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Adult neural stem cells hold great promise for repair
because of their unique location within the central ner-
vous system, their potential to proliferate and to differ-
entiate into all major neural lineages, and their ability to
incorporate functionally into the existing neuronal cir-
cuitry. However, recruitment of these cells for repair is
hampered by the lack of knowledge about the signals
that control the generation of a functional neuron from
adult neural stem cells. Here, we discuss recent findings
on the regulatory mechanisms that underlie neurogen-
esis from neural stem cells in the adult hippocampus and
the implications of these findings for future stem-cell-
based repair strategies.

Endogenous neural stem cells and repair of the adult
central nervous system

Tissue-specific stem cells ensure proper function of many
different organs by replacing cells that are lost to physio-
logical wear and tear, injury and disease. Lack of such
tissue-specific stem cells has long been considered a major
reason for the limited regeneration in the adult mamma-
lian CNS. During the past decade, however, several studies
have consistently shown that cells with neural stem-cell-
like properties seem to reside throughout the adult mam-
malian CNS [1,2]. These endogenous cells, which we will
call neural stem cells (NSCs) throughout this discussion,
hold great promise for repair because of their extensive
proliferation potential and their ability to generate all
neural lineages, including neurons. Multiple studies have
repeatedly shown that new neurons are generated from
NSCs in the subventricular zone-olfactory bulb system
and the hippocampal dentate gyrus throughout life, which
demonstrates that endogenous NSCs can, in principle,
generate new neurons in vivo [3].

The first evidence that endogenous neural stem cells can
replace neurons in adult CNS regions outside those neu-
rogenic regions was provided by Magavi et al. [4]. In their
landmark study, corticothalamical projecting neurons in
the neocortex of adult mice were selectively ablated. Using
fate-mapping studies and retrograde-tracing analysis,
these authors demonstrated that new neurons were
formed from endogenous NSCs in the areas undergoing
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neuronal cell death and that these neurons sent appropriate
axonal projections, suggesting that the new neurons might
become functionally integrated [4]. Using a similar lesion
paradigm, Macklis and colleagues [5] more recently have
provided evidence that dying cortical motoneurons can be
regenerated from NSCs and that the newborn motoneurons
can extend appropriate long-distance connections to the
spinal cord, suggesting that regeneration of neurons from
endogenous NSCs might not be restricted to a small pool of
neuronal subtypes. This study is also of great clinical inter-
est because cortical motoneurons are severely affected by
amyotrophic lateral sclerosis.

These two studies provided an important proof of prin-
ciple for the ability of endogenous stem cells to replace dying
neurons in different regions of the central nervous system.
In addition, they suggest that, following neuronal cell
death, developmental programs might be reactivated that
promote the generation of new functional neurons. Clinical
and experimental experience, however, indicate that regen-
erative programs are either not sufficiently activated in the
diseased brain or that inhibitory programs might be at
work. Acute neurological insults such as stroke and trauma
are accompanied by severe destruction of surrounding tis-
sue, whereas neurons in neurodegenerative diseases such
as Parkinson’s and Alzheimer’s disease degenerate over
decades. These features are absent in the selective lesion
paradigm applied in the studies described above [4,5]. Work
in animal models suggests that the program that recruits
endogenous NSCs for neurogenesis might be partially acti-
vated in stroke, ischemia and neurodegenerative diseases.
Cell death in stroke strongly stimulates the proliferation of
endogenous NSCs and can also promote the migration of
newborn cells to the site of damage [6—8]. The fate of the cells
that are generated in response to ischemia seems to be
region dependent: in some areas such as the striatum new-
born cells adopt an immature neuronal phenotype [9,10],
whereas newborn cells in the lesioned cortex fail to differ-
entiate into neurons [9]. Thus, neuronal fate determination
is, at least in a subset of CN'S regions, a major limitation for
endogenous NSC-based regeneration. Moreover, of the
immature neurons that are generated in response to ische-
mia, only few survive for long and mature into potentially
functional neurons [9]. Thus, survival and integration place
additional restrictions on the replacement of degenerating
neurons from endogenous NSCs.
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Adult hippocampal neurogenesis: a model for
neurogenesis from endogenous stem cells

Embryonic stem cell research illustrates that the under-
standing of the principles of development provides power-
ful strategies to harness stem cells for tissue repair. With
regard to adult NSCs and their recruitment for neuronal
replacement therapy, it is indispensable to understand the
mechanisms that control NSC behaviour in the adult
brain. The characterization of the mechanisms in situ is
particularly important because new neurons interact with
mature neural cells and have to integrate into existing
neuronal networks.

The dentate gyrus of the adult hippocampus represents
an in vivo model system to characterize the molecular and
cellular mechanisms that underlie neurogenesis from
NSCs in the adult CNS. Except for the subventricular
zone—olfactory bulb system, the dentate gyrus is the only
adult brain region where NSCs generate new functional
neurons throughout adulthood [3]. Conceptually, this pro-
cess can be divided into four steps: (i) proliferation of NSCs;
(ii) neuronal fate determination of NSC; (iii) survival and
maturation of new neurons; and (iv) functional integration
of new neurons into the hippocampal neuronal network.

Environmental control of adult hippocampal
neurogenesis

Transplantation studies provided direct evidence for the
regulation of fate determination by extrinsic signals that
are derived from the neurogenic microenvironment [11].
Cells with NSC properties that were isolated from neuro-
genic and various non-neurogenic regions of the adult
CNS, such as the substantia nigra and the spinal cord,
differentiate into neurons when transplanted into the
dentate gyrus or the subventricular zone—olfactory bulb
system, but fail to generate neurons when transplanted
into non-neurogenic regions [12-14]. In addition, NSCs
that have been transplanted into neurogenic regions will
adopt a neuronal subtype that is appropriate for the neu-
rogenic region that they have been grafted to [14]. These
observations demonstrate that neuronal fate determina-
tion and subtype specification is controlled by signals
provided by the neurogenic microenvironment.

Cellular components of the hippocampal neurogenic
niche

Endothelial cells, astrocytes and neurons in the dentate
gyrus form a unique cellular environment that controls
hippocampal neurogenesis. NSCs in the dentate gyrus
proliferate and differentiate in close proximity to blood
vessels [15]. Interaction with endothelial cells seems to
participate in the regulation of NSC proliferation [16].
NSCs might give rise to new endothelial cells in the
dentate gyrus, thereby creating their own proliferative
environment and potential cellular feedback mechanisms
[17].

Astrocytes interact with NSCs and their early neuronal
progeny [18,19]. This interaction is crucial for neurogen-
esis. Hippocampal astrocytes produce signals that promote
proliferation and neuronal fate determination of NSCs.
In addition, astrocyte-derived factors might stimulate
synaptogenesis of newborn neurons [19,20]. Diffusible
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and membrane-bound factors produced by hippocampal
astrocytes are involved in the control of neuronal fate
determination. Importantly, astrocytes from non-neuro-
genic regions do not promote neurogenesis, indicating
that hippocampal astrocytes are specialized and generate
a unique set of signals that is crucial for maintaining
neurogenesis throughout adulthood.

Role of Wnt-signalling in the hippocampal neurogenic
niche

Recently, we have made progress on the identification of
neurogenic signals [21,22]. Wnt proteins regulate various
processes during embryonic development including prolif-
eration, differentiation and maturation of stem cells and
their progeny [23]. We and others have shown that several
Wnt-family members are present in the dentate gyrus
[22,24]; at least one family member (i.e. Wnt3) is expressed
by hippocampal astrocytes [22]. In addition, we have found
evidence that hippocampal astrocyte-derived Wnts stimu-
late Wnt—B-catenin signalling in NSCs and that Wnt sig-
nalling promotes the generation of neurons from NSCs in
vitro. The in vitro neurogenic effects of Wnt signalling are
the result of increased neuronal fate commitment and
proliferation of neuroblasts. Consistent with these in vitro
observations, enhanced Wnt signalling promotes the gen-
eration of immature neurons in the adult dentate gyrus. By
contrast, overexpression of a dominant-negative Wnt
mutant that inhibits all Wnt-signalling pathways, sup-
presses neurogenesis in the adult hippocampus almost
completely [22] (Figure 1). Taken together, these results
identify Wnt as a signalling pathway through which hip-
pocampal astrocytes regulate adult neurogenesis. More-
over, these findings demonstrate that Wnts are key
regulators of adult neurogenesis in vivo and suggest that
Wnt signalling might be a central pathway for neuronal
fate determination of endogenous NSCs [22].

Role of GABA neurotransmission in hippocampal
neurogenesis
Several studies have demonstrated that electrical activity
modulates broad functions in the development of the CNS,
including proliferation [25], survival [26], neuronal sub-
type specification and connectivity [27-29]. The putative
stem cell in the adult subgranular zone (SGZ) has an apical
process that spans the granule-cell layer into the inner
molecular layer [18,30] through which it might interact with
the local neuronal population. The observation that various
behavioural changes such as environmental enrichment,
running and learning modulate neurogenesis provided an
early hint at the possibility that neuronal activity might
influence NSC behaviour [31-33]. A strong indication that
neuronal activity participates in the regulation of NSCs
comes from analysis of animal models for epilepsy. Many
studies have shown that epileptic activity increases prolif-
eration of NSCs [10,34] and accelerate synaptic integration
of newborn granule neurons [35]. In addition, pharmacolo-
gical inhibition of N-methyl-D-aspartic acid (NMDA) recep-
tors in the adult dentate gyrus modulates the proliferative
rate of hippocampal NSCs [36].

Recently, we and others have succeeded to characterize
some of the neuronal input and the neurophysiological
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Figure 1. Role of Wnt and GABA signalling in the development of new functional dentate granule neurons in the adult hippocampus. (a) Newborn granule neurons proceed
through distinct stages en route to maturing into a functional granule neuron (~2 months, dark blue cell). These developmental stages include polarization, axonal and
dendritic growth, axon reaching the CA3 region, dendritic arborization, increased dendritic complexity accompanied by spine formation and changes in the GABA and
glutamate inputs. These processes might be cooperatively regulated by Wnt and GABA signalling. Immature newborn neurons are shown in light blue. An approximate
timeline based on retroviral-labelling studies [38,44] is indicated. (b) Inhibition of Wnt signalling abolishes neurogenesis almost completely because of its role in neuronal
fate determination and expansion of the neuroblast pool [22]. The role of Wnt signalling in later stages of neurogenesis remains to be explored. (c) When GABA-induced
depolarization (excitation) is converted into hyperpolarization (inhibition), synapse formation and dendritic development of newborn granule neurons is impaired. Thus,

GABA-induced excitation is crucial for synaptic integration and maturity of newly generated neurons in the adult hippocampus [38].

properties of NSCs and their progeny in the adult dentate
gyrus during the first four weeks after their generation
[37-43]. These studies indicate that neuronal inputs on
NSCs, their neuronal progeny and neurophysiological
development follow a stereotypical pattern. Electrophysio-
logical analysis shows that, at early stages, precursor cells
are activated by ambient y-amino butyric acid (GABA)
through non-synaptic mechanisms before showing any
spontaneous or evoked postsynaptic currents [38].
Furthermore, stimulation of local interneurons cells
enhances the tonic GABA current, implying that changes
in the local GABA concentration are sensed by precursors
[38]. During their maturation into granule neurons, new-
born cells subsequently receive GABA synaptic inputs,
followed by glutamate inputs, which appear with a delay
of approximately one week after the synaptic GABA
inputs. Curiously, axonal outgrowth of newborn granule
neurons into the hippocampal CA3 region parallels these
changes in synaptic input [44]. In light of previous studies
that reported that electrical activity modulates the growth
and guidance of the developing axon [29], it will be inter-
esting to examine whether these changes in synaptic input
are involved in the control of axonal growth of the newborn
granule neuron.
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Newborn granule cells initially express high levels of
the Na*—K*-2Cl~ (NKCC1) chloride importer and have a
high intracellular C1~ content. This results in a reversal
potential for GABA-induced currents that is higher than
the resting membrane potential during the first 2—-3 weeks
after the birth of the new neuron. Thus, GABA initially
depolarizes newborn immature neurons in the adult den-
tate gyrus.

The Song laboratory has recently examined the role of
GABA-induced depolarization in hippocampal neurogen-
esis using short-hairpin RNA (shRNA)-mediated knock-
down of NKCC1 in newborn neurons [38]. In the absence of
NKCC1, GABA hyperpolarizes newborn neurons. Impor-
tantly, loss of GABA-induced depolarization results in
defects in the formation of GABA- and glutamate-
mediated synapses and impaired dendritic development
of newborn neurons in the adult brain, indicating that
GABA-induced depolarization is crucial for the maturation
and functional integration of new dentate granule neurons
[38] (Figure 1).

Taken together, these data illustrate that multiple cell
types regulate hippocampal neurogenesis through devel-
opmental morphogens, neurotransmitters and electrical
activity.



Is there an interaction between Wnt and GABA
signalling?

How do these different signals coordinate the behaviour of
NSCs in the adult hippocampus? Based on our studies, it is
possible that Wnts instruct NSCs to adopt a neuronal
phenotype and that GABA-induced depolarization pro-
motes the maturation and integration of neuronally com-
mitted precursors. However, studies indicate that
signalling molecules and electrical activity might syner-
gistically regulate the development of the nervous system
[45]. Moreover, there is a substantial body of evidence that
electrical activity can regulate the expression of morpho-
gens [46] and growth factors [47], and that growth factors
can induce depolarization of neurons [48].

Indeed, there are several hints that Wnt signalling and
GABA-induced electrical activity might synergistically
regulate hippocampal neurogenesis. Deisseroth et al.
[49] found that depolarization and the resulting increase
in intracellular Ca?" enhance the expression of the pro-
neuronal basic helix—loop-helix (bHLH) transcription
factor NeuroD and of neuronal markers in NSCs, and
suggested that depolarization controls the neuronal fate
commitment of NSCs through the regulation of NeuroD.
The effect of depolarization on NSCs was observed in the
presence of hippocampal astrocytes, which control neuro-
nal fate determination of NSCs at least in part through
Wnt signalling [22,49]. Interestingly, it has been demon-
strated that Wnts control the expression of pro-neuronal
bHLH transcription factors in neural progenitor cells dur-
ing cortical development [50], raising the possibility that
electrical activity and Wnt signalling converge onto pro-
neuronal bHLH factors to control neuronal fate commit-
ment in hippocampal neurogenesis. Current in vivo data
also support the hypothesis that Wnt signalling and elec-
trical activity synergistically regulate neuronal fate com-
mitment of NSCs in the adult hippocampus. As described
above, increased Wnt signalling strongly stimulates neu-
rogenesis in the adult hippocampal dentate gyrus [22].
Wang et al. [43] and Tozuka et al. [41] reported that
GABAergic synapses are formed on neural precursors.
Tozuka et al. [41] further showed that GABA-induced
excitation increases the expression of NeuroD in this cell
population in a slice culture preparation. Moreover, they
showed that systemic administration of a GABA4-receptor
agonist leads to increased generation of new dentate gran-
ule neurons. Although it is not clear whether this effect can
be attributed to a direct effect of GABAA-receptor activa-
tion on NSCs, this study provides in vivo evidence that
GABA can modulate neuronal fate commitment of NSCs in
the adult hippocampus. How electrical activity and poten-
tially increased intracellular Ca®* regulate the expression
of NeuroD remains to be determined. In addition, it has to
be considered that electrical activity and Ca®* can also lead
to post-translational modification of NeuroD, thereby con-
trolling the function of this transcription factor [51].

There are also circumstantial observations that raise
the possibility that members of the Wnt-protein family
might participate in later steps of hippocampal neurogen-
esis such as the maturation and integration of newborn
dentate granule neurons. Analysis of the Wnt—-catenin
reporter mice BATGAL showed that this pathway is active
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not only in proliferating precursors and early neuroblasts
of the SGZ of the dentate gyrus but might also be active in
more-mature neurons of the granule-cell layer [22,52]. In
addition to Wnt3, Wnt5a, Wnt7a and Wnt8b are expressed
in the SGZ or the granule-cell layer of the adult dentate
gyrus [24]. Some of these Wnt proteins regulate axonal and
dendritic morphology and promote synaptogenesis during
development not only through the Wnt—3-catenin pathway
but also through non-canonical Wnt-signalling pathways
[53]. The expression of several Wnt-family members and
their participation in maturation processes during embryo-
nic development raise the possibility that non-canonical
Wnt signalling is involved in the control of maturation and
integration of adult-born hippocampal neurons. The non-
canonical Wnt signalling pathways are interesting candi-
dates because they can increase Ca®* [54] and cAMP [55]
levels in some tissues. These second messengers are also
used in activity-dependent processes in the nervous system
and might be a molecular interface for crosstalk between
electrical activity and Wnt signalling in the regulation of
adult neurogenesis.

Implications for repair

Recent data indicate that various signals, including devel-
opmental morphogens and electrical activity, synergisti-
cally regulate the generation and integration of new
functional neurons in the adult hippocampus [3]. We
expect that the interplay between signalling molecules
and electrical activity will be crucial for successful recruit-
ment of endogenous NSCs for repair in the adult brain.
Several studies have shown a promising effect of develop-
mental signalling molecules on the recruitment of neurons
for repair [56-58]. It will be interesting to investigate
whether the efficiency of this process can be further
enhanced by, for example, GABA signals, electrical activity
and stimulation of Wnt signalling. Such combined treat-
ment might induce a greater number of NSCs to commit to
a neuronal fate, to integrate and, importantly, to survive
long-term as a functional neuron. It will also be important
to identify the intracellular regulators that mediate the
potential interaction between Wnt signalling and electrical
activity in the control of neurogenesis. Such molecular
integrators might be promising targets for intervention
to promote regeneration from endogenous NSCs.

One problem is how to promote Wnt signalling and
electrical activity in the lesion context. Virus-mediated
expression of Wnt molecules might be one approach to
increase Wnt signalling in the diseased CNS. Yet, this
strategy might pose additional challenges such as the
control of expression levels, the temporal control of Wnt
expression and the need for stereotactic surgery. Chemical
biology and combinatorial chemistry, however, might pro-
vide an alternative solution in the future through the
generation of small molecules that can selectively stimu-
late Wnt signalling and can be non-invasively delivered.

How can the activation of neural stem cells and their
progeny through neurotransmitters and neuronal activity
be increased? Several drugs that affect neurotransmission
are currently in use for the treatment of neurological and
psychiatric diseases. It will be important to test the poten-
tial of these drugs to promote neuronal replacement from
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endogenous stem cells in animal models for neurological
diseases. Protection of compromised neurons in the disease
location not only will reduce the number of neurons that
need to be regenerated but might also result in enhanced
neurotransmitter input and electrical stimulation of local
NSCs and their progeny. Clinical studies have provided
convincing evidence for the beneficial impact of rehabilita-
tion on functional recovery in neurological diseases. It has
been suggested that plasticity induced by neuronal activity
is a crucial contributor to this recovery process. Given the
fact that complex behaviour has major impact on adult
neurogenesis [31-33], it is tempting to speculate that
stimulation of Wnt signalling in combination with beha-
vioural modifications might synergistically promote neu-
ronal replacement from endogenous stem cells.

Morphogens, electrical activity and neurotransmitter
input will have to be fine-tuned. Animal models for epi-
lepsy have revealed that dysregulated electrical activity
can lead to the generation of new neurons with altered
electrophysiological properties [59]. In addition, develop-
mental studies indicate that precise electrical activity is
important for the proper targeting of dendrites and axons,
synaptogenesis and the acquisition of the proper neuro-
transmitter phenotype [60].

Nevertheless, by increasing the knowledge about the
complex regulatory mechanisms in adult neurogenesis, the
ultimate goal to harness successfully endogenous NSCs for
repair of the CNS will get closer.
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