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Abstract

Glial cells were long considered end products of neural differentia-
tion, specialized supportive cells with an origin very different from
that of neurons. New studies have shown that some glial cells—radial
glia (RG) in development and specific subpopulations of astrocytes in
adult mammals—function as primary progenitors or neural stem cells
(NSCs). This is a fundamental departure from classical views separating
neuronal and glial lineages early in development. Direct visualization of
the behavior of NSCs and lineage-tracing studies reveal how neuronal
lineages emerge. In development and in the adult brain, many neurons
and glial cells are not the direct progeny of NSCs, but instead origi-
nate from transit amplifying, or intermediate, progenitor cells IPCs).
Within NSCs and IPCs, genetic programs unfold for generating the
extraordinary diversity of cell types in the central nervous system. The
timing in development and location of NSCs, a property tightly linked
to their neuroepithelial origin, appear to be the key determinants of the
types of neurons generated. Identification of NSCs and IPCs is critical
to understand brain development and adult neurogenesis and to develop
new strategies for brain repair.
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INTRODUCTION

The identification of progenitor cells and
the lineages they produce is key to our
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understanding of how the enormous diversity
of cell types is produced in the brain, and this
information will guide future attempts to har-
ness stem cells for brain repair. Nerve cells
(neurons) and glial cells (the supporting ele-
ments) in the central nervous system (CNS)
have classically been thought to derive from
distinct precursor pools that diverge early dur-
ing embryonic development. The separation of
glial and neuronal lineages has a long history.
Rudolf Virchow, who first suggested the pres-
ence of supporting cells in the CNS in 1846 and
called these cells glia, assumed that like other
support cells in the body they too had a mes-
enchymal origin. Four decades later, Wilhelm
His demonstrated a CNS origin for glial cells,
leading to the rejection of the mesenchymal hy-
pothesis (for historical perspective see Jacobson
1991). His nevertheless concluded that neurons
and glial cells were produced from two separate
progenitor pools. This concept became highly
influential throughout most of the past century.
Neurons were proposed to derive from special-
ized progenitors (neuroblasts). Spongioblasts
[corresponding to what we now call radial glia
(RG)] were thought to be precursors to as-
troglial cells, a proposition that was extensively
supported by descriptions of the transformation
of RGinto astrocytes during late embryonic de-
velopment (see below). The separate origins of
neurons and glia became widely accepted. Sur-
prisingly, however, recent studies have shown
that cells considered part of this glial lineage—
RG and a subpopulation of astrocytes—are in
fact the neural stem cells that give rise to differ-
entiated neurons and glial cells during develop-
ment and in the postnatal brain.

We use the term neural stem cell (NSC) to
refer to the primary progenitor cells at differ-
ent developmental stages that initiate lineages
leading to the formation of differentiated neu-
rons or glial cells. These end products, however,
are not always generated directly from the di-
vision of NSCs and can be generated through
one or multiple stages of amplification by pre-
cursors with more restricted potential. We re-
fer to transit amplifying cells that are derived
from NSCs as intermediate progenitor cells
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Figure 1

Glial nature of neural stem cells (NSCs) in development and in the adult. Neuroepithelial cells in early development divide
symmetrically to generate more neuroepithelial cells. Some neuroepithelial cells likely generate early neurons. As the developing brain
epithelium thickens, neuroepithelial cells elongate and convert into radial glial (RG) cells. RG divide asymmetrically to generate
neurons directly or indirectly through intermediate progenitor cells (nIPCs). Oligodendrocytes are also derived from RG through
intermediate progenitor cells that generate oligodendrocytes (0IPCs). As the progeny from RG and IPCs move into the mantel for
differentiation, the brain thickness, further elongating RG cells. Radial glia have apical-basal polarity: apically (down), RG contact the
ventricle, where they project a single primary cilium; basally (up), RG contact the meninges, basal lamina, and blood vessels. At the end
of embryonic development, most RG begin to detach from the apical side and convert into astrocytes while oIPC production continues.
Production of astrocytes may also include some IPCs (see Figure 2) not illustrated here. A subpopulation of RG retain apical contact
and continue functioning as NSCs in the neonate. These neonatal RG continue to generate neurons and oligodendrocytes through
nIPCs and oIPCS; some convert into ependymal cells, whereas others convert into adult SVZ astrocytes (type B cells) that continue to
function as NSCs in the adult. B cells maintain an epithelial organization with apical contact at the ventricle and basal endings in blood

vessels. B cells continue to generate neurons and oligodendrocytes through (n and o) IPCs. This illustration depicts some of what is
known for the developing and adult rodent brain. Timing and number of divisions likely vary from one species to another, but the
general principles of NSC identity and lineages are likely to be preserved. Solid arrows are supported by experimental evidence; dashed
arrows are hypothetical. Colors depict symmetric, asymmetric, or direct transformation. IPC, intermediate progenitor cell;

MA, mantle; MZ, marginal zone; NE, neuroepithelium; nIPC, neurogenic progenitor cell; oIPC, oligodendrocytic progenitor cell;
RG, radial glia; SVZ, subventricular zone; VZ, ventricular zone.

(IPCs). IPCs can generate neurons (nIPCs) or
generate glial cells, including oligodendrocytes
(oIPCs) or astrocytes (alPCs) (Figure 1). The
term glial cell becomes somewhat confusing be-
cause it refers to both a progenitor population as
well as a differentiated population of parenchy-
mal astrocytes, oligodendrocytes, and ependy-
mal cells (as discussed below, this problem also
applies to the term astrocyte). However, at least
some of the functions attributed to terminally
differentiated astrocytes (supporting neuronal
function and regulating metabolic activity) are

likely represented in the adult and earlier pro-
genitor cells including RG. Short of proposing
an entirely new nomenclature, which could add
confusion, we use the term glia more generally
to refer both to glial cells that have specialized
traditional glial functions and to those that, in
addition, retain progenitor capacity.

Many recent publications have described
molecular pathways that regulate ventricular
zone (VZ) and subventricular zone (SVZ)
progenitors as well as progress characterizing
NSCs in vitro. Here we mention some of this
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work, but the focus of the present review is
on identifying the lineages leading from NSCs
to differentiated cell types at different stages
in development and in the adult brain. The
process is more complex and elegant than
previously thought and involves a series of
distinct progenitor cell types that are lineally
related and coexist not only in the embryo
throughout the period of neurogenesis but
also in the adult in restricted germinal regions
where neurons continue to be produced. RG
and a subpopulation of adult astrocytes are the
founder cells for most, if not all, neurogenic
lineages in the CNS. These NSCs undergo
distinct modes of cell division, giving rise to a
remarkable diversity of glial and neuronal cell
types in the brain and CNS.

TRANSFORMATION OF
NEUROEPITHELIAL CELLS
AND THE ORIGIN OF
RADIAL GLIA

Although we describe neurogenesis and glio-
genesis specifically in the cerebral cortex, much
of our current understanding of cortical de-
velopment is applicable to other CNS regions
as well. Neurons and macroglia ultimately
derive from a pseudostratified neuroepithelium
of ectodermal origin that lines the cerebral
ventricles early in embryonic development.
At approximately the time when cortical
neurogenesis begins, around E9-10 in the
mouse, neuroepithelial cells begin to acquire
features associated with glial cells (Figure 1):
the RG cells. Whereas these cells remain in
contact with both pial and ventricular surfaces,
their cell bodies are retained within the ven-
tricular zone (VZ), a defined region next to the
ventricles (Boulder Comm. 1970). Progressive
thickening of the cortex throughout neuro-
genesis is accompanied by lengthening of the
pial-directed radial processes of RG. These
morphological changes are accompanied by the
acquisition of 24-nm microtubules and 9-nm
intermediate filaments within the radial fiber, as
well as glycogen storage granules in the subpial
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end feet (Choi & Lapham 1978, Bruckner &
Biesold 1981, Gadisseux & Evrard 1985). The
RG cells also begin to express astroglial markers
such as the astrocyte-specific glutamate trans-
porter (GLAST), brain lipid-binding protein
(BLBP), and Tenascin C (TN-C) (for review,
see Campbell & Gotz 2002). They also express
a variety of intermediate filament proteins
including nestin, vimentin, the RC1 and RC2
epitopes (Mori et al. 2005), and in some species
the astroglial intermediate filament, glial fib-
rillary acidic protein (GFAP) (Choi & Lapham
1978, Levitt & Rakic 1980, Benjelloun-Touimi
et al. 1985, Eng 1985, Choi 1988). At about
the same time, the tight junctional complexes
that couple neuroepithelial cells convert to
adherens junctions (Aaku-Saraste et al. 1997,
Stoykova et al. 1997), and the cells begin to
make astrocyte-like specialized contact with
endothelial cells of the developing cerebral
vasculature (Takahashi et al. 1990, Misson
etal. 1991). These changes mark the transition
of epithelial cells into RG, but the transi-
tion is not abrupt (Gotz & Huttner 2005).
Like neuroepithelial cells, RG cells maintain
apical-basal polarity, line the lateral ventricles,
and undergo interkinetic nuclear migration,
thereby maintaining a pseudostratified epithe-
lium within the VZ. A recent study indicates
that basal contacts of RG with the meninges
and retinoic acid signaling at this location are
essential for the transition from neuroepithe-
lial symmetric proliferation to asymmetric
neurogenic proliferation (J. Siegenthaler,
A. Ashique, K. Zarbalis, K. Patterson, J.H.
Hecht et al., unpublished observation).

The apical end feet of RG are anchored to
each other through adherens junctions. These
junctions are critical to maintain VZ integrity
and RG behavior. The mouse homologs of the
Drosophila endocytic protein genes, Numb and
Numbl, are essential to maintain the polarized
structure of RG cells and specifically of ad-
herens junctional complex components such as
cadherins (Rasin et al. 2007). Inactivation of
Numb and Numblin RG cells decreases basolat-
eral insertion of cadherins, disrupting adherens
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junctions and polarity. This disruption results
in RG becoming disorganized and dispersing
basally, leading to disorganized cortical lamina-
tion. In contrast, overexpression of Numb ap-
pears to strengthen RG polarization. RG cell
adhesions and polarity are therefore critical for
cortical architecture, and Numb and Numbl play
a role in the organization of adherens junc-
tional complexes in RG apical end feet. Inac-
tivation of Numb and Numbl during postnatal
development similarly disrupts epithelial orga-
nization in ependymal cells (Kuo et al. 2006),
likely through disorganization of apical junc-
tional complexes as observed in RG during
embryonic development. The consequences of
epithelial disorganization on neurogenesis,
however, can be surprisingly minor. Deletion
of the atypical protein kinase C, known to con-
tribute to adherens junction formation, leads to
loss of junctional integrity and disordered VZ
architecture. Despite the loss of apical attach-
ment, cortical neurons are generated normally
(Imai et al. 2006). Also, randomizing spindle
orientation, either by knocking out the G pro-
tein regulator, LGN, or overexpressing mouse
inscuteable, leads to loss of apical anchoring of
RG cells and movement away from the ventricle
(Konno et al. 2008). Despite the disorganiza-
tion and shift of mitotic cells out of the epithelial
layer, however, neuron production appears nor-
mal. Not all manipulations that disrupt junc-
tions, however, leave cell fate unchanged. When
the small Rho-GTPase, cdc42, which acts to
regulate adherens junctions, is deleted in RG,
adherens junctions are lost; but in this case, RG
appear to change fate and transform into IPCs
(see below) (Cappello et al. 2006). These dis-
parate results may be explained by effects of
cdc4?2 deletion on processes other than junc-
tional integrity alone.

RG cells appear to serve as neural precursors
throughout the CNS (Figures 1 and 2). When
the promoter for BLBP, a protein expressed by
RG cells throughout the developing brain and
spinal cord (Feng et al. 1994, Kurtz et al. 1994,
Hartfuss et al. 2001), was used to drive Cre-
recombinase gene expression in a Cre/loxP fate

mapping experiment, large numbers of neu-
rons in virtually all brain regions were labeled
(Anthony et al. 2004). Excitatory projection
neurons and interneurons as well as glial cells
were all labeled, indicating an RG cell origin. A
similar fate mapping experiment, based on ex-
pression of the human GFAP promoter, which
is expressed by RG ata slightly later stage, failed
to label neurons derived from the ventral te-
lencephalon (Malatesta et al. 2003), possibly
because the hGFAP promoter may not be ac-
tive ventrally in the mouse until later stages of
development (Anthony et al. 2004).

INTERKINETIC NUCLEAR
MIGRATION

One aspect of neuroepithelial cell activity re-
tained by RG cells is the complex mitotic be-
havior known as interkinetic nuclear migration
(INM). INM was firstinferred on the basis of an
analysis of nuclear position at different phases of
the cell cycle (Sauer 1935) and later confirmed
by thymidine analog labeling (Sauer & Walker
1959, Sidman et al. 1959, Fujita 1962, Hayes &
Nowakowski 2000). Nuclei undergoing S phase
of the cell cycle form a layer several cell-body
diameters from the ventricle, at the apical side
of the VZ, while nuclei in M phase line up along
the surface of the ventricle, and nuclei in G1
and G2 phases are transitioning between the S
and M phases in the mid region. INM may be
a cell-autonomous feature of neuroepithelial or
RG-like cells because NSCs derived from em-
bryonic stem cell lines both express RG mark-
ers and undergo nucleokinesis as they progress
through the cell cycle (Conti et al. 2005, Glaser
& Brustle 2005, Elkabetz et al. 2008). Although
the mechanism of INM has been explored (re-
viewed in Miyata 2008), little is known about
its functional significance. Cells can still en-
ter mitosis when nucleokinesis is arrested by
manipulations that disrupt microtubules or de-
polymerize actin (Karfunkel 1972, Murciano
etal. 2002). However, manipulations that block
INM also interfere with cell cycle progression.
For example, loss of the microtubule-associated
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protein LIS1 arrests nucleokinesis and reduces
cell proliferation (Tsai et al. 2005), whereas ar-
resting cells in G2/M phase with 5-azacytidine,
orin S phase with cyclophosphamide, also stops
INM (Ueno et al. 2006). These observations
suggest that nuclear migration is linked to cell
cycle progression.

Del Bene et al. (2008) recently proposed
that INM regulates neurogenesis by modulat-
ing the exposure of progenitor cell nuclei to
neurogenic or proliferative signals, specifically
to Notch. Notch activation maintains cells in a
proliferative state (Dorsky et al. 1997, Gaiano
& Fishell 2002, Silva et al. 2003, Zhang et al.
2008) and is critical to maintain RG cell
identity and self-renewal (Gaiano et al. 2000).

Kriegstein o Alvarez-Buylla

Notch also activates target genes such as bes]
and hes5 (Gaiano et al. 2000, Iso et al. 2003)
to antagonize proneural genes and block cell
differentiation. Del Bene et al. (2008) also
demonstrated an apical-basal Notch gradient
within the neuroepithelium of the zebrafish
retina with high levels at the apical side.
Disrupting the dynein/dynactin motor protein
complex, which helps couple the nuclear
envelope to the centrosome (Iso et al. 2003,
Tsai & Gleeson 2005), resulted in more rapid
migration of nuclei to the basal side and slower
migration to the apical side. Cells subsequently
exited the cell cycle prematurely, presumably
because of decreased exposure to Notch
signaling (Del Bene et al. 2008). The apical
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distribution of Notch and the involvement of
dynein complex in apically directed nuclear
migration may also help explain the arrested
INM and premature cell cycle exit observed
in animal models of the smooth brain disease,
classical lissencephaly. The causative gene of
classical lissencephaly, Lis1, interacts with the
cytoplasmic dynein pathway (Tsai et al. 2005).
Neuroepithelial and RG cells undergo INM,
but IPCs do not. Thus, INM, a feature of CNS
stem cells, is not shared by progenitors with
more limited potential.

— Direct transformation
— Asymmetric division

— Symmetric division

Blood vessels

MZ 2 I;leurons

NE —= <

ASYMMETRIC RADIAL GLIA
CELL DIVISIONS IN THE
VENTRICULAR ZONE

During the period of cortical neurogenesis, RG
cells maintain their marked apico-basal polarity
and undergo asymmetric cell division to self-
renew and also to produce a daughter that is
either a neuron or an IPC (Haubensak et al.
2004; Noctor etal. 2004, 2007) (Figure 3). Flu-
orescent marker studies have demonstrated that
the RG pial process does not retract during mi-
tosis but instead remains in place throughout
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Three modes of neurogenesis during cortical development. RG in cortex generate neurons (#) directly through asymmetric division;

(&) indirectly by generation of nIPCs and one round of amplification; or (¢) indirectly again through nIPCs, but with two rounds of
division and further amplification. This additional amplification stage may be fundamental to increase cortical size during evolution
(see text). Subpopulations of nIPCs are likely to divide more than once in subcortical brain regions, but this has not yet been
documented. For additional details, see Figure 1. CP, cortical plate; IZ, intermediate zone; MZ, marginal zone; nIPC, neurogenic
intermediate progenitor cell; RG, radial glia; SVZ, subventricular zone; VZ, ventricular zone.
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the cell cycle (Miyata et al. 2001, Noctor et al.
2001, Tamamaki et al. 2001, Gotz et al. 2002,
Weissman et al. 2003). During M phase, cyto-
plasm within the radial fiber can be seen stream-
ing toward the cell body, and varicosities appear
at intervals along the attenuated fiber (Miyata
etal. 2001, Noctor et al. 2001, Tamamaki et al.
2001, Weissman etal. 2003). Following mitosis,
cytoplasm appears to flow in the opposite direc-
tion, restoring the fiber to a more uniform cal-
iber. Time-lapse imaging of retrovirally labeled
RG has also demonstrated that daughter neu-
rons often migrate along parental RG fibers and
that neuronal migration continues even while
the guiding RG cell is dividing (Noctor et al.
2001, 2008).

In the central nervous system of Drosophila,
cleavage plane orientation during division is a
critical determinant of daughter cell fate (Doe
& Skeath 1996). The role of cleavage plane
orientation as a determinant of symmetry of
division or cell fate in neuroepithelial or RG
cell division, however, has been controversial;
reports either support or challenge the ap-
plication of this model (Sauer 1935, Smart
1973, Landrieu & Goffinet 1979, Chenn &
McConnell 1995, Zhong et al. 1996, Huttner
& Brand 1997, Haydar et al. 2003, Noctor et al.
2008). In the developing mammalian neuroep-
ithelium, cleavage plane orientation remains
predominantly vertical (planar division) dur-
ing the period of symmetrical division prior
to neurogenesis, and throughout the period
of predominantly asymmetrical division dur-
ing neurogenesis (Smart 1973, Zamenhof 1985,
Miyata 2007, Noctor et al. 2008). Thus, cleav-
age plane angle alone is unlikely to be a determi-
nant of symmetry of division or cell fate. This
conclusion is bolstered by recent studies ran-
domizing spindle rotation and cleavage orienta-
tion by deleting the G protein regulator, LGN,
in brain or spinal cord neuroepithelium, a ma-
nipulation that disorganized the epithelium but
did not significantly alter cell fate (Morin et al.
2007, Konno et al. 2008).

Some studies, based on dye labeling and
time-lapse imaging, report that neurons rather
than RG cells can inherit the radial process
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during division and that the daughter neuron
migrates to the cortical plate through somal
translocation (Miyata et al. 2001, Nadarajah
et al. 2001, Tamamaki et al. 2001, Nadarajah
2003). Under this scheme, the RG daughter
cell would presumably regrow a pial process
or could become a short neural precursor (Gal
et al. 2006). However, time-lapse imaging of
retroviral labeled RG cells followed by fate de-
termination using marker expression or elec-
trophysiology shows that in most cases the RG
cell inherits the radial process (Noctor et al.
2001, 2007, 2008; Weissman et al. 2003). Some
RG cells have been observed to translocate to-
ward the cortical plate following division, but
immunostaining or electrophysiological analy-
sis suggests that these RG are not translocat-
ing neurons but rather are RG cells that are
beginning their transformation into astrocytes
(Noctor et al. 2004, 2008) (Figures 1 and
3). Some investigators have also proposed that
neurons may inherit the radial process at early
stages in cortical development, such as during
preplate formation, and migrate by transloca-
tion (Brittis etal. 1995, Nadarajah & Parnavelas
2002), but this idea has not been confirmed.

INTERMEDIATE PROGENITOR
CELLS

Although the VZ was long thought to be
the predominant site of neurogenesis, mi-
totic figures were nonetheless observed in the
SVZ more than 100 years ago (Magini 1888,
Retzius 1894). Throughout most of the twen-
tieth century, the SVZ was presumed to be
a site of gliogenesis (Altman & Bayer 1990a,
Takahashi et al. 1995). Smart (1973) suggested
that mitotic figures observed in the SVZ might
represent cortical neurogenesis in an abventric-
ular location, and Valverde et al. (1995) sug-
gested that mitotic figures observed in the cor-
tical preplate at stages prior to the appearance
of the SVZ were also possible sites of neurogen-
esis. Moreover, a series of cell marker genes in-
cluding SvetI (Tarabykin etal. 2001), Cux1, and
Cux2 (Nieto etal. 2004, Zimmer etal. 2004), are
expressed first by embryonic progenitor cells in
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the SVZ and later by cortical neurons in spe-
cific layers. Recent work imaging the division
of precursor cells within the SVZ has directly
demonstrated that SVZ cells are derived from
RG and subsequently divide to generate neu-
rons (Miyata et al. 2004, Noctor et al. 2004)
(Figures 1 and 3). Itnow appears that, through-
out most of neurogenesis, RG either generate
daughter neurons directly or produce a second,
more restricted nIPC, also referred to as a basal
progenitor cell, which populates the embryonic
SVZ (Haubensak et al. 2004; Miyata et al. 2004;
Noctor etal. 2004, 2007). The embryonic SVZ
is therefore increasingly appreciated as a ma-
jor site of neurogenesis (Tarabykin et al. 2001;
Smart et al. 2002; Nieto et al. 2004; Noctor
et al. 2004, 2007; Zimmer et al. 2004; Zecevic
et al. 2005; Martinez-Cerdeno et al. 2006;
Pontious et al. 2008). nIPCs, which frequently
have multipolar processes, do not appear to
contact the ventricle or pial surface, but they
do display a predilection to divide with a cleav-
age plane parallel to the ventricular surface
(Haubensak et al. 2004; Noctor et al. 2004,
2008). Whereas neuroepithelial and RG cells
undergo INM, nIPCs do not (Haubensak et al.
2004, Miyata et al. 2004, Noctor et al. 2004).
Recent work suggests that Notch signal-
ing among SVZ IPCs and between IPCs and
RG may be involved in the regulation of pro-
genitor proliferation. IPCs, as well as migrat-
ing neurons, were shown to activate Notch in
RG through expression of mind bomb-1 (mib1)
(Yoon et al. 2008), an essential component for
both Deltalike- and Jagged-mediated Notch
ligand signaling (Koo et al. 2007). Thus IPCs
and newborn neurons may maintain RG pro-
liferation through Notch activation mediated
by contact with RG radial fibers. Other stud-
ies suggest that although Notch activation pro-
motes proliferation of IPCs as well as RG, the
two cell types differ with respect to Notch sig-
nal transduction. RG signal through the canon-
ical Notch effector C-promoter binding fac-
tor 1 (CBF1), whereas IPCs generally do not
(Mizutani et al. 2007). Very similar differences
in downstream Notch signal transduction path-
ways characterize the difference between stem

and progenitor cells in the hematopoietic sys-
tem (Duncan et al. 2005).

nlIPCs are also present within the VZ, par-
ticularly at early time periods, prior to the for-
mation of a distinct SVZ (Noctor et al. 2007).
This mixture of RG cells and nIPCs within the
VZ may account for previous observations of
both RG cells and non-RG cells undergoing
mitosis in the embryonic VZ (Levitt et al. 1981,
Misson et al. 1988, Gal et al. 2006). Unlike RG
cells, which predominantly divide asymmetri-
cally during the period of peak neurogenesis,
nIPCs undergo symmetrical divisions to pro-
duce two neurons or may divide symmetrically
to produce two additional IPCs (Haubensak
et al. 2004; Miyata et al. 2004; Noctor et al.
2004, 2007; Wu et al. 2005). In rodent cor-
tex, the symmetric nIPC-producing divisions
appear to represent ~10% of nIPC divisions
(Haubensak etal. 2004, Noctor etal. 2004). The
number of times IPCs divide may vary in differ-
ent brain regions and in different species. For
example, the primate brain contains a large ab-
ventricular proliferative zone referred to as the
outer SVZ (Smart et al. 2002). The outer SVZ
in the fetal primate brain contains large num-
bers of mitotic cells, and we suggest that some of
these may correspond to IPCs that could con-
tribute to the enormous cortical expansion ob-
served in primate cortex (Kriegstein et al. 2006)
(Figure 3). IPCs are therefore functionally
analogous to transit amplifying cells present in
stem cell lineages in other tissues. The concept
of transit amplifying cells within the brain is rel-
atively new and has also been applied to adult
NSC lineages (see below) (Figure 2).

DIVERSITY OF NEURAL
PROGENITOR CELLS

Collectively, RG give rise to other glial cells as
well as an astonishing assortment of neuronal
types. This diversity in molecular and mor-
phological characteristics of neurons under-
lies neural circuit formation. For a long time,
researchers thought that neuronal phenotype
was determined largely by the microenviron-
mentin which cells settle and mature. However,
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recent advances indicate that neuronal char-
acteristics, including their unique morphol-
ogy, are determined largely by intrinsic cellular
mechanisms thatare established as new neurons
are produced.

Different types of neurons are derived from
RG in different subregions of the VZ (see
Figure 4). This process has been extensively
studied in the developing spinal cord where
gradients of morphogens (BMPs) and sonic
hedgehog (SHH) establish discrete dorsoven-
tral territories of transcription factor expres-
sion, each associated with the production of dif-
ferent types of neurons (Hochstim et al. 2008).
Similarly, investigators have observed segrega-
tion of progenitor zones, each associated with
distinct transcription factor expression, in the
developing forebrain (Campbell 2003, Puelles
& Rubenstein 2003, Guillemot 2005, Flames
et al. 2007, Long et al. 2009). Neuroepithe-
lial cells and RG must interpret these gradi-
ents of morphogen and, in response, unfold
unique programs of transcription factor ex-
pression to produce the large diversity of neu-
ronal types within the forebrain. Therefore, RG
must be highly heterogeneous in terms of their
progenitor function, depending on the set of
transcription factors they express. Pax6, Emx1,
Gshl, Gsh2, Er81, Sp8, Nkx2.1, DIx1, DIx2,
and Olig2 have been implicated in the gen-
eration of different subsets of forebrain neu-
rons. These likely represent just a small subset
of a much larger group of transcription factors
(Long et al. 2009) that, together with proneu-
ral genes such as Ngn2 and Mash1 (Guillemot
2007), presumably determine the specific cell
subtype produced by RG and IPCs. Thus al-
though the embryonic VZ may appear to be a
relatively uniform and continuous proliferative
zone surrounding the ventricle, in factitis com-
posed, from the earliest stage of neurogenesis,
of RG cells that are heterogeneous with respect
to the cell types they will produce. Interest-
ingly, similar heterogeneity has been recently
observed in the organization of adult NSCs (see
below).

In addition to location, timing in devel-
opment must determine the types of neurons
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or glial cells derived from RG. The NSCs
and IPCs in different locations go through a
stereotypic sequence by which specific types
of neurons are produced at different devel-
opmental stages (Desai & McConnell 2000),
a phenomenon that appears to be cell-
autonomous (Shen et al. 2006). Deep-layer
cortical projection neurons are generated early,
for example, and thalamic recipient neurons
are generated at later times (see below). Investi-
gators have recently reported a similar regional
specification for oligodendrocyte (Kessaris etal.
2006) and astrocyte (Hochstim et al. 2008) pro-
duction. Dynamic programs of transcription
factor expression are believed to control NSC
behavior in time and space. The identification
of the NSCs in the embryo and the adult
indicates the precise cell types in which these
transcriptional programs must be at play.

Do neurons, astroctyes, and oligodendro-
cytes arise from distinct fate-restricted pro-
genitors, or do multipotential progenitors con-
tribute cells to neuronal as well as glial lineages?
Can individual progenitor cells generate a di-
versity of neuron cell types, or are there pro-
genitor cells restricted to generate neurons of a
single class? The evidence suggests thatall these
progenitor types may coexist in the embryonic
cortex. The coexistence of neuronal and glial
progenitor cells in the embryonic primate cor-
tex was suggested by the finding of two classes of
cycling cells in the VZ and SVZ: GFAP positive
and negative (Levitt et al. 1981, 1983). A series
of studies based on clonal analysis demonstrated
that fate-restricted progenitors producing only
neurons or only glia coexist at early stages of
cortical developmentin the rodent (Luskin etal.
1988, 1993; Price & Thurlow 1988; Grove etal.
1993; Krushel et al. 1993; Davis & Temple
1994; Williams & Price 1995; Mione etal. 1997;
McCarthy et al. 2001; Anthony et al. 2004
Wu et al. 2006; Battiste et al. 2007). In con-
trast, other studies using retroviral labeling and
clonal analysis have also shown that both neu-
rons and oligodendrocytes or neurons and as-
trocytes can derive from a single precursor cell
(Walsh & Cepko 1988, 1992; Parnavelas et al.
1991; Williams et al. 1991; Reid et al. 1995;
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Figure 4

Regional specification of NSCs in the embryo and the adult brain. The left two panels show cross sections of the mouse forebrain from
embryonic and adult brain showing four subdivisions of the VZ in different colors. On the right, RG in embryonic development (Jower
four panels) and type B cells in the adult brain (upper four panels) from the major forebrain subregions (septum, cortex, LGE, and MGE)
are illustrated using the same colors as on the left. NSCs in the different subregions generate different types of neurons. Combinations
of transcription factor expression (see text for additional details) define the different subdomains and the types of neurons produced.
Representative camera lucida drawings of neuronal types produced within each subregion are illustrated. For example, neurons derived
from cortical (green) RG in development give rise to large pyramidal neurons. In the adult, cortical progenitors give rise to olfactory
bulb interneurons. NSCs in each subregion may give rise to an even wider diversity of cell types. Although in some cases (e.g.,
embryonic cortex) neuron progeny migrate radially, more frequently, immature neurons migrate tangentially for some distance before
differentiating. Therefore, although mature neurons are shown deriving from distinct proliferative regions, we do not denote ultimate
location, but rather that different neuronal phenotypes are derived from distinct pools of NSCs. LGE, lateral ganglionic eminence;
MGE, medial ganglionic eminence; NSCs, neural stem cells; RG, radial glia; VZ, ventricular zone.
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He et al. 2001; Yung et al. 2002). Additionally,
individual neurogenic progenitor cells can con-
tribute neurons to multiple layers (Luskin et al.
1988), and even in isolated cell cultures, NSCs
can generate neurons in a precise temporal and
laminar order, echoing the in vivo sequence
(Shen et al. 2006). Taken together these studies
suggest that although some single multipoten-
tial progenitor cells exist that are intrinsically
capable of generating a diversity of neuronal
and glial cell types, fate-restricted progenitor
cells are also present, suggesting heterogene-
ity of RG proliferative behavior. Although it is
unlikely that all RG cells undergo the same se-
quence of neurogenic and progenitor cell di-
visions, some of the results based on retroviral
labeled clones or clones expanded in vitro could
be explained by IPC-derived clones. Following
retroviral infection, either the self-renewed RG
cell or the daughter neuron or IPC could in-
herit the retroviral label. Even though neuron-
only clones predominate in most studies, many
clones consist of only two neurons, and such
clones could correspond to the terminal sym-
metric division of a labeled nIPC cell. In this
way many of the clones restricted to a single cell
type may have resulted from labeling an IPC or
transit amplifying type cell, whereas RG or neu-
roepithelial cell labeling might be expected to
produce clones of mixed cell types. Similarly,
clones of astroglial cells could represent retro-
viral labeling of the terminal glial branches of a
multipotent lineage tree (Figure 2).

As indicated above, evidence supports cell-
autonomous construction of specific develop-
mental lineages. Single cells isolated from E10
embryonic cortex and grown in culture are mul-
tipotent and sequentially generate neuronal and
then glial restricted progenitors, resembling the
in vivo developmental sequence (Qian et al.
2000). Similarly, embryonic stem cells can be
turned into NSCs that are capable of producing
neurons and then astroglial cells (Gaspard et al.
2008). Stem cells in culture can even sequen-
tially produce subtypes of neurons over time
whose identities match the layer-specific tem-
poral pattern observed in vivo (Gaspard et al.
2008). These data indicate that at least some
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individual multipotent progenitor cells can fol-
low a clockwise developmental sequence and
generate a changing set of distinct neural cell
types with maturation. However, these results
donot rule out the possibility that environmen-
tal signals could contribute. For example, cells
can interact with each other in cell culture, and
cell progeny could provide fate-modulating sig-
nals that could influence clone composition.

TRANSFORMATION OF RADIAL
GLIA AND PROLIFERATION
OF ASTROCYTES

RG cell bodies reside in the VZ throughout the
period of cortical development, participating in
neurogenesis and guiding neuronal migration.
At the end of this developmental period, most
RG cells lose their ventricular attachment and
migrate toward the cortical plate by a process
of somal translocation. In mammals, most RG
cells transform into astrocytes (Figures 1 and
3). The transformation of RG to multipolar
astrocytes was initially inferred from observa-
tions of developmental changes in RG features
in species as diverse as rodents, marsupials, and
primates (Morest 1970, Choi & Lapham 1978,
Schmechel & Rakic 1979, Misson et al. 1991)
[see also (Ramén y Cajal 1995) and references
therein for earlier work on the transformation
of RG (epithelial cells, spongioblasts) into as-
trocytes]. The morphology of RG changes from
bipolar spanning the cortex to unipolar that no
longer contacts the ventricle to multipolar with
a regressing radial process, thus progressively
taking on astrocytic morphology. Moreover, the
disappearance of RG is coincident with the ap-
pearance of increasing numbers of astrocytes.
The inferred lineage relationship of RG and
astrocytes is supported by mutual expression of
the same markers such as RC1 (Misson et al.
1991) and has been demonstrated more di-
rectly by labeling RG cells in newborn ferrets
with a fluorescent dye (Dil) and noting the ap-
pearance of Dil-labeled astrocytes coincident
with the disappearance of labeled RG (Voigt
1989). More recently, Noctor et al. (2008) di-
rectly visualized the translocation of RG and
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transformation to astrocytes by using retroviral
labeling and time-lapse imaging (Noctor et al.
2008). Although this process of transformation
from RG to astrocytes has been best studied in
cortex, a very similar transformation occurs in
the subcortical telencephalon and other regions
of the neuraxis (Levitt & Rakic 1980, Yang etal.
1993, Barry & McDermott 2005). As discussed
below, RG transformation into astrocytes con-
tinues postnatally in some regions of the rodent
brain, whereas in some vertebrates, this trans-
formation does not take place and RG persist
into adult life (see below).

Whether astrocytes, like neurons, are spa-
tially restricted to specific locations on the basis
of their sites of origin or instead migrate widely
is not well known. A recent study suggests that
tangential dispersal of astrocytes in the devel-
oping spinal cord may be limited (Hochstim
et al. 2008). Depending on their position, su-
perficially located spinal cord astrocytes express
Reelin, Slitl, or both. These cells are derived
from restricted domains of the ventral spinal
cord that can be distinguished by expressing
Pax6 or Nkx6.1. This positional identity in the
origin of distinct groups of astrocytes suggests
that, during their transformation from RG, as-
trocytes are retained within restricted radial
domains, perhaps closely related to the posi-
tion of the RG cell processes. A similar restric-
tion in tangential dispersal is observed post-
natally in mice during the transformation of
striatal RG cells into parenchymal astrocytes
(E. Merkle and A. Alvarez-Buylla, unpublished
observation). This observation suggests that as-
trocytic conversion and dispersal may be strictly
controlled. Astrocytes may retain fundamental
properties and positional information linked to
the original array of RG in the developing brain
(Rakic 1988).

Some astrocytes may divide locally before
terminal differentiation and represent a popula-
tion of alPCs (Figure 2). This process of astro-
cytic amplification may occur in the postnatal
murine cortex (Mares & Bruckner 1978, Hajés
etal. 1981, Ichikawa et al. 1983). Interestingly,
astrocytes take cortical positions that mirror the
inside-out laminar birth date pattern of cortical

neurons with later-born glia taking up super-
ficial cortical positions (Ichikawa et al. 1983).
Whether astrocyte progenitor cells represent
transformed RG or whether they derive from
a distinct neuroepithelial progenitor cell is not
clear. Clonal analysis supports both possibili-
ties. Single embryonic progenitor cells in cul-
ture produce neurons first, then glial cells (Qian
etal. 2000). However, retroviral labeling of pro-
genitors in vivo at stages of mid-corticogenesis
often yields astrocyte-only clones (Grove et al.
1993, Luskin etal. 1993, McCarthy etal. 2001),
suggesting that at least some glial-restricted
progenitor cells are present at embryonic ages.
Retroviral analysis of progenitor cells labeled
at neonatal ages has also produced evidence
for oligodendrocyte-only clones (Luskin et al.
1993, Luskin & McDermott 1994) as well as for
mixed clones containing both oligodendrocytes
and astrocytes (Levison & Goldman 1993), sug-
gesting the possible coexistence of both re-
stricted and bipotential glial progenitors neona-
tally. However, as discussed above, we do not
know if these glial colonies are derived from
primary progenitors or from IPCs. Direct visu-
alization of retrovirally labeled RG has demon-
strated that the same RG cell that produces
neurons can then transform into an astroglial
cell (Noctor et al. 2008), confirming that the
neurogenic to gliogenic transition occurs in
at least some individual progenitor cells in
situ.

NEUROGENESIS AND
GLIOGENESIS CONTINUE
POSTNATALLY

NSCs are present in the developing brain and
persist in restricted regions of postnatal and
adult brains. These cells continue to produce
not only glial cells but also neurons (Gage
2002, Alvarez-Buylla & Lim 2004, Nottebohm
2004, Ming & Song 2005). In the early neonatal
(Luskin 1993) and adult mammalian brains
(Lois & Alvarez-Buylla 1994), new neurons are
generated primarily in the SVZ in the walls
of the lateral ventricles. These young neurons
migrate to the olfactory bulb where they
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continually  replace local  interneurons
(Imayoshi et al. 2008). Neurogenesis also
continues in the adult hippocampus, specif-
ically in the subgranular layer (SGL) of the
dentate gyrus (Gould & Cameron 1996,
Kempermann et al. 1997). In adult birds,
neurogenesis is more widespread; new neu-
rons are born in a VZ in the walls of the
lateral ventricle, migrate widely, and incor-
porate throughout most of the telencephalon
(Nottebohm 1985). Adult neurogenesis also
continues in poikilotherms where, in some
species, it is associated with continuous growth
of the CNS (Garcia-Verdugo et al. 2002).
NSCs are retained within specialized germinal
centers in adult brains of all these vertebrates.
In good agreement with the developmental
data reviewed above, the primary progenitors
for the continual generation of neurons in
postnatal animals correspond to cells with glial
characteristics: RG or astrocytes.

RADIAL GLIA PERSIST IN SOME
VERTEBRATES AND FUNCTION
AS PRIMARY PROGENITORS

OF NEW NEURONS

Similar to development, RG that persist post-
natally have their cell bodies in the region sur-
rounding the ventricular walls and project a
long thin process deep into the forebrain. In
adult birds, this radial process guides the initial
migration of young neurons from their birth
place in the VZ to distant locations within the
telencephalon. RG cells in adult songbirds di-
vide, undergo interkinetic nuclear migration,
and maintain a characteristic primary cilium
on their apical ventricular surface (Alvarez-
Buylla et al. 1998). This proliferation occurs
in neurogenic hot spots and correlates with
the production of new neurons (Alvarez-Buylla
et al. 1990). Retroviral lineage-tracing stud-
ies show that RG and new neurons descend
from the same lineage (Goldman et al. 1996).
The above study suggested that young neurons
in adult songbirds are derived from RG. In-
terestingly, RG are the predominant glial cell
type in some regions in the CNS of fish and
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reptiles, and some of these cells continue to
divide in adulthood (Stevenson & Yoon 1981,
Ramén y Cajal 1995, Kalman 1998). More re-
cent observations suggest that these RG cells in
poikilotherms could also function as stem cells
(Garcia-Verdugo et al. 2002, Weissman et al.
2003, Zupanc 2006). Therefore, in many verte-
brate species, some RG cells do not convertinto
astrocytes at the end of development but per-
sist postnatally. These cells not only have mor-
phological characteristics similar to RG in the
developing mammalian brain, but also serve a
similar function: They are the primary progen-
itors in the generation of neurons and glia, and
their long fibers guide the migration of young

neurons.

NEURAL STEM CELLS IN THE
ADULT SUBVENTRICULAR ZONE

Asindicated above, in adult mammals, neuroge-
nesis is most prominent in the SVZ in the walls
of the lateral ventricles (Figure 5), a region
highly related to the embryonic SVZ, which as
described above is the site of significant IPC
proliferation earlier in development. The SVZ
contains relatively quiescent NSCs, known as
B cells, which give rise to actively proliferat-
ing C cells that function as the IPCs or transit
amplifying progenitors in the adult brain SVZ
(Doetsch et al. 1999b). Type C cells give rise to
immature neuroblasts (A cells), which migrate
in chains to the olfactory bulb (Lois & Alvarez-
Buylla 1994, Belluzzi et al. 2003), where they
differentiate into interneurons (Carleton et al.
2003). Despite their NSC properties, type B
cells display ultrastructural characteristics and
markers of astroglial cells, including the expres-
sion of GFAP, GLAST, and other astroglial
markers (Doetsch et al. 1997, Colak et al. 2008,
Platel et al. 2008). Thus type B cells are also
frequently referred to as SVZ astrocytes.

The astrocytic nature of adult SVZ NSCs
has now been demonstrated in several stud-
ies. Initial evidence indicated that follow-
ing a six-day treatment with cytosine-f3-b-
arabinofuranoside (Ara-C), which kills actively
dividing type C and A cells, SVZ B cells are
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Ependymal cells

Schematic of progenitor types and lineages in the adult brain SVZ. NSCs in the wall of the lateral ventricles
of adult rodents correspond to type B cells (SVZ astrocytes). These cells retain epithelial properties,
including the extension of a thin apical process that ends on the ventricle and a basal process ending on blood
vessels. B cells give rise to C cells, which correspond to nIPCs. B cells also generate oligodendrocytes
through oIPCs. Dashed arrows illustrate hypothetical modes of division: blue for asymmetric and red for
symmetric divisions. Investigators do not currently know how many times C cells divide. See Figure 1 for
other information. nIPCs, neurogenic intermediate progenitor cells; NSCs, neural stem cells;

oIPCs, oligodendrocytic intermediate progenitor cells; SVZ, subventricular zone.

activated and regenerate C cells, which in turn
give rise to new neuroblasts (Doetsch et al.
1999a). A replication-competent avian leuko-
sis (RCAS) retrovirus carrying a reporter gene
has been used specifically to label mammalian
SVZ astroglial cells (and their progeny) in
transgenic mice (G-tva) expressing the recep-
tor for this avian retrovirus under the control
of the GFAP promoter (Holland & Varmus
1998). RCAS-labeled SVZ astrocytes generate
olfactory bulb neurons (Doetsch et al. 1999b)
(Figure 5). Further evidence that B cells corre-
spond to the adult SVZ NSCs comes from stud-
ies using transgenic mice expressing herpes-
simplex virus thymidine kinase (TK) from the
GFAP promoter. Ganciclovir (GCV) treatment
in these mice leads to the selective death of
cells expressing TK and to a severe reduction
in the number of new neurons produced in the
adult brain and a depletion of neurosphere-
forming cells from the SVZ (Imura et al. 2003,
Morshead etal. 2003). Together these data indi-
cate that NSCs in the SVZ are contained within
a population of cells classically considered as
differentiated astrocytes.

Recent studies indicate that type B cells re-
tain some important properties of RG. Type B
cell bodies are generally located just under the
ependymal cell layer but have short processes
that extend through the ependymal layer with
small apical endings on the ventricle (Mirzadeh
etal. 2008, Shen et al. 2008). These apical end-
ings form junctional complexes among them-
selves that are virtually identical to those that
join RG earlier in development. These junc-
tional complexes are very different from those
that link apical ependymal membranes or B
cells to ependymal cells (Mirzadeh et al. 2008).
The ventricular contacts of SVZ B cells can be
observed in whole mount preparations of the
ventricular surface as small apical surfaces con-
taining a single primary cilium. This feature
is very different from ependymal cells, which
as mentioned above have very large apical sur-
faces and contain at least 50 long motile cilia.
A novel type of ependymal cells (E2 cells) ap-
pears to contain only two long cilia (Mirzadeh
et al. 2008). The function of E2 cells remains
unknown. Interestingly, the apical processes of
SVZ B cells cluster together in the center of
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structures resembling pinwheels. The periph-
ery of each pinwheel is formed by the large api-
cal surfaces of ependymal cells.

The SVZ also contains blood vessels that
extend a substantial extracellular matrix next to
type B and C cells (Mercier et al. 2002). How-
ever, SVZ type B and C cells are also closely
associated with blood vessels (Shen et al. 2008,
Tavazoie et al. 2008). Type B cells that contact
the ventricle through their small apical endings
have relatively long basal processes, frequently
oriented tangentially with specialized end feet
on blood vessels (Mirzadeh et al. 2008). Prolif-
erating SVZ cells are frequently associated with
blood vessels (Tavazoie et al. 2008) or the ex-
tracellular matrix around them (Kerever et al.
2007), which suggests that factors derived from
the vasculature may regulate both primary pro-
genitors and IPCs in the SVZ. Adult SVZ B
cells thus retain apical-basal polarity and are
part of the ventricular epithelium, as were RG
earlier in development.

As has been suggested for birds, the walls of
the lateral ventricles where neurogenesis con-
tinues in the adult contain not only differenti-
ated ependymal cells but also remnants of a VZ
(Figure 5). In the case of the rodent lateral ven-
tricles, the VZ-like structure is present in the
center of pinwheels, where adult B cells, like
RG, have characteristic end feet. Thus, adult
NSCs in the SVZ appear to maintain many ep-
ithelial characteristics that allow them to bridge
between blood vessels underlying the SVZ and
the ventricular surface. Adult stem cells likely
integrate information arising at both apical and
basal compartments to regulate their prolifer-
ation and differentiation, a process mirroring
that of RG during development (Figure 1).

Unlike ependymal cells that line most of the
ventricular surface and extend a large number
of long motile cilia, B cells have short, sin-
gle primary cilia extending into the ventricle
(Doetsch et al. 1999¢, Mirzadeh et al. 2008).
The function of this organelle in NSCs remains
unknown, but as discussed below, recent work
indicates that primary cilia are important sites
for signal reception, particularly sonic hedge-
hog (Shh) (Huangfu & Anderson 2005, Singla
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& Reiter 2006). Shh is a critical morphogen and
growth factor during development. Shh bind-
ing to receptor Patch results in disinhibition of
Smoothened (Smo), an effector of Hh signaling.
Conditional ablation of Smo using NestinCre or
an inducible NestinCreERT? results in postna-
tal depletion of SVZ B and C cells (Machold
et al. 2003), which suggests that Shh signaling
is important for the postnatal maintenance of
SVZ B cells and possibly for the regulation of
proliferation in type C cells. As described be-
low in more detail, conditional deletion of pri-
mary cilia in GFAP-expressing progenitors of
the dentate gyrus also results in the postnatal
depletion of NSCs. These animals also display
decreased proliferation in the SVZ (Y.-G. Han
& A. Alvarez-Buylla, unpublished observation),
which is consistent with aforementioned obser-
vations that Shh plays a critical role in SVZ stem
cell maintenance.

No single molecular marker is available to
identify adult SVZ primary progenitors. Al-
though SVZ B cells, like embryonic RG, ex-
press Nestin and Sox2, they also express GFAP
and GLAST, which are more frequently asso-
ciated with astrocytes. Other cells both within
and outside the SVZ also contain some of
these alleged NSC markers. Initial experiments
suggested that neurospheres, which self-renew
in vitro and can generate oligodendrocytes,
astrocytes, and neurons (Weiss et al. 1996),
are derived from the SVZ primary progeni-
tors (Morshead et al. 1994), presumably cor-
responding to the NSCs in vivo. However,
neurosphere-forming ability is not restricted to
primary progenitors; both SVZ type B and C
cells can generate neurospheres (Doetsch et al.
2002). Similarly, progenitors for oligodendro-
cytes can, upon stimulation with growth factors,
make multipotent neurospheres (Kondo & Raff
2000). Lewis X (LeX) is an extracellular car-
bohydrate expressed by embryonic pluripotent
stem cells that is also enriched in a subpopula-
tion of GFAP-expressing SVZ cells (Capela &
Temple 2002). LeX has been used to enrich the
population of SVZ cells that can form neuro-
spheres in vitro and may be a possible SVZ stem
cell marker. Marker combination has also been
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employed to isolate SVZ cells with the poten-
tial to form neurospheres. For example, a sub-
population of adult VZ cells that is positive for
CD133 but negative for CD24 generated neu-
rospheres in vitro (Coskun et al. 2008). A previ-
ous study suggested that multiciliated ependy-
mal cells could function as NSCs (Johansson
et al. 1999). However, other studies indicated
that ependymal cells do not generate neuro-
spheres with NSC properties in vitro (Chiasson
et al. 1999, Capela & Temple 2002) and that
ependymal cells become postmitotic during
development (Spassky et al. 2005). Ependy-
mal cells can be distinguished by their large
apical surface, long cilia with 942 micro-
tubule structure, and S100§3 staining. In whole
mount preparations of the ventricular wall,
all cells with a large apical surface stained
positive for CD24, and these cells costained
with S1003 (Mirzadeh et al. 2008). None
of these cells stained positively for prolifera-
tive markers or incorporated BrdU. Although
ependymal cells are also CD133+, the only
cellular profiles in the ventricular wall that
are CD1334/CD24- are cells in the center
of pinwheels that correspond to the small
apical end feet of type B cells. Therefore,
CD133+/CD24- cells in the ventricular walls
are likely to be type B cells. The overall evi-
dence indicates that ependymal cells are post-
mitotic differentiated cells that originate from
RG during perinatal development (Spassky
etal. 2005). With age, these cells die. Recent ob-
servations indicate that in aging animals some
SVZ astrocytes can develop multiple cilia sim-
ilar to those observed in ependymal cells (Luo
et al. 2008), which further suggests that cells
with multiple cilia do not divide.

Better markers may be emerging to define
the subpopulation of cells in the adult VZ that
function as stem cells. One promising candidate
is the nuclear orphan receptor tailless, which ap-
pears to be expressed in SVZ type B cells and to
be essential for neurogenesis (Liu et al. 2008).
Markers are also required to identify NSCs bet-
ter in the adult human brain. It remains contro-
versial whether neurogenesis and migration of
neuroblasts to the olfactory bulb continue in

adult humans (Curtis et al. 2007, Sanai et al.
2007). A prominent band of SVZ astrocytes
exists in the adult human brain, in an abven-
tricular location in the walls of the anterior
lateral ventricles (Sanai et al. 2004, Quinones-
Hinojosa etal. 2006, Oldham et al. 2008). Some
of these cells can function in vitro as stem cells.
‘Transcriptional analysis suggests that periven-
tricular astrocytes in humans are distinct from
parenchymal astrocytes (Oldham et al. 2008),
which may lead to a better definition of the as-
trocytes in the human SVZ that, like B cells in
rodents, continue to function as stem cells in the
adult. Although both parenchymal and SVZ as-
trocytes appear to be directly derived from RG,
only SVZ B cells retain expression of critical
determinants for their function as NSCs.

NEURAL STEM CELLS IN
THE ADULT HIPPOCAMPUS
POSSESS ASTROGLIAL
CHARACTERISTICS

Another major region that produces new neu-
rons in the adult mammalian brain (including
humans) is the dentate gyrus of the hippocam-
pus (Altman & Das 1965, Kaplan & Hinds 1977,
Eriksson et al. 1998, Gould et al. 1999, Gage
2000, Kempermann et al. 2004). New neurons
in the adult dentate gyrus have been implicated
in learning and memory (Shors et al. 2002,
Zhao et al. 2008), and aberrant neurogenesis
in this brain region has been linked to depres-
sion (Dranovsky & Hen 2006), neuroinflamma-
tion (Monje et al. 2003), and epilepsy (Parent
et al. 2006). There is great interest in under-
standing where these new neurons are coming
from and how their production is regulated.
The new hippocampal neurons are born in the
subgranular zone (SGZ), which is located at
the interface of the granule cell layer and the
hilus (Figure 5). The SGZ contains two types
of dividing cells: astrocytes and darkly stained
small cells with small basophilic nuclei (Altman
& Das 1965, Kaplan & Hinds 1977, Cameron
etal. 1993, Palmer et al. 2000). Consistent with
observations in development and in the adult
SVZ, radial astrocytes in the SGZ function
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as the primary precursors of the new neurons
in the dentate gyrus (Seri et al. 2001, Fukuda
et al. 2003, Garcia et al. 2004, Steiner et al.
2004). Radial astrocytes in the SGZ, also re-
ferred to as type I progenitors (Filippov et al.
2003, Fukuda et al. 2003), have a prominent
process that crosses the granule cell layer as well
as smaller horizontally oriented processes along
the SGZ (Kosaka & Hama 1986, Seri et al.
2004). Unlike other astrocytes in the SGZ that
express only GFAP, these cells express both
GFAP and Nestin (Seri et al. 2004, Steiner etal.
2006). Similar to what is observed in the SVZ,
the SGZ is located next to an extensive vascu-
lar niche (Palmer et al. 2000), suggesting that
factors derived from blood vessels influence the
behavior of NSCs in the SGZ. Radial astrocytes
do not give rise to neurons directly but gener-
ate nIPCs, which correspond to the small ba-
sophilic cells that are darkly stained by hema-
toxylin, referred to as type D cells (Seri et al.
2004) or type II progenitors (Filippov et al.
2003, Fukuda etal. 2003). Immature D cells (D1
cells) appear to divide and function as nIPCs
(Figure 5). More mature darkly stained D cells
(D2-D4 cells) have a prominent process and
have properties of neurons at different stages
of maturation, characterized by the expression
of doublecortin, PSA-NCAM, Tuc4, NeuroD,
Proxl, and NeulN (Seki & Arai 1993, Fukuda
etal. 2003, Serietal. 2004). These cells also pro-
gressively acquire electrophysiological charac-
teristics of new neurons (Song et al. 2002,
Filippov et al. 2003).

A recent study suggests that SGZ Sox2+
cells lacking radial processes function as the pri-
mary progenitors of new neurons and glial cells
in the adult hippocampus (Suh etal. 2007). Both
radial astrocytes and nonradial cells, presum-
ably D cells, express Sox2. This study found that
after BrdU injection, only nonradial cells incor-
porate this proliferative marker. Many BrdU-
labeled, Sox2-expressing radial astrocytes ap-
pear in mice that exercise in a running wheel,
a condition that dramatically increases neuro-
genesis in the SGZ (Van Praag et al. 1999).
However, Suh et al. (2007) suggested that in
controls without the running wheel, nonra-
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dial cells function as stem cells in the SGZ.
They used Cre-mediated recombination in a
retroviral lineage-tracing strategy to show that
neurons are derived from cells expressing Cre
under the Sox2 promoter. However, cells that
activate the retroviral Sox2 promoter must have
divided at least once before the retroviral DNA
is integrated and Cre can be expressed. The re-
porter gene used following Cre-mediated re-
combination could initiate its expression only
in self-renewing primary progenitors or in type
D cells, the nIPCs in the SGZ. Because Suh
et al. observed very few, if any, self-renewing
cells labeled by this method, their retrovi-
ral lineage-tracing experiment must have be-
gun with nIPCs rather than with primary pro-
genitors. This result would be consistent with
the division of radial astrocytes, generating D
cells in which the Sox2 promoter remains ac-
tive and leads to the generation of new neu-
rons. Yet it remains intriguing why this study
failed to observe proliferating Sox2+ radial
astrocytes in nonrunning animals. Retroviral
lineage-tracing experiments using the RCAS-
TVA system (Holland & Varmus 1998) specifi-
cally to target GFAP- or Nestin-expressing cells
in the SGZ indicate that radial astrocytes not
only divide but also generate the neurons in the
adult dentate gyrus (Seri et al. 2004). This and
other studies (Dayer et al. 2003, Kempermann
et al. 2003) support the interpretation that ra-
dial astrocytes function as primary progenitors.
It will be interesting to determine the precise
time of Sox2 activation in these cells and IPCs
during the generation of new neurons in the
adult dentate gyrus.

In addition to their role as neuronal pre-
cursors, radial astrocytes may also retain the
classical astrocytic functions of supporting neu-
ronal and synaptic activity in the granule and
molecular layers of the dentate gyrus. The
electrophysiological properties of radial astro-
cytes are similar to those of other astrocytes
in the brain (Fukuda et al. 2003). Much like
RG in the developing cortex, SGZ radial astro-
cytes are arranged in a regular array along the
blades of the dentate gyrus (Figure 5). Their
progeny, the D cells (type II progenitors), are
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closely associated with the radial astrocytes cre-
ating regular clusters of young neurons along
the SGZ of the postnatal dentate gyrus. The
prominent radially oriented process of these as-
trocytes could play a fundamental role in the
collection of signals that regulate their own pro-
liferation as well as the proliferation and differ-
entiation of D cells. A radial astrocyte could
receive information along its main shaft, which
is near the cell bodies of many granule neu-
rons, as well as from endings of the radial pro-
cess in the molecular layer where the dentate
gyrus receives internal and external input. Neu-
rogenesis in the dentate gyrus is regulated by
multiple physiological and environmental sig-
nals including adrenal steroids (Gould et al.
1992, Cameron et al. 1998), glutamate re-
ceptor activation (Gould et al. 1994), seizures
(Parent et al. 1997), enriched environmental
conditions (Kempermann et al. 1997), exercise
(Kempermann et al. 1998), inflammation
(Monje et al. 2003), and antidepressants
(Santarelli et al. 2003). These different con-
ditions may affect the behavior of radial as-
trocytes directly and/or indirectly through the
level of neuronal activity within the dentate
gyrus, changes that could be detected by the
radial astrocytes through their processes. This,
in turn, may induce changes in the proliferation
rate of these cells and their progeny. The identi-
fication of primary precursors and of the inter-
mediate cellular stages in the production of new
hippocampal neurons in the dentate gyrus is an
essential step to further understand the function
and regulated production of these new neurons.

A LINK BETWEEN EMBRYONIC
AND ADULT NEURAL STEM
CELLS

The above studies indicate that the primary
progenitors in the adult SVZ and SGZ cor-
respond to cells classically considered astro-
cytes. Under normal conditions, only SGZ and
SVZ astrocytes have been shown to function as
neuronal progenitors. Cultured astrocytes have
been induced to function as neuronal progeni-
tors by introducing transcription factors (Heins

et al. 2002, Berninger et al. 2007). However,
it remains largely unknown which molecular
characteristics distinguish astroglial cells with
progenitor properties from those with classical
astroglial support functions that do not function
as NSCs. NSCs are likely contained within the
neuroepithelial-RG-astrocyte lineage (Alvarez-
Buylla etal. 2001). Selective labeling of RG has
demonstrated a direct link between these cells
and adult SVZ NSCs (Figure 1). These cells
can be selectively labeled by small distal injec-
tions of adenovirus-carrying Cre recombinase
along the RG process. The injected adenovirus
is transported retrogradely into the RG cell
body, resulting in the recombination of reporter
genes in a subset of these progenitor cells.
This labeling method revealed that adult SVZ
B cells functioning as adult NSCs are derived
from RG (Merkle et al. 2004). It also showed
that neonatal RG give rise to oligodendrocytes,
earlier generated olfactory bulb interneurons,
parenchymal astrocytes, and ependymal cells.
It is not known whether single RG are multi-
potent or whether different subpopulations of
RG cells give rise to these different cell types.
As discussed above, adult SVZ cells retain
key characteristics of RG. One distinctive prop-
erty of RG is their long basal process that dur-
ing embryonic development ends on the sur-
face of the brain. B cells in the adult SVZ also
have a prominent basal process that does not
end on the brain surface but projects radially or
tangentially (depending on location) and ter-
minates in specialized endings on blood vessels
(Mirzadeh etal. 2008, Shen etal. 2008). During
development, RG also establish branch contacts
with the vasculature, and these contacts may be
analogous to those observed in adult progeni-
tor cells. As discussed above, a VZ compartment
has been revealed for adult SVZ B cells. An api-
cal process that intercalates between ependy-
mal cells connects B cells in the SVZ with
the surface of the ventricle. These apical pro-
cesses, just like those of RG, have specialized
apical junctions and a primary cilium. The find-
ings above indicate that adult SVZ NSCs share
basic properties with embryonic RG, suggest-
ing that adult SVZ NSCs are modified RG
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that retain progenitor function throughout life
(Figure 1).

Although direct experimental evidence for a
link beween radial glia in the embryo and adult
SGZ radial astrocytes in the dentate gyrus is not
available, classical anatomical studies suggest
that RG in the dentate neurepithelium (Altman
& Bayer 1990b) convert into the different types
of dentate gyrus astrocytes, including radial
astrocytes (Eckenhoff & Rakic 1989). It is
therefore possible that SGZ radial astrocytes
are derived from these radial glia (Figure 5).
The primary cilium, an organelle strategically
localized at the apical surface in RG and in
SVZ B cells, is also present in radial astrocytes
and their embryonic progenitors (Breunig et al.
2008, Han et al. 2008). As indicated above, the
primary cilium has been linked to Shh signal-
ing (Singla & Reiter 2006, Eggenschwiler &
Anderson 2007). In the dentate gyrus, the pri-
mary cilium is essential for embryonic SGZ
progenitors to proliferate and generate postna-
tal radial astrocytes that continue to produce
neurons in the dentate gyrus throughout life
(Breunig et al. 2008, Han et al. 2008). At a
critical developmental stage when embryonic
progenitors divide to generate postnatal radial
astrocytes, Shh signaling is essential for the for-
mation and/or maintenance of this population
of postnatal NSCs (Han et al. 2008). Other hip-
pocampal astrocytes are not affected by the lack
of primary cilia or Shh signaling, which suggests
that NSCs, compared with other astrocytic cells
in the adult hippocampus, are unique in their
requirements for Shh and primary cilia.

NEURAL STEM CELLS IN
THE ADULT BRAIN DIFFER
BY LOCATION

During development, NSCs correspond to RG,
whereas in the adult brain, a subpopulation of
astrocytes (B cells) in the SVZ and radial astro-
cytesin the SGZ function as NSCs. As discussed
above, neuroepithelial cells and RG in differ-
ent locations of the developing nervous system
become regionally specialized for producing
specific subtypes of neurons. This parcelation
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of NSCs has been observed at multiple levels
of the neuraxis from the spinal cord (Ericson
et al. 1997) to the forebrain (Campbell 2003,
Guillemot 2005) (Figure 4).

Recent work in the SVZ-olfactory bulb sys-
tem shows that postnatal RG and adult SVZ
B cells are also heterogeneous and regionally
specified; primary progenitors in different lo-
cations of the SVZ generate different types of
neurons for the olfactory bulb (Figure 4). Ex-
pression and functional analysis provided initial
evidence that neuroblasts migrating in the ros-
tral migratory stream (RMS) are heterogeneous
before they enter the olfactory bulb (Hack et al.
2005, Kohwi et al. 2005). Pax6 labels a subpop-
ulation of neuroblasts and is essential for the
generation of dopaminergic periglomerular
neurons and a subpopulation of superficial
granule cells. The transcription factor SPS,
which is highly expressed by the developing
dorsal LGE, cortex, and septum, has also been
associated with the formation of another sub-
population of olfactory bulb interneurons, the
calretinin+ (CalR+) cells (Waclaw et al. 2006).
These studies suggest that differential tran-
scription factor expression somewhere in the
SVZ or RMS results in the generation of differ-
ent types of interneurons. However, this restric-
tion in potential could occur in primary (type
B cells) or secondary progenitors (type C or A
cells).

Distinct territories of transcription factor
expression are present in the developing telen-
cephalon (Campbell 2003, Long et al. 2009),
and this regional code may be preserved to some
degree in the postnatal brain (Stuhmer et al.
2002, Stenman et al. 2003, Parras et al. 2004,
Waclaw et al. 2006, Kohwi et al. 2007, Young
etal. 2007) (Figure 4). Lineage-tracing exper-
iments, using Cre recombinase under the con-
trol of transcription-factor promoters that are
expressed in different locations of the devel-
oping and postnatal SVZ, suggest that differ-
ent types of interneurons in the olfactory bulb
are derived from progenitors in different loca-
tions in this germinal niche (Young et al. 2007).
For example, dopaminergic and calbindin+ pe-
rioglomerular cells (PGCs) in the olfactory bulb



Annu. Rev. Neurosci. 2009.32:149-184. Downloaded from www.annualreviews.org

by Fordham University on 11/26/12. For personal use only.

are derived from territories in the SVZ that
express Gsh2. However, these regions gener-
ate very few olfactory bulb CalR+ neurons. A
fraction of the CalR+ cells are derived from
progenitors that expressed Emx1 (Kohwi et al.
2007, Young et al. 2007), which is classically
considered a pallial marker, but a small subpop-
ulation of subpallial progenitors also expresses
this transcription factor (Willaime-Morawek
et al. 20006).

Direct evidence for the origin of different
types of olfactory bulb interneurons from par-
ticular sublocations of the postnatal SVZ comes
from regional labeling of neonatal RG and adult
SVZ B cells (Merkle et al. 2004). This work
shows that NSCs in different locations in the
postnatal SVZ generate different types of ol-
factory bulb interneurons (Figure 4). This la-
beling method confirms that pallial RG on the
dorsal SVZ give rise to olfactory bulb interneu-
rons, including a subpopulation of the CalR+
cells (Merkle et al. 2007, Ventura & Goldman
2007). In contrast, the majority of calbindin-
expressing PGCs are derived from ventrolat-
eral SVZ. Different types of granule cells (GCs)
are also derived from unique domains of the
SVZ. Dorsal targeting results in the generation
of primarily superficial GCs, whereas ventral
targeting gives rise to deep GCs. The major-
ity of calretinin4 PGCs and GCs are derived
from the medial wall of the lateral ventricle fac-
ing the septum. Progenitor cells in different lo-
cations of the SVZ also specify the branching
pattern of the dendritic trees of SVZ-derived
interneurons (Kelsch et al. 2007). The above
studies indicate that the primary progenitors
for the postnatal generation of new neurons in
the SVZ are regionally specified and that the
patterning of NSCs occurs, to a large extent,
before birth. Thus, RG and adult SVZ B cells
on the walls of the lateral ventricle must in-
herit a regional pattern of gene expression from
VZ cells in the embryo. Culture and transplan-
tation experiments suggest that this specifica-
tion is cell-autonomous and not easily modified
by homotopic and heterotopic grafting (Kelsch
et al. 2007, Merkle et al. 2007, Young et al.
2007). Taken together, these studies suggest

that RG and SVZ B cells are regionally het-
erogeneous and specified for the production of
different types of neurons.

The above regional labeling experiments
show that restricted groups of RG in neona-
tal mice give rise to specific subtypes of neu-
rons and that the relative position of NSCs,
as RG transform into adult SVZ B cells
(Figure 1), does not change significantly. NSCs
do not move tangentially during postnatal de-
velopment. It appears that once NSCs acquire
positional specification, they remain in that par-
ticular location, being displaced only by dif-
ferential growth of the brain (Figure 4). We
do not know whether similar regional speci-
fication takes place during the transformation
of the embryonic dentate gyrus neuroepithelial
cells to adult SGZ radial astrocytes (as discussed
above) (Figure 6). Regional specification al-
lows the preservation of relative positional in-
formation as NSCs transform from neuroep-
ithelial cells to RG and to adult progenitor
astrocytes. It will be interesting to determine
how the dynamic molecular mechanisms for
primary progenitor specification in the embryo
are maintained in populations of progenitor
cells that preserve region-specific production of
different types of neurons throughout life. It is
clearly within RG and adult NSCs that these
critical transcriptional programs are retained
(Figure 4). Again, the identification of NSCs
during development and in the adult should
aid in understanding how this specification is
attained.

GENERATION OF
OLIGODENDROCYTES

RG in development and SVZ B cells in the
adult rodent brain generate oligodendrocytes
in addition to neurons (Figures 1-3 and 5).
Cre/loxP fate-mapping experiments using RG
promoters to drive expression demonstrate that
RG give rise to neurons and oligodendro-
cytes throughout the CNS (Fogarty etal. 2005,
Casper & McCarthy 2006). Oligodendrocytes
originate in multiple locations during devel-
opment. The earliest cortical oligodendrocytes
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arise from Nkx2.1-expressing precursor cells
located in the ventral telencephalon and ar-
rive in the cortex beginning at ~E16 in the
mouse. They originate from the VZ (presum-
ably from RG) of the medial ganglionic em-
inence (MGE) (Pringle & Richardson 1993,
Spassky et al. 1998, Tekki-Kessaris et al. 2001).
A subpopulation of these oligodendrocytes that

-
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modulating the neuron-to-oligodendrocyte
switch in multipotent precursor cells (Petryniak
et al. 2007). Secondary waves of oligoden-
drocytes are generated more dorsally. Gsh2-
expressing precursor cells in the lateral and/or
caudal ganglionic eminence(s) (LGE/CGE)
also generate oligodendrocytes that migrate to
the dorsal cortex (Kessaris et al. 2006). After
E18, yet another wave of cortical oligoden-
drocytes arise, this time from Emx1-expressing
precursor cells presumably from dorsal cortex
itself (Gorski et al. 2002, Kessaris et al. 20006).
Interestingly, most of the early-generated
oligodendrocytes disappear after birth so that
the majority oligodendrocytes present in adult
cortex appear to have been derived from the
Emx1-expressing progenitors (Kessaris et al.
20006).

Oligodendrocyte progenitor cells (generally
referred to as OPCs) are NG2-expressing pro-
liferating cells distributed throughout the brain
(Noble 2000, Aguirre et al. 2007, Barres 2008,
Rivers et al. 2008). OPCs likely correspond
to IPCs that are committed to the oligoden-
droglial lineage (i.e., oIPCs). However, unlike
IPCs that actively proliferate in the VZ or SVZ,
NG2+ OPCs are found in white and gray mat-
ter, where they may be quiescent and proliferate
symmetrically in response to local signals. The
origin of these cells remains unclear, but dur-
ing development they are likely derived from
RG. Oligodendrocytes continue to be born
postnatally, and there is evidence that at least

a subpopulation of these cells, including new
NG2+ progenitors, is derived from the SVZ
(Figure 5) (Levison & Goldman 1993, Nait-
Oumesmar et al. 1999, Menn et al. 2006,
Aguirre et al. 2007). Labeling of neonatal RG
on the lateral ventricle walls results in labeled
oligodendrocytes that migrate into the corpus
callosum and other white matter tracts (Merkle
et al. 2004). Menn et al. (2006) used retroviral
labeling via the RCAS-tva system (see above)
to show that a subpopulation of myelinating
and nonmyelinating oligodendrocytes in the
adult brain originate from SVZ B cells (Menn
et al. 2006). Adult SVZ B cells also give rise
to parenchymal NG2+ OPCs. We still do not
know whether single RG during development
or adult SVZ B cells can give rise to both neu-
rons and oligodendrocytes, but studies in vitro
suggest that such bipotential cells probably do
exist (He et al. 2001, Menn et al. 2006). In con-
trast to the adult SVZ, very few, if any, oligo-
dendrocytes appear to be generated in the SGZ
of the adult hippocampus under normal condi-
tions. Overexpression of Mash1 (also known as
Ascll) in adult hippocampal cells redirects dif-
ferentiation of these postnatal progenitors from
neuronal production to oligodendrocyte pro-
duction (Jessberger et al. 2008).

The above suggests that RG and adult
NSCs serve as primary progenitors for the
generation of oligodendrocytes. However, ev-
idence also supports a small (1%-3% com-
pared with VZ/SVZ progenitors) source of

Figure 6

Schematic of progenitor types and lineages in the developing and adult brain dentate gyrus (DG) in the
hippocampus. The subgranular zone (SGZ) is unique among forebrain germinal regions because it is
detached from the walls of the ventricles. (#) Depicts a possible link between RG in the VZ facing the lateral
ventricle (dentate neuroepithelium) and the developing SGZ. These RG migrate away from this region
while they continue to generate nIPCs and early-born neurons. RG generate radial astrocytes, which

become localized to the SGZ. These astrocytic cells have a prominent process (#, b) that traverses the dentate
granule cell layer and branches in the deep molecular layer. (b) Radial astrocytes (also known as type I
progenitors, see text) generate nIPCs (D cells or type II progenitors), which in turn generate young neurons.
Young neurons remain tightly associated to radial processes of radial astrocytes before differentiating into
granule cells. Dashed arrows indicate hypothetical symmetric (red) and asymmetric (b/ue) divisions. Black
dashed arrows indicate hypothetical transformation. The inset in the upper left corner shows a cross section
of the rodent forebrain to illustrate the location of the developing dentate gyrus in the hippocampus. nIPCs,
neurogenic intermediate progenitor cells; RG, radial glia; SGZ, subgranular zone; VZ, ventricular zone.
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oligodendrocytes (possibly of some neurons)
outside the VZ or SVZ (Costa et al. 2007).
Precursors that can be isolated from the cor-
tical marginal zone largely express Olig2 and
most generate clones consisting of astrocytes
and oligodendrocytes in vitro, although some
can generate neurons in culture. Fate-mapping
studies suggest that these MZ oligodendrocyte
progenitors are also ultimately derived from
the VZ, presumably from RG that express ven-
tral (Nkx2.1- and Gsh2-expressing) or dorsal
(Emx1-expressing) markers. Like neuronal pro-
genitor cells, oligodendrocyte precursor cells
are likely to be heterogeneous and to be de-
rived from regionally specified progenitors with
unique transcription-factor expression patterns
in the VZ and SVZ. For example, Mashl co-
operates with Olig2 to generate a specific sub-
population of oligodendrocytes produced early
in development (Parras et al. 2007). A subpop-
ulation of cortical oligodendrocytes is derived
from progenitors expressing Dlx genes in the
ventral forebrain (He et al. 2001). In the SVZ,
Olig2 appears to repress neuronal fate and to
promote not only oligodendrogenesis (Hack
et al. 2005) but also differentiation into astro-
cytes (Marshall et al. 2005). As discussed for
neurons (see Figure 4), temporal and regional
transcription-factor programs appear to specify
different populations of oligodendrocytes. The
primary progenitors for these ensheathing and
myelinating glial cells are also cells classically
considered part of the astroglial lineage.

CONCLUSION

RG and astrocytes are closely related, and for
most of the past century, both cell types were
considered support elements: during develop-
ment, as scaffolding for brain assembly, and
in the adult, as cells supporting neuronal and
synaptic function. As reviewed above, RG and
a subpopulation of astrocytes are now consid-
ered NSCs. They produce, depending on their
location and developmental stage, specific types
of neurons and glial cells. This new view is a
departure from the classical concept that sepa-
rated glial and neuronal cell origins. RG were,
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as their name implies, strictly associated with
the production of glial cells including astro-
cytes, whereas neurons were thought to orig-
inate from a separate pool of neuron-restricted
progenitors. It is interesting that this view pre-
vailed for so long, given the undeniable evi-
dence of an epithelial origin of the brain.

The CNS originates from an epithelium, a
palisade of cells that very early in development
acquires positional information essential to
produce the diversity of neuronal and glial types
that form the brain. The neural “stem cell” must
therefore be a type of neuroepithelial cell. Cajal
saw RG as epithelial cells and adultastrocytes as
“nothing more than displaced and transformed
neuroepithelial cells” (Ramén y Cajal 1995).
Given this perspective, it is not surprising
that subpopulations of these cells that have
classically been termed glia are now identified
as NSCs. Thus neural progenitors at different
developmental ages are contained within
the neuroepithelial-RG-astrocyte  lineage
(Figure 1). It is these cells that retain NSC
properties at different developmental stages
and in the postnatal brain. From this trunk
emerge differentiated neurons, ependymal
cells, and astrocytes, as well as nIPCs that
generate neurons and oIPCs that generate
oligodendrocytes (Figure 2). During the
proliferation of these IPCs, initial programs
encoded within primary progenitors unfold,
resulting in the formation of young neurons
or glial cells with unique characteristics. The
identification of IPCs is therefore fundamental
to our understanding of how progenitor
proliferation is coupled to the acquisition of
specific properties.

Clues for novel approaches to brain repair
are also likely to emerge from the identification
of NSCs during development and in the adult.
Several studies have suggested that the adult
SVZ may be an importantreservoir of precursor
cells for brain repair (Lindvall & Kokaia 2006,
Martino & Pluchino 2006). Although NSCs
and some level of SVZ proliferation have been
described in the human brain (Eriksson et al.
1998, Curtis et al. 2003, Sanai et al. 2005),
the degree to which these cells generate new
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neurons and the extent of neuronal migration
in the adult human brain remain controver-
sial (Curtis et al. 2007, Sanai et al. 2007). New
data suggesting that adult rodent type B cells,
like RG in development, are heterogeneous and
spatially restricted contrasts with the general-
ized view that developing and adult NSCs may
be able to produce a wide array of neuronal sub-
types as may be required for specific therapeutic
applications. Instead, an extraordinary level of
prespecification appears to exist in terms of the
types of neurons derived from different loca-
tions within progenitor zones (see Figure 4). If
the human brain resembles the rodent in terms
of spatial specification, progenitor domains are
likely spatially separated, and different subtypes
of neurons may arise from distinct SVZ re-
gions. Neuronal subtypes that may be relevant
for brain repair may need to be collected from
specific locations of the adult germinal niche.
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