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Abstract New neurons continue to be generated in two
privileged areas of the adult brain: the dentate gyrus of the
hippocampal formation and the olfactory bulb. Adult
neurogenesis has been found in all mammals studied to
date, including humans. The process of adult neurogenesis
encompasses the proliferation of resident neural stem and
progenitor cells and their subsequent differentiation, migra-
tion, and functional integration into the pre-existing
circuitry. This article summarizes recent findings regarding
the developmental steps involved in adult hippocampal
neurogenesis and the possible functional roles that new
hippocampal neurons might play.
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Introduction

Adult hippocampal neurogenesis is neuronal development
under the conditions extant within the adult brain. Because
adult neurogenesis originates from neural precursor cells in
the adult hippocampus, it provides an intriguing example of

the way that new neurons develop within an essentially non-
neurogenic environment. Generally, the century-old pre-
sumption of “no new nerve cells after birth” and the notion of
limited regenerative capacity of the mammalian brain (e.g.,
Ramón y Cajal 1928) are accepted as requiring modifica-
tion. As originally described by Josef Altman in 1965
(Altman and Das 1965) and rediscovered in the 1990s, two
privileged areas of the adult mammalian brain are the
exceptions to the rule that neurogenesis exclusively occurs
during development: the dentate gyrus of the hippocampal
formation and the system of the subventricular zone (SVZ)/
olfactory bulb. In the dentate gyrus, the excitatory principle
neuron, viz., the granule cell, continues to be generated
throughout life from neural stem and progenitor cells in the
subgranular zone (SGZ). Neural stem and progenitor cells
also reside and proliferate in the SVZ, and their progeny
migrate via the rostral migratory stream to the olfactory
bulb where they differentiate into two types of interneurons.
Adult neurogenesis has been found in all mammals studied
to date, including humans (Eriksson et al. 1998).

In the early studies, tritiated thymidine was used to
birthmark and label proliferating cells in the adult brain,
followed by autoradiographic detection (Altman and Das
1965; Kaplan and Hinds 1977). One problem at that time
was that the neuronal phenotype of adult-generated cells
could not be unequivocally demonstrated. Later, the presence
of the polysialylated form of neural cell adhesion molecule
(PSA-NCAM) was found in the dentate gyrus (Seki and Arai
1993a, b) and further supported the notion of ongoing
neuronal development in this part of the adult brain. In the
1990s, bromodeoxyuridine (originally applied to develop-
mental studies) was first used for the study of adult
neurogenesis. In conjunction with immunohistochemistry
and confocal microscopy, this has allowed us to determine
the cellular identity of adult-born cells.
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In the meantime, a detailed picture of the steps and
processes involved in the generation of new neurons in the
adult dentate gyrus has emerged (reviewed in Kempermann
et al. 2004; Abrous et al. 2005; Ming and Song 2005; Lledo
et al. 2006). The process of adult hippocampal neurogenesis
encompasses the slow proliferation of early stem or
progenitor cells, the subsequent faster proliferation of more
restricted progenitors (expansion phase), the selection for
survival or elimination of young cells, the integration of the
surviving cells into the pre-existing neuronal network, and
lastly the later phases of postmitotic development that
include gradually increasing neuronal connectivity and
changes in physiological neuronal properties.

SGZ: neurogenic niche in adult hippocampus

Neurogenesis in the adult dentate gyrus originates from a
precursor population that resides in the SGZ, a thin band of
tissue between the granule cell layer and the hilus. Most of
the cell proliferation occurs here. Neural stem or progenitor
cells also exist in brain areas whose entire neuronal
populations are generated during intrauterine development
(Palmer et al. 1999). In other words, in non-neurogenic
areas, resident neural stem cells do not make use of their
potential. However, when transplanted into an area that is
permissive for neuronal development, such as the dentate
gyrus, their potential can be utilized (Suhonen et al. 1996;
Shihabuddin et al. 2000). Therefore, regulatory environ-
mental cues independent of the stem cell must play an
important role in allowing neurogenesis to occur in
neurogenic areas. Alternatively, neurogenesis from resident
stem cells may be actively suppressed in non-neurogenic
areas. Along these lines, constitutive bone morphogenic
protein (BMP) signaling has been shown to direct adult
neural precursor cells toward a glial fate, and the presence
of BMP antagonists in neurogenic areas may account for
neurogenic permissiveness (Lim et al. 2000). The particular
microenvironment, with all its constituents, that is permis-
sive for neurogenesis is referred to as the “neurogenic
niche” or “neural stem cell niche”.

The neural stem cell niches in the adult brain contain
various cell types and tissue components, including stem/
progenitor cells and their progeny, astrocytes, oligodendrog-
lia, microglia, immune cells, and the vasculature (Mercier
et al. 2002). Proliferative “hot spots” are often located close
to the vasculature, and therefore, important regulation for
neurogenesis has been suspected to come from blood
vessels (Palmer et al. 2000). This is in agreement with
findings from other tissues that suggest a prominent role for
the vasculature and its basement membrane in maintaining
tissue-specific stem cell niches (for a review, see Nikolova
et al. 2007). Vascular endothelial growth factor (VEGF) is

one of the trophic factors that is vasculature-derived and is
a potent regulator of adult neurogenesis (Jin et al. 2002;
Schanzer et al. 2004). Recent data indicate that, within the
vasculature, endothelial cells provide important cues for the
neural stem cell niche (Wurmser et al. 2004). Surprisingly,
Wurmser et al. (2004) also suggest that neural stem or
progenitor cells might in turn contribute to the maintenance
and development of the local vasculature by producing
endothelial cells, but this observation awaits confirmation.

The local astrocytic population probably plays an
important role in creating neurogenic permissiveness in
the SGZ niche. Hippocampus-derived astrocytes, but not
astrocytes from the spinal cord, have been demonstrated to
regulate neuronal differentiation from neural stem cells or
progenitor cells in vitro (Song et al. 2002). Some of the
astrocyte-derived factors that perhaps mediate these effects
have been identified (Barkho et al. 2006). In vivo,
proliferating cells tend to be located in close proximity to
astrocytes (Shapiro et al. 2005; Plumpe et al. 2006).

Hippocampal precursor cells

An elegant series of experiments from Arturo Alvarez-
Buylla’s group established the astrocytic nature of hippo-
campal neural precursor cells. Proliferating hippocampal
cells were ablated with an antimitotic agent, and the first
cell cohort to reappear expressed glial fibrillary acidic
protein (GFAP), an astrocytic marker (Seri et al. 2001). In
another set of experiments, avian virus receptor (AVR) was
targeted to glial cells (receptor expression was controlled by
the GFAP or nestin promoter). This system allowed the
selective introduction of a reporter gene into AVR-expressing
cells (glial cells). The finding that the reporter gene first
appeared in glial cells and only later was found in neurons
further demonstrated the developmental potential of some
hippocampal astrocytes (Seri et al. 2001, 2004).

Hippocampal precursor cells were first isolated from the
embryonic brain by Jasodarah Ray in 1993 (Ray et al.
1993) and from the adult brain by Theo Palmer in 1995
(Palmer et al. 1995). Adult hippocampal precursors were
found to be multipotent, giving rise to neurons, astrocytes,
and oligodendrocytes in vitro (Palmer et al. 1995, 1999).
The report of “stem cells” was later disputed (Seaberg and
van der Kooy 2002; Bull and Bartlett 2005), and hippo-
campal precursor cells, in contrast to cells from the SVZ,
were argued to be lineage-restricted progenitors with
limited self-renewal. However, by using a microdissection
protocol in combination with an enrichment procedure that
overcame the issue of sub-critical culture densities, the
existence of multipotent stem cells with multi-lineage
potential was confirmed for the adult murine dentate gyrus
(Babu et al. 2007).
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Type 1 cells

Schematics visualizing the developmental steps of adult
hippocampal neurogenesis have been devised and presented
previously, and the interested reader is referred to that material
(Kempermann et al. 2004; Steiner et al. 2006). Adult
hippocampal neurogenesis originates from cells with mor-
phological and functional characteristics of glial cells. Type 1
cells (corresponding to the vertical astrocytes in the
publications by Alvarez-Buylla) constitute the resident early
precursor population that shares morphological and antigenic
features with radial glia. Glial features also characterize
neural stem cells in the embryonic brain (Noctor et al. 2001,
2002; Heins et al. 2002; Malatesta et al. 2003) and the other
neurogenic area in the adult brain, the SVZ (Doetsch et al.
1999; Scheffler et al. 2005). The soma of type 1 cells is
triangular-shaped and located in the SGZ. Type 1 cells
usually extend a strong apical process into the molecular
layer and may contact blood vessels through vascular end
feet (Filippov et al. 2003). Type 1 cells are abundant in the
SGZ but rarely divide. They express astrocytic marker GFAP
and intermediate filament nestin, but not the calcium-binding
protein S100β, which is expressed in a distinct postmitotic
astrocytic population (Seri et al. 2001; Steiner et al. 2004).
Many type-1 cells express the radial glia marker BLBP and
stem cell protein Sox2 (Steiner et al. 2006). Electrophysio-
logically, type 1 cells display classical astrocytic features,
such as passive membrane properties (Filippov et al. 2003;
Fukuda et al. 2003).

Type 2 cells

Type 1 cells give rise to fast proliferating intermediate
precursors (type 2 cells and type 3 cells). Most of the
expansion of the pool of newly born cells occurs during the
stage of the type 2 cell. Type 2 cells are morphologically
distinct from type 1 cells: their processes are short and
horizontally oriented. The type 2 cells also show overlap in
glial (BLBP, nestin) and neuronal marker (DCX and PSA-
NCAM) expression. They have a small soma and an
irregularly shaped nucleus and lack the strong apical
process of type 1 cells. The developmentally younger
subtype (type 2a) is positive for nestin, whereas type 2b
cells in addition show the first antigenic signs of neuronal
differentiation, most notably NeuroD and Prox1. The
electrophysiologic properties of type 2 cells are in accord
with this. Those that presumably correspond to the glia-like
cells show the passive features of astrocytes. However,
many (presumably the type-2b cells) display “complex”
membrane features; in occasional type 2 cells, sodium
currents can be found (Filippov et al. 2003). At the level of
the type 2 cells, the first observed synaptic input is gamma

aminobutyric acid (GABA)-ergic (Tozuka et al. 2005;
Wang et al. 2005). Initially, cells respond to diffuse GABA
and later to synaptic GABA. GABAergic innervation at this
stage promotes further maturation, and GABA has an
excitatory influence on these early cells. Proliferation of
type 2 cells is positively regulated by physical exercise
(Kronenberg et al. 2003) and presumably other non-specific
stimuli.

Type 3 cells

The type 3 cell stage is one of transition from a slowly
proliferating “neuroblast” to a postmitotic immature neuron.
Under normal circumstances, type 3 cells show only little
proliferative activity. Seizures, however, can dramatically
increase the proliferation of type 3 cells (Jessberger et al.
2005). Type 3 cells invariably express markers of the
neuronal lineage (DCX, PSA-NCAM, NeuroD, Prox1) and
lack glial markers. DCX expression shows almost complete
overlap with PSA-NCAM and spans a developmental
period that comprises the type 3 stage, the exit from the
cell cycle, and the initial 2–3 weeks of postmitotic neuronal
development (Brandt et al. 2003; Rao and Shetty 2004;
Couillard-Despres et al. 2005; Plumpe et al. 2006). The
highly variable morphology of type 3 cells reflects this
developmental transition: type 3 cell processes have various
lengths and complexities, and the orientation of their
processes increasingly changes from horizontal to vertical.
Radial migration into the granule cell layer to the final
destination of the young neuron also occurs on the level of
the type 3 cell. Exit from the cell cycle mostly occurs at the
type 3 cell stage and coincides with the transient expression
of the calcium-binding protein calretinin (Brandt et al.
2003).

Selection

Just as in embryofetal and early postnatal brain development,
the majority of adult-born cells is quickly eliminated through
apoptosis (Biebl et al. 2000; Kuhn et al. 2005). Elimination
of cells seems to occur after exit from the cell cycle but still
within the first 2 weeks (at the level of DCX- and
calretinin-expressing cells). Activation of N-methyl-
D-aspartate (NMDA) receptors on developing neurons
plays a role in the regulation of survival (Tashiro et al.
2006). The proportion of cells recruited into function is
variable, but generally, a large surplus of progenitors is
created through proliferation, and only a small fraction of
those cells is selected for long-term survival (Kempermann
et al. 2003). The proliferative activity of precursor cells is
thus a poor predictor of net neurogenesis. Most of the
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variability in net neurogenesis can be explained by variable
selection for survival (Kempermann et al. 2006). The new
neurons are added to the dentate gyrus, rather than
replacing old granule cells, and lead to the overall growth
of the structure with time (Crespo et al. 1986). Growth of
the dentate gyrus appears to occur mostly in the first year of
rodent life (Altman and Das 1965; Bayer et al. 1982; Boss
et al. 1985) and is substantially slowed down or may even
stop later on, because of the dramatic age-dependent
decrease of hippocampal neurogenesis.

The survival of new neurons is positively regulated by
cognitively stimulating factors, such as living in an
enriched environment (Kempermann et al. 1997) and, in
some studies, even by short behavioral training known to
impose particular demands on hippocampal function
(Gould et al. 1999a; Dobrossy et al. 2003). However, the
results are not unequivocal and require critical interpreta-
tion (Ambrogini et al. 2004b; Ehninger and Kempermann
2006; Mohapel et al. 2006).

Development of the immature neuron to a mature
granule cell

Calretinin is exchanged for calbindin at 2–3 weeks after cell
division, thus labeling a population of postmitotic immature
neurons. During the stage of calretinin expression, large
parts of the development and elaboration of the dendritic
tree and axon elongation toward CA3 occur. Axon
outgrowth is initiated before synaptic contacts on the
dendritic tree are made (Zhao et al. 2006). The axons of
new neurons grow along the mossy fiber tract toward CA3
(Hastings and Gould 1999) where they terminate in
synapse- and interneuron-rich structures, the so-called
boutons. Retroviral labeling studies have shown that axonal
contact in CA3 is made as early as 10 days after cell
division, whereas dendritic spines first appear about a week
later and continue to be formed over a period of months
(Zhao et al. 2006). Excitatory input onto new granule cells
is largely complete by approximately 2 months after cell
division (Toni et al. 2007).

Various approaches have been taken to demonstrate the
functional integration of new granule cells into the local
circuitry. Trans-synaptic labeling studies with a pseudora-
bies virus have demonstrated that new neurons establish
synaptic contacts with axons coming from the entorhinal
cortex and with CA3 pyramidal neurons (Carlen et al.
2002). The behavioral and pharmacological induction of
immediate early gene expression in new neurons has
revealed an increasing responsivess to synaptic stimulation
that parallels the maturation of adult-born cells (Jessberger
and Kempermann 2003). Across the entire population, kainic
acid injection does not lead to IEG expression 2 weeks after

BrdU, but induced IEG expression occurs in about 50% of
new neurons at 4 weeks after BrdU and in about 80% of new
granule cells at 7 weeks after BrdU. Retroviral labeling
experiments and the availability of transgenic animals
expressing green fluorescent protein (GFP) from various
cell-type-specific promoters have permitted the physiological
characterization of developing cells at various maturational
stages. Data from early precursor cells have been derived from
nestin-GFP reporter mice (Filippov et al. 2003; Fukuda et al.
2003). A transgenic line that expresses GFP from the pro-
opiomelanocortin promoter has been used to study the
properties of postmitotic cells (Overstreet et al. 2004). In
addition, a line expressing GFP from the DCX promoter has
been generated (Couillard-Despres et al. 2006).

Synaptic input onto new cells is initially only GABAergic
and excitatory (Tozuka et al. 2005). At about 2 weeks after
cell division, glutamatergic inputs appear, dendritic spines
are formed, and GABAergic input becomes inhibitory.
GABAergic input drives the neuronal maturation and
integration of young cells (Ge et al. 2006).

Young granule cells progress through a phase of unique
electrophysiological properties. They display lower activation
thresholds and a higher resting membrane potential and
undergo long-term potentiation more easily (Wang et al.
2000; van Praag et al. 2002; Ambrogini et al. 2004a;
Schmidt-Hieber et al. 2004). Differences in NMDA receptor
composition contribute to the different plasticity profile of
younger and older granule cells (Ge et al. 2007). The lower
activation and plasticity threshold of young granule cells is
probably responsible for the preferential recruitment of these
cells into functional circuits (Kee et al. 2007). At about
7 weeks after cell division, granule cells are physiologically
indistinguishable from their older neighbors (van Praag et al.
2002). Compatible with this finding, the elaboration of the
excitatory input seems to be largely completed 60 days after
cell division (Toni et al. 2007).

Functional relevance of new hippocampal neurons

The data discussed above clearly demonstrate that adult-
born hippocampal granule cells have neuronal electrophys-
iological features, make synaptic contacts to pre- and
postsynaptic partners, respond to synaptic stimulation, and
are integrated into the hippocampal circuitry. However, the
incorporation of adult hippocampal neurogenesis into
current concepts of hippocampal network function and
behavior remains challenging. Available experimental ani-
mal data deal with the regulation of hippocampal neuro-
genesis through hippocampus-dependent behavior, address
the correlation of neurogenesis with behavior, and ask
whether the ablation of neurogenesis interferes with hippo-
campus-dependent behavioral tasks. Several theoretical
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concepts regarding the role of new neurons in hippocampal
function have been proposed and will be briefly discussed
below.

The regulation of the survival of hippocampal progenitor
cells by experience and cognitively challenging environ-
mental factors sparked the interest in the behavioral
function of new granule cells (Kempermann et al. 1997).
Subsequently, a learning paradigm (Morris water maze) that
imposes particular functional demands on the hippocampus
has been shown also selectively to increase the survival of
hippocampal progenitors, whereas a control version of the
task that shares performance factors but is hippocampus-
independent (visible platform) does not (Gould et al.
1999a). In other studies (Ehninger and Kempermann
2006; Mohapel et al. 2006), this effect has not been seen,
possibly because of confounding task factors that are strong
regulators of hippocampal neurogenesis, such as stress
(Gould and Tanapat 1999) and physical activity (van Praag
et al. 1999).

A positive correlation between hippocampal neurogene-
sis and learning-related parameters in the Morris water
maze has been found at least in some studies (Kempermann
and Gage 2002; Drapeau et al. 2003).

In order to test whether hippocampal neurogenesis is
required for hippocampus-dependent learning, various
approaches have been taken to ablate dividing cells in the
hippocampus. Blockade of neurogenesis has been achieved
with pharmacological, radiological, and genetic strategies,
generally with high efficacy. However, any lack in the
specificity of the manipulations can complicate the inter-
pretation of the results. In the first study of this kind (Shors
et al. 2001), dividing hippocampal cells were ablated with a
methylating agent (methylazoxymethanol acetate; MAM).
This treatment impaired the learning of a hippocampus-
dependent version of the eye-blink conditioning task but
left the learning of a hippocampus-independent version of
the task unaffected (Shors et al. 2001). Other hippocampus-
dependent tasks, however, are not impaired by MAM
treatment (Shors et al. 2002). One possible explanation for
this and related findings (e.g., Saxe et al. 2006) is that
hippocampal neurogenesis is selectively involved in only
some forms of hippocampal learning. Whether this hypoth-
esis holds as more blockade of neurogenesis studies are
published remains to be seen. Santarelli et al. (2003) have
chosen irradiation of the SGZ to block neurogenesis and
shown that the intact SGZ is required for the anxiolytic
action of an antidepressant drug. The attribution of this
behavioral effect to a blockade of neurogenesis is compli-
cated by the finding that SGZ irradiation leads to a
pronounced local inflammatory response (Monje et al.
2003). Recently, genetic strategies have been used in mice
to ablate the hippocampal precursor population (e.g., Garcia
et al. 2004). The behavioral characterization of such a

mouse line has revealed a deficit in some hippocampus-
dependent behavioral tasks, but not others (Saxe et al.
2006).

Thus, at least some studies suggest a direct role of
hippocampal neurogenesis in hippocampus-dependent
behaviors, particularly hippocampus-dependent learning
and memory.

Several (not necessarily mutually exclusive) models
regarding the role of neurogenesis in hippocampal function
have been discussed:

– New neurons are directly involved in the temporary
hippocampal storage of memory (Gould et al. 1999b).
According to this view, newly born neurons are directly
involved in the transient storage of hippocampus-
dependent memories. These memories gradually
become independent of the hippocampus and are
subsequently stored in other parts of the brain, such
as the neocortex. This concept is not consistent with the
fact that hippocampus-dependent memories can be
acquired throughout life, whereas neurogenesis levels
are low in old age. In one version of this view, the
transient nature of the hippocampus dependency of the
memory is matched with the transient existence of
adult-born hippocampal neurons. This idea is, however,
inconsistent with the findings that new granule cells
persist and are added to the pre-existing older granule
cells rather than replacing them (Kempermann et al.
2003).

– New neurons are not directly involved in the storage of
hippocampus-dependent memories. Instead, the refine-
ment of the hippocampal circuitry through the addition
of new neurons to the dentate gyrus reflects an adaptive
process to functional demands, such that hippocampal
information-processing capacity is optimized for future
memory storage (Kempermann 2002). This view is
consistent with the finding that new neurons are added
to the dentate gyrus throughout life, rather than
replacing older granule cells, and that the mossy fiber
tract continues to grow throughout adult life.

– New neurons are added to the hippocampal network to
avoid catastrophic interference (Wiskott et al. 2006).
According to this idea, the increasing connectivity of a
network with increasing experience and stored memo-
ries eventually leads to “over-connectivity”, the degra-
dation of specific association, and the collapse of
network function. The addition of new elements to
the network can increase storage capacity and prevent
catastrophic interference.

– Adult-born neurons are directly involved in hippocam-
pal memory traces and play a role in establishing
temporal contiguity between events. Enhanced plastic-
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ity of young granule cells allows for the preferential
association of representations that are closely related in
time (Aimone et al. 2006).

– Hippocampal neurogenesis is involved in forgetting
(Feng et al. 2001). Replacement of older granule cells
by new ones clears out old memories and provides
storage capacity for new memories, analogous to
overwriting a storage device. This theory is not
consistent with the findings that new neurons are added
to the dentate gyrus, rather than replacing old granule
cells, and that neurogenesis is low in old age.
Furthermore, the concept of active hippocampal “for-
getting” largely lacks empirical support.

Concluding remarks

The developmental steps that are involved in the process of
adult neurogenesis and that lead from hippocampal precur-
sor cells to new neurons are now fairly well understood. A
clearer overall picture has emerged, although questions
remain. The functional significance of adult nuerogenesis
and its impact on the circuit and ultimately behavioral level
still need to be better understood.
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