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Abstract

Most adult tissues retain a reservoir of self-renewing, multipotent
stem cells that can generate differentiated tissue components. Until
recently, the brain was thought to be an exception to this rule and for
many years the pervasive dogma of neurobiology relegated neurogen-
esis to the embryonic and earlier postnatal stages of development. The
discovery of constant neuronal replacement in the adult brain has
changed the way we think about neurological diseases and about the
exploration of new strategies for brain repair. In this review we will
explore the potential of adult neural stem cells and we will present
some of our own work on this subject. We will also discuss the
possibility that adult neurogenesis and neuronal replacement may also
play a role in therapies aimed at restoring impaired brain function. A
better understanding of the various aspects of spontaneous neuronal
replacement may also be used to increase the success of procedures
with cell therapies.
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Introduction

It has long been thought that the mature
central nervous system lacks regenerative
capacity. Most neurons in the adult central
nervous system are terminally differentiated
and are not replaced when they die. For this
reason, therapeutic approaches are not effi-
cient in the treatment of neurodegenerative
diseases and neurological traumas.

In 1962, Joseph Altman (1) was the first
to challenge the notion that new neurons
were not produced in adulthood. In a series
of papers using 3H-thymidine labeling to
identify proliferating cells, he suggested that

in mammals neurogenesis continued postna-
tally in specific regions of the brain (2-4).
However, the lack of cell-specific markers at
that time made it difficult to conclude un-
equivocally that these cells were neurons. In
1977, Kaplan and Hinds (5) labeled cells
with 3H-thymidine in the granular layers of
the dentate gyrus and olfactory bulb of adult
rats and confirmed that they were neurons by
electron microscopy. Despite Altman’s and
Kaplan’s pioneering work, the dogma that
no neurons are produced in the adult nervous
system of mammals remained unchanged
until the earlier 80’s when new techniques
permitted more direct proofs of the findings
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reported by Altman and Kaplan.

The dogma started to change with the
work of Nottebohm and co-workers (for a
review, see Refs. 6 and 7). In a series of
papers they were the first to show explicitly
that new neurons were added to a key nucleus
in the song-learning system of adult song
birds’ brains. They also showed that the new
neurons were born in the same proliferative
regions that gave origin to neurons during
embryogenesis - the subependymal layer
adjacent to the lateral ventricle. In addition,
they showed that radial glial fibers guided
the migration of new neurons from their
birth site around the ventricular zone lining
the lateral ventricle to the proximity of their
final destination, the high vocal center, a
structure correlated to the mammalian hip-
pocampus.

Later studies showed that the same phe-
nomenon also occurs in mammals, includ-
ing rodents, monkeys and even humans (8-
11). Eriksson and co-workers (11) used the
brains of cancer patients that had received
bromodeoxyuridine injections to prove the
generation of new neurons in the human
adult brain. Bromodeoxyuridine is a thymi-
dine analogue incorporated in the S phase of
the cell cycle that allows the identification of
proliferating cells (12).

The proliferative capacity of the adult
central nervous system, however, is very
limited. This limitation seems to be related
to low levels of signal factors and the pres-
ence of inhibitory signs. Several stimuli
modulate the basal proliferation of neurons
in the adult central nervous system. Adult
neurogenesis increases, for example, after
an injury or a neurological disease (13,14).
Even so, this proliferation is not enough to
reconstitute neuronal losses. Because of this,
there is a fast growing number of researchers
who have been showing ways to increase the
classes and numbers of neurons that the
brain can produce in adulthood.

Another approach used to amplify the
number of new neurons generated includes
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growth factor infusion. The new neuroblasts
proliferate and migrate to the infusion site
(15,16). The prospect of developing strate-
gies to stimulate neurogenesis in neurode-
generative diseases has spurred industrial
activity in this field in the past few years.

Neurogenesis in the adult
mammalian brain

In recent years, it has become evident
that in the adult brain there are two regions
of active proliferation that generate neurons
continuously throughout life: the subependy-
mal zone (or subventricular zone) of the
lateral ventricle and the subgranular layer of
the dentate gyrus in the hippocampus (17-
20).

The subependymal zone of the adult lat-
eral ventricle is seen as a residual prolifera-
tive matrix left over from the embryonic
neural tube. In the adult, the new neurons
generated in this region enter the rostral
migratory stream, complete their last divi-
sions, and continue to migrate into the olfac-
tory bulb where they differentiate into new
neurons (21,22). In the hippocampal forma-
tion, progenitor cells divide along the border
between the hilus and the granule cell layer,
and daughter cells differentiate into granule
cell neurons (23).

Neural stem cells have been successfully
isolated, cloned and expanded from these
proliferative regions of the adult brain. More-
over, under in vitro conditions these stem
cells are able to proliferate and form divid-
ing clusters of cells called “neurospheres”
(18) in the presence of growth factors, such
as fibroblast growth factor 2 or epidermal
growth factor. They can be clonally expanded
and the differentiation of the progeny can be
achieved by either growth factor withdrawal
alone, or by subsequent stimulation of the
cAMP pathway, or of retinoic acid receptors
(18). These cells can give rise to the three
major cell types of the nervous system: neu-
rons, astrocytes, and oligodendrocytes. In
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some cases, neural stem cells can be pas-
saged in vitro for years (24).

To better understand the biology of neu-
ral stem cells and to fully understand their
therapeutic value, we need to known more
about the factors that influence neurogen-
esis in the adult brain. Several strategies
have been used to modulate neurogenesis
both in the hippocampus and subependymal
region. For example, enriched environment
paradigms whereby animals are housed un-
der conditions similar to their natural sur-
roundings, increase neurogenesis at all ages,
including senescence (25). These animals
also show improved motor skills and better
performance in learning tasks. In addition, it
has been suggested that physiological pa-
rameters, such as blood flow, glucose up-
take, and neovascularization could be me-
diators of this effect (26).

It has also been shown that learning
through hippocampus-dependent tasks im-
proved the survival of newborn cells, whereas
hippocampus-independent learning tasks had
no impact on the generation of new neurons
(27). The functional integration of granule
cells generated during adulthood into the
hippocampal circuitry has been postulated
in studies using retrograde and anterograde
labeling (28). Subsequent studies indicated
that environmental stimulation affects the
proliferation and differentiation of these cells
in vivo. Specifically, exposure to an enriched
environment increases dentate gyrus neuro-
genesis.

In our laboratory we have tested the ef-
fect of physical activity on the proliferation
of cells in the subgranular region of the
dentate gyrus. Initial results indicate that in
hamsters voluntary exercise in a running
wheel results in an increase in neurogenesis
in the dentate gyrus (Jacini W, Santiago MF
and Mendez-Otero R, unpublished data).
Further studies are needed to understand
whether this adult neurogenesis contributes
to functional roles of the hippocampus such
as synaptic plasticity, learning and memory.

Identity of the adult neuronal stem
cells

Adult neurogenesis is now accepted as a
common feature of vertebrate brains. It is
important, however, to clarify that although
new neurons are incorporated into certain
adult brain regions, there are other regions
where this does not seem to take place. In
addition, in the regions in which new neu-
rons are incorporated, only a small percent-
age and only a subset of neuronal types are
involved. This raises the question of the
identity of neural stem cells within adult
germinal regions and the relation of these
cells to those in the developing brain.

It has been assumed that the subventricu-
lar zone of the adult brain harbors at least
three distinct cell phenotypes: A, B and C
cells. The A cells are the migratory neuro-
blasts that proliferate and migrate from this
region to the olfactory bulb through tubes of
slowly proliferating astrocytes (B cells). The
C cells are rapidly dividing precursors that
give rise to the A cells. The B cells are
claimed to be the adult neural stem cells that
can originate both C and A cells in vivo (29).
Lining the ventricle lumen are the ependy-
mal cells (E cells). In contrast to the classical
model that suggests that neurons and glia are
derived from two separate branches of a
lineage tree, it has been hypothesized that
neural stem cells are contained within a con-
tinuum that forms the trunk of a lineage tree
(30). From this trunk, the different commit-
ted progenitors or terminally differentiated
cells emerge. Depending on the time of de-
velopment, cells within this trunk have neu-
roepithelial, radial glial or astrocytic charac-
teristics. These cells have different morpholo-
gies and can express different markers. How-
ever, they also share some common charac-
teristics such as the expression of nestin
(30).

Recently, Johansson and co-workers (31)
have suggested that the neural stem cell may
in fact reside within the ependymal lining of
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the ventricles, or may even be the ciliated-
ependymal cell itself (E cell). This cell popu-
lation is generally homogeneous and is char-
acterized by the presence of functional cilia.

Searching for adult neuronal stem
cells

Reynolds and Weiss (18) were the first to
show that by culturing tissue from the adult
rodent forebrain, a population of cells hav-
ing the hallmark properties of stem cells,
i.e., multipotency and self-renewal capacity,
was expanded. An obvious question follow-
ing the discovery of stem cells in the adult
brain was the localization and identity of
these cells. This task has been difficult due
to the lack of specific markers for these cells.
In comparison with the best studies on the
stem cell population - the hematopoietic sys-
tem - there are very few markers for different
cell types in the nervous system and even
fewer for neuronal stem cells. However, fur-
ther elucidation of stem cell identity and
potential will be important for the develop-
ment of stem cell-based therapies for ner-
vous system diseases in which a pure popu-
lation of neuronal stem cells may be ob-
tained.

In our laboratory we have studied for
many years the functional role of a specific
ganglioside expressed by neurons and radial
gliaduring development (32-34). In the adult,
this ganglioside expression is downregula-
ted in most of the brain but persists in very
few regions including the subependymal
layer around the lateral ventricles (35). Re-
cently, we have focused on asking whether
9-O-acetyl GD3 can be used as a marker of
neuronal stem cells. Using this marker, we
are studying the cellular, molecular as well
as environmental influences that regulate
neurogenesis in the adult brain. We have
found that 9-O-acetyl GD3 is expressed by a
subpopulation of cells that also express mark-
ers associated with different neuronal stem
cell phenotypes. For example, 9-O-acetyl
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GD3-positive cells do not bind to the peanut
agglutinin antigen that was described as an
excluding marker for neural stem cells (36).
On the other hand, a subpopulation of 9-O-
acetyl GD3-positive cells co-label with the
early neuroepithelial intermediate filament
Nestin and with the carbohydrate Lex (Gubert
F, Zaverucha-do-Valle C, Santiago MF and
Mendez-Otero R, unpublished data). The
Lex antigen was recently associated with a
non-ependymal adult neural stem cell popu-
lation (37). In addition, using magnetic acti-
vated cell sorting, we have isolated a frac-
tion of cells from the ependymal/subependy-
mal region of the adult rat brain that express
high amounts of 9-O-acetyl GD3. In the
neurosphere formation assay we show that
in the presence of fibroblast growth factor 2
and epidermal growth factor, the group con-
taining 9-O-acetyl GD3-positive cells forms
more neurospheres than the group negative
for this marker. Furthermore, neurospheres
generated by the 9-O-acetyl GD3-positive
population differentiate into neurons and glia
after deprivation of growth factors. Based
on these results, we suggested that 9-O-
acetyl GD3 can be used as a surface marker
to isolate neural stem cells from the rat adult
nervous system (Gubert F, Zaverucha-do-
Valle C, Santiago MF and Mendez-Otero R,
unpublished data). Figure 1 summarizes some
of the findings of our group concerning the
characterization of adult neural stem cells.

Regulation of neurogenesis in
pathological conditions

Recent studies have shown that acute
brain injury, including that caused by ische-
mia, seizures and trauma, can stimulate neu-
rogenesis in the adult hippocampus. How-
ever, enhanced neurogenesis is also caused
by seizure activity, mild global forebrain
ischemia and stroke not associated with neu-
ronal death in the hippocampus. Thus, cell
death is not necessary for insult-induced
neurogenesis. Stroke has also been reported
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Subependyma

Ependyma

Figure 1. Schematic diagram of the organization of the adult subventricular zone. Migrating neuroblasts (type A
cells) are surrounded by astrocytes (type B cells) that separate the migrating cells from the striatum. The type B
cells eventually possess a single cilium that touches the ventricular lumen, are self-renewable and express glial
fibrillary acid protein (GFAP). Ependymal cells (type E cells) line the ventricular surface and possess functional
cilia. In close association with the neuroblasts are the C cells. The type C cells are putative intermediate precursors
that give rise to the migrating neuroblasts and are self-renewable as well. Two different views in the literature point
to type B and type E cells as good candidates for the true adult neural stem cell identity (29,31). Note that both of
them express the ganglioside 9-O-acetyl GD3 (Z) in their membranes. Therefore, this ganglioside can be used as
a surface marker to isolate an enriched population of adult neural stem cells. Since type A cells also express the
ganglioside 9-O-acetyl GDS this antigen could not be considered an exclusive marker of adult neural stem cells. A
=type A cells; B = type B cells; C = type C cells; E = type E cells; Ctx = cerebral cortex; CC = corpus callosum; LV

= lateral ventricle; Sep = septum; Str = striatum.

to increase neurogenesis in the subependy-
mal region. In our laboratory, we have in-
vestigated the expression of 9-O-acetyl GD3
following global ischemia in the rat. Ische-
mia was induced with bilateral carotid oc-
clusion and the subependymal region was
examined 7 days after occlusion. Prelimi-
nary results have shown that in the ischemic
brain there was a change in the expression
pattern of 9-O-acetyl GD3 in the subependy-
mal region. The results suggest that this
ganglioside may play a role in the response
of neural stem cells to injury (Zaverucha-do-
Valle C, Gubert F, Santiago M and Mendez-
Otero R, unpublished data). The functional
consequences of insult-induced neurogen-
esis are still unclear. It is possible that in-
creased neurogenesis might be a compensa-
tory mechanism replacing lost neurons and

counteracting functional impairments.
Final comments

Evidence now exists that small popula-
tions of neurons are formed continuously in
specific regions of the adult brain (38). Al-
though there is no guarantee that all this
knowledge will yield any new clinical tools
for brain and spinal cord repair, our hopes
are that, in the future, research on the brain’s
own neurogenic potential will result in ways
of reconstituting damaged or senescent cir-
cuits and functions in the brain (39). The
discovery of neurogenesis and neuronal re-
placement in adult brains is likely to affect
the ways in which we think about neurologi-
cal diseases and neuronal repair.
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