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The adult brain is a marvelous, interconnected jungle of neurons and
glia, which arise during development through an exquisitely orches-
trated process. The role of neurons in information processing is well
established. In contrast, glia remain largely mysterious cells whose com-
plex interactions with neurons are still being uncovered (for review, see
refs. 1,2). Here, I review recent findings regarding the unexpected role of
glia as stem cells/progenitors and suggest that glial differentiation may
be a default state of brain development. As such, the transition of stem
cells along the neuroepithelial→radial glia→astrocyte lineage may
reflect a progression along this default glial lineage.

Glial cell types
Neuroglia, comprising both microglia and macroglia, have diverse
functions. Microglia have important developmental and phagocytic
roles in the brain, and macroglia are an enormous cell class encom-
passing both oligodendrocytes and astrocytes. Oligodendrocytes are
myelin-forming cells that allow the rapid conduction of neuronal
impulses along axons and are lost in demyelinating diseases such as
multiple sclerosis. Astrocytes are star-shaped cells that provide
important structural, metabolic and trophic support to neurons
(for review, see refs. 1,2). They encase the brain, interact with
endothelial cells to form the blood-brain barrier, absorb neuro-
transmitters, maintain extracellular ion homeostasis and secrete
growth factors, cytokines and components of the extracellular
matrix. Astrocytes are further involved in the formation and stabi-
lization of synapses and the modulation of synaptic efficacy. They
also underlie the pathological states of reactive gliosis and glial scar
formation accompanying injury, and may be a source of brain
tumors, including glioblastomas.

A classic lineage of neurons and glia
Stem cells have two essential characteristics: self-renewal and multi-
potency. Neuroepithelial stem cells in the embryonic ventricular zone
generate most of the neurons and glia in the brain. A dominant model
of neural development is that neuronal and glial lineages diverge
early, with neuroepithelial stem cells giving rise to neuron-restricted
and glial-restricted progenitors.

Radial glia are the first cells that can be distinguished from neu-
roepithelial stem cells, and they appear at the onset of neurogenesis.
Their soma are located in the ventricular zone, and they extend a long
process to the pial surface. Radial glia maintain contact with the ven-
tricular surface and the pia mater, even as the brain thickens, and
serve as scaffolding for the migration of neurons generated in the
ventricular zone3. Radial glia exhibit differentiated glial characteris-
tics, including glycogen granules4, and express numerous glial anti-
gens: glial fibrillary acidic protein (GFAP; in primates4,5, but not in
mice6), brain lipid binding protein7, the glutamate transporter
GLAST8 and tenascin9. These features, and their perinatal transfor-
mation into astrocytes after neuronal migration is complete10,11, led
to the idea that radial glia are committed to the astroglial lineage.

This dominant model of neural development has now been chal-
lenged by two recent discoveries: the identification of stem cells for
adult neurogenesis and the identification of radial glia as progenitors
during development. Although stem cells are thought to have an
undifferentiated phenotype, cells with differentiated glial characteris-
tics in the astroglial lineage, from radial glia to astrocytes, likely act as
stem cells in the embryo and in adulthood across metazoan taxa. The
first direct evidence that glia are stem cells and generate neurons came
from an unexpected form of brain plasticity, adult neurogenesis.

Adult neurogenesis
New neurons are continuously added to neural circuits in the adult
vertebrate brain. In mammals, including humans, neurons are added
to restricted brain regions, the olfactory bulb and the hippocampus
(for review, see ref. 12). Reports of widespread neurogenesis in the
cortex of adult primates are controversial13–15, but it is well estab-
lished that neurons are added to many brain regions in adult non-
mammalian vertebrates12. Adult-formed neurons are functional16–18

and may represent a mechanism for learning and memory formation.
In mammals, adult neurogenesis occurs at two principal sites: the

subventricular zone (SVZ) of the lateral ventricles, which generates
olfactory bulb neurons, and the hippocampus. Both regions harbor
neural stem cells that can be cultured in vitro in the presence of
growth factors such as epidermal growth factor (EGF) and basic

Department of Molecular and Cellular Biology, Harvard University, 16 Divinity Avenue, Cambridge, Massachusetts 02138, USA. Present address: Departments of
Pathology and Neurology and Center for Neurobiology and Behavior, Columbia University College of Physicians and Surgeons, 630 West 168th Street, New York, 
New York 10032, USA. Correspondence should be addressed to F.D. (fkd2101@columbia.edu).

Published online 28 October 2003; doi:10.1038/nn1144

The glial identity of neural stem cells
Fiona Doetsch

Glia are the most numerous cells in the brain, and their many diverse functions highlight their essential role in the nervous
system. Recent studies have revealed an unexpected new role for glia in a wide variety of species, that of stem cells/progenitors
in the adult and embryonic brain. Differentiation along the glial lineage may be a default state of development reflected in the
progression of stem cells along the neuroepithelial→radial glia→astrocyte lineage.
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astrocytes. SVZ astrocytes are the only cells to divide after Ara-C
treatment, and they generate the transit-amplifying C cells, which in
turn divide to generate the neuroblasts that migrate to the olfactory
bulb. SVZ astrocytes also generate neurons under normal condi-
tions. Dividing astrocytes can be specifically infected with an avian
retrovirus carrying a reporter gene in transgenic GFAP-TVA mice
that express the receptor for the avian leukosis virus under the GFAP
promoter28. As mammalian cells cannot normally be infected by
avian retroviruses because they lack this receptor, this experiment
provides a direct way of tracing the lineage of dividing astrocytes.
Many labeled neurons migrate to the olfactory bulb and differentiate
into granule and periglomerular cells after retroviral infection of
dividing SVZ astrocytes in GFAP-TVA mice (Fig. 2b)27. SVZ astro-
cytes vitally labeled with green fluorescent protein in vivo also gener-
ate fluorescent multipotent self-renewing neurospheres in vitro (see
below), directly demonstrating their stem cell potential27. Although
self-renewal is difficult to demonstrate in vivo, it is likely that SVZ
astrocytes do so. SVZ astrocytes are the only label-retaining cells in
the SVZ one month after administering labels of DNA synthesis,
consistent with the idea that a stem-cell SVZ astrocyte divides asym-
metrically to yield another SVZ astrocyte and a short-lived transit-
amplifying progenitor27. Furthermore, 14 days after retroviral
infection in GFAP-TVA mice, small clusters of branched cells and
globular cells are found in the SVZ, suggesting that an originally
infected SVZ astrocyte is undergoing another round of neuronal
production27. The postnatal SVZ is also a site of gliogenesis29,30 and
may be a source of oligodendrocytes, both during remyelination31

and under normal conditions in the adult, although the progenitor
of oligodendrocytes is still unknown.

fibroblast growth factor (bFGF)19,20. Strikingly, adult neural stem
cells in diverse taxa have the characteristics of glia.

Subventricular zone
The identity of neural stem cells and the lineage of new neurons have
been most clearly defined in the SVZ of adult mice. The SVZ is a layer
of dividing cells that extends along the lateral walls of the lateral ven-
tricle (Fig. 1). Neurons are born throughout the SVZ and feed into a
network of chains of tangentially migrating neuroblasts21 (‘blasts’
indicates they are still dividing) that coalesce to form the rostral
migratory stream leading to the olfactory bulb (Fig. 1), where they
differentiate into two kinds of inhibitory neurons: granule and
periglomerular cells (for review, see ref. 12).

The cellular composition and architecture of the adult mouse SVZ
are well characterized at the ultrastructural level22. The neuroblasts
(A cells, Fig. 2a) migrate as homotypic chains23,24 through glial tun-
nels formed by the processes of slowly dividing SVZ astrocytes (B
cells, Fig. 2a). Small clusters of rapidly dividing transit-amplifying
cells (C cells, Fig. 2a) are scattered along the network of chains. The
SVZ is separated from the lateral ventricle by a single layer of multi-
ciliated ependymal cells. Occasionally, an SVZ astrocyte extends a
process between ependymal cells to contact the lateral ventricle.
These SVZ astrocytes have a short single cilium25 that is also present
on embryonic neuroepithelial stem cells26.

SVZ astrocytes are the in vivo primary precursors in this region
and act as stem cells in vitro27. The SVZ rapidly regenerates after
elimination of the highly mitotic, transit-amplifying C cells and neu-
roblasts with the anti-mitotic drug cytosine beta-D-arabinofura-
noside (Ara-C), which spares ependymal cells and some SVZ

Figure 2 Organization and cell types in the adult
SVZ. (a) Frontal schema of the adult mouse brain
showing the SVZ (orange), adjacent to the lateral
ventricle (LV), and the SVZ cell types. Multi-
ciliated ependymal cells (E, gray) line the LV. The
chains of neuroblasts (A, red) migrate through
glial tunnels formed by SVZ astrocytes (B, blue).
Rapidly dividing transit-amplifying cells (C,
green) are scattered in small foci along the
network of chains. Occasionally an SVZ astrocyte
extends a process between ependymal cells to
contact the lateral ventricle. These SVZ
astrocytes have a single cilium. SVZ astrocytes
(GFAP+) are stem cells in this region and
generate neuroblasts (GFAP–, Dlx2+, PSA-NCAM+) via the C cells (GFAP–, Dlx2+, PSA-NCAM–). (b) Alkaline phophatase-labeled granule neurons in the
olfactory bulb of an adult mouse 14 d after selective infection of SVZ astrocytes in GFAP-TVA mice with an avian retrovirus (see text for details). Photo in b
reprinted from ref. 27, with permission from Elsevier.

Figure 1 Neurogenesis in the adult mammalian
brain. Schematic sagittal section through the
adult mouse brain depicting the lateral ventricle
in its entirety and the two principal sites of adult
neurogenesis: the SVZ, which lies along the
lateral ventricle (LV, light gray), and the SGZ of
the hippocampal formation. The SVZ contains an
extensive network of polysialylated neural cell
adhesion molecule (PSA-NCAM)+ chains of
tangentially migrating neurons destined for the
olfactory bulb (black lines in the LV). The
photograph shows PSA-NCAM immunostained
chains in a whole-mount preparation of the LV (purple). In contrast, neurons in the dentate gyrus (DG) are born locally in the SGZ. OB, olfactory bulb;
RMS, rostral migratory stream; A, anterior; V, ventral. This figure was modified from ref. 12.
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the adult SVZ that generate neurospheres were thought to correspond
to the relatively quiescent in vivo primary stem cells34. Indeed, a sub-
population of GFAP+ SVZ astrocytes vitally labeled in vivo generate
neurospheres27. However, recent work shows that the majority of
EGF-responsive cells, both in vivo and in vitro, are the actively divid-
ing35 transit-amplifying C cells36. FACS-purified C cells are highly
enriched for neurosphere formation, and killing dividing Dlx2+

C cells with the antiviral agent ganciclovir in Dlx2 herpes simplex
virus-thymidine kinase (HSV-TK) mice results in the loss of ∼ 70% of
neurosphere-forming cells36. Furthermore, in p27–/– mice, there is a
selective increase in the number of transit-amplifying C cells accom-
panied by an increase in neurosphere formation37.

What is the relationship of EGF-responsive cells to the SVZ lineage?
EGF-responsive cells likely encompass cells in the SVZ lineage from
activated GFAP+ SVZ astrocytes to Dlx2+ transit-amplifying C cells
(Fig.2a). Consistent with this is the complete loss of neurosphere for-
mation after killing dividing GFAP+ cells using GFAP-HSV-TK
mice38,39, which shows that all neurospheres are ultimately derived
from SVZ astrocytes, although not necessarily directly. Importantly,
the cell composition of the SVZ was not examined after the elimina-
tion of dividing GFAP+ cells in GFAP-TK mice38,39. Killing GFAP+

SVZ astrocytes likely results in the loss of transit-amplifying C cells,
their immediate progeny, and thus does not distinguish between the
contribution of SVZ astrocytes and C cells to neurosphere formation.
A nestin+/GFAP– cell, negative for both heat-stable antigen and

peanut agglutinin40 and highly enriched in
neurosphere forming ability, may correspond
to C cells. Interestingly, LeX/SSEA-1 (stage-
specific embryonic antigen-1), a cell surface
carbohydrate on embryonic stem cells and
other stem cells, is also expressed in the SVZ
(Fig. 4a,b). LeX+ cells constitute all neu-

Figure 4 LeX/SSEA1 is expressed in stem cells in
the adult SVZ and in brain astrocytes. (a,b)
Schema of frontal section of the adult mouse brain
showing the SVZ (orange). The boxed region in a is
further magnified in b. LeX is expressed in the SVZ
and on all neurosphere-forming cells, but is
excluded from ependymal cells (arrows in b). (c–e)
Schema of frontal section of the adult mouse brain
at the level of the dentate gyrus (orange). Box
shows region of expansion. LeX (c, red) is
frequently in GFAP+ populations (d, green) in other
brain regions including the hippocampus. The
merged image is shown in e. Scale bars, 100 µm
(a,c) and 25 µm (b). Photos reprinted from ref.
41, with permission from Elsevier.

Subgranular zone
The hippocampus is the other major site of neurogenesis in adult
mammals. Granule neurons in the dentate gyrus are born locally in
the subgranular zone (SGZ), which lies between the granule cell layer
and the hilus. In contrast to the extensive tangential migration under-
taken by olfactory bulb neurons, hippocampal granule neurons move
only a short distance into the granule cell layer. The SGZ contains
SGZ astrocytes (B cells) and ultrastructurally dark GFAP-negative D
cells32 (Fig. 3a). As in the adult SVZ, astrocytes act as the in vivo pri-
mary precursors in the SGZ32. After anti-mitotic treatment to elimi-
nate dividing cells, SGZ astrocytes divide to generate granule
neurons, via D cells. Lineage tracing of dividing SGZ astrocytes in
GFAP-TVA mice under normal conditions reveals that they also gen-
erate granule neurons (Fig. 3b). The ability of SGZ astrocytes to act as
multipotent self-renewing stem cells has yet to be investigated, but
their similarity to SVZ astrocytes suggests that they may have this
capacity. Thus, in both adult germinal regions in mammals, astrocytes
are the in vivo primary precursors. Both SVZ and SGZ astrocytes are
defined as astrocytes, based not only on their GFAP expression, but
also on their morphology and characteristic astrocytic ultrastructure,
including glycogen granules, thick bundles of intermediate filaments
(9–11 nm in diameter) and gap junctions33.

The identity of neurosphere-forming cells
Neural stem cells from the SVZ can be cultured in vitro as neu-
rospheres with EGF and/or bFGF19,20. The EGF-responsive cells in

Figure 3 Organization and cell types in the adult
SGZ. (a) Frontal schema of the adult mouse brain
showing the dentate gyrus (orange) and the cell
types in the SGZ. SGZ astrocytes (B, blue,
GFAP+) are the in vivo primary precursors and
give rise to an intermediate precursor (D, yellow,
GFAP–, PSA-NCAM+) which in turn generates
new granule neurons (G, red, GFAP–, PSA-
NCAM+). (b) Alkaline phosphatase–labeled
granule neurons in the dentate gyrus derived
from SGZ astrocytes selectively infected with an
avian retrovirus. Photo from B. Seri and A.
Alvarez-Buylla (UCSF).
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rosphere-forming cells in the SVZ and encompass both GFAP+ and
GFAP– cells41. They probably correspond to cells in the lineage from
SVZ astrocytes to Dlx2+ C cells. It is not yet known whether SVZ
astrocytes and C cells differ in their stem cell potential. The in vivo
identity of bFGF-responsive cells is still unknown, although they may
correspond to quiescent in vivo stem cell astrocytes. If so, signaling
through different growth factor receptors could allow the selective
amplification of activated stem cells and their transit-amplifying
progeny without depleting the in vivo quiescent stem cells.

Although it has been proposed that multi-ciliated ependymal
cells are stem cells and generate neurospheres in vitro42, this finding
has been disputed by others27,41,43,44. In fact, LeX+ cells, which
comprise all neurosphere-forming cells, exclude ependymal cells
(Fig. 4a,b)41. Ependymal cells, however, participate in creating a
specialized neurogenic niche in the SVZ by producing noggin, an
antagonist of bone morphogenetic proteins, which promote
astroglial differentiation in this region45,46.

Neurospheres therefore reveal the potential of cells to act as stem
cells in vitro, but do not reflect the in vivo stem cells, emphasizing the
importance of doing difficult in vivo experiments to identify and
understand the biology of stem cells and their progeny. This is impor-
tant to keep in mind, given the increasing use of neurospheres as rep-
resentative neural stem cells for microarray analysis47–50. Such
analyses need always be taken back in vivo.

Radial glia in phylogeny and regeneration
Comparative studies across vertebrates have revealed a striking com-
monality among the in vivo primary precursors in the adult verte-

brate brain: their glial identity. Interestingly, their phenotype differs
across the phylogenetic tree: in mammals, which do not retain radial
glia in the adult, they are astrocytes, whereas they are radial glia in
other vertebrates (Fig. 5). In non-mammalian vertebrates, including
reptiles and birds, the principal site of neurogenesis is the ventricular
zone, which contains both radial glia, with a single cilium51,52 similar
to that of SVZ astrocytes contacting the ventricle in adult mice25,36,
and multi-ciliated ependymal cells (Fig. 5). Radial glia in birds and
reptiles are the in vivo primary precursors and divide to generate neu-
rons51,52, which subsequently migrate along the processes of the
radial glia deep into the brain53. Consequently, neurons are incorpo-
rated into many more brain regions than in adult mammals, which
lack radial glia. Unlike mammals, reptiles and amphibians have a
remarkable capacity for brain regeneration, which may be linked to
their maintenance of radial glia in the adult. In lizards, after destruc-
tion of parts of the brain by chemical administration, radial glia
regenerate the missing tissue54. In axolotls, radial glia in the spinal
cord contribute both to the regenerating spinal cord and to mesoder-
mal lineages during tail regeneration55. Comparative analysis of stem
cell glia across species and of the dramatic regenerative capacity of
non-mammalian vertebrates may unravel important clues about
adult stem cells and brain regeneration that can be applied to mam-
mals, such as the re-induction of radial glia, with their dual precursor
and support functions, in the adult12.

Radial glia: neuronal progenitors in the embryo
The primary role of radial glia has long been thought to be that of scaf-
folding for neuronal migration3. The unexpected finding that glia are

1130 VOLUME 6 | NUMBER 11 | NOVEMBER 2003  NATURE NEUROSCIENCE

Figure 5 Comparison of adult germinal zones and the glial identity of primary precursors across species. In mice, the primary precursors are astrocytes,
whereas in birds and lizards they are radial glia. (a) Schematic of cell types in the adult mouse SVZ. SVZ astrocytes (B, blue) generate neuroblasts (A, red)
via a transit-amplifying C cell (green). (b) Schema of cell types in the adult mouse SGZ. SGZ astrocytes (B, blue) generate granule neurons (G, red) via an
intermediate precursor (D, yellow). (c,d) Schema of cell types in the ventricular zone (VZ) of adult songbirds (c) and adult lizards (d). Multi-ciliated
ependymal cells (E, gray) and radial glia (B, blue) are in extensive contact with the lateral ventricle. The radial glia have a single cilium and divide to give
rise to neurons (A, elongated red cells) that disperse widely throughout the brain along the processes of radial glia and also migrate tangentially as chains
in the germinal zone (round red cells). This figure was modified from refs. 51,52.
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stem cells in adult vertebrates raises the intriguing possibility that
radial glia may also be stem cells/progenitors during embryonic devel-
opment. Radial glia share features, such as nestin expression56, with
earlier neuroepithelial cells. Furthermore, radial glia are the majority
of dividing cells in the early cortical ventricular zone in mammals57,58.
The first suggestion that radial glia may be stem cells came from early
retroviral lineage studies in which clones containing a single radial
glial cell and neurons were found, perhaps the result of an asymmetric
self-renewing division yielding another radial glial cell and a neuron59.
Recent experiments using direct time-lapse imaging of cortical radial
glia, whether infected with a replication-incompetent GFP+ retro-
virus60 or GFP+ adenovirus61 or labeled with the lipophilic dye DiI62

in slice cultures, clearly show that individual radial glia divide asym-
metrically to generate neurons. FACS-purified radial glia63 and
expanded embryonic glial cultures64 also generate neurons in vitro.
However, the stem-cell nature of radial glia still needs to be assessed.

How widespread is the contribution of radial glia to neurogenesis
during development? Cre/loxP fate mapping using promoters
expressed in radial glia strongly suggests that the generation of neu-
rons by glia is prevalent. The fate of GFAP+ cells can be traced by
crossing mice in which the GFAP promoter drives cre expression with
a reporter strain, such as ROSA26 cre reporter mice, in which ubiqui-
tous lacZ expression is interrupted by the presence of a stop codon
flanked by loxP sites. Cre protein will excise the stop codon by recom-
bination in GFAP+ cells, resulting in expression of lacZ in all of their
progeny. If the human GFAP promoter (hGFAP) is used to drive cre
expression in mice, recombination occurs in radial glia, whereas if the
mouse GFAP promoter (mGFAP) is used, recombination occurs as
the first astrocytes begin to appear. Importantly, Cre protein is appro-
priately restricted to astrocytes and radial glia, depending on the spe-
cific GFAP promoter used, and is not found in neurons65–68.
Postnatally born neurons in the olfactory bulb, hippocampus and
cerebellum are all lacZ+ in mGFAP-cre mice crossed to lacZ reporter
mice66,69, consistent with their origin in GFAP+ cells27,32. Conversely,
extensive granule neuron loss occurs in the cerebellum when GFAP+

cells are conditionally ablated at early postnatal stages in hGFAP-
HSV-TK mice65, likely due to the killing of their GFAP+ ancestors. In
hGFAP-cre:lacZ mice, almost all cortical projection neurons and some
striatal interneurons are derived from radial glia67,68. The absence of
recombination in striatal projection neurons and cortical interneu-
rons in hGFAP-cre:lacZ mice has been proposed to reflect regional lin-
eage heterogeneity of radial glia, with cortical radial glia being
primarily neurogenic and radial glia in the ganglionic eminences pre-
dominantly gliogenic68. However, negative results need to be inter-
preted with caution in the context of genetic lineage tracing
experiments, as the level and timing of onset of cre expression, which
is promoter-dependent, may vary across the brain and differ in dis-
tinct radial glial populations. Further Cre/loxP mapping experiments
using different radial glial promoters will reveal whether radial glia in
all brain regions are in fact neurogenic.

The elucidation of the in vivo lineage relationships among radial
glia in the embryo, stem cell astrocytes in the adult, and oligodendro-
cytes has yet to be precisely defined. Interestingly, both oligodendro-
cytes and NG2+ oligodendrocyte progenitors are lacZ+ in
hGFAP-cre:lacZ reporter mice68, suggesting that they are originally
derived from radial glia or astrocytes, perhaps via a Dlx2+ cell30,70.
Furthermore, in the hippocampus of adult GFAP-eGFP mice, NG2+

cells are lightly GFP-positive71, in addition to astrocytes. In these
mice, GFP will act as a short-term lineage tracer due to slow degrada-
tion of GFP in the progeny of GFAP+ cells, suggesting that
NG2+/GFP+ cells may arise from a GFAP+ cell.

The origin of adult stem cells
In contrast to the dominant model of early divergence between
neuronal and glial lineages, it is now clear that progression along a
glial pathway is intricately related to neuronal production. The
conceptual landscape about brain lineage and potential is seismi-
cally shifting, unearthing many fascinating questions: are radial
glia (or a subpopulation) in the embryo stem cells? Do radial glia
that generate neurons during embryogenesis transform into stem
cell astrocytes in the adult? Do stem cells change throughout devel-
opment: is a neuroepithelial stem cell the same as an adult stem cell
astrocyte? Does the potential of stem cells become more restricted
over the course of development?

The stem cell/progenitor function of radial glia and astrocytes
strongly suggests that stem cells are found within the
neuroepithelial→radial glia→astrocyte lineage (Fig. 6; for review,
see ref. 72). Radial glia have been widely documented to transform
into astrocytes in the cortex10,11 and in the hippocampus73, where
astrocytes are the in vivo primary precursors in the adult. In the
neonatal SVZ, transitional forms intermediate between radial glia
and astrocytes have been observed in fixed tissue74. A link among
ventricular zone cells, radial glia and SVZ astrocytes is also sug-
gested by experiments in which ventricular zone neuroepithelial
cells were retrovirally infected with constitutively activated Notch1.
Overexpression of activated Notch1 promotes a radial glial fate in
infected neuroepithelial cells and, at long survivals, Notch1-
infected cells become astrocytes, some of which reside in the SVZ75.
However, it is not known whether Notch1-infected SVZ astrocytes
are stem cell astrocytes, nor whether uninfected radial glia trans-
form into SVZ astrocytes. Direct tracing of the entire lineage from
neuroepithelial stem cell to adult astrocyte stem cell is needed to
define the origin of adult stem cells.

NATURE NEUROSCIENCE VOLUME 6 | NUMBER 11 | NOVEMBER 2003 1131

Figure 6 Model of stem cell lineage from embryogenesis to adulthood.
Stem cells are likely contained within the neuroepithelial→radial glia→
astrocyte lineage. Radial glia (blue) not only give rise to neurons (red) but
also serve as the scaffolding for their migration. SVZ and SGZ astrocytes
(blue) are stem cells in the adult brain and give rise to neurons (red) via an
intermediate progenitor (green). Oligodendrocytes may arise from radial glia
during embryogenesis and from astrocytes in the adult either directly or via
an intermediate progenitor (not shown in schema). The progression of stem
cells along the neuroepithelial→radial glia→astrocyte continuum may be
related to glia being a default lineage.
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Glia: latent stem cells throughout the adult brain?
SVZ and SGZ astrocytes are heterogeneous and it is unclear whether all,
or only a subpopulation, are stem cells. The dual support and precursor
functions of SVZ and SGZ astrocytes may be integrated within individ-
ual cells, or they may be distributed within different astrocyte popula-
tions. Unraveling the astonishing heterogeneity of brain astrocytes has
just begun, although clear functional and molecularly distinct astrocyte
populations exist71,76,77. The differential ability of astrocytes from dis-
tinct brain regions to support neurogenesis78 further underscores their
diversity. There is an urgent need for classifying brain astrocyte sub-
types in vivo at the molecular, biochemical and physiological levels, and
especially to identify markers for stem cell astrocytes.

The identification of astrocytes as stem cells in adult mammals
raises the fascinating possibility that glia throughout the brain, or a
subset thereof, may be latent stem cells. Although cells divide through-
out the adult brain, outside of neurogenic regions they generate glia in
vivo, suggesting that specialized niches in the SVZ and SGZ provide
essential cues for adult neurogenesis46. However, when cells from non-
neurogenic regions are cultured in vitro with bFGF or bFGF/EGF, they
become multipotent and generate neurons79–82. Although the in vivo
identity of these cells is unknown, it is tempting to speculate that they
correspond to astrocytes or other glial progenitors. Parenchymal astro-
cytes express FGF receptors83,84 and LeX/SSEA-1, a carbohydrate
expressed by several stem cell populations (Fig. 4c–e)41. As such, LeX+

and FGF-receptor+ cells may be latent stem-cell astrocytes hiding in
the parenchyma and along the ventricular neuraxis. This possibility is
not outrageous. Astrocytes throughout the brain until postnatal day 10
can act as stem cells in vitro, generating multipotent self-renewing
neurospheres44 and, in the postnatal chicken retina, Müller glia are
recruited during regeneration to generate neurons85. Furthermore,
O2A progenitors from the neonatal optic nerve, normally restricted to
generating oligodendrocytes and type-2 astrocytes in vitro86, revert via
an astrocytic state to multipotent stem cells that can generate neurons
when cultured in bFGF or serum-containing medium87. Other adult
glial progenitors such as NG2+ cells, classically associated with an
oligodendrocyte lineage, may also be multipotent. In the neonatal hip-
pocampus, cycling NG2+ cells generate GABAergic neurons in vivo88,
consistent with accumulating evidence for a common oligodendro-
cyte/neuron progenitor during development70,89,90. It will be interest-
ing to see whether neural stem cells in the adult peripheral nervous
system91 are also glia.

The potential of secondary progenitors to act as stem cells in vitro is
exemplified by transit-amplifying C cells in the adult SVZ, by O2A
progenitors in the optic nerve, and perhaps by cycling NG2+ cells,
which are widespread in the adult brain. Endogenous stem cells/pro-
genitors, perhaps even those in non-neurogenic regions, may be har-
nessed for brain repair by growth factor stimulation or by inducing the
expression of transcription factors involved in neurogenesis during
development and in adulthood, such as Dlx2, Mash1, Emx2 and
Pax636,92,93. For example, retroviral infection of early postnatal corti-
cal astrocytes with Pax6, expressed in neurogenic cortical radial glia,
increases their neurogenic potential in vitro94. However, the epigenetic
state of a cell at the chromatin level may determine its responsive-
ness46. For example, DNA methylation of promoters in neuroepithe-
lial stem cells makes them refractory to extrinsic signals95.
Understanding the epigenetic changes that occur during cell fate deci-
sions will be crucial to realizing this potential.

Glia as a default state
As reviewed here, glia are likely stem cells in the adult brain in a wide
variety of taxa27,32,51,52. During development, neurons are produced

first, and this is followed by a wave of gliogenesis. Both intrinsic and
extrinsic signals mediate this progression. Basic helix-loop-helix tran-
scription factors have been identified that induce neuronal and oligo-
dendrocyte lineages. Neurogenins 1/2 simultaneously promote a
neuronal lineage while actively inhibiting astroglial differentia-
tion96,97. Olig1/2 are required for oligodendrocyte specification, and
they are also coupled to neuron production89,90. Similar transcription
factors for the astroglial lineage may yet be discovered. Alternatively,
differentiation along the astrocyte lineage may be a default state of
brain development that occurs in the absence of neuronal and oligo-
dendroglial lineage differentiation signals. The generation of astro-
cytes in Olig1/2-null mice90 and in Ngn2/Mash1-null mice96 is
consistent with this hypothesis. Thus, at later stages of development,
when neurogenesis is largely over, cells differentiate along the astro-
cyte lineage. Instructive signals for an astrocytic fate, such as the
cytokines leukemia inhibitory factor and ciliary neurotrophic factor,
as well as signaling through the Notch pathway, may in fact act by
repressing neurogenic signals. Furthermore, several molecules such as
musashi98,99, an RNA binding protein, and LeX/SSEA-1 (ref. 41) are
expressed both in stem cells in the embryonic neuroepithelium and
are maintained in astrocytes in the adult brain, some of which have
been shown to be stem cells. Thus, the transition of stem cells along
the neuroepithelial→radial glia→astrocyte lineage may reflect a pro-
gression along a default glial lineage.

Ramon y Cajal wrote that “true glial cells are nothing more than
displaced and transformed neuroepithelial cells”100. As such, glia may
retain the stem cell potential of their neuroepithelial origin, one of
many undiscovered secrets they still harbor.
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