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Abstract

The concept of stem cells within the adult brain is not new. However, only recently have scientific techniques become
sufficiently advanced to identify them although this remains problematic and the technology is still developing.
Nevertheless, it is now generally recognized that stem cells are restricted to two germinal regions within the intact
brain. From here they can migrate to specific destinations where they integrate with existing circuitry. Their
identity remains controversial but a growing body of evidence suggests it may have an astrocytic phenotype.
Within the germinal regions the stem cells are confined to a niche environment and are capable of responding to
environmental signals generated locally in an autocrine or paracrine fashion. The niche environment is also
modulated by more generalized systemic and physiological activity. These observations are exciting in their own
right and form the basis of this review. They are also beginning to alter how we think about neural injury and
disease and to impact on the development of novel therapies.
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zone.

The concept of adult neural stem cells is not new

The concept that no new neurons were formed in the
adult brain did not begin to change until the 1960s
when Joseph Altman suggested that ‘the neogenesis of
neurons in the adult might arise from non-differentiated
precursors such as ependymal cells’ (Altman, 1962). Using
light microscopic analysis of [*H]-thymidine-labelled
cells he identified newborn cells in restricted regions of
the adult brain (Altman, 1966) but was unable to con-
firm their neuronal identity. Two decades later investi-
gations of the seasonal variation of song repertoire in
Serinus canaria by Nottebohm and colleagues led to
the conclusive demonstration of telencephalic neuro-
nal replacement in the adult avian brain (Graziadei &
Graziadei, 1979a; Goldman & Nottebohm, 1983).
Further evidence suggested that stem cells might be
present in the adult mammalian brain. First, olfactory
epithelium had been demonstrated to retain the ability
to generate olfactory neurons in adult mammals
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(Graziadei & Graziadei, 1979b). Second, the demonstra-
tion of epidermal growth factor (EGF) and EGF-receptor
immunoreactivity in the adult CNS suggested that
mitogen-responsive cells may exist within the mamma-
lian neuropil (Fallon et al. 1984; Birecree et al. 1991). This
was confirmed in two studies published in 1992. The
first isolated cells from the striatum of the adult mouse
brain and demonstrated that they were responsive
to the mitogenic agent EGF, a molecule known to be
important in embryonic neuronal development. These
EGF-responsive cells gave rise to progeny expressing
neuronal and glial phenotypes thereby demonstrating
multipotentiality (Reynolds & Weiss, 1992). The second
study isolated cells from the whole forebrain that were
responsive to both EGF and fibroblast growth factor
(FGF) and generated cells expressing both glial and
neuronal morphology (Richards et al. 1992).

The adult mammalian brain contains defined
germinal zones

The evidence of ongoing neurogenesis in the adult
conflicted with the prevailing classical view that neuro-
genic germinal centres disappear in the early postnatal
period. Instead the data suggested that germinal
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activity persists in the adult brain. Subsequent studies
identified the subventricular region of the forebrain as
an area containing proliferating neuronal precursors
that migrate to the olfactory bulb where they differen-
tiate into granule and periglomerular interneurons
(Morshead & van der Kooy, 1992; Lois & Alvarez-Buylla,
1993; Luskin, 1993; Vescovi et al. 1993; Morshead et al.
1994). Ultrastructural data demonstrating mitotic neuronal
precursors in the granule cell layer of the adult hippo-
campus (Kaplan & Bell, 1984) led to a reappraisal of the
germinal potential of the adult dentate gyrus and the
subsequent demonstration that it also contained adult
neural stem cells (Cameron et al. 1993b; Gage et al. 1995,
1998). These cells reside in the subgranular layer (SGL) and
migrate the short distance into the granule cell layer where
they differentiate into granule cell projection neurons.

The forebrain germinal region has been described
in detail (Morshead & van der, 1992; Doetsch & Alvarez-
Buylla, 1996; Lois et al. 1996; Doetsch et al. 1997, 1999,
2002). Fate-specified neuroblasts destined to differen-
tiate into olfactory interneurons within the olfactory
bulb migrate in the rostral migratory stream (RMS) as
chains using cell-cell interaction mediated by polysia-
lylated neural cell adhesion molecule (PSA-NCAM). They
are ensheathed by the processes of cells expressing an
immature astrocytic phenotype: Glial Fibrillary Acid
Protein (GFAP), vimentin- and nestin-positive, B-tubulin-
and PSA-NCAM negative. These cells undergo asymmetric
division to generate olfactory interneurons and are
capable of repopulating a depleted subventricular zone
(SVZ) population. They also give rise to multipotent
progenitors in vitro. A third population of cells form focal
clusters closely associated with the chains of migrating
neuroblasts but not present in the RMS. These cells
have immature ultrastructural and phenotypic char-
acteristics, being nestin positive but not staining with
any other immunohistochemical markers. They con-
stitute a transit amplifying population and are highly
mitotic giving rise to migrating neuroblasts. Similarly, in
the hippocampus subgranular zone astrocytes give rise
to a precursor population that does not express a glial
or neuronal phenotype but does express PSA-NCAM. These
cells in turn give rise to granule neurons (Seri et al. 2001).

Neuronal precursors are capable of migration
out of the germinal zones

The migration of neuronal precursors has been most
accurately described in the SVZ of the forebrain (Lois &

Alvarez-Buylla, 1994; Doetsch & Alvarez-Buylla, 1996;
Lois et al. 1996). SVZ neuroblasts migrate tangentially
long distances through a network of interconnecting
pathways distributed within the wall of the lateral ven-
tricle. These pathways become confluent at the rostral
margin of the lateral ventricular wall to form the RMS
projecting to the olfactory bulb (Doetsch & Alvarez-
Buylla, 1996; Doetsch et al. 1997). The region-specific
expression of PSA-NCAM (Bonfanti et al. 1992) appears
to be associated with migration of newly generated
adult neuroblasts in both the SVZ (Doetsch & Alvarez-
Buylla, 1996) and hippocampus (Seki, 1993; Kuhn et al.
1996). Mutations of the NCAM gene (Tomasiewicz
et al. 1993; Cremer et al. 1994) or enzymatic removal of
PSA (Tomasiewicz et al. 1993) hamper migration of SVZ
cells along the RMS.

Proliferation of neuronal precursors is
confined to germinal regions which are
conserved between species

Although the proliferation kinetics of adult neural
stem cells are poorly understood, labelling studies in
the forebrain germinal region suggest that between
16 and 35% of the SVZ population are proliferating
(Morshead & van der Kooy, 1992). Within this population
the most actively dividing cells appear to be the transit
amplifying population (Doetsch et al. 1997). In the
adult hippocampal germinal region approximately one
new neuron for every 2000 granule cells already present
is born every day (Kempermann et al. 1997a). In mice
this process of adding to the granule cell population
appears to continue until approximately 6 months of
age, i.e. adulthood, after which the population remains
stable (Kempermann et al. 1998). Although there is a
decline in neurogenesis in the aging brain the process
does continue (Kuhn et al. 1996; Maslov et al. 2004).
Interestingly, bromodeoxyuridine (BrdU) labelling of
newborn cells suggests that age-related decline of activity
within adult neurogenic regions may be regionally
specified and is more pronounced in the hippocampus
(Kuhn et al. 1996).

The need for mitogens in the proliferative process
of adult progenitors was recognized from their early
identification and isolation (Reynolds & Weiss, 1992;
Richards et al. 1992). EGF and basic FGF (bFGF) have
been used alone or in combination (Richards et al. 1992;
Luskin, 1993; Lois et al. 1996). Dose-response studies
have determined that the optimal concentration of
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mitogens for survival effects is 20 ng mL™" culture media
(Ray et al. 1993). Lineage analyses suggest that EGF-
and FGF-responsive multipotent progenitors in the adult
CNS derive from a common precursor (Luskin, 1993;
Vescovi et al. 1993; Craig et al. 1996; Palmer et al. 1995;
Doetsch et al. 1999; Gritti et al. 1999). Hence the com-
bined use of EGF and FGF confers no additional mitogenic
effect in vitro compared with either mitogen alone
(Gritti et al. 1999), although the mitogenic effect on
the germinal population in vivo may be regionally
specified (Kuhn et al. 1997; Hitoshi et al. 2002).

Studies of proliferation kinetics within the embryonic
forebrain germinal zone suggest that FGF-responsive
stem cells give rise to separate FGF- and EGF-responsive
progeny (Tropepe et al. 1999; Martens et al. 2000). In
the adult, EGF-responsive stem-like cells were initially
thought to correspond to the slowly dividing astrocytic
stem cell (Morshead et al. 1994). Further investigation
has demonstrated that mitogens act on the more
rapidly dividing transit amplifying cells that express
EGF and FGF receptors (Gritti et al. 1999; Doetsch et al.
2002).

Similar subventricular and hippocampal adult neuro-
genic regions have been identified in primates (Pencea
et al. 2001a; Kornack & Rakic, 2001) and humans (Eriksson
et al. 1998; Pincus et al. 1998; Johansson et al. 1999;
Kukekov et al. 1999; Roy et al. 2000; Arsenijevic et al.

Phenotypic
maturation

Proliferation of
amplifying population

Fig. 1 In the adult brain, stem cell-like
astrocytes divide asymmetrically to
maintain a population of slowly dividing
precursors in the germinal niche. A
transient population of rapidly dividing
cells can also be generated that can
migrate away from the germinal niche
and differentiate into functionally
mature neurons and glia.
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2001; Nunes et al. 2003; Westerlund et al. 2003; Sanai
et al. 2004). Thus, it has now been confirmed that adult
neurogenesis is present in all major vertebrate taxa
(Garcia-Verdugo et al. 2002).

A growing body of evidence suggests that
stem cells in the adult brain are astrocytes

The human adult neural stem cell demonstrates an
astrocytic ultrastructural morphology and expresses
vimentin and GFAP (Sanai et al. 2004). Furthermore,
ablation of GFAP-expressing astrocytes prevents neuro-
sphere formation from SVZ tissue, suggesting that SVZ
astrocytes are the primary adult stem cell (Imura et al.
2003; Morshead et al. 2003).

These observations are consistent with lineage data
that have identified germinal precursors as astrocytes
in both the SVZ (Doetsch et al. 1999) and dentate gyrus
of the hippocampus (Seri et al. 2001). These stem cell-
like astrocytes divide asymmetrically to maintain a
population of slowly dividing, multipotent, self-renewing
cells within the germinal region, while giving rise to a
population of more rapidly dividing transit amplifying
or precursor cells. This transient population gives rise to
fate-specified neuroblasts, which in turn differentiate
into functionally mature neurons when they reach

their target (Fig. 1).

Transit amplifying
cell

Multipotent Multipotent
astrocyte astrocyte
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These observations coupled with data suggesting
radial glia act as stem cells in the foetal brain have led
to a novel hypothesis of neural stem cell lineage (see
Alvarez-Buylla et al. 2001; Doetsch, 2003; Merkle et al.
2004 and references therein). According to this unified
lineage hypothesis the embryonic neuroepithelial stem
cell gives rise to the radial glial stem cell in the embryo
from which the postulated astrocytic stem cell in the
adult brain is derived (Fig. 2) (Alvarez-Buylla et al. 2001).

Stem cells are regulated by local
environmental cues

The growing recognition that adult neural stem cells
have a glial morphology together with the characteri-
zation of the cellular architecture of the germinal regions
has focused attention on how the environment or
niche regulates stem cell activity (Fig. 3) (Fuchs et al.
2004). Homotopic transplantation of adult hippocam-
pal and SVZ precursors resulted in new interneurons
within the dentate granule cell layer of the hippocam-
pus and the olfactory bulb, respectively. Implants into
non-germinal regions failed to generate new neurons
although glial cells were generated (Lois & Alvarez-Buylla,
1994; Gage et al. 1995; Doetsch & Alvarez-Buylla, 1996;
Suhonen et al. 1996; Herrera et al. 1999). The sugges-
tion that the niche microenvironment can be instructive
in the fate specification of neural stem cells is an hypothesis
that receives further support from heterotopic implants
of adult stem cells. Hippocampal progenitors implanted
into the neurogenic SVZ produce phenotypically

Fig. 2 Neural epithelial cells evolve into
radial glia which give rise to astrocytes.
Both radial glia and astrocytes divide
asymmetrically to produce both glia and
neurons. These cells may be produced
directly or via a transit amplifying
population. In humans and other
mammalian species the radial glia are
lost in the perinatal period. It is now
thought that they transform into a
subpopulation of astrocytes that retain
the ability to produce neurons and glia.

appropriate tyrosine hydroxylase cells in the olfactory
bulb (Suhonen et al. 1996). This phenotype does not
occur in the hippocampus, suggesting that soluble
factors and cell-cell contact in the niche may have an
instructive role.

Elaboration of the mechanism of chain migration
demonstrated that the astrocytic stem cells were in inti-
mate contact with the transit amplifying cells and the
neuroblasts (Doetsch et al. 1997). This direct astrocyte—
stem cell interaction facilitates proliferation and
neuronal fate specification of progenitors in both the
forebrain germinal region (Lim & Alvarez-Buylla, 1999)
and hippocampus (Song et al. 2002), an ability that, on
the part of astrocytes, is regionally specified in both
adult and neonatal environments (Lim & Alvarez-Buylla,
1999; Song et al. 2002).

In the adult brain the neurogenic niche is juxtaposed
to the basal lamina of the neural microvasculature
(Mercier et al. 2002). As a result, neurogenesis and ang-
iogenesis are intimately related (Louissaint et al. 2002).
In the subgranular germinal zone of the hippocampus
clusters of neurogenic precursors are also spatially and
temporally associated with angiogenesis (Palmer et al.
2000). Within this niche, neurogenic cells express vascu-
lar endothelial growth factor (VEGF) receptors, which
co-localize with the immature neuronal marker double-
cortin (Dcx) (Jin et al. 2002). Intraventricular infusion of
VEGF stimulates proliferation of both SVZ and hippoc-
ampal progenitors. Further evidence of a functional
relationship between stem cells and vascular endothe-
lial cells comes from the observation that endothelial
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Fig. 3 Current concept of the stem cell
niche. The multipotent stem cell-like
astrocytes are closely opposed to the
ventricular lining and basal lamina
associated with the pial
microvasculature. Asymmetric division
gives rise to self-renewal (green arrow)
and a transit amplifying population
(blue arrow). These cells can migrate out
of the germinal niche and differentiate
into neurons and glia (brown arrows).

cells release unidentified soluble factors that regulate
proliferation of the stem cells and play an instructive
role in neuronal fate specification (Shen et al. 2004).
Thus, in the germinal regions astrocytes function as pri-
mary precursors and also participate in the generation
and maintenance of the microenvironment that regulates
their self-renewal, migration and fate specification.

Identifying the signal cascades that mediate the
changes in the stem cell niche and its occupants has
become a major field of investigation (Table 1). The
involvement and interaction of the many different
molecules is not fully understood and it is not clear
whether all of these play a physiological role in the
regulation of neurogenesis or whether these factors
act directly on stem cells or through secondary signals
(Lie et al. 2004).
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In the mature brain, as in other tissues, stem cells and
their niches are retained in specialized regions in which
developmental processes can occur for the life of the
animal (Fuchs et al. 2004). Many embryonic develop-
mental signals and morphogens appear to be con-
served in adult neurogenic regions including Notch,
Eph/ephrins, Bone morphogenetic proteins (BMPs),
Noggin and Sonic hedgehog (Shh). Notch 1 and its lig-
and Jagged are expressed in adult neurogenic regions
as is the downstream effector Hes5 (Stump et al. 2002).
Activation of notch appears to reduce proliferation
and neuronal differentiation in the postnatal SVZ
(Chambers et al. 2001). Vascular endothelium also
modulates the notch signalling cascade with activation
of Hes1 (Shen et al. 2004). Similarly, Eph/ephrins localize
to the SVZ astrocytes and modulate their proliferation



202 Anatomical perspectives on adult neural stem cells, C. Watts et al.

Table 1 Various factors affecting neurogenesis

Factor

Effects

Reference(s)

Epidermal growth
factor (EGF)

Fibroblast growth
factor (FGF)

Brain-derived
neurotrophic
factor (BDNF)

Platelet-derived
growth factor
(PDGF)

Ciliary neurotrophic
factor
(CNTF)

Increases proliferation of cells in SVZ

Decreases cell migration to olfactory bulb

Influences the fate of the cells in the SGZ, causing

more precursors to be restricted to the glial fate,

away from neuronal differentiation

Promotes division and differentiation of astrocytes

but is not a lineage restriction factor

Overexpression of the EGF receptor in vivo may cause
induction of a fate shift from neurons to glia rather than
simply promote astrocytic differentiation

A mitogenic agent for neuroepithelial precursors
rather than a survival agent

Stimulates the differentiation of the neuroepithelial
cells into mature neurons and glia

Survival factor for postmitotic neurons

May keep cells in the cell cycle, actively repressing
differentiation. May decrease the time spent in G1,
thereby increasing the number of proliferative divisions
Intraventricular infusion increases cortical size, as well
as neuronal number in rat embryos

Much more effective in increasing neuronal-cell
number compared with EGF

After injury, FGF-2 expression is up-regulated to
promote neurogenesis, gene delivery of FGF-2 to null
mutant mice (and wild-type) produced an elevation in
neurogenesis even though the basal rate of neurogenesis
was the same in wild-type and FGF-2-null mutant mice
Enhanced expression by gene delivery, attenuated
hippocampal cell loss following lesion

Subcutaneous delivery induces proliferation of
SVZ/SEZ precursors in adult animals

Ventricular administration to adult mice causes an increased
mitotic activity and neuronal number in the olfactory bulb
Increased number of neurons in both neurogenic

zones and regions that normally do not form neurons
Transfection of NSCs to secrete BDNF improved survival,
while antisense treatment decreased survival of cerebellar
neurons and was lethal to hippocampal stem cells

Plays an important role in the regulation of the basal

level of neurogenesis in dentate gyrus of adult mice

Expression of receptor increases during differentiation,
low levels found in uncommitted cells

Stimulates cell division in vitro and maintains

neuronal precursor proliferation

Evidence to suggest a role for PDGF

in oligodendrocyte differentiation

Administration of CNTF, and LIF to neural stem cells

in vitro causes an almost exclusive differentiation

into astrocytes

Injection of CNTF into the adult mouse forebrain enhances
self-renewal of neural stem cells in vivo, in the absence

or presence of EGF. Analysis of EGF-responsive neural stem
cells proliferating in vitro found that CNTF inhibits lineage
restriction of neural stem cells to glial progenitors,

which in turn results in enhanced expansion of stem cell number

(Craig et al. 1996; Kuhn et al. 1997)

(Johe et al. 1996)

(Lillien 1995; Burrows et al. 1997)

(Murphy et al. 1990;
Drago et al. 1991)

(Walicke & Baird, 1988)
(Palmer et al. 1995)

(Vaccarino et al. 1999)
(Richards et al. 1992)

(Yoshimura et al. 2001, 2003)

(Wagner et al. 1999b)

(Benraiss et al. 2001; Pencea et al.
2001b; Zigova et al. 1998)

(Rubio et al. 1999)

(Lee et al. 2002)

(Erlandsson et al. 2001)

(Ibarrola et al. 1996)

(Johe et al. 1996)

(Shimazaki et al. 2001)
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Factor

Effects

Reference(s)

Leukaemia inhibitory
factor
(LIF)

Insulin-like growth
factor (IGF-1)

Thyroid hormone

Required for the long-term growth of EGF responsive

neural stem cells after more than 30 population doublings
Maintains the proliferative capability and stem cell properties
of ES cells

LIF receptor decifient animals lack astrocytes and

have fewer adult NSCs (due to decreased cell proliferation)
so signalling through the LIFR may promote astrocyte
differentiation and inhibit neuronal differentiation
Signalling later on through the LIFR, may be required for
long-term self-renewal of NSCs

Physical exercise-induced increase in hippocampal neurogenesis
is mediated by the increased uptake of IGF-1 into brain from serum
Peripheral infusion can increase adult neurogenesis

Can reverse the aging-related decline in neurogenesis

Nurr1 (a transcription factor of the thyroid hormone/retinoic
acid nuclear receptor superfamily) induces neuronal
differentiation and confers competence to respond to extrinsic
signals that induce dopaminergic fate

Agents such as thyroid hormone and retinoic acid increase

(Wright et al. 2003)
(Smith et al. 1988)

(Bartlett et al. 1998)

(Shimazaki et al. 2001)

(Trejo et al. 2001)

(Aberg et al. 2000)
(Lichtenwalner et al. 2001)

(Wagner et al. 1999a)

(Palmer et al. 1997)

the number of cells in the adult brain displaying postmitotic

neuronal markers

oligodendrocyte lineage

Instructive in restricting neuronal precursors to the

(Johe et al. 1996)

and migration (Conover et al. 2000) while Patched, the
Shh receptor, is expressed in adult hippocampal pro-
genitors where Shh itself stimulates proliferation in a
dose-dependent manner (Lai et al. 2003). BMPs are
expressed in the adult SVZ in the same region as Shh.
During development BMPs promote astrocyte differen-
tiation (Gross et al. 1996) and thus may have a role in
limiting neurogenesis in the adult SVZ (Lim et al. 2000).
BMPs are antagonized by Noggin, which is locally
expressed in ependymal cells (Lim et al. 2000). Based on
this current evidence it seems that major developmen-
tal signalling pathways are conserved into adulthood
but spatially restricted to germinal niches where they
appear to regulate multiple aspects of precursor pro-
liferation and differentiation.

The stem cell niche is responsive to
physiological and environmental signals that
affect the whole animal

Neurogenesis dynamically responds to a variety of macro-
environmental or hormonal stimuli such as free physical
activity, learning, enriched housing or stress (Table 2).

Stress and its concomitant increase in glucocorticoid
levels have been shown to inhibit adult neurogenesis
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by suppressing cell proliferation in the hippocampal
SGL (Cameron & Gould, 1994; Gould et al. 1997).
Adrenalectomy increases the proliferation of granule
cell precursors and, ultimately, the production of immature
granule neurons (Cameron & Gould, 1994; Cameron &
McKay, 1999), showing that there is an inhibitory role
of glucocorticoids on neurogenesis, which is reversed
by their systemic application. However, very few
[H]thymidine-labelled mitotic cells in the dentate gyrus
express glucocorticoid and mineralocorticoid receptors
(Cameron et al. 1993a), suggesting that adrenal
steroids do not act directly on granule cell progenitors
in the adult rat dentate gyrus.

Voluntary exercise can not only double the number
of proliferative cells and increase the survival of the
new neurons, but also selectively increases the ampli-
tude of long-term potentiation in the dentate gyrus
(van Praag et al. 1999). This is not the case in the CA1
region of the same animals, showing a functional cor-
relate for these new neurons in the brain. Physical exer-
cise seems to increase circulating levels of IGF-1 which
in turn enhance hippocampal BDNF levels and sensitiv-
ity to afferent stimulation (Carro et al. 2000). However,
prolonged physical exercise has been shown to have a
negative effect on progenitor proliferation in the
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Table 2 Various speculations for the role of neurogenesis in the germinal centres

Area Viewpoints References

svz Important in the ability of a rodent mother to recognize and nurture her offspring, (Shingo et al. 2003)
as it is shown that a release of prolactin in pregnancy is associated with increased
SVZ neurogenesis
Newborn interneurons may play a part in sharpening the response of (Gheusi et al. 2000)
neighbouring cells to odours

SGZ Spur the formation of connections between new and existing neurons, increasing (Gage, 2000, 2002)

the brain’s capacity to process and store novel information
Adult neurogenesis may provide survival advantages in an inhospitable environment
Local generation of new neurons in structures could participate in the formation or

integration of new memories

Neuronal replacement in the adult exists to keep circuits functionally young, able to

(Nottebohm, 2002)

master skills in the way that young brains do and so prolong the health and reproductive

fitness of the animal

New hippocampal neurons may participate in the processing of memory in the

(Shors et al. 2001)

hippocampus. Administration of a drug that kills dividing cells reduces the number
of neurons born in the hippocampus and impairs the hippocampus-dependent
memory task, the association of temporally separated stimuli

New cells in the dentate gyrus may play a role in hippocampal modulation of the

hypothalamo-pituitary-adrenal axis response to stress

During adult hippocampal neurogenesis, as during embryogenesis, new but

(Herman et al. 1989)

(Kempermann et al. 2003)

immature neurons are generated in surplus and are then selected into functional circuits

dentate gyrus (Naylor et al. 2004). Exercise-induced
activity in the hypothalamic—pituitary—adrenal axis leads
to increased plasma corticosteroid levels, suggesting a
stress response as a possible mechanism. The link with
neurogenesis and hippocampal brain-derived neuro-
trophic factor (BDNF) was also found to be elevated by
dietary restriction (Lee et al. 2000). Active learning has
also been shown to promote hippocampal neurogene-
sis (Gould et al. 1999), where the generation of new
neurons appears necessary to encode memory forma-
tion (Shors et al. 2001). An enriched environment has
also been shown to increase neurogenesis and spatial
learning ability in mice, although via a different mech-
anism than exercise. Adult mice exposed to an enriched
housing environment have a significantly greater number
of new neurons in the dentate gyrus in comparison with
littermates housed in standard cages (Kempermann
et al. 1997b) due to the increased survival of new neu-
rons rather than increased proliferation. By contrast,
exercise increases both survival and proliferation.
Studies over the past few years have identified steroid
hormones and peptide hormones, e.g. prolactin, as
potential regulators of adult neurogenesis. Ovariec-
tomized rats were found to have significant reductions
in the proliferation of hippocampal granule cell precur-
sors, which was restored to normal with the adminis-
tration of oestrogen (Tanapat et al. 1999). This effect

was found to be mediated by serotonin. Serotonin
depletion by p-chlorophenylalanine (PCPA) and
ovariectomy together produce approximately the same
decreases in the SGL as ovariectomy alone and adminis-
tration of 5-HT restored cell proliferation decreased
by ovariectomy (Banasr et al. 2001).

Shingo et al. (2003) found that prolactin mediates
the stimulation of neuronal progenitors in the forebrain
SVZ of female mice during pregnancy. In adult song-
birds, testosterone induces the expression of VEGF,
thereby increasing angiogenesis. The newly generated
endothelial cells then stimulate neurogenesis by increas-
ing the levels of BDNF in the neurogenic areas, which
enhances the proliferation of progenitors (Louissaint
et al. 2002).

The normal regulation of adult stem cell activity is
thus dependent on the interaction between a variety
of signals intrinsic to the niche environment and the
influence of macroenvironmental factors on the organ-
ism as a whole. The complexity of these interactions
underscores the likelihood that no one single factor
or signal transduction pathway will be able to support
stem cell behaviour in the absence of others. Neuro-
genesis is primarily a developmental process that involves
the proliferation, migration and differentiation of pri-
mordial CNS stem cells. It is becoming clear that pieces
of the embryonic developmental puzzle are retained
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for adult neurogenesis. The fundamental difference
between developmental and adult neurogenesis is that
new adult neurons undergo these processes in an already
mature environment and therefore have to integrate
into pre-existing circuits. For neurogenesis to be effec-
tive the new neurons must be able to integrate appro-
priately, display functional properties that are similar
to the characteristics of the neurons lost, and be generated
in numbers sufficient to replace those which are lost.

Emerging ideas about the identity and
function of adult neural stem cells are already
beginning to impact on how we think about
neurological disease

Ongoing neurogenesis in the adult brain raises the pos-
sibility of reconstituting damaged or senescent circuits
and functions in the CNS. However, any therapeutic
potential can only be developed through improved
understanding of the regulation of adult neurogene-
sis, the cellular and molecular mechanisms controlling
neural cell fate determination, and the mechanisms
of functional integration of these new neurons. Our
increased understanding is already leading to the
development of novel concepts about what a neural
stem cell is and what its functions might be. These new
ideas will in turn lead to new ways of thinking about
neurological disease and how strategies for regeneration
and repair may be developed in the future (Lindvall
et al. 2004).
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