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Abstract

The mature brain needs to have flexible control over behavior in the face of ever-changing needs. It achieves this control through
morphological and physiological changes at the level of molecules, spines, dendrites, and axons and through processes of adult
neurogenesis, entire cells. The functional maturation of newly generated cells in the adult forebrain involves the expression of
neurotransmitter receptors before synaptic activity and excitatory y-aminobutyric acid (GABAergic) influences prior to glutama-
tergic input. The production of new cells for incorporation into neural circuits that are already up and running gives rise to
a unique situation that may require epigenetic regulation. However, once mature, new neurons must carve out a niche among
more established cells to be useful. How do they survive and what are they used for? Recent studies have revealed that adult
neurogenesis alters the olfactory bulb at all levels, from single cells to the network and system levels. It has also been suggested
that cell turnover may be particularly beneficial for the processing of new information in dynamic networks. However, elucidating
the functional meaning of adult neurogenesis must wait for the development of new paradigms to eliminate the pool of newly
generated neurons but sparing the preexisting ones. Nevertheless, there is already considerable correlative evidence to indicate
that adult neurogenesis is a plastic mechanism by which the performance of the brain can be optimized in a given environment.
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Introduction

Brain plasticity refers to the brain’s ability to change struc-
ture and/or function during maturation, learning, environ-
mental challenges, or disease. Multiple and dissociable
plastic changes in the adult brain involve many different lev-
els of organization, ranging from molecules to systems, with
changes in neural elements occurring hand-in-hand with
changes in supportive tissue elements, such as glia and blood
vessels. There is now substantial evidence to show that new
functional neurons are constitutively generated from endog-
enous pools of neural stem cells in restricted areas of the
mammalian brain, throughout life. So, in addition to all
the other known structural changes, entire new neurons
can be added to the existing network circuitry. This addition
of new neurons provides the brain with another tool for tin-
kering with the morphology of its own functional circuitry.

Although the ongoing neurogenesis and migration have
been extensively documented, their functional consequences
are still not clear. Is adult neurogenesis an atavism, an empty-
running leftover from evolution? What is adult neurogenesis
good for? Is there anything special about the new neurons be-
sides their later birth? How are they integrated into the exist-
ing networks? How could they possibly contribute to brain
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function? How does the brain know that more neurons are
needed, and how is this demand translated into signals a pre-
cursor cell can ““understand”? In fact, adult neurogenesis may
represent an adaptive response to challenges imposed by an
environment and/or internal state of the animal. The contin-
uous production of new neurons raises a series of important
questions concerning the possible role of neurogenesis in ma-
ture neuronal circuits. We attempt to address these questions
here, using the olfactory bulb (OB) as a model system. Due to
space constraints, we will concentrate on the OB of verte-
brates and primarily those of mammals.

Production and integration of new neurons into
the OB circuit

Postdevelopmental neurogenesis has been conserved through-
out evolution, from crustaceans (Beltz and Sandeman
2003; Harrison et al. 2003; see Schmidt 2007) to insects
(Scotto-Lomassese et al. 2003; see Cayre et al. 2007) and to
higher vertebrates, including birds (Goldman and Nottebohm
1983; Alvarez-Buylla 1990), rodents (Altman and Das
1965; Hinds 1968; Lois and Alvarez-Buylla 1994), primates
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(Gould, Reeves, et al. 1999; Kornack and Rakic 1999), and
humans (Eriksson et al. 1998). If adult neurogenesis is well
preserved throughout evolution, yet there are some funda-
mental changes between species. Why can some animal such
as lizards regenerate entire brain parts, whereas ‘“‘higher ani-
mals” cannot? Is adult neurogenesis advantageous or disad-
vantageous? At first glance, apparent evolutionary history
seems to show that the extent of postnatal neurogenesis
decreases with increasing brain complexity, with this process
providing an “additional supply” of neurons capable of
regenerating entire brain parts in lower vertebrates but re-
stricted to neuronal “‘replacement” limited to a few regions
of the brain in mammals. The extent of postdevelopment neu-
rogenesis in a given species may well depend on a trade-off
between the benefits conferred by newly generated neurons
and the problems they generate for the network circuitry into
which they integrate. These problems seem to have domi-
nated in animals with more complex brains as in mammals
in which adult neurogenesis under normal conditions is prob-
ably confined to just 2 regions (Figure 1): the subgranular
zone (SGZ) of the hippocampal dentate gyrus and the sub-
ventricular zone (SVZ), which contributes interneurons to
the OB (for reviews, see Alvarez-Buylla and Garcia-Verdugo
2002; Rakic 2002) (Figure 2). There is some evidence to sug-
gest that constitutive neurogenesis occurs in many other
regions of the adult brain, but methodological issues (e.g.,
Kornack and Rakic 2001; Lie et al. 2002; Koketsu et al.
2003; Frielingsdorf et al. 2004) make it impossible to add
these regions to the list of zones in which adult neurogenesis
occurs, for the time being.

Producing new neurons

Itis currently thought that astrocytes in the adult SVZ, which
lines the border between the striatum and the lateral ventricle,
act as slowly dividing neural stem cells capable of generating
a progeny of neuroblast precursors (Doetsch et al. 1999;
Laywell et al. 2000; Tramontin et al. 2003). Once generated
in the germinal niche (see the glossary in Appendix 1), these
neuroblasts proceed toward the OB along an intricate migra-
tion path, up to 5 mm long in rats, called the rostral migratory
stream (RMS) (Figure 1). More than 30 000 neuroblasts exit
the rodent SVZ for the RMS each day (reviewed in Alvarez-
Buylla et al. 2001). Rather than being guided by radial glia,
they migrate tangentially in chains through tubular structures
formed by specialized astrocytes (Lois et al. 1996). Time-lapse
video imaging can be used to analyze this migration directly
and has shown that nuclear translocation always occurs in the
direction of the leading process extension, often leaving a thin
trailing process behind the cell body. Remarkably, cells move
bidirectionally, with occasional migration back toward the
SVZ. Several studies have reported migration to be rapid
in explants (100 pm/h) or ex vivo (50 um/h). However, the
way in which neuroblasts migrate in vivo has remained un-
clear, due to the inability to monitor migration appropriately

Fey B
DG g
(®] OB
SVZ 0.0

Figure 1 Neurogenesis and neural stem cells (NSC) in the adult mammal
CNS. NSC from adult brains produce all cell types from the neuronal lineage:
astrocytes, oligodendrocytes, and neurons. The 2 neurogenic zones in the
adult brain that host NSC are the dentate gyrus (DG) of the hippocampus
and the SVZ. In the hippocampus, stem cells located in the SGZ of the
DG produce D cells, which function as transient precursors, and give rise
to new granule neurons (type A cells or neuroblasts). The proliferation of
newborn cells in this niche has been studied extensively, revealing multiple
external factors—including neurotransmitters, hormones, growth factors,
and environmental stimuli—involved in regulating the process. From the
SVZ, neuroblasts migrate to the OB via the RMS, where they differentiate into
bulbar interneurons. The migration along the RMS is regulated by interactions
between neuroblasts and the local RMS microenvironment, involving different
receptors and proteins involved in contact-mediated repulsion or attraction.
After reaching the core of the OB, chain detachment and radial migration
of neuroblasts are regulated by the external factors reelin, tenascin-R, and
prokineticin-2. Newborn cell survival then depends upon sensory input.

from the adult neurogenic zone, through the migratory path-
way or at the integration site. These areas are too deep for
conventional fluorescence microscopy. A method based on
integrated fiber confocal fluorescence microscopy has there-
fore been developed, for minimally invasive, long-term re-
cordings several millimeters into anesthetized animals (see
Appendix 2). The use of this novel technique has made it
possible, for the first time, to visualize migrating newly
generated neurons in living animals (Davenne et al. 2005).
Once SVZ progenitor cells have been labeled, their migration
could be monitored during several hours. It was found that
the speed of migration in vivo is not constant. Instead, there
seem to be spurts of migration interspersed with periods of
inactivity.

After reaching the OB and detaching from the chains, the
new cells migrate radially and mature into olfactory inhibi-
tory interneurons of 2 main types—granule cells and juxta-
glomerular cells—that are found in different layers (Figure
2). The 2 cell types make only local contacts in the bulb, di-
rectly or indirectly modulating the processing of sensory in-
formation by the projection neurons of the OB, the mitral
and tufted cells.

Maturation and integration of newly generated neurons

By transducing newly generated cells in the adult SVZ
with replication-incompetent retroviruses and labeling them
with enhanced green fluorescent protein (Appendix 3),
researchers have been able to characterize the morphological
and electrophysiological properties of the newly generated
neurons during their migration and differentiation (Petreanu
and Alvarez-Buylla 2002; Belluzzi et al. 2003; Carleton et al.
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Figure 2 Basic circuitry of the main OB. Olfactory sensory neurons that express the same odorant receptor gene project their axons to either of 2 glomeruli in
the OB. Three populations of sensory neurons, each expressing a different odorant receptor gene, are depicted in different colors. Their axons converge on
specific glomeruli, where they synapse with the dendrite of local interneurons (periglomerular neurons) and second-order neurons (mitral cells). The lateral
dendrites of mitral cells contact the apical dendrites of granule cells. Short axon cells are bulbar interneurons that contact both apical and lateral dendrites of

mitral cells.

2003). The morphological complexity of the newly generated
cells increases within a few weeks of their generation. Gran-
ule cells form more elaborate dendrites that extend into the
external plexiform layer of the bulb, becoming fully morpho-
logically mature within 2 weeks of their birth (Petreanu and
Alvarez-Buylla 2002). In contrast, periglomerular cells take
around 4 weeks to develop their full dendritic and axonal
morphology (Belluzzi et al. 2003). During this maturation
period, the immature bulbar interneurons express transient
marker proteins, including TUJ1 and TUC4 (Winner et al.
2002). The first synapses made with the new cells are v-
aminobutyric acid (GABAergic); these synapses are followed
a few days later by glutamatergic inputs (Belluzzi et al. 2003;
Carleton et al. 2003). The main difference between new
periglomerular and granule cells lies in the sequence in
which voltage-dependent currents and synaptic connec-
tions are developed. In periglomerular cells, the voltage-
dependent sodium current and consequently the capacity
of the newly generated cells to fire action potentials seem
to develop before the formation of synaptic contacts. In
granule cells, full development of the sodium current is
observed once a newly generated neuron has established
synaptic connections (Belluzzi et al. 2003; Carleton et al.
2003). This difference suggests that the pattern of functional

integration of new neurons may be cell-type specific. The
delayed maturation of granule cell excitability may help to
prevent disruption of the existing circuitry during the
integration of the new cells. However, as even mature gran-
ule cells have no axon, it may also be due to morphological
differences between granule and periglomerular neurons.
Further studies are required to determine whether the newly
generated neurons form functional synapses with their
downstream target neurons and release appropriate neuro-
transmitters, to provide an unequivocal demonstration of
the integration of these cells into adult networks.

Adding new neurons to old circuits

A myriad of factors regulate the production, migration, and
development of newly generated neurons in adults and de-
termine whether these neurons die or survive. However, once
a newly generated cell has reached its target, matured into
a neuron, and survived, what does it do then? Why is it there?
What is its function?

A role in information processing

If we consider this issue in a rather abstract and fundamental
way, the new neurons may contribute to adult brain function
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at the cellular, network, and systems levels. At the cellular
level, the function of these new neurons seems quite obvious:
they are just neurons. However, they could be a special type of
neuron. They may differ from the existing cells in terms of
target structure. Studies of the maturation of these newly
generated cells have suggested that their cellular function
may differ from that of the preexisting cells, at least tran-
siently. Indeed, the new cells tend to be more excitable and
more adaptable than the older, established neurons. In many
ways, they act like the neurons of the embryonic brain, readily
making new synapses with other neurons and changing
the strength of these connections. Young granule cells in
the adult hippocampus, for example, display much greater
synaptic plasticity than older granule cells (Wang et al.
2000; Schmidt-Hieber et al. 2004), whereas newly generated
granule and periglomerular cells in the OB have active mem-
brane properties markedly different from those of the estab-
lished neurons surrounding them (Carleton et al. 2003;
Belluzzi et al. 2003), and display greater plasticity in response
to sensory deprivation (Saghatelyan et al. 2005).

There is now clear evidence that olfactory interneurons
produced postnatally in the OB are physiologically inte-
grated (Carlen et al. 2002; Belluzzi et al. 2003, Carleton
et al. 2003). However, the functional significance of the newly
generated interneurons in the OB remains still unclear. Nev-
ertheless, growing interest in adult neurogenesis has led to
advances in our understanding of the molecular, cellular,
and physiological properties and location of newly generated
neurons. Evidence is accumulating that newborn neurons
have properties not present in their established counterparts.
These unique properties provide a fundamental framework
for elucidating the functional role of the neurons generated
in adult animals. Newly generated neurons in the OB have
different characteristics at early and late postnatal stages,
suggesting that postnatal neurogenesis does not give rise
to a uniform population of bulbar interneurons. The newly
generated interneurons are positioned deeper in the granule
cell layer in late postnatal than in early postnatal periods
(Lemasson et al. 2005). As no difference in apoptosis across
the granule cell layer is observed between stages, this gradi-
ent may reflect differences in the recruitment of newly gen-
erated interneurons. This suggests that the cells generated in
the early postnatal period and in adulthood respond differ-
ently to common signals and/or respond to different mole-
cules during the life of the animal. The neurons generated
later in the postnatal period also migrate to the OB more
rapidly than those generated early in the postnatal period
(Lemasson et al. 2005). The glial tube surrounding the mi-
grating neuroblasts is difficult to detect before the third
postnatal week (Peretto et al. 1997, 1999). This difference
in migration speed may therefore be due to molecules being
released from the glial processes of astrocytes along the RMS
of the adult, facilitating the migration of neuroblasts (Mason
et al. 2001; Murase and Horwitz 2002). The newly generated
interneurons of the mature OB also differ from those estab-

lished during the development of the OB in having a much
lower survival rate. It has been suggested that interneurons
generated early in life, with a high rate of survival, play a crit-
ical role in determining the control of precocious olfactory
processes over lifelong behavior (Lemasson et al. 2005),
whereas interneurons generated during adulthood, which
have a much lower rate of survival, fine-tune olfaction
(Gheusi et al. 2000; Rochefort et al. 2002; Enwere et al.
2004). Investigations of the causes of these changes in the
survival potential of neurons produced at different ages
would help to broaden our understanding of these functions.

Although sensory deprivation limits the morphofunctional
properties of granule cells generated early in the postnatal
period and spares preexisting bulbar interneurons, compen-
satory mechanisms increase the intrinsic excitability of newly
formed granule cells to keep overall levels of inhibitory input
to mitral cells constant (Saghatelyan et al. 2005). Direct,
across-age comparisons of this form of adaptive response
are required to increase our understanding of the functional
properties of the interneurons generated in adults. Newly
generated bulbar neurons have pharmacological and physi-
ological characteristics different from those of mature gran-
ule cells (Belluzzi et al. 2003; Carleton et al. 2003). The
neurons generated in adult animals initially express extrasy-
naptic GABA, receptors but lack N-methyl p-aspartate
receptors. No spiking activity occurs as these neurons enter
the OB after tangential migration, and the first synaptic
events occur after the completion of radial migration. Fi-
nally, although most of the newly generated interneurons ex-
press Na* channels, as they form reciprocal synapses with
mitral cells, spiking activity does not occur until the neurons
are fully mature. A recent study on the functional response of
olfactory granule neurons generated in adult animals showed
that, unlike preexisting neurons, newly generated granule
cells preferentially respond to new odors after their synaptic
integration, consistent with the view that these neurons have
unique properties and make a specific contribution to the ol-
factory circuitry (Magavi et al. 2005). The greater sensitivity
of newly generated cells to new odors seems to emerge after
a period of familiarization with these odors, showing that the
greater responsiveness of the newly formed neurons is stim-
ulus specific and experience dependent. Thus, the bulbar
interneurons generated in adult animals seem to be compo-
nents with singular properties making a unique contribution
to the olfactory system. It has been suggested that bulbar,
and particularly hippocampal, neurogenesis in adults is in-
volved in learning and memory, but we need to consider this
phenomenon also in other contexts. In addition to contrib-
uting to endogenous repair, newly generated bulbar inter-
neurons may be involved in inducing, facilitating, and/or
maintaining olfactory-mediated behavior, such as food se-
lection, mate selection, or caring for young (Shingo et al.
2003). Studies of the potential role of newly formed neurons
in these processes may provide new insight into the func-
tional significance of adult neurogenesis.
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Although active neurogenesis clearly occurs in the adult
OB, only a small percentage of the newly formed neurons
survive. Indeed, only a subset of the newly generated inter-
neurons integrates into bulbar circuits, the rest being
destroyed. Quantitative studies have demonstrated that al-
most half of all newly generated interneurons are eliminated
1 to 2 months after their creation (Petreanu and Alvarez-
Buylla 2002; Winner et al. 2002). The remaining 50%, which
survive this initial period of cell elimination, generally sur-
vive for at least 19 more months (Winner et al. 2002). It is
therefore of interest to determine the regulatory mechanisms
controlling the survival of newly generated neurons. Several
studies have suggested that long-lasting, odorant-dependent
activity in the OB may modulate the survival of the new neu-
rons and improve olfactory learning (Najbauer and Leon
1995; Petreanu and Alvarez-Buylla 2002; Rochefort et al.
2002; Mandairon et al. 2003). Mitogen-activated protein ki-
nase activation may contribute to the odorant-induced in-
crease in the survival of newly formed bulbar interneurons
(Miwa and Storm 2005).

At the network level, the newly generated neurons may
contribute to the properties driving the concerted activity
of groups of cells. In the OB, oscillations and synchrony
of neuronal activity are major network phenomena serving
as potential targets for adult neurogenesis. Indeed, the OB
receives and processes signals from olfactory sensory neu-
rons and transmits them to higher processing centers. The
mapping of sensory inputs has revealed that each odorant
generates a reproducible spatial pattern of restricted activa-
tion in the glomerular layer of the OB. However, within the
bulb, these confined patterns are transformed into widely
distributed patterns by lateral interactions between relay
neurons and local interneurons. Thus, odor information pro-
cessing requires the spatial patterning of both sensory inputs
and synaptic interactions mediated by local interneurons.
Odor representation is thus highly dynamic and temporally
orchestrated by lateral inhibition (reviewed in Lledo and
Lagier 2005). We suggest that adult neurogenesis may lead
to the persistent or transient enhancement of lateral inhibi-
tion in the OB network, facilitating odorant discrimination
and increasing the chances of survival of newly generated
granule cells. The continuous recruitment of local interneur-
ons throughout life is therefore a key means of continually
adapting transposition from the local to the temporal dimen-
sion, to optimize olfactory information processing.

Finally, in terms of functional plasticity, neurogenesis at
the network level should be considered from the viewpoint
of permissiveness versus instruction. It is unknown whether
the new cells have prespecified roles, enabling them to in-
struct change in the networks they join, or whether they sim-
ply permit changes to occur in these circuits. However,
studies of the functions of adult neurogenesis have mostly
focused on the systems level. We suggest that new neurons
optimize the working of the OB, enabling it to process new
and complex stimuli. The perceptual and mnemonic func-
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tions of the OB have understandably led to investigations
into the importance of adult neurogenesis in these processes.
The gap between cell generation and cognitive processes is
large, but we are beginning to understand how the plasticity
afforded by adult neurogenesis might contribute to the be-
havior of the animal (reviewed in Lledo and Gheusi 2003).

Roles in information processing and storage

As a first step toward the identification of systems functions
to which adult neurogenesis contributes, it would seem sen-
sible to ask whether individual levels of performance for
a given function are correlated with individual levels of
new cell generation and/or survival. Olfactory enrichment
increases the survival of new cells in the OB, leading to
improvements in olfactory memory (Rochefort et al. 2002).
Conversely, olfactory discrimination is decreased by genetic
manipulations aimed in reducing the number of new cells
integrated into the adult bulb (Gheusi et al. 2000; Enwere
et al. 2004). These observations suggest that adult neurogen-
esis may contribute to the learning and memory functions
of the hippocampus and the perceptual and memory func-
tions of the bulb. However, there are situations in which
manipulation-induced changes in neurogenesis are not
matched by parallel changes in bulb-dependent cognitive
function (Mechawar et al. 2004).

Rather than looking for correlations between neurogenesis
and function, a more direct approach would involve inves-
tigating whether a particular function itself regulates neuro-
genesis. For example, in the olfactory system of female mice,
the proliferation of cells generated during adulthood
increases after mating, during gestation, and during lactation
(Shingo et al. 2003). This suggests that adult neurogenesis
plays an important role in the strong olfactory perceptual
and memory demands associated with reproduction
(reviewed in Lledo et al. 2005).

Thus, most of the correlational and intervention evidence
suggests that neurogenesis in the adult OB is important
for olfactory discrimination and memory. The development
of approaches designed to inhibit adult neurogenesis spe-
cifically and completely, such as conditional knockout
approaches, should make it possible to investigate the func-
tions of adult neurogenesis at the systems level, provided that
approaches to behavioral characterization are developed
with care.

Of course, one way to manipulate adult neurogenesis spe-
cifically and completely is to use a simulated computational
model of the brain. This approach is extremely useful for
demonstrating what adult neurogenesis might be able to
do. Introducing activity-dependent survival of newly gener-
ated neurons into a model of the OB circuitry improves the
orthogonalization of sensory representations, indicating
improvements in olfactory discrimination in changing en-
vironmental conditions (Cecchi et al. 2001). Interestingly,
whereas the addition of new neurons to a background of
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existing cells with restricted plasticity makes it possible to
learn new information without significantly degrading old
memories, the turnover of cells on a background of plastic
units facilitates not only new learning but also the forgetting
of old information (Chambers et al. 2004; Deisseroth et al.
2004). These models probably provide the best evidence cur-
rently available for a commonly proposed function of adult
neurogenesis: endowing a network with the ability to cope
with “future” changes in input rather than simply being in-
volved in the storage of “current” new information. Adult
neurogenesis may therefore be a form of metaplasticity:
a change in the brain facilitating further changes in the brain.
This suggestion is reflected in observations of synaptic plas-
ticity, highlighting the computational advantages of struc-
tural changes in circuit wiring (Chambers et al. 2004;
Deisseroth et al. 2004). However, this idea is difficult to test
experimentally as, strictly, it would be necessary to demon-
strate that the information leading to the survival of a new
neuron was in no way represented by that neuron’s contri-
bution to network activity. Nevertheless, it would be inter-
esting to determine whether the increase in neurogenesis
resulting from one form of learning is required for informa-
tion retention in a very different future task.

Concluding remarks

We still do not know why new neurons are incorporated into
some parts of the adult brain and not into others, but research
into the regulation of adult neurogenesis, and an increasing
number of studies investigating the function of the new cells,
has provided 2 major pieces of information. First, adult neu-
rogenesis is affected by relevant behavior, including behavior
specifically related to bulbar or hippocampal functions. Sec-
ond, changes in the rate or extent of neurogenesis have an
effect on subsequent behavior. Thus, experience may change
the entire structure of adult circuits, and changes in structure
may modify, or at least affect, subsequent behavior.

In the olfactory system, the correlation between neuronal
activity and adult neurogenesis suggests that new neurons
are involved in general aspects of bulbar function, probably
sustaining the ability of the adult network to adapt informa-
tion processing to relevant ethological needs. Several studies
have demonstrated that odor representation at the first cen-
tral relay is dynamic and highly complex and may therefore
require unique plasticity mechanisms. Neurogenesis, migra-
tion, and the replacement of interneurons in the OB are
probably involved in this adaptive mechanism. However,
the precise nature of the requisite function for implementing
adaptation remains unknown. The original bulbar interneur-
ons are known to play a crucial role in transposing the spatial
dimension of olfactory information, into a temporal dimen-
sion. They also distribute this information throughout the
entire bulbar circuit. However, we do not yet know whether
the newcomers can accomplish both these tasks. Patch-
clamp recordings have shown that young newly generated

neurons are not yet competent for action potential-
dependent GABA release (Carleton et al. 2003). The contri-
bution to the activity of adult networks of newly formed
granule cells may be different from that of established cells,
at least during the early stages of their maturation.

Furthermore, adult neurogenesis does not simply intro-
duce fresh cells into old circuits. It is also a matter of selec-
tion. About half the new interneurons die within a month of
maturation. Our results show that newly formed granule
cells maintain synaptic contacts during this period of rapid
cell death. The selective elimination of neurons may make it
possible to sculpt the circuitry rapidly. As a result, most of
the newly generated neurons never reach the fully mature
state and may therefore never play a role similar to that
of the preexisting neurons. The ability to mold the integra-
tion of new neurons and to eliminate other neurons con-
tinually, without depleting the neuronal population, may
provide neuronal networks with an adaptive potential un-
equaled by synaptic plasticity alone and may provide a mech-
anism for learning.

Two seemingly contradictory challenges: stability versus
flexibility

The adult brain must guide the organism through an ever-
changing world. In this context, it faces 2 conflicting chal-
lenges: maintaining behavior and long-term traces, requiring
preservation of the necessary synaptic organization of a given
circuitry, and maintaining a capacity to adapt following
brain injuries, in learning conditions, or when faced with en-
vironmental changes. At first glance, neurogenesis in the
adult brain would seem to bias the system in favor of flexi-
bility; after all, the introduction of a completely new cell into
a functioning circuit, or the removal of an existing neuron
from the existing network, is a major step. However, com-
putational models have suggested that adult neurogenesis,
rather than greatly increasing the flexibility of the network,
may serve to stabilize an already plastic network confronted
with a large volume of new information.

The discovery of adult neurogenesis has led to efforts to
understand the relationship between the presence of new
cells and learning, in various model systems. However, the
results obtained have been conflicting rather than consen-
sual. For instance, Gould, Beylin, et al. (1999) reported
an increase in the survival rates of newly formed hippocam-
pal neurons in rats subjected to spatial learning in the Morris
water maze. In contrast, van Praag et al. (1999) observed no
change in neurogenesis following water-maze training in
mice. More recent studies have confirmed the complex na-
ture of adult neurogenesis, as both decreases and increases
in neurogenesis have been reported with water-maze learning
(e.g., Ambrogini et al. 2004; Van der Borght et al. 2005;
Ehninger and Kempermann 2006). These discrepancies
may result from changes in the functions of newly formed
neurons during their maturation. They may also reflect
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the temporal relationship between the labeling of newborn
neurons and exposure to the memory task (Dobrossy
et al. 2003). Many more new neurons than are actually
needed may be produced, requiring the active and selective
removal of those that have not established appropriate syn-
aptic contacts. The learning-induced mechanisms involved
are probably similar to those mediating brain development
and maturation, shaping relevant and functional neural net-
works in the developing brain. We suggest that there may be
a balance between the addition and elimination of newly
formed neurons during learning. According to this view,
learning depends not only on the addition of new neurons
and new synaptic connections but also on regressive events
culminating in the removal of neurons from the cellular net-
work of the adult central nervous system (CNS). We recently
tested these hypotheses. We found that the learning of olfac-
tory discrimination increases the survival of newly formed
neurons in the adult OB. Indeed, this result is far from sur-
prising and is consistent with the large series of studies that
have already shown the key role played by neuronal activity
in increasing the degree of neurogenesis. However, the newly
generated neurons reaching the network were unevenly dis-
tributed. The newcomers were restricted to functionally rel-
evant circuits for a given learning task (Alonso et al. 20006).
However, they were located in bulbar circuits specifically
activated by the unreinforced odorant (S—) only and not in
those activated by the reinforced odorant (S+). If the animals
had learned that the reward was consistently associated with
the odorant S+, then these results suggest that the newly gen-
erated neurons are unlikely to survive in neuronal circuits
engaged in learning. Their presence may have deleterious
effects on ongoing network activity. Further experiments
are required to confirm or exclude these hypotheses.

Outlook

Improvements in our understanding of the role of adult neu-
rogenesis in brain plasticity are not solely dependent on the
collection of larger amounts of higher quality data concern-
ing the dynamics, spatial extent, and longevity of experience-
dependent structural changes in adult circuits. They also de-
pend on 1) a fuller description of the integrative properties of
individual newly generated neurons, 2) the development of
better models of the representational redundancies present
in neurons within neuronal networks, and (3) a more com-
plete description of the guidance and selection mechanisms
acting on the new neurons. Identification of the physical
changes encoding particular long-term information remains
a central issue today in neuroscience. Interdisciplinary
approaches combining molecular, anatomical, physiological,
and theoretical methods are most likely to succeed in efforts
to address this and other questions relating to the physical
substrate for long-term adaptation in the adult brain.
Those, like us, trying to determine the functional signifi-
cance of adult neurogenesis may be inspired by its extremely
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limited spatial distribution. What is so special about the OB
and the hippocampus that these 2 regions are the only ones
into which new neurons integrate? Alternatively, we could
turn the question around: given the relative abundance of
neurogenesis in the adult brains of reptiles and birds, why
do so many regions of the adult mammalian brain not receive
new neurons? The answers to these questions require a deeper
understanding of the operation of a given network. Func-
tionally, it is intriguing that both the OB and hippocampal
networks are vital in the segmentation of olfactory or spatial
information and in the “temporary’ storage of this informa-
tion. It has also been suggested that both the OB and the
hippocampus deal with particularly large amounts of infor-
mation (Chambers et al. 2004) or employ particular coding
strategies to deal with that information (Cecchi et al. 2001).
However, for every similarity between the OB and the hip-
pocampus, large differences can be found between the 2
structures, not least in adult neurogenesis. Moreover, for
every proposed common function of these 2 regions, other,
nonneurogenic regions of the adult brain can be shown to
have the same attributes. More detailed investigations of
the function of adult neurogenesis are required to determine
whether this process plays a similar, specific role in the adult
OB and hippocampus.

In this review, we have tackled 2 of the main problems re-
lating to the functional significance of adult neurogenesis.
Both are fundamental issues. First, we have discussed the
role of adult neurogenesis in the context of OB function. As-
suming that the bulb processes odor information before re-
laying it to the olfactory cortex, we hypothesize that adult
neurogenesis enables the OB to adjust the degree of process-
ing of sensory information appropriately. Second, the exis-
tence of a pool of juvenile neurons, enabling the system to
adapt to future similar situations, raises the possibility that
adult neurogenesis acts post hoc to provide a structural basis
for brain plasticity and learning. Research on adult neuro-
genesis in the olfactory system is thus not only interesting
in itself but also provides new avenues of exploration to
increase our understanding of adult brain adaptation.

Appendix 1: Neurogenic stem cell niches of the
adult mammalian brain

Neural stem/precursor cells

Adult CNS stem cells have several cardinal features, such as
an unlimited capacity for self-renewal, the ability to prolif-
erate indefinitely in response to mitogens, and multipotency
for the various neuroectodermal lineages of the CNS. The
multipotent progenitors of the adult brain are proliferative
cells with a limited capacity for self-renewal that can dif-
ferentiate into at least 2 different cell lineages (Weiss et al.
1996). Lineage-specific precursors or progenitors are cells
restricted to one particularly lineage (e.g., neuronal, astro-
glial, or oligodendroglial). CNS stem cells and all types of
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precursor/progenitor may be considered, in general terms, to
be neural precursor cells (NPCs). NPC is used as a generic
term to encompass both stem and early progenitor cells.

The germinal niche

NPC self-renewal and differentiation are regulated by a spe-
cialized microenvironment—conventionally referred to as
the germinal niche—in which these cells reside. Both envi-
ronmental cues and intrinsic genetic programs are required
to maintain stem cell properties and to direct, or regulate,
stem cell proliferation and differentiation within niches
(Doetsch 2003).

Niche cytoarchitecture

The SVZ of the lateral ventricle wall and the SGZ of the den-
tate gyrus of the hippocampus are germinal regions of the
brain in which neural stem cells reside and support neurogen-
esis and gliogenesis throughout adult life. Cells with the
structural and molecular characteristics of astrocytes are re-
sponsible for neurogenesis (true stem cells or type B cells) in
the SVZ and SGZ (Doetsch et al. 1999; Laywell et al. 2000;
Garcia et al. 2004). The SVZ astrocytes, which express glial
fibrillary acidic protein (GFAP), are in intimate contact
with all other SVZ cell types, including the rapidly dividing
transit-amplifying (type C) cells and the lineage-committed
(postmitotic) migratory neuroblasts (type A cells). The dif-
ferentiation of the cell lineage passes from type B, through
type C to type A cells, with type B cells believed to be the self-
renewing primary precursors (Doetsch et al. 1999) (Figure 3).
In the SGZ, GFAP-expressing astrocytes function as stem
(type B) cells, undergoing self-renewal, proliferation, and
differentiation into transit-amplifying (type D) cells, which
then differentiate into lineage-committed migratory granule
neurons (type G cells) (Palmer et al. 2000; Seri et al. 2001).
The maintenance and differentiation of neural stem cells in
brain niches seem to depend on these cells being in physical
contact with the basal lamina, which acts as a scaffold and
sequesters and/or modulates cytokines and growth factors
derived from local cells (such as fibroblasts, macrophages,
and pericytes) (Mercier et al. 2002). Type B cells in the
SVZ are in close contact (interdigitated) with both the basal
lamina and the blood vessels. In the SGZ, bursts of endothe-
lial cell division are spatially and temporally related to clus-
ters of neurogenesis (Palmer et al. 2000).

Appendix 2: Deep in vivo imaging of adult
neurogenesis

An understanding of the migration of neuroblasts in the
adult brain is required for the design of brain repair strate-
gies based on the rerouting of endogenous neural progenitors
away from their natural migratory path. Our lack of knowl-
edge in this area results at least partly from the current im-
possibility of obtaining clear in vivo brain images for the
adult neurogenic zone, the migratory pathway, and the in-

B
E . C
9 —(@—
neural neuronal neuroblast
stem cell precursor
GFAP* DIx2* Dix2*
Nestin® Nestin* PSA-NCAM?
Vimentin®  Lewis-X*  Tuj1*
EGF-R* DCX*
mCD24*
Nestin*

Figure 3 Neurogenic niche cytoarchitecture of the SVZ. A germinal niche is
located near the lateral ventricle wall in which neural stem cells reside and
support both neurogenesis and gliogenesis throughout life. The schema also
indicates the intrinsic (i.e., genetic) factors that control adult neurogenesis in
the SVZ. Note that adult neural stem cells are cells with the structural and
molecular characteristics of astrocytes (called type B cells). The SVZ astrocytes,
which express GFAP, divide to generate transit-amplifying cells (called type C
cells), which in turn give rise to neuroblasts (type A cells) that migrate in the
RMS to their final destination in the OB. Several intrinsic factors expressed by
neural stem cells and progenitors are indicated. They control both prolifera-
tion rates and the fate of newborn cell. In addition, external factors (not
shown here), such as neurotransmitters, hormones, and growth factors,
may cooperate with intrinsic programs to modulate adult neurogenesis.
(E) states for ependymal cells.

tegration site of new neurons. These brain regions are too
deep for the use of conventional fluorescence microscopy,
making such imaging a daunting task.

The noninvasive methods currently available for the
imaging of deep brain structures in animals include ultra-
sounds, functional magnetic resonance imaging (fMRI),
and positron emission tomography (PET). These techniques
are much less efficient than microscopy, in terms of both ac-
quisition time and resolution. In addition, although fMRI
and PET allow functional imaging, the assessment of func-
tion with fMRI is indirect and based on measurements of
blood flow, and far fewer functional contrast agents that
can be used with PET are available than fluorescent
probes. In contrast, optical imaging techniques, such as
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conventional bench-top confocal and multiphoton fluores-
cence microscopy, combine micrometer-scale resolution with
true neuronal functional imaging.

In recent years, improvements due to the use of new optical
imaging techniques have greatly increased the range of prob-
lems in mammalian neurobiology that can be studied using
visible light (Feng et al. 2000; Naldini and Verma 2000;
Spergel et al. 2001; Zhang et al. 2002; Miyawaki et al. 2003;
Bozza et al. 2004; Brecht et al. 2004; Griesbeck 2004; Hasan
et al. 2004). Unfortunately, the use of novel high-resolution
fluorescenceimaging techniques has remained largely confined
toinvitro preparations. Forinvivostudies, the use of these tech-
niques has been limited to superficial, or easily accessible, brain
areas (Yuste et al. 2000) because light scattering attenuates the
intensity of light exponentially with the distance traveled
through solid tissue. In the mammalian brain, for example,
the characteristic scattering length limits fluorescence imaging
to depths of 500 um (Kleinfeld et al. 1998). Efforts have recently
been made to increase this limit, using a Ti:sapphire regenerative
amplifier as an excitation source for ultra-deep two-photon mi-
croscopy (Theer et al. 2003). This technique has made it possible
to visualize fluorescent neuronal cell bodies up to 1 mm deep
within the neocortex of young mice (Theer et al. 2003). Despite
such improvements, the imaging of migrating neuroblasts,
which lie more than 5 mm into the adult forebrain, is not yet
possible.

The development of fluorescence microendoscopy based
on fiber optic technology has made it possible to image deep
areas of the brain not previously accessible with light micros-
copy (Mehta et al. 2004). Fluorescence microendoscopy
has the advantage of expanding the applicability of optical
methods well beyond the imaging range of conventional
microscopy and of allowing in vivo high-resolution fluores-
cence imaging in living animals (Jung and Schnitzer 2003;
Jung et al. 2004; Adelsberger et al. 2005). In addition, once
inserted in the brain, a fiber optic probe can be used for
long recording sessions, with minimal bleaching and photo-
toxicity, allowing prolonged imaging sessions of cellular pro-
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cesses. Indeed, we recently used optical fiber-based confocal
fluorescence microendoscopy to study adult neurogenesis,
visualizing migrating newly generated cells in living animals
with a lateral optical resolution of 2 um (Davenne et al. 2005;
Lledo and Saghatelyan 2005) (Figure 4). Migratory veloci-
ties were found to be nonlinear, with periods of inactivity
interspersed between migratory spurts. We also observed bi-
directional movements of migrating cells, which were occa-
sionally seen to move back toward the SVZ.

The next step will be to use this approach to study the
regulation of newly generated cell migration by intrinsic
determinants and environmental factors. Further improve-
ments in resolution will be necessary to record detailed cell
movement and to resolve the dynamic spines of more ma-
ture neuroblasts, but the functional imaging of cells gener-
ated in vivo in adults may prove possible with the advent of
voltage-sensitive or calcium indicator dyes driven by viral
vectors.

Appendix 3: Viral vectors for labeling subsets of
cells generated in adults

Studies of the various processes of maturation, migration,
and integration of newborn neurons in the adult brain is sim-
plified if it is possible to label particular types of cell reliably
and to visualize them. In recent years, the use of viral vectors
coupled with the production of green fluorescent protein
(GFP) has revolutionized the investigation of adult neuro-
genesis. Unlike many of the methods commonly used to label
cells fluorescently (e.g., lipophilic carbocyanin vital dyes
such as Dil or DiO), the GFP label remains within the cell
and its progeny, as long as the transgene encoding GFP
remains present and as long as there are appropriate tran-
scriptional elements to drive GFP expression. Thus, internal-
ization, cell division, and cell growth do not decrease GFP
fluorescence, whereas they would decrease the intensity of
chemical dyes. In addition, as GFP is a heavy protein, it

Figure 4 Deep brain imaging of neuronal precursors labeled with Cell Tracker Green (Molecular Probes, Poortgebouw, The Netherlands). (A) Cells in the SVZ
were labeled by stereotaxic injection of the fluorophore. Two to 5 days later, migrating neuroblasts were detected with a 300-um diameter optical probe
(Proflex). (B) Following image acquisition in a living mouse, sagittal sections of the forebrain confirmed the location of the fiber optic (arrow) in the core
of the OB. (C) Enlargement of boxed area shown in (B). (D) Example of image acquired at a penetration depth of 2.7 mm in the core of the OB. Thus,
the fibered confocal fluorescence microscopy has proven unique capabilities to image cells in vivo in the brain of living animals with a micron-scale resolution
and a limited invasiveness. Scale bars in (B): 500 um; (C): 100 um, and (D): 50 um. Modified from Davenne et al. (2005).
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is not transferred from cell to cell—a critical property for the
unequivocal tracing of cell lineages.

However, for imaging cells in intact tissues, GFP should
ideally be expressed in a large subset of cells, but not in every
cell. Many viral vectors t are now available for gene transfer
into neuronal cells (Washbourne and McAllister 2002;
Kootstra and Verma 2003), offering a wide range of options
in terms of infection specificity and efficiency and the deliv-
ery and regulation of particular transgenes (Davidson and
Breakefield 2003).

Many viral vectors based on pseudorabies, herpes-, adeno-,
and retrovirus backbones have been used to introduce re-
porter genes, such as GFP, into cultured cells and cells in
intact animals. For example, Carlén et al. (2002) made use
of a pseudorabies virus expressing GFP to cross the synapse
between connected neurons. They injected this virus into the
piriform cortex of adult mice exposed to bromodeoxyuridine
(BrdU) in drinking water. BrdU and viral colabeling of peri-
glomerular and granule cells show that new neurons reach
the OB. Furthermore, the triple labeling of newly generated
neurons shows that some BrdU-neuronal nuclei colabeled
cells are also positive for ¢-Fos induction in adult mice ex-
posed to odorants. Such results unequivocally support the
notion that newly generated olfactory neurons are function-
ally integrated into the adult circuitry.

Unlike other viral systems, which preferentially infect
quiescent cells, the Moloney murine leukemia virus
(MoMuLV)-derived recombinant retroviral vectors selec-
tively infect and permanently integrate into the genome of
dividing cells, making it possible to visualize neuronal devel-
opment from early progenitor cell stages. Thus, cycling neu-
roblasts can be labeled and their progeny followed for
extended periods of time by injecting Moloney-based
retroviral vectors encoding GFP into the adult SVZ. These
vectors have made it possible to study the successive
morphological maturation steps by which a neuroblast
becomes a mature neuron (Petreanu and Alvarez-Buylla
2002). Following on from this work, the consecutive electro-
physiological stages through which the neuroblast passes be-
fore becoming a fully mature neuron have been described,
using similar GFP-encoding retroviral vectors (Beluzzi
et al. 2003; Carleton et al. 2003). The proportion of different
cell types generated from the transduced SVZ cells differs
from that generated by transduced RMS cells (Hack et al.
2005). The construction of Moloney-based retroviral vectors
carrying instructive genes (Hack et al. 2005; Kohwi et al.
2005; Marshall et al. 2005) makes it possible to alter the
phenotypic fate of progenitor cells both predictably and
efficiently—an intervention with potentially important
clinical applications. As recombinant retroviral vectors tar-
get only those cells involved in postnatal neurogenesis, ret-
roviral transduction could provide specific cell types for
reconstruction of the brain after brain injury.

As for the Moloney-based retroviral vector approach,
oncoretroviral vectors have been injected into the SVZ to

transduce dividing cells (Falk et al. 2002; Rogelius et al.
2005), but not neural stem cells, which are moderately qui-
escent (Morshead et al. 1994). Both types of retroviral vector
transduce only rapidly dividing precursors and neuroblasts,
the so-called A and C type cells. In contrast, lentiviral vec-
tors, which transduce both dividing and nondividing cells,
preferentially transduce neural stem cells (B type cells) when
injected into the SVZ, due to the higher density of these cells
in this forebrain region (Consiglio et al. 2004; Rogelius
et al. 2005).

As MoMuLV-derived vectors are unable to deliver genes
to nondividing cells, these retroviral particles have limited
applications in the adult CNS. Lentiviruses are currently
the most promising retroviruses for in vivo applications as
their toxicity is low, and they can give long-term reporter
gene expression. Lentiviruses containing specific promoters
have been used in vivo for the specific labeling of neurons
or glial cells (Jakobsson et al. 2003), and lentiviral systems
have also been developed for RNAIi (Rubinson et al. 2003;
Tiscornia et al. 2003). Lentiviruses can also infect a wide
range of species, and the lentiviral infection of embryos re-
sults in germline transmission of the integrated virus, provid-
ing a method for the stable expression of reporter genes in
species other than mice (Lois et al. 2002; Rubinson et al.
2003; Tiscornia et al. 2003). These developments suggest that
lentiviruses could be routinely used both to label neurons
and to silence genes in vivo.

In summary, the use of viral vectors to deliver genes to the
nervous system is very promising, both for basic research and
for therapeutic applications. Several landmark applications
of in vivo neuronal labeling have been reported in recent
years. However, the continual development of new labeling
strategies and advances in imaging techniques suggest that
this is just the beginning. In the near future, the genetic
manipulation of sparsely labeled neurons should become
possible. In addition, improved GFP-based reporters for
neuronal physiology studies should gradually find more in
vivo applications. It may even become possible to use viral
vectors for RNAi-based genetic screens for neuronal func-
tion in species in which traditional forward genetics has
not previously proved feasible.
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