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Abstract. The central nervous system is generated
from neural stem cells during embryonic development.
These cells are multipotent and generate neurons, as-
trocytes and oligodendrocytes. The last few years it
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Introduction

The central nervous system (CNS) is a complex tissue,
both in terms of number of cells and the variety of
different cell types. In addition, many billions of neu-
rons have to interact in a very precise manner in order
to form functional neuronal networks. The CNS is
formed over a short time in embryogenesis, and is
rapidly converted from a simple neural plate to a
brain and spinal cord. To form the many different
types of neurons and glial cells in the adult CNS,
embryonic cells have to proliferate and differentiate in
a strictly controlled manner, and during the last few
years rapid progress has been made in understanding
the molecular mechanisms underlying this prolifera-
tion and differentiation. It has recently been discov-
ered that CNS stem cells are not confined to the
embryo but also exist in the adult CNS. In this review
we discuss some recent insights into the biology of
embryonic and adult CNS stem cells and how the
embryonic CNS is generated.
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has been found that there are populations of stem
cells also in the adult mammalian brain and spinal
cord. In this paper, we review the recent development
in the field of embryonic and adult neural stem cells.

neuron; glia.

Origin of the embryonic CNS

In vertebrate embryos, the first overt signs of CNS
formation is the appearance of a neural plate from
dorsal ectoderm. Classical transplantation experiments
by Mangold and Spemann [1] showed that a second
nervous system can be ectopically induced by placing
mesoderm under ectoderm normally not destined to
form nervous system. This experiment spurred the
search for factors secreted from mesoderm that would
act as positive inducers of neurulation. By assays pri-
marily in embryos of the frog Xenopus laevis, a num-
ber of factors with these properties, e.g. noggin,
follistatin and chordin, have been identified. More re-
cent investigations have demonstrated that these three
factors, which are not obviously related to each other,
may not exert a positive neuralizing activity, but
rather function by inhibiting signalling through the
BMP (bone morphogenetic protein) signalling pathway
(for a review on BMP and other transforming growth
factor f-related molecules, see ref. 2). Noggin, follista-
tin and chordin bind BMP and block activation of
BMP receptors, which leads to increased neurogenesis
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[3, 4]; for a review, see ref. 5). Dominant negative
versions of the BMP receptor introduced into early
Xenopus embryos block neurogenesis, which further
supports the involvement of BMP signalling in neuru-
lation [6, 7]. The current view based on these experi-
ments is therefore, contrary to the original hypothesis,
that neurulation may be the primary or default fate
and that BMP signalling is required to diverge cells in
the ectoderm to differentiate to nonneural cell types.
It is not yet clear whether BMP signalling plays ex-
actly the same role during mammalian neurogenesis,
since gene targeting of follistatin has not generated
mice in which neurogenesis is altered in a manner
expected from the results in Xenopus [8, 9]. This dis-
crepancy may, however, reflect the presence of addi-
tional highly related gene homologues in mammals,
which may have overlapping functions.

The morphology of the early CNS

There is a stereotypic set of morphological alterations
during embryogenesis that leads to the formation of
the CNS. First, the neural plate, which is a pseudo-
stratified epithelium, folds to form the neural groove,
which is then closed to generate the neural tube. This
change in shape is accomplished without a substantial
increase in cell proliferation and depends rather on
changes in cell shape (fig. 1). Experimental depolymer-
ization of microfilaments and microtubules results in
failure of the neural tube to close, suggesting involve-
ment of the cytoskeleton in this process [10]; for re-
view see ref. 11. In the newly closed neural tube the
neuroepithelium is composed of a single cell layer, and
the neuroepithelial cells are attached at both the inner
(ventricular) and outer (pial) sides of the neural tube
(fig. 2A). The attachment is mediated by endfeet struc-
tures. At the pial side there is a basement membrane
containing laminin [12] and possibly other proteins,
but it is not yet known how the pial endfeet anchor to
this structure. The cells in the early neural tube un-
dergo dynamic nuclear movements during the cell cy-
cle, referred to as ‘interkinetic movements’ [13, 14].
During S phase the nucleus is located near the pial
side, while during mitosis the nucleus is found close to
the ventricular side. The cell also detaches from the
pial side as it undergoes mitosis (fig. 2B).

Shortly after neural tube closure, the neuroepithelial
cells begin to proliferate rapidly. Proliferation is
largely confined to embryogenesis, with the exception
of the cerebellum, the hippocampus and the subven-
tricular zone, in which it continues into postnatal
stages. Following mitosis, the daughter cells have two
basic options: they can either remain as undifferenti-
ated proliferative cells and stay close to the ventricular
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side or differentiate to neurons or later glial cells, and
migrate out from the neural tube. The migrating neu-
rons build up new cell layers, thus creating a
layered CNS. Six distinct layers can be identified in
the developing cortex: the ventricular, subventricular,
intermediate, subplate, cortical plate and marginal
zone. In most regions of the neural tube, neuronal
development proceeds according to the ‘inside-
out’ principle, i.e. neurons are born in the ventricular
layer and migrate to the cortical plate, where the
first neurons settle down in the innermost region and
later neurons localize successively further out. Two
exceptions from the inside-out principle are the
formation of the hippocampus and cerebellum, where
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Figure 1. Neural tube formation. (4) The first sign of nervous
system formation is a thickening of the dorsal ectoderm forming
the neural plate (blue). The notochord (yellow) is located in the
midline ventral to the neural plate. (B and C) The neural plate
folds and forms a groove in the dorsal ectoderm. (D) Continued
folding results in the neural folds meeting in the dorsal midline,
where they fuse to form the neural tube. The ectoderm lateral to
the neural tissue fuses dorsal to the neural tube to form the
epidermis.
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Figure 2. Morphology of neuroepithelial cells. (4) A schematic
representation of a cell in the early neural tube. The neuroepithe-
lial cell is elongated and attached with endfeet structures to both
the ventricular (inner) and pial (outer) side of the neural tube. (B)
A schematic representation of the morphology of a cell in the
early neural tube during the different phases of the cell cycle, i.e.
the interkinetic movements. During the G1 phase, the nucleus is
located closer to the ventricular side, while during S phase the
nucleus is closer to the pial side. During the mitotic phase (M),
the cell detaches from the pial side and divides close to the
ventricular side. The cell progeny can then remain as undifferenti-
ated cells in the neural tube or migrate out from the neuroepithe-
lium and differentiate to neurons.

undifferentiated cells move out from the neural
tube as a cohort and then form localized pools of
precursor cells, from which the mature neurons are
generated.

As young neurons move out from the inner, ventricular
zone to build up the mature brain and spinal cord, it is
critical that the correct types of neurons arrive at the
correct positions, in order to generate the complex
functional networks. It has been a long-standing ques-
tion whether this precision in neuronal organization
stems from a prepatterning already laid down in the
neural plate or early neural tube, or whether the neu-
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ronal networks are established by functional interac-
tions of cells, and the cells migrating out from the
neural tube are more ‘plastic’ in terms of differentiation.
One view, referred to as the ‘radial unit’ or ‘protomap’
hypothesis [15], holds that the early neural tube is
patterned and that this information is converted to the
mature cortex by a very precise, radial migration of the
cells. Data from experiments in transgenic mice, in
which the clonal distribution of cells is revealed by
reporter gene expression, support the notion of a
columnar organization of the cells, which is in keeping
with this hypothesis [16—18]. Further support comes
from the finding that young neurons migrate out from
the ventricular zone along a specialized cell type, the
radial glial cells. Radial glial cells are a transient popu-
lation of highly elongated cells which have endfeet
structures and span the neuroepithelium from the ven-
tricular to the pial side [19]. Neurons migrating along
radial glial cells form columns, which could produce a
highly ordered cortex based on the patterns of the
underlying neural tube. We are beginning to understand
the molecular basis for the interaction between radial
glial cells and young neurons [20]. The protein reelin,
which is an extracellular matrix glycoprotein secreted at
the marginal zone, plays an important role in exiting of
neurons from radial glial cells [21], and mutations in the
reelin gene, i.e. in the Reeler mouse mutant, or in genes
downstream in the signalling cascade [22, 23], severely
affect the formation of layers in the cortex.

An alternative hypothesis is based on a less organized
mode of migration for a young neuron from the ventric-
ular zone to its final destination. Cells would then be
more plastic and receive cues as to phenotypic decisions
and interactions from the local environment. This view
is in keeping with transplantation experiment showing
that cells can take on new fates when transferred to a
novel location in the brain [24-26]. Support for this
view also comes from experiments in which individual
proliferative cells have been labelled with a marker gene
following retroviral infection. The clonal progeny is
often widely scattered across cortex [27-29], which
would argue against a strict radial migration along
radial glial cells. It is not yet clear whether migration in
a clone is totally randomized in all layers, or whether
much of the tangential migration occurs in the ventricu-
lar and subventricular zones [27], and is then followed
by radial migration. Such a view would incorporate
elements of the protomap as well as the randomized
hypotheses

[30, 31].

CNS stem cells during neurogenesis

As discussed above, we have a reasonably good under-
standing of where the proliferating cells reside during
different stages of embryonic CNS development. An
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important question is whether all or some of the prolif-
erating cells qualify as stem cells. The definition of a stem
cell is a controversial matter (for a thorough review of
stem cells, see ref. 32), but an operational definition is
based on the notion that the stem cell should be capable
of self-renewal, so that at least one of the two daughter
cells retains the molecular characteristics of the original
cell. In addition to self-renewal, the stem cell can also
produce differentiated cell types. The term precursor cell
could be used for a more general definition of cells which
can divide and give rise to differentiated cell progeny, but
which may not necessarily do this in a stem-cell mode (see
ref. 33 for a review on CNS stem cells and further
discussion on the nomenclature of cell populations in the
early CNS).

There are several lines of evidence suggesting that stem
cells exist in the embryonic CNS. Experiments on cells
cultured in vitro and labelled with lineage markers show
that many cells can both self-renew and give rise to
differentiated progeny [34] (see ref. 35 for review). Anal-
ysis of clones originating from single cells supports this
view [36]. It is, however, important to remember that
experiments on cultured primary cells in vitro reveal the
potential to stay undifferentiated or to differentiate
under specific conditions, but that all these possibilities
may not be available to the cell in vivo. In vivo analysis,
carried out using retroviral infection of reporter genes,
supports the notion that there are cells capable of both
self-renewal and differentiation to distinct cell types.
Differentiation to multiple cell types as well as to only a
single type of neuron or glial cells has been observed [28,
29].

To objectively discuss the issue of stem cells vs. differen-
tiated cells, access to reliable molecular markers is a
prerequisite. The sequencial expression of different mem-
bers of the intermediate filament gene family has proven
useful to identify various cell types in the early CNS. The
intermediate filaments nestin [37] and vimentin are ex-
pressed in the proliferating cells of the early neural tube,
and then replaced by glial fibrillary acidic protein
(GFAP) and neurofilament expression in astrocytes and
neurons, respectively [38]. In addition to these markers,
there is an increasing number of markers identifying
distinct subpopulations of cells or specific differentiation
steps. A useful marker for newly differentiated neurons
is TuJ1 (a class-IIT f-tubulin: see ref. 39 and references
therein).

Factors influencing the choice between proliferation and
differentiation in the embryonic CNS

To arrive at the correct number of differentiated cells in
the adult brain and spinal cord, there has to be a strictly
controlled balance between proliferation and differentia-
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tion in the embryonic CNS. To generate a sufficient
number of cells, it seems reasonable to assume that
proliferation may be predominant in the early phases,
and that more cells differentiate during later stages. This
line of reasoning implies that there is a higher probability
for generating two undifferentiated daughter cells at
early stages, and that later divisions favour the produc-
tion of neurons or later glial cells. Rapid progress is being
made in identifying factors that control how undifferen-
tiated or differentiated cells are generated following
proliferation, and these factors can be of two principally
different types: intrinsic or extrinsic. In a system based
on intrinsic factors, the decision to generate two identical
or nonidentical daughter cells is based on molecules
operating within the cell, while an extrinsic mechanism
relies on signals influencing the cell from the outside.

Intrinsic mechanisms and asymmetric cell division

One way to control the choice between proliferation and
differentiation could conceivably be based on a system
which is completely cell-autonomous, i.e. which is inde-
pendent of signals from outside the cell. Such a system
could be driven by a precisely timed activation of key
regulatory genes, for example genes encoding transcrip-
tion factors important for differentiation. In this way,
differentiation could occur at the appropriate time point,
independent of the environment of the cells. There are
clearly cell fate choices which are highly stereotypic and
reproducible, in particular in less complex organisms like
the nematode Caenorhabditis elegans, and which may be
executed by a cell-autonomous mechanism. But it seems
unlikely that the complex mammalian CNS would be
constructed by this type of ‘hardwired’ differentiation
decision process.

Intrinsic mechanisms may, however, be operating in the
context of asymmetric cell division. One means of gener-
ating two nonidentical daughter cells is to provide the cell
that undergoes cell division with a compartmentally
localized protein that is important for differentiation and
ensure that this protein is unequally distributed in the
two daughter cells. In Drosophila, the molecular machin-
ery for this type of asymmetric cell division is now being
revealed and involves the function of the genes Inscute-
able, Miranda, Prospero and Numb (see refs. 40—42 and
references therein).

Less is known about asymmetric cell division in mam-
malian systems, but a mammalian homologue to Numb
has been characterized, which is asymmetrically local-
ized in cells of the developing CNS [43]. This finding,
in conjunction with the observation that the cleavage
plane in dividing cells is altered as neurogenesis proceeds,
opens up an interesting possibility of regulating
the proportion of symmetric vs. asymmetric cell division,
and hence the possibility of generating proliferat-
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ing or differentiating cells. In early CNS development,
most cells have their cleavage plane perpendicular to the
surface of the neural tube, i.e. generating two symmetric
cells with equal amounts of Numb (fig. 3). In contrast,
at later stages an increasing fraction of the cells exhibit
a cleavage plane more in parallel with the surface of the
neural tube [44]. This results in the generation of two
unequal cells: one undifferentiated cell, which receives
more Numb and remains in the ventricular zone, and
another cell, which has low Numb levels, and rapidly
migrates away from the ventricular zone, presumably to
differentiate into a neuron.

Extrinsic factors

The majority of cell differentiation events in the devel-
oping CNS are likely to depend on various types of
interactions between cells and/or on secreted factors
acting on cells from a distance. It has been convinc-
ingly demonstrated that neural cells can change their
mode of differentiation in response to an altered envi-
ronment, for example after transplantation to new re-
gions of the CNS [24-26].

Direct cell-cell communication is important for cellular
differentiation in the early CNS, and the Notch sig-
nalling pathway plays a critical role in this process.
From a group of initially equipotent cells, a cell that

dividing cell in the
ventricular zone
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Figure 3. Asymmetric cell division. A cell in the ventricular zone
of the developing CNS expresses a protein (small black circle),
which is localized predominantly to the part of the cell located
close to the ventricular side. If the cell undergoes symmetric
cleavage during mitosis (lower left) the protein will be symmetri-
cally distributed to the two daughter cells, which will remain as
undifferentiated cells. Alternatively, if the cell undergoes asym-
metric cleavage (lower right), the protein will be sorted only to the
cell closest to the ventricular side. This cell will then remain as an
undifferentiated cell, while the other cell can migrate out and
differentiate to a neuron.
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becomes committed to the neuronal fate will repress the
cells in immediate contact from taking on the same fate
and instead remain undifferentiated; this mechanism is
called lateral inhibition. This is executed by expression
of high levels of ligand on the differentiating cells,
which signals to Notch receptors on the surrounding
cells not to differentiate (for a review on Notch sig-
nalling in the nervous system, see ref. 45).

In addition to mechanisms for direct cell-cell communi-
cation, there is also a growing list of secreted signalling
molecules that act at a distance to instruct cells to
differentiate to particular fates. Important work from
McKay’s research group [46] demonstrates that specific
signalling molecules can promote stem cell fate or,
alternatively, convert embryonic CNS stem cells to neu-
ronal and glial fates in large numbers. They found that
T3 promotes differentiation to oligodendrocytes,
CNTF (ciliary neurotrophic factor) to astrocytes and
PDGF (platelet-derived growth factor) to neurons.
EGF (epidermal growth factor) and bFGF (basic
fibroblast growth factor) allowed the CNS stem cells to
remain in an undifferentiated state [46]. The same
group has also worked out conditions for the transition
from a more undifferentiated cellular state to the CNS
stem cell by analysing how embryonal stem cells (ES
cells) differentiate to express markers typical of CNS
stem cells [47].

Signalling molecules important for dorsoventral sig-
nalling have been identified and provide an example of
how an extrinsic signal is converted to an intrinsic
signal. Sonic Hedgehog is first expressed in the noto-
chord and later also in the floor plate, and it plays an
important role in ventralizing cells in the embryonic
spinal cord and brain. The Sonic Hedgehog gene en-
codes a secreted protein, which is cleaved by an auto-
proteolytic mechanism to generate two moieties, and
the N-terminal fragment contains the biological activity
(for review, see ref. 48). From the localized source of
Sonic Hedgehog production in the notochord and floor
plate, a gradient with decreasing levels is found to-
wards more dorsal regions in the spinal cord. Experi-
ments on explant cultures of dissected tissue from
various positions in the chick neural plate and early
neural tube show that different levels of Sonic Hedge-
hog concentration induce different fates [49]. Differen-
tiation of motoneurons thus requires higher
concentrations of Sonic Hedgehog than differentiation
of more dorsally located interneurons [49]. A recent
important observation is that the gradient of Sonic
Hedgehog is converted into a reverse gradient of the
levels of the transcription factor Pax 6 in the nuclei of
cells in the spinal cord, i.e. there are higher levels of
Pax 6 in the more dorsal regions, where Sonic Hedge-
hog levels are low and vice versa in the ventral regions
[49]. Although the molecular mechanisms for how
Sonic Hedgehog regulates the levels of Pax 6 are not
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yet understood, these experiments provide a conceptually
important example of how a gradient of a secreted,
extracellular factor can be translated into distinct levels
of a nuclear transcription factor.

Neurogenesis in the adult CNS

Neurogenesis in the adult organism is a well-documented
phenomenon in many nonmammalian vertebrates and
has been most extensively studied in birds (reviewed in
ref. 50). In mammals, neurogenesis was for a long time
considered to be restricted to the embryonic and early
postnatal period. However, labelling of neurons after
injection of radioactive nucleotide analogues revealed
that neurogenesis does occur in the adult mammalian
nervous system [51]. As discussed in detail below, it is
now firmly established that new neurons are added
continuously in the hippocampus and in the olfactory
bulb. Another region where neurogenesis is seen in the
adult is the olfactory epithelium; olfactory sensory neu-
rons have an average life span of about 30 to 60 days,
after which they die by apoptosis (programmed cell
death) and are replaced by new neurons. Neurogenesis in
the olfactory epithelium has been the subject of other
recent reviews (see e.g. ref. 52), and since it is fundamen-
tally different from the neurogenesis seen in the CNS, it
will not be discussed further in this review. Neurogenesis
in the adult brain has been documented in a variety of
mammals and seems to be an evolutionarily well-con-
served phenomenon. Generation of neurons in cultures
of adult human brain tissue [53] suggests that there may
be continuous neurogenesis also in the adult human
brain, although this issue is difficult to address. New
neurons are added throughout adulthood in rodents,
although there seems to be a decrease in neurogenesis in
senescent animals [54, 55].

Isolation of a CNS stem cell from the adult nervous
system

Neurogenesis in adult animals implies the presence of
undifferentiated progenitor cells. Reynolds and Weiss
were the first to describe the isolation of such a cell from
the adult mammalian CNS [56]. In serum-free medium,
but in the presence of EGF, they were able to propagate
a population of cells which could generate neurons,
astrocytes and oligodendrocytes in vitro [56, 57].

Under the conditions used by Reynolds and Weiss, single
cells proliferate in vitro, and the progeny forms a cluster
of aggregated cells [56, 57]. Such cell clones detach from
the culture dish after a few days in vitro. The cells
continue to proliferate and form a spheroid cell aggre-
gate, referred to as a neurosphere, of tightly clustered
cells, all of which are derived from a single cell (fig. 4A).
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Most of the cells in the neurosphere express nestin but
not markers typical for differentiated cells [56]. These
undifferentiated cells rapidly differentiate if plated on an
adhesive substrate or if serum is added to the culture
medium (fig. 4B—D). Importantly, a clone of cells derived
from a single cell can generate neurons, astrocytes and
oligodendrocytes, demonstrating that at least the initial
cell was multipotent [57]. Moreover, if a cell clone is
dissociated, many of the cells will form new clusters of
undifferentiated multipotent cells [57], thus fulfilling the
criteria for being stem cells (as discussed above). The
possibility of culturing neural stem cells from the adult
CNS has greatly improved the means of studying these
cells and has led to major breakthroughs in this field.

Localization and identity of the adult neural stem cell

To determine the localization of the adult CNS stem cells,
different parts of the adult rodent forebrain were care-
fully dissected and cultured to test for the capacity of
neurogenesis. These studies have demonstrated that stem
cells are most abundant in the wall of the lateral ventricle
and in the hippocampus [58—61]. Furthermore, stem cells
can be isolated from the walls of the third and fourth
ventricles as well as from the adult spinal cord, suggesting
the presence of stem cells adjacent to the ventricular
system along the entire neuraxis [62]. Under certain
conditions, a very small number of cells with the capacity
to generate neurons in vitro can be isolated also from the
striatum and septum [60], although it has not been tested
if these cells have stem cell properties or if they are
committed neuronal progenitors.

It is not clear whether the stem cells located in association
with the ventricular system and in other regions derive
from a common cell population, or whether they repre-
sent independent germinal centres. It is noteworthy that
the lateral ventricles in young animals extend over the
hippocampus, but are later withdrawn. However, groups
of ependymal cells remain in association with the
hippocampus after the lateral ventricle has withdrawn
[63], suggesting that the stem-cell population in associa-
tion with the hippocampus may derive from the wall of
the lateral ventricle.

The exact localization and identity of the neural stem cell
have remained enigmatic. The wall of the lateral ventri-
cles has been the subject of detailed morphological
studies [64, 65]. The ventricular system is lined by a single
layer of ependymal cells. Beneath the ependymal layer is
the subependymal layer, also known as the subventricu-
lar zone. This area harbors astrocytes, neuroblasts and
progenitor cells [64]. The progenitor cells in the
subependymal layer have a high proliferation rate
[66]. Generally, stem cells proliferate very slowly [32],
and when the rapidly proliferating subependymal cells
were selectively killed, it did not deplete the stem-cell
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Figure 4. Undifferentiated and differentiated neurospheres. Phase-contrast views of a neurosphere derived from a single neural stem cell
from the adult rat spinal cord cultured for 10 days (4) and 2 days after plating on an adhesive substrate which triggers differentiation
(B). (C and D) A differentiated neurosphere labelled with antibodies against the astrocyte marker GFAP (C) and neuronal BIII-tubulin

(D).

population, arguing against these cells being stem cells
[59]. Ependymal cells express the highest nestin levels,
followed by the progenitor cells in the subventricular
zone [64]. Data from salamanders and birds suggest that
the neural stem cells in these species are located in the
layer facing the ventricles [50, 67], corresponding to the
localization of ependymal cells in mammals. However,
mammalian ependymal cells are generally considered to
be highly differentiated cells forming a barrier between
the nervous tissue and the cerebrospinal fluid [68], which
may argue against these cells being undifferentiated stem
cells. Determining the exact localization and identity of
adult CNS stem cells remains an outstanding question in
neurobiology.

Continuous addition of neurons in the olfactory bulb
and hippocampus

The stem cells located adjacent to the lateral ventricles
predominantly generate olfactory bulb interneurons in

the adult animal [53]. Neuroblasts are generated in the
subventricular zone, from where they migrate towards
the olfactory bulb [69]. The neuroblasts migrate on top
of each other in rows, representing a novel type of cell
migration termed ‘chain migration’ [70, 71], which has
not been described in other parts of the brain. All the
chains of migrating cells in the subventricular zone of one
hemisphere merge to form the rostral migratory stream
[72], a dense tract of migrating neuroblasts, where the
neuroblasts migrate closely together surrounded by a
scaffold of astrocytes [70]. Polysialic acid associated with
neural cell adhesion molecule (NCAM) is required for
the migration of neuroblasts from the subependymal
zone to the olfactory bulb, and mutant mice lacking
NCAM have abnormally small olfactory bulbs due to
reduced cell migration along the rostral migratory stream
[73]. In the hippocampus, progenitor cells proliferate at
the border between the hilus and the granule cell layers.
Newborn cells migrate into the granular cell layer, where
they begin to express neuronal markers (reviewed in ref.
74).
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Continuous death of neurons is seen in both the olfac-
tory bulb and hippocampus throughout adult life [74,
75], and it is tempting to speculate that neurogenesis in
these locations primarily serves to replace lost neurons.
However, the total number of granule neurons in both
the olfactory bulb and the hippocampus increases sub-
stantially through adulthood [75, 76]. The significance of
the increase in the numbers of neurons in these regions
is unclear, but one hypothesis is that they may meet a
need for increased information storage capacity with
time.

Factors which influence the proliferation and
differentiation of adult neural stem cells

A question of significant interest is how the proliferation
and differentiation of the adult neural stem cell are
regulated. Several studies have emphasized the need for
at least one mitogen, which can be either EGF or bFGF,
for the proliferation of adult neural stem cells in vitro
[56, 77]. In line with this, injection of EGF or bFGF into
the forebrain stimulates the proliferation of progenitor
cells [78, 79]. However, it is not known whether EGF or
bFGF are required mitogens for the adult neural stem
cells in vivo.

Interestingly, the external environment seems to affect
the rate of neurogenesis. Thus, mice which are kept in an
enriched environment compared with standard labora-
tory conditions for 1 month (from 3 weeks of age) have
approximately 15% more granular neurons in the
hippocampus [80]. This was mainly a result of increased
survival of newly generated neurons [80]. In contrast,
exposure of adult tree shrews to psychological stress
reduced cell proliferation in the dentate gyrus [81].
Synaptic activity has been found to regulate neurogene-
sis in the adult hippocampus and may perhaps explain in
part how the number of neurons may be affected by the
environment the animals are kept in [82, 83]. Further-
more, adrenal hormones negatively regulate cell prolifer-
ation in the hippocampus [74], and it is likely that the
reduced proliferation in animals exposed to stress may to
some extent be explained by elevated levels of adrenal
hormones [81].

There is increasing evidence that nervous system injuries
may affect stem cells in the adult CNS. After both spinal
cord and brain injuries, nestin expression is increased in
cells lining the central canal and in the subventricular
zone, respectively [84, 85]. With time, nestin-expressing
cells are seen progressively further from the central canal
and the lateral ventricle, and these cells express astro-
cytic markers [84, 85]. These data have led to the
suggestion that stem cells or progenitor cells residing by
the ventricular system are induced to proliferate, migrate
towards the site of the injury and differentiate to astro-
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cytes. Furthermore, hippocampal lesions increase the
proliferation of hippocampal progenitor cells and the
number of granular neurons in the hippocampus [86].
When it comes to molecules affecting the differentiation
of adult stem cells to different cell types, i.e. neurons,
astrocytes or oligodendrocytes, current data suggest that
stem cells derived from the adult brain are very similar
to those derived from the embryonic brain and that a
similar set of molecules instructively can induce the
differentiation to certain cell fates ([46]; see also above).
Less is known about the regulation of the differentiation
of adult stem cells to different mature neuronal subtypes
producing, for example, certain transmitters. Injection
of stem cells from the wall of the lateral ventricle of
perinatal mice into the ventricles of embryonic mice
resulted in integration of neurons derived from the
donor in various parts of the forebrain, emphasizing that
at least cells from perinatal animals can take on many
different neuronal fates [87]. This also indicates that the
stem cells from young postnatal animals respond to the
same cues as their embryonic counterparts. As the
molecules directing the differentiation to certain neu-
ronal fates during embryogenesis are unveiled, it will be
possible to test whether these factors may be used to
direct the differentiation of neural stem cells in the adult
to specific neuronal subtypes.

Potential therapeutic utilization of adult neural stem
cells

A large variety of approaches have been tested to restore
the function after CNS injury in animal models, most of
them attempting either to replace lost neurons by trans-
plantation of cells from a donor, to support the survival
of affected neurons or to stimulate axonal regrowth.
Several different strategies have been successful in ani-
mal models, and a few have been tested in humans in
clinical trials (reviewed in ref. 88).

The presence of neural stem cells in the adult CNS may
open up new avenues to replace neurons lost due to
injuries or various diseases. One may envisage two main
strategies to utilize a patient’s own stem cells to generate
new neurons; to induce neuronal differentiation from
stem cells in situ, or to remove stem cells from the
patient, propagate and manipulate them in vitro, and
transplant them back in to the appropriate region of the
CNS. Utilization of neural stem cells is a tantalizing
possibility which would offer considerable advantages
compared with transplantation of cells from donors. All
immunological concerns regarding rejection of a graft or
graft vs. host reactions would be circumvented, since the
new cells would derive from the patient and thus be
immunologically identical to the other cells in the body.
The majority of transplantation studies in humans have
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thus far involved grafting of tissue from aborted human
foetuses to Parkinson’s disease patients (reviewed in ref.
89). An interesting alternative to transplantation of
human tissue is xenotransplantation (see e.g. ref. 90);
but the technique has considerable immunological draw-
backs and remains controversial (recently discussed in
ref. 91). Transplantation of tissue from foetuses as well
as from animals also raises a number of ethical questions
which would be eliminated if neurogenesis could be
induced from the stem cells of the patient.

A key issue is whether new neurons can integrate in the
adult brain in a functional way, i.e. Are there cues in the
adult nervous system that may instruct new neurons
how to integrate? Although not yet analysed in detail, it
should be noted that grafted undifferentiated embryonic
cells in many cases can differentiate to region-specific
neuronal types and integrate when transplanted to the
adult brain (reviewed in ref. 92). Furthermore, grafting
of cultured undifferentiated cells from the adult
hippocampus back to the hippocampus of adult animals
demonstrated that these cells survived transplantation
and differentiated to neurons [93]. In addition, cultured
hippocampal cells grafted to the rostral migratory
stream migrated to the olfactory bulb and differentiated
to site-specific neurons distinct from the cell types nor-
mally generated by stem cells in the hippocampus [39].
In contrast, hippocampal cells transplanted to the adult
cerebellum survived but failed to generate neurons [39].
This difference may be related to the fact that neuroge-
nesis is absent in the adult cerebellum, while the rostral
migratory stream and the olfactory bulb represent areas
of ongoing neuronal differentiation. The studies dis-
cussed above have focused on grafting undifferentiated
cells. Transplantation of more differentiated embryonic
cells has demonstrated a large potential for such cells to
integrate in the adult nervous system. No studies have
yet tested the possibility of transplanting neuroblasts or
differentiated neurons derived from adult stem cells.
Further studies are needed to assess the potential for
using adult stem cells to replace specific neuronal popu-
lations which may be affected in neurodegenerative
diseases.
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