undergo asymmetric
division for self-renewal and the production of

type C cells (Ortega et al. 2013a,b). In vivo anal-

ysis of cell proliferation by mitotic marker
incorporation indicates that type C cells then

divide symmetrically approximately three times

before becoming type A cells, which divide one,
possibly two, more times while en route to the

OB (Ponti et al. 2013). Type A cells move along

one anotherwithin elongated cellularaggregates
called chains, which are ensheathed by GFAP-

positive cells (Lois 1996; Lois et al. 1996;

Wichterle et al. 1997). This neuroblast chain
migration occurs within a network of intercon-

necting paths that converge, forming the rostral

migratory stream (RMS) at the anterior SVZ
(Doetsch and Alvarez-Buylla 1996). The RMS

carries the type A cells into the OB where they

then migrate radially outward from the RMS
and differentiate into interneurons.

Type B1 cells also give rise to glial lineages,

including oligodendrocytes and nonneuro-
genic astrocytes. As compared with OB neu-

rogenesis, the V-SVZ generates relatively few

oligodendrocytes in adulthood. In normal,
uninjured mice, type B1 cells generate new oli-

godendrocytes for the corpus callosum (Menn

et al. 2006). After demyelinating injury, V-SVZ
oligodendrogliogenesis increases, suggesting

that type B1 cells can respond to changes in-
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duced by injury or disease states (Nait-Oumes-

mar et al. 1999; Picard-Riera et al. 2002). Brain
injury has also been suggested to induce the

V-SVZ to produce astrocytes that migrate to

the injury site (Benner et al. 2013). Although
V-SVZ NSCs have been found to be capable of

producing neurons, astrocytes, and oligoden-

drocytes, this multipotent developmental po-
tential has been most frequently observed in

cultures that use higher concentrations of ex-

ogenous growth factors. Single GFAP-positive
cells isolated from the V-SVZ by fluorescent

activated cell sorting (FACS) can generate colo-

niesthat containneuronal andglial lineageswhen
coculturedon support astrocytemonolayers, fur-

ther supporting that notion thatV-SVZNSCs are

multipotent (Menn et al. 2006). In contrast, di-
rect video time-lapse microscopy of neural pre-

cursors from the V-SVZ has not identified cells

that generate both neuronal and glial lineages
(Ortega et al. 2013b). Rather, such V-SVZ cells

cultured individually on a glass substrate in

growth factor–free media generate colonies
that contain neurons or oligodendrocytes, but

not both. It remains to be determined whether

type B1 cells in vivo, or when presented with
appropriate extrinsic niche signals, can generate

both neuronal and glial lineages.

Type B1 Cells: A Specialized Astrocyte
with Unique Ventricular Contact
and Basal Extension

The lateral ventricle ependyma has been often

described as a layer of multiciliated epithelial
cells that form a tight barrier between the brain

parenchyma and the ventricle lumen. However,

light and electron microscopy (EM) show that
the adult brain ventricular epithelium is not

entirely composed of ependymal cells. In nor-

mal mice, type B1 cells make direct contact with
the ventricle (Doetsch et al. 1999b, 2002; Con-

over et al. 2000;Mirzadeh et al. 2008); most type

B1 cells contact the ventricle by extending a thin
cellular process between ependymal cells. Thus,

the boundary between the ependymal layer and

the SVZ is blurred by this interdigitation of type
B cells and ependyma. In coronal sections, with-

out EM, it can be difficult to distinguish these

cell types because they are both very close to the

ventricle lumen. However, when the surface of
the ventricle is viewed en face in whole mount

preparations and immunohistochemistry (Mir-

zadeh et al. 2010), the thin apical processes of
type B1 cells can bemore easily appreciatedwith

whole-mount immunohistochemistry (Mirza-

deh et al. 2008). Although ependymal cells
each bear many large, motile cilia, the apical

surface of type B1 cells has a single, nonmotile

cilium that lacks a central pair of microtubules.
Such apical processes, each having a primary

cilium, tend to cluster together at the center of

a rosette of ependymal cells in a repeating “pin-
wheel” pattern.

The integrity of the ependymal cell layer

appears to be critical for the germinal function
of the V-SVZ and neurogenesis from type B1

cells. ANKYRIN3, an adaptor protein that reg-

ulates the attachment of membrane proteins,
such as N-cadherin to the cytoskeleton, is found

at the apicolateral junctions of ependymal

cells (Paez-Gonzalez et al. 2011). Type B1 cells
do not have such ANKYRIN3 cell-adhesion do-

mains. Decreased ankyrin3 expression in adult

V-SVZ results in ependymal layer disruption
and reduced neuroblast generation, suggesting

that adult neurogenesis requires a normal epen-

dymal layer.
Although the role of the primary cilium and

ventricular contact of type B1 cells is not yet

well known, it is interesting to note that cilium
with this 9 þ 0 microtubule arrangement and

ventricular contact are also characteristic of

embryonic neuroepithelial cells, radial glia,
and adult avian brain neuronal precursors (So-

telo and Trujillo-Cenoz 1958; Stensaas and

Stensaas 1968; Alvarez-Buylla et al. 1998). Dur-
ing neural tube development, the primary cili-

um is required for sonic hedgehog (Shh) signal-

ing (Wong and Reiter 2008), and this cellular
structure may also play a role in the transduc-

tion of other signaling molecules, raising the

interesting possibility that apical contact of
type B1 cells and its primary cilium with the

CSF is a critical component to the regulation of

adult neurogenesis. Indeed, insulin-like growth
factor 2 (IGF-2) in the CSF has been shown

to regulate the proliferation of type B1 cells
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(Lehtinen et al. 2011), supporting the notion

that the CSF provides extrinsic regulatory cues
to the V-SVZ niche. SHH, Wnts, retinoic acid

(RA), and bonemorphogenetic proteins (BMP)

are all found in CSF (Huang et al. 2010; Lehti-
nen and Walsh 2011; Lehtinen et al. 2011), and

these factors regulate V-SVZ neurogenesis. Sur-

prisingly, ablation of primary cilia with genetic
methods at even very early stages of brain devel-

opment does not result in major developmental

defects (Tong et al. 2014b). However, in the
V-SVZ, loss of primary cilia in the ventral region

known to be regulated by SHH, does inhibit

SHH signaling, and neurogenesis from that re-
stricted population of cells is decreased. The

potential role of the primary cilium in other

regions of the V-SVZ and in NSCs of the em-
bryonic brain remains to be determined.

The Search for Markers of Type B1 Cells

Markers that clearly distinguish type B1 cells

from other cell types have been elusive. For in-
stance, GFAP is expressed by many nonneuro-

genic brain astrocytes outside of the V-SVZ.

The CD133 cell-surface marker has been used
to enrich for V-SVZ NSCs, but expression

of CD133 in type B1 cells is variable and is

also prominently expressed on ependymal cells
(Coskun et al. 2008; Mirzadeh et al. 2008; Beck-

ervordersandforth et al. 2010). LewisX (Lex)/
CD15/SSEA-1 is a cell-surface carbohydrate an-
tigen that has also been found on V-SVZ NSCs,

but this marker is also present on many non-

GFAP-expressing cells and some type A cells
(Capela and Temple 2002; Imura et al. 2006;

Shen et al. 2008). The epidermal growth factor

receptor (EGFR) is found on “activated” type
B1 cells and type C cells (Pastrana et al. 2009).

Similarly, GLAST is found in both type B1 cells

and some type C cells. Although high levels of
Id1 have been found in type B1 cells, this tran-

scription factor is present at lower levels in type

C cells (Nam and Benezra 2009). Similarly, Tail-
less (Tlx) is expressed in type B1 cells but is also

expressed at high levels in type C cells (Shi et al.

2004). More recently, VCAM1 has been found
to be expressed on the apical process of type B1

cells and shown to play a critical role in NSC

maintenance (Kokovay et al. 2012). As in other

stem-cell systems, it is possible that identifica-
tion of the type B1 cells will require the use of

multiple markers with attention to the expres-

sion level of each gene product. Given that long
noncoding RNAs (lncRNAs) are generally more

tissue and cell specific thanmRNAs (Cabili et al.

2011; Ramos et al. 2013), future studies of
lncRNAs may also identify novel markers that

distinguish V-SVZ cell types.

The Radial Glial Origin of Type B1 Cells:
Persistence of a VZ-Like Cell into Adulthood

The glial cell identity and ventricular contact of

type B1 cells is particularly intriguing when ex-

amined in the broader context of embryonic
brain development. In the embryo, a specialized

type of glia (radial glia) gives rise to both neu-

rons and glia (Noctor et al. 2001; Campbell and
Gotz 2002; Anthony et al. 2004; Kriegstein and

Alvarez-Buylla 2009). The cell bodies of radial

glia reside in the VZ, maintain contact with the
brain ventricle, and possess a primary cilium at

this apical surface. Radial glia selectively labeled

at early postnatal ages give rise to type B1 cells,
and some of these persist throughout life (Mer-

kle et al. 2004). The ventricular contact of type

B1 cells, their long-term neurogenic potential,
and their unique apical process containing a

primary cilium suggests the “persistence” of

radial glial-like cells in what can be described
as the adult VZ (Ihrie and Alvarez-Buylla 2011;

Fuentealba et al. 2012).

Because of the “compressed” cellular ar-
rangement in this adult germinal region, the

ventricular and SVZ compartments are difficult

to distinguish. We have, therefore, proposed
that this region be referred to collectively as

the V-SVZ, which can be subdivided into three

domains based on the structure and spatial ar-
rangement of type B1 cells (Fig. 2). Domain I

(apical) contains the type B1 cells apical process

and the body of ependymal cells; domain II
(intermediate) contains the cell body of most

type B1 cells, which are in contact with the

type C and A cells; and domain III (basal) con-
tains the B1 cell’s basal process with end-feet on

blood vessels. These subdomainsmay play a role

Adult V-SVZ and Olfactory Bulb Neurogenesis
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in the regulation of type B1 cells by providing
these NSCs with distinct sets of extrinsic signals

along their apicobasal extent.

The spatial and morphological similarities
between type B1 cells and embryonic radial glia,

and the direct lineage relationship between these

populations of neural precursors, suggests that
adult-type B1 cells “preserve” embryonic-like

characteristics throughout adult life. The pre-

vailing model suggested that radial glia trans-
form, after they produce neurons and glia in

the embryo, into B1 cells (Kriegstein and Alva-

rez-Buylla 2009). This simple view is challenged
by a recent lineage tracing study that investigates

the pedigree of adult B1 cells (Fuentealba et al.

2015). The new results show that postnatal B1
cells are indeed derived from embryonic NSCs

that produce also neurons and glia for other

forebrain regions (including cortex, striatum,
and septum). However, pre-B1 cells appear to

separate from other forebrain lineages during

mid-fetal development. During this time, the

majority of B1 cells undergoes division but
then remain largely quiescent until reactivated

during postnatal life. Consistent with this obser-

vation, another recent study suggests that B1
cells are derived from radial glia that decelerate

their proliferation during this period when the

pre-B1 cell lineage separates from other fore-
brain lineages (Furutachi et al. 2015). These

new findings suggest that the lineage for post-

natal NSCs is not linear, but bifurcates in
the embryo. Cell-intrinsic neurogenic “compe-

tence” is likely maintained in this population

of pre-B1 cells to allow cell-extrinsic signals, lat-
er in life, to induce their reactivation and gen-

eration of neurons.

Type B1 Cells Are Intrinsically Distinct
Based on Their Positional Identity

Although type B1 cells are distributed through-
out most of the walls of the lateral ventricles,

their location determines the types of OB
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Figure 2.Cellular composition of the ventricular–subventricular zone (V-SVZ). Coronal section of adultmouse
brain is shown in the upper right. The V-SVZ region indicated by the black arrow is shown enlarged in the lower
left. Type B1 cells (blue) are the astrocytes that serve as the V-SVZ stem cell. These can divide and produce type C
cells (green), which are rapidly dividing, transit amplifying cells. Type C cells give rise to type A cells (red), the
migratory neuroblasts. A blood vessel (BV, brown) is shown at the right. The apical surface of type B1 cells has a
primary cilium and makes contact with the ventricle, which is at the left. These apical surfaces are found at the
center of a “pinwheel” composed of multiciliated ependymal cells (yellow). The V-SVZ can be subdivided into
three domains based on the structure and spatial arrangement of type B1 cells: Domain I (apical) contains the
type B1 cells apical process and the body of ependymal cells; domain II (intermediate) contains the cell body of
most type B1 cells, which are in contact with the type C and A cells; and domain III (basal) contains the B1 cell’s
basal process with end-feet on blood vessels (see text for details).
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neurons (Merkle et al. 2007; Alvarez-Buylla

et al. 2008). For instance, ventral NSCs produce
deep granule neurons and calbindin-positive

but not tyrosine hydroxylase (TH)-positive

periglomerular cells (PGCs), whereas dorsal
NSCs produce superficial granule cells and TH-

positive but not calbindin-positive PGCs. Results

from heterotopic grafting of NSCs (e.g., ventral
NSCs transplanted into the dorsal V-SVZ) sug-

gest that the positional heterogeneity of these

NSCs is in large part cell-intrinsic (i.e., ventrally
derived NSCs grafted to the dorsal V-SVZ still

produce calbindin-positive but not TH-positive

PGCs). Thus, type B1 cells are not a homoge-
neous population of adult NSCs, and it is likely

that these precursor cells will have significant

epigenetic differences based on their physical
location. Curiously, this regional specification

is already established in the embryo at very early

stages of development (Fuentealba et al. 2015).
This new understanding of regional specifi-

cation of adult NSCs explains why extensive

tangential migration is required to take young
neurons from unique sites of birth, where spec-

ified B1 cells reside, to their final destination in

the OB. Remarkably, interneurons for the OB
are not only derived from the lateral wall of the

lateral ventricle, but some specific subtypes

are derived from the dorsal wall facing the cor-
tex (pallium) (Kohwi et al. 2007; Ventura and

Goldman 2007), the medial wall facing the sep-

tum, and from within the RMS (Vergano-Vera
et al. 2006; Merkle et al. 2007; Alonso et al.

2008). Therefore, OB interneurons are derived

from a very extensive postnatal germinal layer
that includes most major subdivisions of the

telencephalon. It is likely that all of these subre-

gions contribute unique combinations of tran-
scription factors (see below) that result in the

generation of a diversity of interneurons with

unique structural and physiological properties
tailored for integration into different OB cir-

cuits.

It remains unclear howmany subregions ex-
ist in the V-SVZ and how many different types

of OB interneurons are produced. Until recent-

ly, we knew that at least six different subtypes
of OB interneurons are produced postnatally:

three types of periglomerular interneurons

and three of granule cells (for more details on

these subtypes, see Fuentealba et al. 2012). Re-
cent evidence has revealed a small number of

four additional subtypes of OB interneurons

that differentiate close to the mitral cell layer
(Merkle et al. 2014). These new interneurons

continue to be produced in postnatal and adult

brain suggesting that they have unique func-
tional contributions to the OB circuits. Inter-

estingly, these four neuronal subtypes are de-

rived from very restricted domains in the most
anterioventral V-SVZ.These anterioventral sub-

domains express unique combinations of tran-

scription factors, includingNkx6.1 andZic fam-
ily members. Therefore, the postnatal and adult

V-SVZ is divided into germinal parcels unique-

ly specialized for the production of distinct
types of interneurons destined for a very distant

location in the OB.

The V-SVZ Basal Lamina, Endothelia,
Microglia, and Other Cellular Components
of the Neurogenic Niche

An extensive vascular plexus invests itself

throughout domains II and III of the V-SVZ.
Mercier et al. (2002) used EM to describe the

V-SVZ vasculature and the associated extra-

vascular basal lamina (BL). Blood vessels that
penetrate into the V-SVZ consist of endothelial

cells, pericytes, fibroblasts, and macrophages.

The extravascular BL, which is rich in laminin
and collagen-1, interdigitates extensively with

all V-SVZ cell types, and there are also many

microglial cells in contact with the BL and other
V-SVZ cells. It is possible that the BL concen-

trates and/or modulate cytokines/growth fac-

tors derived from local cells, perhaps playing
a role in the maintenance of type B1 cells and

adult neurogenesis (Alvarez-Buylla and Lim

2004). Interestingly, as mentioned above, type
B1 cells frequently contact endothelial cells via

a specialized basal end-foot, and clusters of

type B1 and C cells are associated with blood
vessels that are more “leaky,” as revealed by the

injection of tracer molecules into the peripheral

bloodstream (Tavazoie et al. 2008). Further-
more, clusters of actively dividing V-SVZ cells

(likely type C) are concentrated next to blood

Adult V-SVZ and Olfactory Bulb Neurogenesis
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vessels. This anatomical arrangement and other

experimental data discussed later indicate that
blood-derived factors regulate V-SVZ neuro-

genesis.

Endothelial and microglial cells in the V-
SVZ secrete factors that are important for the

V-SVZ niche. Endothelial cells cocultured with

V-SVZ explants enhance neuroblast migration
andmaturation (Leventhal et al. 1999); cultured

endothelial cells also secrete soluble factors that

stimulate embryonic NSC self-renewal and in-
creases the neuronal production of adult V-SVZ

NSCs (Shen et al. 2004). Other in vitro studies

show that microglial cells produce soluble fac-
tors important for V-SVZ neurogenesis but not

self-renewal (Walton et al. 2006). Recent work

suggests that direct cell–cell contact between
B1 cells and endothelial cells is involved in

maintenance of B1 cells quiescence and arrest

in G0-G1 (Ottone et al. 2014). In the sections
below, we discuss more advancements in our

understanding of the molecular nature of such

extrinsic niche factors from the variety of cell
types founds in the adult V-SVZ.

THE V-SVZ NEUROGENIC NICHE

Evidence from Transplantation Experiments

For stem cells in general, self-renewal and pro-

genitor cell differentiation are controlled by

the specialized microenvironment, or “niche,”
in which these cells reside. This concept of a

stem-cell niche originated from studies of blood

cell development in which it was found that
stem-cell fate can be modulated by soluble fac-

tors as well as membrane-bound molecules and

extracellular matrix (ECM) (Schofield 1978).
These soluble and nonsoluble niche signals

may be derived from the stem cells themselves,

their progenitors, and the neighboring cells
(Watt and Hogan 2000; Fuchs et al. 2004).

V-SVZ neurogenesis is in part determined by

such niche signals, as initially evidenced by
transplantationexperiments.MouseV-SVZcells

grafted homotopically to another V-SVZ give

rise to large numbers of OB interneurons for
the recipient animal (Lois and Alvarez-Buylla

1994). In contrast, SVZ cells transplanted to

nonneurogenic brain regions produce few,

if any, neurons (Herrera et al. 1999). Purified
postnatal V-SVZ neuroblasts also appear to

give rise to only glial cells when transplanted to

the nonneurogenic striatum, suggesting that
even late lineage V-SVZ cells are dependent on

local environmental cues to differentiate into or

survive as neurons (Seidenfaden et al. 2006).
Conversely, the V-SVZ niche appears to instruct

appropriate neurogenesis of cultured progeni-

tors from the hippocampus (Suhonen et al.
1996); this apparent NSC plasticity may relate

to the relatively long duration (,2 years) of in

vitro culture before grafting. Although these
transplantation experiments indicate that the

V-SVZ contains local cues that can promote

neurogenesis, as we describe in sections below,
regional differences in the V-SVZ niche do not

appear to be sufficient to determine the specific

fate of the adult-born OB interneurons.
In addition to promoting neuronal differ-

entiation, does the V-SVZ niche provide signals

for NSC self-renewal? Although several molec-
ular pathways have been implicated in having

roles in V-SVZ NSC maintenance (as we dis-

cuss later), transplantation experiments dem-
onstrating the existence of a V-SVZ niche for

self-renewal are still lacking. It would be in-

teresting to determine whether primary, uncul-
tured V-SVZ cells can be serially grafted from

one mouse V-SVZ to another and retain long-

term self-renewal and OB interneuron produc-
tion. It is, of course, possible that V-SVZ NSCs

are not capable of satisfying this rigorous test of

self-renewal. It would nevertheless be important
to determine the difference between the V-SVZ

neurogenic niche and nonneurogenic brain re-

gions. Can nonneurogenic brain regions harbor
grafted NSCs in a quiescent or slowly self-re-

newing state? Or, do nonneurogenic brain re-

gions inexorably commit NSCs to terminally
differentiated lineages?

Mitogens and Growth Factors of the V-SVZ

Fibroblast growth factor 2 (FGF-2) and epider-

mal growth factor (EGF) are the principal mi-
togens used to proliferate V-SVZ NSC in vitro,

and it is likely that these growth factors (and/or
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signaling pathways) play roles in vivo (Fig. 3).

Although it is not clear which V-SVZ cells ex-
press these mitogens in vivo, cultured cortical

astrocytes express EGF and FGF-2 (Morita et al.

2005), suggesting that local astrocytes can pro-
vide these proliferative signals for the V-SVZ

niche. EGF and FGF receptors (EGFRs and

FGFRs) are expressed in the V-SVZ, and mice
null for either FGF-2 (Zheng et al. 2004) or the

EGFR ligand-transforming growth factor a

(TGF-a) (Tropepe et al. 1997) have significantly
reduced V-SVZ neurogenesis. Although EGF

and FGF are often thought of primarily as mi-

togens, they may also have roles in cell-fate con-
trol of V-SVZ cells and may even cause NSC

dedifferentiation (Anderson 2001; Raff 2003).

Other growth factors have been implicated
in regulation of the V-SVZ. Intraventricular in-

fusion of ciliary neurotrophic factor (CNTF)

(Emsley and Hagg 2003b) increases V-SVZ pro-
liferation and may increase Notch1 expression

(Chojnacki et al. 2003), suggesting a role inNSC

self-renewal (see below discussion on Notch).
Heparin-binding EGF (HB-EGF) also stimu-

lates SVZ proliferation when administered into

the ventricle (Jin et al. 2002a, 2003). Intraven-
tricular infusion of BDNF has been reported

to increase V-SVZ proliferation and OB neuro-

genesis (Zigova et al. 1998). Elevated levels
of local BDNF expression have also been sug-

gested to promote neurogenesis and migration

into the underlying striatum (Pencea et al. 2001;
Chmielnicki et al. 2004). However, another

study infusing BDNF into the lateral ventricles

did not reveal increased neurogenesis or pro-
duction or migration into the striatum (Galvao

et al. 2008). Platelet-derived growth factor

(PDGF) signaling appears to play a role in bal-
ancing neuronal and oligodendrocyte pro-

duction from the V-SVZ, and excessive PDGF

signaling from ventricular infusion results in
hyperplasia with some features of gliomas.

Initial findings suggested that a significant

subpopulation of cells within the hyperplasias
is derived from type B1 cells (Jackson et al.

2006); however, more recent work suggests

that the majority, if not all, PDGF-responsive
cells are oligodendroglial progenitors within

the V-SVZ (Chojnacki et al. 2011). Vascular en-

dothelial growth factor (VEGF), a known an-

giogenic protein, also stimulates V-SVZ neuro-
genesis when infused into the ventricle (Jin et al.

2002b), suggesting a link between angiogenesis

and neurogenesis (Palmer et al. 2000; Louissaint
et al. 2002; Greenberg and Jin 2005).

There is evidence that some growth factors

are derived from the local V-SVZ vascular plex-
us. Injection of tracer molecules into the pe-

ripheral bloodstream reveals “leakiness” of the

vasculature where clusters of type B1 and C cells
are found (Tavazoie et al. 2008). Given that

PDGF is present at relatively high concentra-

tions in blood serum, it is plausible that this
growth factor and other blood-derived signals

access theV-SVZniche through thismechanism

(Andreu-Agullo et al. 2009). Endothelial cells
themselves also secrete factors that can regulate

NSCs. Early experiments of endothelial cell co-

culturewith embryonic NSCs indicated that en-
dothelial-derived factors enhance the genera-

tion of neurospheres (Shen et al. 2004), which

are spherical clusters of NSCs grown in suspen-
sion (Reynolds and Weiss 1992; Morshead et al.

1994). The chemokine stromal-derived factor 1

(SDF-1) is expressed by endothelial cells and
ependymal cells, and the high levels of SDF-1

from endothelia recruit type B1 and C cells into

the vascular plexus via chemotaxis (Kokovay
et al. 2010). Pigment epithelium-derived factor

(PEDF) is also secreted by endothelial and

ependymal cells, and evidence suggests a role
for this factor in type B1 cell maintenance (Ra-

mirez-Castillejo et al. 2006). In vitro, PEDF

enhances neurosphere self-renewal without
affecting proliferation rate. Intraventricular in-

fusion of PEDF activates the slowly-dividing

type B1 cells, whereas infusion of a PEDF block-
ing reagent reduces type B1 cell proliferation.

This activity of PEDF in V-SVZ NSCs involves

Notch-dependent transcription (Andreu-Agullo
et al. 2009), which we discuss in more detail

later.

Endothelial cells also secrete neurotrophin-
3 (NT-3), and NT-3 signaling in V-SVZ NSCs

causes the rapid phosphorylation of endothelial

nitric oxide synthase (NOS), leading to the pro-
duction of nitric oxide (NO), which acts as

a cytostatic factor (Delgado et al. 2014). Thus,
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these data indicate that endothelial cells also

control adult V-SVZ neurogenesis at perhaps
the earliest stage of the neuronal lineage, regu-

lating the quiescence of the NSC population.

Betacellulin (BTC) is an EGF-like growth
factor that is secreted by endothelial cells. Infu-

sion of BTC in vivo increases V-SVZ cell prolif-

eration and OB neurogenesis, and inhibition
of BTC with neutralizing antibodies decreases

the number of GLAST-positive cells and PSA-

NCAM-positive neuroblasts (Gomez-Gaviro et
al. 2012). Interestingly, BTC activates EGFR on

type B1 andC cells as well as ErbB-4 receptors in

neuroblasts, suggesting that BTC acts on both
early and later stages of the V-SVZ neurogenic

lineage.

Shh: A Type B1 Cell Maintenance Factor
and Regulator of V-SVZ Regional Identity

SHH protein is both a classical morphogen in

development and a mitogenic factor for a vari-

ety of neural precursors (Ruiz i Altaba et al.
2003). In the V-SVZ, it appears that SHH has

multiple roles. Conditional deletion of Smooth-

ened (Smo), an oxysterol-binding protein re-
quired for Shh signaling (Nachtergaele et al.

2013), in the early developing brain with the

Nestin-Cre transgene results in dramatically de-
creased V-SVZ proliferation and OB neurogen-

esis (Machold et al. 2003). Furthermore, fewer

neurospheres can be cultured from the Smo-de-
leted V-SVZ. Interestingly, Smo-deleted adult

brains appear to be of normal size, suggesting

that Shh signaling is not a prominent require-
ment for the proliferation of neural precursors

during development. Alternatively, it is possible

that the observation of postnatal and adult neu-
rogenic defects in Smo-deleted brain primarily

relates to the longer duration of Smo-deficiency

in the V-SVZ NSC population; that is, perhaps
the relatively rapid time course of mouse em-

bryonic brain development (≏10 days) is too

short to reveal a defect related to Smo-deletion.
Cells responding to Shh signaling can be

inferred by expression of the Gli1 transcription

factor (Bai et al. 2002). Gli1-expressing cells are
predominantly found in the ventral V-SVZ, and

these exhibit NSC characteristics in vivo (Ma-

chold et al. 2003; Palma et al. 2005; Ihrie et al.

2011). Treatment of Gli1-CreER;R26R mice
with tamoxifen produces a cohort of LacZ-pos-

itive V-SVZ cells, and despite the elimination

of rapidly dividing cells with the administration
of an antimitotic, these mice continue to gen-

erate LacZ-positive OB interneurons over the

next year (Ahn and Joyner 2005). These results
indicate that Shh signaling is active in V-SVZ

NSCs, but that this NSC population is relatively

quiescent, as they are resistant to antimitotic
treatment.

Although Smo is expressed in both dorsal

and ventral V-SVZ type B1 cells, as indicated
above, only ventral V-SVZ cells express high lev-

els of Gli1. Shh mRNA is primarily detected in

ventral forebrain neurons, suggesting that local
expression of Shh activatesGli1 in the ventral V-

SVZ (Ihrie et al. 2011). However, it remains un-

clear how SHH reaches the V-SVZ. Conditional
deletion of Shh in adult mice reduces the pro-

duction of ventrally derived OB interneurons,

suggesting that Shh activity underlies type B1
cell regional heterogeneity. Dorsal V-SVZ cells

appear to be resistant to Shh-pathway activa-

tion, suggesting that the regional identities of
type B1 cells are epigenetically restricted. Inter-

estingly, expression of an activated form of Smo

(SmoM2) in dorsal V-SVZ progenitor cells re-
sults in their respecification; these SmoM2-ex-

pressing dorsal cells produce deep layerGC cells,

similar to those produced by ventral V-SVZpro-
genitors. These observations suggest that differ-

ent levels of Shh signaling underlie, at least in

part, the regional specification of NSCs in the
V-SVZ.

BMP Signaling and Modulation by Their
Antagonists

Another family of neural morphogens, the
BMPs also regulate adult brain germinal niches.

BMP signaling promotes astrocyte differentia-

tion of cultured embryonic neural precursors at
the expense of oligodendrogliogenesis and neu-

rogenesis (Gross et al. 1996). Adult V-SVZ cells

produce BMPs and their receptors (Lim et al.
2000; Peretto et al. 2002). NOGGIN, a secreted

BMP antagonist, is also locally expressed, most
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strongly in the ependymal cells. This locally de-

rived BMP antagonist may contribute to the
neurogenic niche for SVZ stem cells as it pro-

motes neurogenesis both in vitro and in ectopic

locations in vivo. Overexpression of BMP7 in
the SVZ suppresses neurogenesis (Lim et al.

2000), and overexpression of Noggin from the

ependyma suppresses local gliogenesis (Chmiel-
nicki et al. 2004). Deletion of Smad4—a down-

stream mediator from BMP signaling—in

GLAST-positive V-SVZ cells impairs neurogen-
esis, suggesting that neuronal differentiation

requires at least some level of Smad-mediated

transcription (Colak et al. 2008). The low-
density lipoprotein receptor-related protein 2

(LRP2) is expressed in V-SVZ ependymal cells,

andLRP2appears to act as an endocytic receptor
for BMP4 (Gajera et al. 2010). Mice null for

LRP2 have increased BMP signaling in the V-

SVZ, and neurogenesis is impaired. Hence, a
“balance” between BMP and their antagonists

may control the levels of neurogenesis and glio-

genesis from NSCs in adult brain niches.
Like BMPs, leukemia inhibitory factor (LIF)

induces GFAP-positive astrocyte differentiation

from NSCs. Interestingly, BMP- and LIF-in-
duced astrocytes from embryonic brain NSCs

are distinct (Bonaguidi et al. 2005). Whereas

BMP-induced GFAP-positive cells exit the cell
cycle, take on a stellate morphology, and have

limited NSC potential, LIF-induced GFAPþ

cells have a bipolar/tripolar morphology, re-
main in the cell cycle, express progenitor cell

markers, and behave as NSCs in culture. In em-

bryonic stem cells, BMPs act in concert with LIF
to sustain self-renewal and suppress differenti-

ation (Ying et al. 2003). What is the effect of

simultaneous BMP and LIF signaling on adult
NSCs? It is possible that the ratio of BMP/LIF
signaling on type B1 cells determines which is

to serve as the niche cell and which is to be
the stem cell. Reduction of BMP signaling by

NOGGIN or other BMP antagonists may in-

crease the LIF/BMP signaling ratio, increasing
the likelihood that a V-SVZ astrocyte retains

NSC characteristics. Consistent with this hy-

pothesis, overexpression of LIF from an adeno-
viral vector injected into the brain ventricle pro-

motes V-SVZ NSC self-renewal, expanding the

population of NSCs in vivo while concomitant-

ly decreasing OB neurogenesis (Bauer and Pat-
terson 2006).

Wnt Signaling in the V-SVZ

In neural development, the Wnt family of se-

creted signaling molecules plays roles in stem-

cell maintenance, cellular proliferation, differ-
entiation, migration, and axon guidance (Ille

and Sommer 2005). In vitro studies have shown

that WNT3A and WNT5A promote prolifera-
tion and neuronal differentiation of SVZ-de-

rived NSC cultures (Yu et al. 2006), and tran-

scripts for these factors have been identified in
the V-SVZ and adult OB (Shimogori et al. 2004;

Lim et al. 2006; Ramos et al. 2013). The canon-

ical Wnt signaling pathway involves the binding
of WNT to Frizzled (Fz) receptors, which leads

to stabilization of b-catenin protein, its nuclear

translocation, and function as a transcriptional
coactivator. Axin2 is a known target of the ca-

nonicalWnt signaling pathway, and Axin2 tran-

scription is active in type B1, type C, but not
type A cells (Adachi et al. 2007). Increased b-

catenin by virally transduced expression of a

stabilized form of this protein or inhibition
of the GSK3b kinase, which is required for tar-

geting b-catenin for degradation, increases the

proliferation of Ascl1-expressing V-SVZ cells
and OB neurogenesis. Noncanonical Wnt sig-

naling also functions in the V-SVZ. Diversin

encodes a component of both the canonical
and noncanonical Wnt signaling pathways,

and Diversin is expressed in type A cells (Ikeda

et al. 2010). Overexpression ofDiversin, but not
a mutant form lacking a domain required for

the noncanonical Wnt pathway, increases the

proliferation of these neuroblasts. Thus, WNT
proteins appear to be key extrinsic factors for

V-SVZ neurogenesis, acting through both ca-

nonical and noncanonical pathways at distinct
stages of the neurogenic lineage.

Membrane-Bound Signals of the Niche:
Notch Signaling and Stem-Cell Maintenance

The Notch receptor is a large, single-pass

transmembrane protein, and canonical Notch
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signaling involves its activation at the cell sur-

face by membrane-bound ligands expressed
on neighboring cells. Ligand binding to the

Notch receptor induces its proteolytic cleavage

and the release of the Notch intracellular do-
main (NCID), which translocates to the nucle-

us, forms a complex with recombining binding

protein suppressor of hairless (RBPJ), and acti-
vates specific gene expression (Ables et al. 2011).

In NSCs, Notch signaling suppresses neuronal

differentiation and maintains precursor cell
properties (Gaiano and Fishell 2002). Notch1

and two cognate membrane-bound ligands,

Jagged1 and Delta1, are expressed in the adult
V-SVZ (Stump et al. 2002; Nyfeler et al. 2005;

Givogri et al. 2006). Retroviral induction of

activated Notch (ActN) in the embryonic brain
promotes radial glial identity and produces

dense clusters of V-SVZ astrocytes postnatally

(Gaiano et al. 2000). In postnatal V-SVZ cells,
retrovirally transduced ActN prevents cell mi-

gration to theOB, suppresses neuronal differen-

tiation, and decreases proliferation, creating an
apparently more “quiescent” cell type (Cham-

bers et al. 2001). Conversely, inactivation of ca-

nonical Notch signaling via conditional dele-
tion of Rbpj causes essentially all NSCs in the

V-SVZ to differentiate into type C and A cells,

leading to the eventual depletion of NSCs from
this adult region (Imayoshi et al. 2010). Thus,

Notch signaling is likely a critical component of

type B1 cell maintenance.
Numb andNumblike (Numbl) are mamma-

lian homologs of Drosophila numb, a protein

that antagonizes Notch function in one daugh-
ter cell during asymmetric precursor cell divi-

sion (Roegiers and Jan 2004). In mice, Numb

and Numbl are critical for embryonic neuro-
genesis (Johnson 2003). In the development of

the postnatal V-SVZ, Numb/Numbl are re-

quired for the both ependymal wall integrity
and neurogenesis (Kuo et al. 2006; Rasin et al.

2007).

The family of Hairy/enhancer of split (Hes)
basic helix–loop–helix (bHLH) transcription

factors include seven members, and Hes1 and

Hes5 are up-regulated by Notch signaling (Ka-
geyama et al. 2005). Hes5 is expressed in adult

SVZ along with the Notch receptor and cognate

ligands (Stump et al. 2002). Misexpression

of Hes1, Hes3, and Hes5 in embryonic brain
inhibits neuronal differentiation and maintains

the radial glial phenotype. Conversely, radial

glial cells in Hes1, Hes5 double null mice pre-
maturely differentiate into neurons. Further-

more,Hes1;Hes5 null NSCs cannot be expanded

in culture (Ishibashi et al. 1994; Ohtsuka et al.
1999, 2001). Of note, the premature differenti-

ation of radial glia in Hes gene-deficient mice

correlates with increased expression of proneu-
ral bHLH transcription factors including Ascl1

(Hatakeyama et al. 2004). HES1 directly re-

presses Ascl1 transcription (Sasai et al. 1992;
Chen et al. 1997). Interestingly, although Hes1

represses Ascl1, ASCL1, which is expressed in

type C cells, promotes the expression of Notch
ligands (Kopan and Ilagan 2009). Indeed, Jag-

ged1 and Delta1 are expressed in type C and A

cells (Givogri et al. 2006; Aguirre et al. 2010),
which suggest a potential feedback regulation

of the SVZ niche. Accumulation of newly born

type A cells expressing Jagged1 or Delta1 may
activate Notch signaling in type B1 cells, sup-

pressing differentiation and potentiating self-

renewal. Intriguingly, Jagged1 may be a down-
stream target from canonical Wnt signaling

(Katoh 2006); it is thus possible that Wnt in-

duces Jagged1 expression in type C cells, which
in turn activate Notch1 signaling in type B1

cells, maintaining this neurogenic pool in the

V-SVZ.

Role of Eph and Ephrins

Eph receptors and their ephrin membrane-

bound ligands may also control V-SVZ neuro-

genesis through a feedback mechanism (Holm-
berg et al. 2005). EphrinA2 is expressed by type

A and C cells, and the EphA7 receptor is ex-

pressed in some type B1 and ependymal cells.
EphA2-deficient mice have increased SVZ cell

proliferation and OB neurogenesis; disruption

of the interaction between ephrinA2 and EphA7
by infusion of blocking reagents also increases

SVZ proliferation and OB neurogenesis. This

data indicates that ephrinA2-EphA7 signaling
normally inhibits SVZ proliferation. The inves-

tigators also provide data suggesting that this

D.A. Lim and A. Alvarez-Buylla

12 Cite this article as Cold Spring Harb Perspect Biol 2016;8:a018820

 on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


negative regulation of SVZ proliferation is me-

diated by reverse signaling through ephrinA2 in
type A and C cells. That is, type B1 cells express-

ing EphA7 may normally inhibit the prolifera-

tion of type A and C cells via ephrinA2.
Several other Eph and ephrin family mem-

bers are expressed and function in the adult

V-SVZ (Liebl et al. 2003; Ricard et al. 2006;
Furne et al. 2009). Infusion of EphB2-Fc fusion

proteins disrupts SVZ cell migration and in-

creases cell proliferation. Intriguingly, ventri-
cle-contacting type B1 cells increase eightfold

(Conover et al. 2000), suggesting that EphB2

and ephrinB2 participate in the maintenance
of V-SVZ NSCs. Recent data also suggests that

EphB2 acts downstream from Notch signaling

and may regulate the conversion of some epen-
dymal cells into astrocytes following local injury

(Nomura et al. 2010). However, this result was

mostly inferred from ependymal cell fate trac-
ing with adenoviral vectors, which may infect

other ventricle contacting cell types, such as

type B1 cells.
Ottone and colleagues (2014) have recently

suggested that contact with endothelial cells

maintains quiescent NSCs and that this is me-
diated, at least in part, by eph/ephrinB2 signal-
ing. In addition, this study also suggests that

maintenance of NSC identity is mediated by
Notch, via Jagged1 expression on endothelial

cells. Interestingly, Jagged1 has no effect on cy-

clin D levels. The investigators’ in vitro work
indicates that only a combination of eph and

Notch signaling was sufficient to suppress

differentiation and maintenance of GFAPþ,
Sox2þ in NSCs. Interestingly, in vivo cell-spe-

cific knockout of either ligand in endothelial

cells induced an increase in B1 cell proliferation
and in the number of migrating neuroblasts.

Knockout of both ligands resulted in a greater

increase in B1 cell activation than either knock-
out alone, suggesting that the EphrinB2 and

Jagged1 pathways act independently. This in-

crease in B1-cell activation apparently results
in an early depletion of the NSC in the V-

SVZ. The quiescence of B1 cells, therefore, ap-

pears to be controlled by eph and Notch signal-
ing, and these two pathways appear to operate

independently of each other.

The Role of Neurotransmitters in the V-SVZ

A number of different neurotransmitters play a

role in the regulation of V-SVZ neurogenesis.

For instance, serotonin (5-HT) acts through re-
ceptors in the V-SVZ, regulating cell prolifera-

tion and OB neurogenesis (Brezun and Daszuta

1999; Banasr et al. 2004). Recent data indicates
that most, if not all, 5-HTaxons are supraepen-

dymal and form a dense plexus contacting both

ependymal and type B1 cells (Tong et al. 2014a).
These supraependymal 5-HT axons directly

regulate neurogenesis from type B1 cells. In

the postnatal V-SVZ, young neuroblasts spon-
taneously release g-aminobutyric acid (GABA),

activating GABAA-receptors on precursor cells.

This GABA-dependent depolarization of neural
precursors inhibits cell proliferation and neu-

ronal differentiation (Liu et al. 2005; Fernando

et al. 2011). Thus, GABA may function in part
as a negative-feedback signal derived from neu-

roblasts, down-regulating their own produc-

tion. Interestingly, type B1 and C cells secrete
the diazepam-binding inhibitor protein (DBI),

which competitively inhibits GABA from bind-

ing to GABA receptors, increasing the prolifer-
ation and neurogenesis of the V-SVZ (Alfonso

et al. 2012).

The role of dopamine in the SVZ niche
is particularly interesting. The SVZ receives

dopaminergic innervation from the midbrain,

with type C cells being the predominant cell
type expressing D2 receptors, and D3 receptors

may also be involved in V-SVZ neurogenesis

(Kim et al. 2010). Dopaminergic denervation
results in decreased SVZ proliferation and OB

neurogenesis and administration of the dopa-

mine precursor levodopa could restore SVZ
proliferation to near-normal levels (Hoglinger

et al. 2004). The dopamine-induced activation

of V-SVZ neurogenesis is in part mediated
throughEGF-dependentmechanisms (O’Keeffe

et al. 2009).

A population of choline acetyltransferase
(ChAT)þ neurons exists in the V-SVZ, and these

ChATþ neurons are morphologically distinct

from those of the striatum (Paez-Gonzalez
et al. 2014). Optogenetic inhibition and stimu-

lation of these neurons regulates neuroblast

Adult V-SVZ and Olfactory Bulb Neurogenesis

Cite this article as Cold Spring Harb Perspect Biol 2016;8:a018820 13

 on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


production, and this effect of acetylcholine re-

lease on cell proliferation appears to be, in part,
related to the activation of the FGF receptor.

NO is a free-radical signaling molecule pro-

duced by nitrergic neurons, which express the
neuron-specific form of NOS; nitrergic neurons

are found in close proximity to the SVZ. Both

pharmacological inhibition and genetic dis-
ruption of NOS in nitregic neurons increases

SVZ-OB neurogenesis, suggesting that NO also

serves to restrict adult neurogenesis (Packer
et al. 2003; Moreno-Lopez et al. 2004).

The above results indicate that germinal

activity within the V-SVZ is influenced by mul-
tiple neural pathways that use different neuro-

transmitters. Some of these influences arise

locally close to the V-SVZ, whereas others orig-
inate far away (e.g., the Raphe). It remains to be

determined how and why V-SVZ progenitors

integrate neural activity for the regulation of
adult neurogenesis.

The Remarkable Journey of Type A Cells

After birth in the V-SVZ, type A cells migrate

a considerable distance (up to several mm)
through a complex network of paths that con-

verge as the RMS leads neuroblasts into the OB.

This journey is not only remarkable for the
great distance but also for the highly directed

nature of the migration. Type A cells appear to

be actively guided rostrally, and very few appear
to deviate from the restricted path into the OB.

By themselves, type A cells are imbued with an

extensive migratory capacity. In vitro, type A
cells form chains of themselves and migrate at

relatively high speeds of 120 mm/h (Wichterle

et al. 1997). These neuroblasts move in a step-
wise manner, first extending a leading process

with a growth cone, then translocating the cell

body toward the growth cone tip; this process is
repeated, leading to a “saltatory” cellular move-

ment. Type A cells express both DCX, a micro-

tubule-associated protein important for neuro-
nal migration in the embryo (Francis et al.

1999) and collapsing-response mediator pro-

tein 4 (CRMP-4), which is involved in axon
guidance (Nacher et al. 2000). Specific interac-

tions between microtubules, myosin II, and cell

adhesion are required for the nucleokinesis and

the saltatory migration of V-SVZ neuroblasts
(Schaar and McConnell 2005). In addition to

playing a role in SVZ cell proliferation (see

above), GABA also reduces the speed of neuro-
blast migration (Bolteus and Bordey 2004).

The intracellular mechanism of how GABA

regulates migratory speed is not known, but it
appears to involve calcium signaling.

Specific cell-surface molecules on type A

cells also confer migratory ability. For instance,
type A cells express PSA-NCAM, and there is

evidence that PSA and/or PSA-NCAM is criti-

cal for V-SVZ and RMS migration in postnatal
mice (Tomasiewicz et al. 1993; Cremer et al.

1994; Ono et al. 1994; Hu et al. 1996) and is

important for efficient chain migration in the
adult (Chazal et al. 2000). Certain integrins

(Jacques et al. 1998; Murase and Horwitz 2002;

Emsley and Hagg 2003a) and ganglioside 9-O-
acetyl GD3 (Miyakoshi et al. 2001), a glycolipid

on type A cells, may also be required for chain

migration. Tenascin-C is among the several
ECM molecules expressed in the RMS, and te-

nascin-C interacts with integrins (Yokosaki

et al. 1996) as well as 9-O-acetyl GD3 (Probst-
meier and Pesheva 1999); however, it is not

known whether these particular interactions

are essential for migration. Other ECM compo-
nents of the RMS include chondroitin sulfate

proteoglycans (Thomas et al. 1996) and laminin

(Murase and Horwitz 2002). Infusion of a lam-
ininpeptideor laminincan redirectmigrationof

type A cells to ectopic locations (Emsley and

Hagg 2003a). Thus, the ECM of the migratory
paths may create an environment permissive for

neuroblast movement.

Perhaps one of the most intriguing process-
es that occurs in the V-SVZ is the directional

migration of type A cells. What are the factors

that guide the neuroblasts away from the SVZ,
rostrally to the OB? SLIT-ROBO signaling ap-

pears to play a role. SLITs are expressed by the

septum and choroid plexus, and the Robo-2/
Robo-3 receptors are expressed in the SVZ and

RMS (Hu 1999; Li et al. 1999; Nguyen Ba-Char-

vet et al. 1999). SLIT proteins are chemorepul-
sive for type A cells in vitro (Hu 1999; Wu et al.

1999). A gradient of the SLIT2 chemorepulsive
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signal—with the highest concentration in the

posterior SVZ—can be established by the flow
of CSF, which parallels the directionality of type

A cell migration. CSF flow is primarily driven by

the ciliary beating of ependymal cells. Micewith
defective ependymal cilia cannot establish this

SLIT gradient and have impaired type A cell

migration (Sawamoto et al. 2006). Thus, SLIT
may function as a critical chemorepulsive factor

for directional SVZ neuroblast migration, and

the gradient of SLIT expression may require
proper ependymal polarity, cilia, and CSF flow.

Interestingly, Slit1 expression in migratory neu-

roblasts is also required to clear their migratory
path of astrocytic processes (Kaneko et al. 2010).

The OB has also been suggested to be a

source of chemoattractants for type A cells. Pro-
kineticin-2 (Ng et al. 2005) and netrin-1 (Astic

et al. 2002; Murase and Horwitz 2002) are

both expressed in the OB and can attract type
A cells in vitro. However, other groups have

found that netrin-1 either has no activity or

even repels type A cells (Mason et al. 2001; Liu
and Rao 2003). In vitro, the OB does not attract

SVZ neuroblasts (Hu et al. 1996), and surgical

disconnection or removal of the OB does not
prevent rostral migration (Jankovski et al. 1998;

Kirschenbaum et al. 1999). Thus, although

studies have identified molecules that can at-
tract type A cells, the OB does not appear essen-

tial for their directional migration.

On reaching the OB, type A cells depart
from the tangentially oriented RMS andmigrate

radially to different layers of the OB. What are

the molecular that mediate this change in mode
of migration? Reelin, a protein critical for the

laminar organization of cortex (Ogawa et al.

1995), is expressed in OB mitral cells and is
necessary for the separation of type A cells

from the tangentially oriented chains and the

initiation of radial migration (Hack et al.
2002). Tenascin-R (Saghatelyan et al. 2004)

and prokineticin-2 (Ng et al. 2005) also induce

detachment of type A cells from RMS chains.
Additionally, these extracellular molecules also

appear to attract radially migrating neuroblasts

to appropriate OB layers. Interestingly, ten-
ascin-R expression in the OB is reduced by

odor deprivation, suggesting that neuron re-

cruitment may be regulated by patterns of neu-

ronal activity. The molecular determinants that
guide type A cells to the appropriate OB layer

remain largely unknown.

CELL-INTRINSIC REGULATORS OF V-SVZ
NEUROGENESIS

The Importance of Cell-Intrinsic Factors
for the Interpretation of Niche Signals

Based on the expression of certain cell-intrinsic

factors, the same extracellular, extrinsic signal

can be interpreted by a cell in vastly different
ways. For instance, although BMPs induce glial

differentiation of adult V-SVZNSCs (see above)

and E17–18 neural precursors (Gross et al.
1996), BMP signaling promotes neuronal and

not glial differentiation of neural precursors
from the E13–14 embryo (Li et al. 1998; Mabie

et al. 1999). This may be related to the expres-

sion of high levels of the Neurogenin1 (Ngn1)
transcription factor by E13–14 neural precur-

sors.Ngn1 not only activates genes for neuronal

differentiation, it also sequesters the BMP
downstream signaling factor SMAD1 from as-

trocyte differentiation genes. Interestingly, over-

expression of Ngn1 can convert BMP into a
neuronal differentiation signal from a gliogenic

signal (Sun et al. 2001). Along a similar line, in

the adult SVZ cellular lineage, BMPs induce
astrocyte differentiation in the early precursors

while inducing cell-cycle exit and enhanced sur-

vival of late lineage neuroblasts (Lim et al. 2000;
Coskun and Luskin 2002); this difference of

BMP activity may be related to differential ex-

pression of BMP receptor subtypes at different
stages of the V-SVZ neurogenic lineage (Lim

et al. 2000; Panchision et al. 2001). These data

illustrate the importance of cell-intrinsic factors
in their ability of modify the effect of cell-ex-

trinsic niche factors of the V-SVZ.

Transcription Factors and the Regulation
of V-SVZ NSC Self-Renewal

SOX2 is a member of the SOX family of tran-
scription factors that possess a high-mobility-

group (HMG) domain for sequence-specific
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DNA binding. SOX2 function can be modulat-

ed by its dimerization with other SOX family
members, interactions with different transcrip-

tional co-factors, and via a variety of posttrans-

lational modifications (Sarkar and Hochedlin-
ger 2013). In the V-SVZ, SOX2 is expressed in

multiple cell types in this germinal region,

including the type B1 cells (Ellis et al. 2004).
Amongmany other neurological abnormalities,

mice deficient for Sox2 (Ferri et al. 2004) have

impaired adult V-SVZ neurogenesis. In V-SVZ
NSCs, Sox2 expression requires Arsenite-resis-

tance protein 2 (Ars2) (Andreu-Agullo et al.

2012). Ars2-deletion results in the loss of NSC
self-renewal, and this defect can be rescued by

Sox2 overexpression. Although orthologs of

Ars2 are known for their conserved roles in
miRNA biogenesis, Ars2 in mouse NSCs ap-

pears to function in a miRNA-independent

manner. Instead, ARS2 is found to act as a tran-
scription factor, binding to a specific region of a

transcriptional enhancer required for Ars2-de-

pendent Sox2 expression.
Prx1 encodes a transcription factor of the

homeobox gene family, and Prx1 is coexpressed

with Sox2 in type B1 cells (Shimozaki et al.
2013). PRX1 interacts with SOX2, and Prx1-de-

ficient V-SVZ NSCs have defective self-renewal

invitro.Conversely, enforcedPrx1 invivo results
in increased numbers of undifferentiated pre-

cursor cells and decreased neuronal differentia-

tion. Thus, although Sox2 is expressed invarious
V-SVZ cell types, it is possible that PRX1 in type

B1 cells serves as a SOX2 coactivator to specify

NSC self-renewal. SOX2 also physically interacts
with the TLX nuclear receptor, potentially reg-

ulating its transcriptional activity in V-SVZ

NSCs (Shimozaki et al. 2012). Although both
SOX2 and TLX bind the Tlx2 promoter, SOX2

positively regulatesTlx expression, whereas TLX

normally represses its own expression. These cell
culture studies suggest a Sox2-dependentmech-

anism for type B1 cell maintenance, in which

SOX2 maintains Tlx expression via antagonism
of a negative feedback loop of Tlx transcription.

Other homeobox genes may also have a role

in V-SVZ NSC self-renewal. Empty spiracles ho-

meobox 2 (Emx2) is expressed in the V-SVZ, and

in vitro studies suggest that Emx2 regulates the

frequency at which NSCs divide symmetrically

(Galli et al. 2002). Ventral anterior homeobox 1

(Vax1) is also strongly expressed in the V-SVZ

and RMS, and Vax1-null mice develop a much

more disorganized V-SVZ with fewer GFAP-
positive cells and defective OB neurogenesis

(Soria et al. 2004). Given that Vax1-null mice

do not develop ependyma, which are likely im-
portant niche cells, Vax1 could have a non-cell-

autonomous role in V-SVZ neurogenesis.

Inhibitor of DNA-binding (Id) genes encode
dominant-negative antagonists of bHLH tran-

scription factors, and high levels of Id1 are

found in type B1 cells, with lower levels in the
type C cell transit-amplifying population (Nam

and Benezra 2009). Although Id1-null or Id3-

null mice do not appear to have defects in the
adult V-SVZ, conditional deletion of Id1, Id2,

and Id3 (triple knockout) in Nestin-expressing

neural precursors results in aberrant embryon-
ic neural development owing to compromised

NSC self-renewal (Niola et al. 2012). Acute loss

of Id genes impairs NSC cell adhesion, and this
defect relates to the derepression of Rap1GAP,

the GTPase-activating protein for RAP1, which

is a critical regulator of integrin signaling.
Interestingly, in the V-SVZ of postnatal mice

with Id gene-deleted NSCs, there are threefold

fewer GFAP-positive cells in close proximity to
the laminin-positive endothelium. Knockdown

of Rap1GAP in Id gene-deleted V-SVZ cells par-

tially rescues their localization to the endothe-
lia, suggesting that Id genes are required to

maintain type B1 cells in close proximity with

the vascular niche.

Transcriptional Factors in V-SVZ Neuronal
and Glial Lineage Commitment

Type C cells and a subset of type B1 cells express

the basic helix–loop–helix (bHLH) transcrip-
tion factor ASCL1 (Kohwi et al. 2005). Postnatal

mice null for Ascl1 have impaired SVZ-OB

neurogenesis and oligodendrogliogenesis, indi-
cating its role in the specification of both neu-

ronal and glial lineages (Parras et al. 2004). A

subset of ASCL1-positive type C cells coexpress
bHLH factor Neurogenin 2 (Ngn2), and the en-

forced expression ofNgn2 down-regulates Ascl1
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and induces the production of calretinin-posi-

tive OB neurons (Roybon et al. 2009). Another
bHLH factor,Olig2, is also expressed in a subset

of both type B1 cells and type C cells (Menn

et al. 2006). Overexpression of Olig2 in V-SVZ
cells represses the neuronal lineage while pro-

moting oligodendrogliogenesis (Hack et al.

2005), and Olig2-deficency inhibits oligoden-
drocyte production (Marshall et al. 2005). In-

terestingly, in embryonic development, Olig2

alone also promotes oligodendrocyte devel-
opment; however, when Ngn2 is coexpressed,

Olig2 promotes motor neuron development

(Mizuguchi et al. 2001; Novitch et al. 2001).
Future studies may elucidate the mechanisms

of this apparent molecular interplay between

these bHLH transcription factors in V-SVZ lin-
eage commitment.

Transcription Factors and the Generation
of Diverse OB Interneuron Populations

The OB interneuron population is comprised
of a variety of cellular phenotypes differing in

their morphology, OB location, synaptic prop-

erties, and neurochemistry (Kosaka et al. 1995,
1998; Kosaka and Kosaka 2005; Parrish-Aungst

et al. 2007). OB granule cells (GC) are located in

the granule cell layer, and most of these neurons
are GABAergic. PGCs are found more periph-

erally in the glomerular layer, and PGCs can

be further subclassified based on the expression
of calbindin, calretinin, glutamic acid decar-

boxylase (GAD), or TH (Fig. 1D). It has been

suggested that a population of glutamatergic
neurons are also born in the adult mouse (Brill

et al. 2009), but this observation remains to be

confirmed.
Mice null for Dlx1/2 homeobox transcrip-

tion factors have severely impaired genesis of

both GC and PGCs in development (Bulfone
et al. 1998), and in the adult mouse, Dlx1/2 is

expressed in V-SVZ precursors that give rise to

most OB interneuron subtypes (Batista-Brito
et al. 2008). Ngn2 is expressed in a subpopula-

tion of Ascl1-expressing cells, andNgn2 appears

to be followed by a cascade of transient expres-
sion of T-box brain 2 (Tbr2), bHLH gene Neu-

rogenic differentiation 1 (Neurod1), and Tbr1.

Whether Ngn2, Tbr1, and Tbr2 are required

for adult OB neurogenesis is still not known.
However, Neurod1 conditional deletion in Nes-

tin-expressing neural precursors does indeed re-

sult in fewer OB neurons (Gao et al. 2009), and
Neurod1 knockdown leads to defective OB neu-

ron maturation (Boutin et al. 2010).

Increasing evidence indicate that cell-in-
trinsic transcriptional programs underlie the

generation of the diverse populations of OB in-

terneurons. First, it is clear that transcription
factors are differentially expressed among the

different OB neuron subtypes. For instance,

Ets variant gene 1 (Etv1, also known as Er81)
is expressed in dopaminergic cells and a subpop-

ulation of calretinin-positive GCs. Meis ho-

meobox 2 (Meis2) is expressed in dopaminergic
and calbindin-positive GCs and a subpopula-

tion of calretinin-positive PGCs (Allen et al.

2007). Second, lineage-tracing experiments in-
dicate that even transient expression of specific

transcription factors relates to distinct OB in-

terneuron subtypes. Homeobox gene Emx1 is
expressed in cells that become calretinin-posi-

tive superficial GCs as well as PGC interneurons

(Kohwi et al. 2007). Because Emx1 is expressed
primarily in the developing pallium (and not

the LGE, the presumed SVZ primordium),

these data suggest that different embryonic an-
atomical regions contribute to different OB in-

terneuron subtypes. Along these lines, a dorsal

region of the V-SVZ contains neural precursors
that transiently express Ngn2 and Tbr2 give rise

to glutamatergic OB neurons (Brill et al. 2009).

It remains to be determined whether Etv1,

Meis2, Emx1, Ngn2, and Tbr2 are required to

specify distinct OB neuron subtypes.

Increasing evidence also indicate a func-
tional role for transcription factors in the gen-

eration of OB interneuron diversity. Homeobox

gene Paired box 6 (Pax6) is expressed by a sub-
population of type C and A cells (Roybon et al.

2009), and Pax6 deficiency in cells in the V-SVZ

results in fewer dopaminergic PGCs (Fig. 3)
(Hack et al. 2005; Kohwi et al. 2005). Converse-

ly, overexpression of Pax6 promotes the gener-

ation of dopaminergic neurons for the PGC. A
subpopulation of nondopaminergic PGCs and

GCs, on the other hand, appears to be, in part,
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specified by the zinc-finger transcription factor

Sp8 (Waclaw et al. 2006). Interestingly, neuro-

blasts null for Sp8 have increased Pax6 expres-
sion. One interpretation of this observation is

that Sp8 normally represses Pax6 expression,

shifting the OB interneuron fate from dopami-
nergic PGC to nondopaminergic interneurons.

This notion is supported by the normal expres-

sion pattern of Pax6: there aremanymore Pax6-
expressing type A cells in the RMS than in the

OB (Kohwi et al. 2005), suggesting that Pax6

becomes down-regulated in a subpopulation
of neuroblasts that reach the OB.

As indicated above, Nkx6.1 and Zic family

members are expressed in the anterioventral do-
main of the V-SVZwhere four novel OB neuron

subtypes are generated. The role of these tran-

scription factors in the specification of these
new types of OB interneurons remains un-

known, but as discussed above, the V-SVZ can

be viewed as a mosaic of distant NSCs that have

inherited from the developing brain a unique

combination of transcription factors. It is inter-
esting how these domains, at different times in

development or in the adult, end up generating

very different types of neurons. Future combi-
natorial loss-of-function studies of these and

other transcription factors will be required to

further decipher the potential transcriptional
“code” that determines distinct OB interneuron

subtypes.

Chromatin-Based Epigenetic Mechanisms
in the V-SVZ

Epigenetics is the study of biological mecha-

nisms that regulate specific and heritable pat-

terns of genome function without alterations to
the DNA sequence. For long-term neurogene-

sis, type B1 cells must possess an enduring epi-
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genetic state that supports both self-renewal and

the production of multiple, differentiated cell
types. Conceptually, a stem-cell epigenetic state

is likely to involve (1) active transcription of

certain genes, (2) repression of other specific
loci, and (3) transcriptional plasticity of genes

required for lineage specification. A growing

body of literature indicates that the structure
and function of chromatin—the complex of ge-

nomic DNAwith histone proteins—can under-

lie the epigenetic maintenance of genes in such
“on,” “off,” and “poised” states.

The basic subunit of chromatin is the nucle-

osome, which is comprised of 146 base pairs
of DNA wrapped approximately twice around

an octamer of the four core histone proteins

(H3, H4, H2A, and H2B). Chromatin states
can be modified by: (1) noncovalent alterations

to theprotein–protein andprotein–DNAinter-

actions, and (2) covalent changes, such as DNA
methylation and histone amino acid modi-

fications (Kouzarides 2007). There are .100

different posttranslational histone modifica-
tions, and it is clear that some of these cova-

lent changes correlate with gene expression. It

is likely that such covalent modifications com-
prise a “histone code” that determines local

chromatin structure and thus epigenetically im-

poses specific transcriptional states (Jenuwein
and Allis 2001).

Noncovalent Chromatin-Remodeling Factors
and V-SVZ Lineage Specification

Brama (Brm)-associated factor (BAF) chroma-
tin-remodeling complexes use ATP hydrolysis

to alter chromatin structure and play a critical

role in transcriptional regulation. In mammals,
BAF complexes consist of an ATPase subunit

encoded by Brg1 or Brm and up to 12 other

BAF subunits (Ho and Crabtree 2010). Interest-
ingly, the subunit composition of BAF com-

plexes correlates with different stages of NSC

development. For instance, whereas in prolifer-
ating embryonic NSCs BAF complexes contain

BAF53A, during neuronal differentiation, BAF

complexes instead contain BAF53B.
In cultured NSCs, PAX6 interacts with

a number of BAF complex components, includ-

ing BRG1 (Ninkovic et al. 2013). BRG1 is widely

expressed in neurons and astrocytes of the
adult brain, including cells in the V-SVZ. Con-

ditional deletion of Brg1 in V-SVZ NSCs results

in defective neurogenesis, and these Brg1-null
precursors instead become primarily gliogenic.

In the V-SVZ, Brg1-null precursors acquire

ependymal cell characteristics, and themigrato-
ry cells are also converted into glial lineages.

Most of the genes down-regulated in Brg1-

null V-SVZ cells contain PAX6-binding sites,
and Pax6-deficency phenocopies the Brg1 defi-

cency. Interestingly, enforced expression of

PAX6 in Brg1-null cells does not rescue neuro-
genesis. These results suggest that PAX6 requires

BRG1-containing BAF complexes for the acti-

vation of a neurogenic transcriptional program.

Histone Acetylation

Multiple lysine residues in the amino-terminal

tails of core histones can be acetylated by his-

tone acetyltransferases (HATs), and this cova-
lent chromatin modification is associated with

active transcription (Davie and Hendzel 1994).

In contrast, histone deacetylation is associated
with transcriptional repression, and this cova-

lent change is catalyzed by four classes of his-

tone deacetylases (HDACs): class I (HDAC1, 2,
3, and 8), class II (HDAC 4, 5, 6, 9, and 10), class

III (Sirt1–7), and class IV (HDAC11).

V-SVZ neurospheres treated with class I and
II HDAC inhibitors have increased neurogene-

sis and decreased oligodendrocyte production,

suggesting a role for histone acetylation in
neural fate determination (Siebzehnrubl et al.

2007). Class I and II HDAC inhibitors also

increase the expression of cell-cycle inhibitors
and block G1-S phase progression, implicating

their role in NSC proliferation and self-renewal

(Zhou et al. 2011). Furthermore, administra-
tion of class I/II HDAC inhibitors to postnatal

mice strongly perturbs V-SVZ neurogenesis

(Foti et al. 2013).
In the postnatal V-SVZ, HDAC1 appears to

be expressed in type B1 cells, and HDAC2 is

expressed in type A cells (MacDonald and Ros-
kams 2008; Montgomery et al. 2009; Foti et al.

2013). HDAC2 is also found in type C cells of
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the adult V-SVZ, suggesting a role for this en-

zyme in the transit amplifying stage of adult
neurogenesis, and HDAC2 deletion targeted to

V-SVZ NSCs results in defective neurogenesis

(Jawerka et al. 2010).
HDAC3 and HDAC5 interact with the TLX

transcription factor, which is expressed in type

B1 and C cells (Sun et al. 2007). In cultured
V-SVZ progenitors, TLX recruits both HDAC3

and HDAC5 to the promoters of cyclin-depen-

dent kinase inhibitor 1A (Cdkn1a, also known
as p21Cip1/WAF1) and Pten, correlating with

the repression of these cell-cycle regulators. Dis-

ruption of the interaction between TLX and
HDAC5 with a TLX peptide results in increased

Cdkn1a and Pten expression and reduced NSC

proliferation, indicating the critical nature of
the interaction between HDACs and a key tran-

scription factor for V-SVZ neurogenesis.

A Role for Noncanonical DNA Methylation
in V-SVZ Neurogenesis

DNA methyltransferases (DNMTs) catalyze the

addition of methyl groups to cytosine resi-

dues. AlthoughDNAmethylation is well known
for its repressive role at gene promoters, DNA

methylation is also found in nonpromoter re-

gions. DNMT1 is constitutively expressed in
proliferating cells, and this enzyme symmetri-

cally propagates methylation to the daughter

strand during DNA replication. DNMT3A and
DNMT3B are de novo methyltransferases, cat-

alyzing cytosine methylation at new genomic

locations (Law and Jacobsen 2010).
DNMT3A is prominently expressed in the

V-SVZ and not in nonneurogenic brain re-

gions (Wu et al. 2010). Interestingly, in the V-
SVZ, DNMT3A-dependent nonpromoter DNA

methylation facilitates the transcription of key

neurogenic genes (Wu et al. 2010). Dnmt3a-
null mice have reduced V-SVZ neurogenesis,

and genome-wide analysis of DNA methyla-

tion and histone modifications indicate a novel
mechanism of activation: DNMT3a methylates

DNA proximal to the promoters of neurogenic

genes (e.g., Dlx2), and this nonpromoter DNA
methylation antagonizes the placement of re-

pressive histone modifications.

Polycomb Group and Trithorax Group
Chromatin-Modifying Factors: Regulators
of V-SVZ Neurogenesis

The Polycomb group (PcG) and trithorax group
(trxG) gene products were originally identified

in Drosophila as developmental regulators that

maintain the expression pattern of homeobox
genes. PcG and trxG proteins assemble into

large protein complexes that repress or activate

transcription, respectively (van der Vlag and
Otte 1999). Polycomb repressive complex 2

(PRC2) contains EZH2, a methyltransferase

that catalyzes histone 3 lysine 27 trimethylation
(H3K27me3). BMI1 and RING1B are compo-

nents of the Polycomb repressive complex 1

(PRC1) that recognizes H3K27me3 and medi-
ates transcriptional silencing through multiple

mechanisms, including chromatin compaction.

In the adult V-SVZ, Polycomb-mediated
gene silencing is required for the maintenance

of the NSC population (Molofsky et al. 2003,

2005, 2006; Fasano et al. 2009;He et al. 2009). In
oldermice, Bmi1-deficient V-SVZ cells generate

fewer neurospheres, and overexpression of Bmi1

rescues this age-dependent defect, suggesting a
role for polycomb in NSC self-renewal.

During postnatal development, EZH2 be-

come restricted to adult NSCs and their daugh-
ter cells (Hwang et al. 2014). EZH2 expression

thus appears to distinguish neurogenic astrogli-

al cells from nonneurogenic astrocytes in the
postnatal mouse and human brain. In mouse

V-SVZNSCs, EZH2 plays distinct and separable

roles in the long-term production of new neu-
rons for the OB, regulating both self-renewal

of NSCs via repression of Cdkn2a (Ink4a/Arf )
and lineage specification through repression
of developmental regulators including Olig2.

Genetic and molecular studies indicate

that trxG complexes activate or maintain gene
expression, antagonizing PcG repression.Mixed

lineage leukemia-1 (Mll1) is the prototypic

mammalian trxG homolog. Mll1 is expressed
in the V-SVZ neurogenic lineage, and Mll1 de-

letion targeted to typeB1cells results indefective

neurogenesis, but glial differentiation remains
intact (Lim et al. 2009). In culture, Mll1-

deleted V-SVZ cells proliferate and maintain
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the expression of NSC markers. However,Mll1-

deleted SVZ cells are unable to properly activate
Dlx2 expression. The Dlx2 promoter is a direct

target of MLL1, and in Mll1-deleted cells, Dlx2

locus is enriched for H3K27me3. MLL family
members can physically interact with and re-

cruit H3K27-specific demethylases UTX and

JMDJ3 to specific loci (Swigut and Wysocka
2007). These data support a model in which

MLL1 is required for the recruitment of an

H3K27-specific demethylase to specific neuro-
genic loci.

Transcriptional enhancers can exist in a

“poised” state, having enrichment of H3K27me3
(Rada-Iglesias et al. 2011), and in V-SVZ NSCs,

the I12b enhancer of Dlx2 exhibits a poised

chromatin signature (Park et al. 2014). With
conditional deletion of Jmjd3, I12b remains en-

riched with H3K27me3 in V-SVZ NSCs, and

Dlx2-dependent neurogenesis fails. InMll1-de-
leted cells, JMJD3 protein is not enriched at

I12b, suggesting that MLL1 is required for the

localization of JMJD3 at this important neuro-
genic enhancer. Although JMJD3 can interact

with trxG proteins (De Santa et al. 2007),

whether MLL1 directly recruits JMJD3 to such
regulatory elements is still not known. Interest-

ingly, JMJD3 is found at many thousands of

neural enhancers in cells cultured from the em-
bryonic mouse brain (Park et al. 2014), suggest-

ing that this histone demethylase also regulates

the function of enhancers during development.
How PcG and trxG factors are targeted to

specific genetic loci in mammalian cells is not

well understood, although some evidence sug-
gests their recruitment via transcription factors

and localization to specific CpG islands. More

recently, various cell culture studies have shown
the critical role of long noncoding RNAs

(lncRNAs) in the targeting of these and other

chromatin-modifying complexes.

LncRNAs and the Regulation of V-SVZ
Neurogenesis

The mammalian genome transcribes many

thousands of lncRNAs—transcripts .200 nu-
cleotides long that have little evidence of protein

coding potential. In addition to the well-known

lncRNA Xist—which is required for X chromo-

some inactivation via Polycomb-dependent
mechanisms—many novel lncRNAs have been

shown to interact with PcG and trxG chroma-

tin-modifying factors to regulate cellular fate
(Khalil et al. 2009; Bertani et al. 2011; Wang

et al. 2011). For instance, lncRNA HOTAIR is

required for targeting PRC2 and H3K27me3
to specific genomic regions (Rinn and Chang

2012). lncRNAs also play a role in the targeting

of MLL1. For instance, lncRNAs Mistral and
HOTTIP both appear to targetMLL1 complexes

to specific HOX loci (Bertani et al. 2011; Wang

et al. 2011). Given that Dlx bigene clusters are
genetically linked toHox clusters (e.g.,Dlx1/2 is
on the same chromosome the HoxC cluster),

and that Dlx and Hox genes are believed to
have coevolved, it is tempting to speculate that

lncRNAs are generally involved in the regulation

of Dlx genes, as has been shown for the lncRNA
Evf2 (Bond et al. 2009; Berghoff et al. 2013).

The lncRNA expression of the V-SVZ was

characterized with complementary genome-
wide approaches including RNA-seq, RNACap-

tureSeq, ChIP-seq, and custommicroarray anal-

ysis to associate lncRNAs with V-SVZ cell types
and lineage specification (Ramos et al. 2013).

Integration of these diverse approaches identi-

fied ≏100 lncRNAs with potential roles in V-
SVZ neurogenesis, and knockdown of two such

lncRNAs, Six3os and Dlx1as, showed their role

in neuronal–glial lineage specification. Dlx1as
is up-regulated during early stages of neurogen-

esis in vitro, and in vivo, its expression is highest

in type C cells. In V-SVZ cultures, Dlx1as

knockdown inhibits neuronal differentiation,

but not gliogenesis. However, the function of

this lncRNA in adult neurogenesis remains to
be shown in vivo.

Pinky (Pnky) is a novel lncRNA that regu-

lates the production of neurons from V-SVZ
NSCs as well as NSCs in the developing mouse

brain (Ramos et al. 2015). Pnky interacts with

the PTBP1 splicing factor, and in V-SVZ NSCs,
Pnky and PTPB1 regulate the splicing and ex-

pression of a set of transcripts that underlies the

cellular phenotype. Taken together, these stud-
ies indicate that lncRNAs can serve critical reg-

ulatory functions in V-SVZ neurogenesis.
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microRNAs: Modulators of V-SVZ
Neurogenesis

microRNAs (miRNAs) are short (20–22 nu-

cleotide) noncoding RNA transcripts that func-
tion as negative regulators of gene expression

through messenger RNA degradation or trans-

lational inhibition. A number of specific mi-
RNAs have been found to regulate V-SVZ

NSCs self-renewal and neuronal differentiation

via interaction with mRNAs that encode key
transcriptional regulators. For instance, miR-9

targets the Tlx transcript and appears to form a

negative feedback mechanism for Tlx expres-
sion (Zhao et al. 2009). Although Tlx is highly

expressed early in the neurogenic lineage, its

expression is inversely correlated with miR-9
during differentiation. Furthermore, TLX is a

transcriptional repressor for miR-9, suggesting

that Tlx and miR-9 comprise a negative feed-
back loop that would enable a rapid transition

fromNSC to differentiated cell types. Tlx is also

regulated by lethal-7b (let-7b), which is another
miRNA that functions as a regulator of adult

NSCs (Zhao et al. 2010). In addition to target-

ing Tlx, let-7b also represses Ccnd1 (also known
as cyclin D1) and Hmga2 (Nishino et al. 2008).

miR-137 is up-regulated in V-SVZ NSC

monolayer cultures during neuronal differenti-
ation (Silber et al. 2008). Overexpression of

miR-137 in adult forebrain NSCs promotes

their proliferation while decreasing neurogene-
sis (Szulwach et al. 2010). Conversely, miR-137

knockdown decreases proliferation and pro-

motes neuronal differentiation. PRC2 factor
Ezh2 is directly targeted by miR-137, indicating

an interesting interplay between miRNAs and

chromatin-based regulation of V-SVZ NSCs.
miR-124—the most abundant miRNA of

the adult brain—is strongly up-regulated in dif-

ferentiating V-SVZ NSCs (Silber et al. 2008).
miR-124 promotes cell-cycle exit and neuro-

nal differentiation in the V-SVZ (Cheng et al.

2009). Although knockdown of miR-124 main-
tains NSCs as proliferative precursors, miR-124

overexpression results in precocious neuronal

differentiation. In V-SVZ cells, Sox9 is targeted
by miR-124, and Sox9 down-regulation is re-

quired for neurogenesis, suggesting that the

posttranscriptional regulation of Sox9 by miR-

124 is an important aspect of adult neurogene-
sis. Interestingly, in embryonic brain NSCs,

miR-124 (and miR-9) has been shown to be

involved in the posttranscriptional regulation
of Baf53a (Yoo et al. 2009), and expression of

this BAF complex subunit is prominent in the

V-SVZ transcriptome (Lim et al. 2006).

The Complex Interplay of Chromatin-Based
Transcriptional Regulation and Cell-Intrinsic
Factors

As discussed above, it is now clear that the long-

term maintenance of V-SVZ neurogenesis in-

volves a complex interplay between transcrip-
tion factors, chromatin remodeling/modifying

enzymes, and different classes of noncoding

RNAs. For instance, TLX appears to function
at early stages of the neurogenic lineage tomain-

tain NSC self-renewal, and its regulatory func-

tion involves direct action of SOX2, HDACs,
and feedback regulation by miRNAs. PAX6 di-

rectly binds and cooperates with active BAF

complexes for neuronal differentiation, and cer-
tain PcG/trxG factors are required for V-SVZ

neurogenesis. How PcG/trxG factors are tar-

geted is poorly understood, but emerging evi-
dence suggests that lncRNAs are involved in the

localization of MLL and PRC2 complexes. The
V-SVZ should continue to serve as an exciting

model system in which to further explore such

molecular interactions that regulate neural de-
velopment. Given that adult NSCs possessmany

characteristics of their embryonic radial glial

precursors, continued work in the V-SVZ is
likely to reveal mechanistic themes relevant to

embryonic and postnatal brain development,

including that of humans.

COMPARISON OF MOUSE
AND HUMAN V-SVZ

As the most extensive germinal niche of the
adult mammalian brain, there is considerable

interest in understanding whether the neonatal

and adult human V-SVZ contains NSCs and
long-range neuronal migration. Earlier studies

revealed that small numbers of proliferating
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cells are found deepwithin the postnatal human

V-SVZ (Eriksson et al. 1998; Sanai et al. 2004)
and cells with properties ofNSCs can be isolated

from these walls (Sanai et al. 2004). However,

histological examination of the V-SVZ in the
adult human revealed a very different organiza-

tion to the one observed in rodents. Very few

cells with the morphology and marker expres-
sion (e.g., DCX) of migrating young neurons

(type A cells) are observed. Instead, the human

V-SVZ has a prominent gap layer (GAP), largely
devoid of cells and populated by a dense net-

work of interconnected processes from astro-

cytes and ependymal cells (Sanai et al. 2004;
Quinones-Hinojosa et al. 2006). One layer

deep to the GAP is a cellular “ribbon” contain-

ing astrocytes and their processes. It has been
inferred that some of these astrocytes possess

NSCs properties, but the paucity of intermedi-

ate progenitors andmigrating cells suggests that
the majority of these putative NSCs in the adult

human brain are quiescent, and that migration

from the V-SVZ of the lateral ventricles to the
OB, is rare, or nonexistent. Interestingly, prom-

inent streams of DCX-positive migrating young

neurons are observed in the gap area of the in-
fant brain younger than 6 months of age (Sanai

et al. 2011). In addition to an obvious RMS, the

brain of young children has a medial migratory
stream (MMS) connecting the V-SVZ with the

medial prefrontal cortex. The abundance of

DCX-positive cells in the GAP area in these
young infants suggests that this is a major thor-

oughfare for tangential migration in early post-

natal life, and that there are likely additional
targets for these young neurons. Although there

are very few young neurons in the GAP area of

the adult human, recent studies suggest that
precursor cells migrate into the striatum and

differentiate into interneurons (Ernst et al.

2014). These new results regarding the potential
of neurogenesis in the adult human striatum are

still controversial, as other data indicate that all

striatal interneurons in the adult human and
monkey striatum are born during development

(Wang et al. 2014).

Therefore, neurons continue to be incorpo-
rated into specific regions of the human brain

well after birth; however, this process contracts

during early childhood. Although the mecha-

nisms of birth, migration, and neuronal recruit-
ment in humans remain unknown, the expres-

sion of markers and the organization of these

young migrating cells into chains suggests that
human postnatal neurogenesis uses mecha-

nisms similar to those found in rodents.

CONCLUSION

Significant progress has been made in our
understanding of both the V-SVZ niche and

cell-intrinsic molecular programs for stem-cell

maintenance, progenitor cell-fate specification,
migration, and terminal differentiation. In ad-

dition to harboring proliferative neural lin-

eage cells (type B1, C, and A cells), the V-SVZ
is also composed of other cell types (ependymal,

microglial, and endothelial) that may serve as

niche cells, producing factors important for
long-term neurogenesis. The V-SVZ also re-

ceives afferents from local and distant neurons

that may adjust neuronal and glia production
according to information arising from neural

activity in the adult brain. Here, we have re-

viewed some of this research progress.
We did not touch on one of the most in-

triguing questions of V-SVZ and OB biology:

What is the role of neurons born postnatally?
Although most newly born OB interneurons

initially become synaptically integrated into

the OB (Belluzzi et al. 2003; Carleton et al.
2003), only ≏60% of adult-born OB interneu-

rons survive for more than a month (Petreanu

and Alvarez-Buylla 2002). How are these in-
terneurons selected for survival, and what do

the surviving neurons do? What are the “rea-

sons” for adult OB neurogenesis? Lledo et al.
(2006) review and speculate about some of

these questions. Our pursuit to understand

the molecular regulation of V-SVZ- OB neu-
rogenesis may allow the engineering of precise

methods to increasing or decreasing the pro-

duction of specific subpopulations of OB in-
terneurons. Such abilities would be powerful

tools for investigating the function of adult

V-SVZ- OB neurogenesis. Thus, the V-SVZ-
OB system is an appealing model in which

to bridge a rapidly expanding cellular and mo-
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lecular understanding of neurogenesis with

emerging studies on the role of cellular plas-
ticity in neural circuits.

Regarding the molecular understanding of

neurogenesis, many soluble molecules and sig-
naling pathways have been discovered to be crit-

ical for different aspects of V-SVZ and OB biol-

ogy, from NSC maintenance to directional
migration. Nonsoluble, ECM components have

also been implicated, especially for migration.

We are now beginning to appreciate that the
adult V-SVZ not only generates distinct cellular

lineages (oligodendroglial and neuronal), but

that the V-SVZ also retains a remarkable capac-
ity to produce a great diversity of OB interneu-

ron phenotypes. Distinct OB neuron subtypes

relate to the regional identity of their type B1
cell precursor, and emerging data also suggest

that a transcriptional factor combinatorial

“code” is involved. The function of transcrip-
tion factors in the V-SVZ is regulated by a com-

plex interplay of chromatin remodeling/mod-

ifying factors and noncoding RNAs, and these
can modify the effect of many cell extrinsic

signals. Given that the human brain after birth

also harbors a population of NSCs in the V-
SVZ, it is likely that biological principles dis-

covered in the rodent V-SVZ will contribute to

our understanding of postnatal human brain
development. Furthermore, the detailed under-

standing of the molecular regulation of V-SVZ

NSCs may inform strategies useful for the hu-
man NSC-based therapies.
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