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Summary: During the past three decades, research exploring
potential neuronal replacement therapies has focused on replac-
ing lost neurons by transplanting cells or grafting tissue into
diseased regions of the brain. However, in the last decade, the
development of novel approaches has resulted in an explosion
of new research showing that neurogenesis, the birth of new
neurons, normally occurs in two limited and specific regions
of the adult mammalian brain, and that there are significant
numbers of multipotent neural precursors in many parts of
the adult mammalian brain. Recent advances in our under-
standing of related events of neural development and plas-
ticity, including the role of radial glia in developmental
neurogenesis, and the ability of endogenous precursors
present in the adult brain to be induced to produce neurons
and partially repopulate brain regions affected by neurode-

generative processes, have led to fundamental changes in the
views about how the brain develops, as well as to approaches
by which transplanted or endogenous precursors might be
used to repair the adult brain. For example, recruitment of
new neurons can be induced in a region-specific, layer-
specific, and neuronal type-specific manner, and, in some
cases, newly recruited neurons can form long-distance con-
nections to appropriate targets. Elucidation of the relevant
molecular controls may both allow control over transplanted
precursor cells and potentially allow for the development of
neuronal replacement therapies for neurodegenerative dis-
ease and other CNS injuries that might not require trans-
plantation of exogenous cells. Key Words: Neurogenesis,
neocortex, neural precursors, neural stem cells, neural trans-
plantation, neuronal recruitment.

INTRODUCTION

Neuronal replacement therapies are based on the idea
that neurological function lost to injury or neurodegen-
erative disease might be improved by introducing new
cells that can differentiate and integrate appropriately to
replace the function of lost neurons. New cells could
theoretically achieve this goal in one of two general
ways.1–3 New neurons can anatomically integrate into
the host brain, become localized to the diseased portion
of the brain, receive afferent input, express appropriate
neurotransmitters and receptors, and form precise axonal
projections. Such neurons would therefore function by
integrating into the microcircuitry of the nervous system
and replacing lost neurons. Alternatively, newly introduced
cells could more simply constitutively secrete neurotrans-

mitters or neurotrophic factors into local CNS tissue, or
they could be engineered to produce growth factors to sup-
port the survival or regeneration of existing neurons. Grow-
ing knowledge about the normal role of endogenous neural
precursors, their potential differentiation fates, and their
responsiveness to a variety of cellular and molecular con-
trols also suggests that neuronal replacement therapies
based on manipulation of endogenous precursors either in
situ or ex vivo might be possible.

Neuronal replacement therapies based upon the ma-
nipulation of endogenous precursors in situ might have
advantages over transplantation-based approaches, but
they could have several limitations as well. The most
obvious advantage of manipulating endogenous precur-
sors in situ is that there is no need for external sources of
cells. Cells for transplantation are generally derived from
embryonic tissue, nonhuman species (xenotransplanta-
tion), or cells grown in culture. The use of embryonic-
derived tissue aimed at treating human diseases is com-
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plicated by limitations in tissue availability, as well as by
serious political and ethical concerns. Xenotransplanta-
tion of animal cells carries the risk of introducing novel
diseases into humans, and might be limited by how well
xenogenic cells can integrate into the human brain. In
many cases, cultured cells must be immortalized by on-
cogenesis or released from some proliferation control by
mitogens, increasing the risk that such cells could be-
come tumorigenic. In addition, transplantation of cells
from many of these sources risks immune rejection and
may require immunosuppression, if they are not derived
from the recipient.

However, there are also potential limitations to the
manipulation of endogenous precursor cells as a neuro-
nal replacement therapy. First, such an approach might
be limited to particular regions of the brain, because
multipotent neural precursors are more densely distrib-
uted in particular subregions of the adult brain, such as
the subventricular zone (SVZ) and hippocampal sub-
granular zone. In some cases, it is possible that there
simply might not be sufficient numbers of precursor cells
to bring about functional recovery. In addition, the po-
tential differentiation fates of endogenous precursors
might be too limited to allow their integration into varied
portions of the brain. Another potential difficulty is that
it could be difficult to provide the precise combination
and sequence of molecular signals necessary to induce
endogenous precursors to proliferate efficiently and dif-
ferentiate precisely into appropriate types of neurons
deep in the brain. It is currently unknown whether adult-
born neurons derived from endogenous precursors un-
dergo the same developmental sequence of events as
neuroblasts in the developing brain.

In this review, we will discuss both transplanted and
endogenous sources of cells for the repair of complex
neural circuitry. We begin with a brief historical review
of transplantation studies, which themselves have set the
stage for modern studies of directed neuronal replace-
ment strategies. We provide a survey of the use of neural
transplantation in a variety of disease paradigms, and
also discuss transplantation as an effective tool for rig-
orous developmental studies. We then present and dis-
cuss a biophysical approach for inducing selective apo-
ptosis of specific neuronal populations, and then go on to
describe how this model can be used in studies of how
transplanted cells, such as multipotent neural precursors
or more phenotypically committed cells, can undergo
directed migration, differentiation, and the establishment
of specific projections. After this discussion of the effi-
cacy of transplanted cells for the repair of complex cir-
cuitry, we present a discussion of the phenomenon of
adult mammalian neurogenesis and describe the behavior
of cells within several key regions in which new neurons
are constitutively produced. The use of endogenous
sources of cells for directed CNS repair clearly requires

a detailed understanding of the identity of adult multi-
potent neural precursors, as well as an understanding of
the ability, or inability, of neural and non-neural cells to
undergo phenotypic transdifferentiation. We follow this
discussion with a description of how specific targeted
manipulation of the neocortical environment can lead to
the endogenous production of new neurons, capable of
limited re-establishment of complex cortical circuitry.
These studies now allow for the development of system-
atic studies that attempt to understand the molecular
signals that might underlie the integration of both trans-
planted and endogenously derived cells. This review then
concludes with a discussion of what the future prospects
might be for the development of endogenous repair strat-
egies in the adult CNS.

HISTORICAL PERSPECTIVE

In 1890, W.G. Thompson made the first serious at-
tempts at grafting neural tissue into the mammalian
brain.5 In these early studies, Thompson, working with
adult cats and dogs, grafted tissue to and from the neo-
cortex and found that the tissue did not completely de-
generate but remained recognizable as “brain substance”
for up to 7 weeks after transplantation. Later, Tello6

demonstrated that regeneration in the CNS of adult ro-
dents, for example, could be facilitated by grafting pieces
of peripheral nervous system into the lesioned neocortex,
suggesting that adult neurons had the potential to regen-
erate. In addition, Ranson7 showed that rat spinal gan-
glion cells grafted to slits in the cerebral cortex of a
different adult rat recipient could establish extensive
neurite growth, suggesting that the environment of the
CNS is not absolutely inhibitory to neurite growth. Dunn
and others showed that the viability and growth of trans-
planted neocortical tissue in rats was greatly enhanced
when the donor tissue and/or recipient animals were
embryonic or neonatal.8

MODERN TRANSPLANT STUDIES

Despite early advances made by grafting neural tissue
to or from the neocortex, neural transplantation as a
potential method for CNS repair fell out of vogue be-
tween the 1920s and 1960s. In the early 1970s, at least
two independent groups, for example those of Björk-
lund9 and Das,10 initiated a more systematic approach to
neural transplantation and began exploring its potential
as a therapy for motor abnormalities associated with
Parkinson’s disease.11 The shift in emphasis from at-
tempting to analyze the gross viability and growth char-
acteristics of grafted neural tissue, to its potential utility
as a therapy for neurodegenerative disease, brought with
it a shift toward more detailed studies of transplantation
into basal ganglia-related structures, such as the substan-
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tia nigra and striatum. The ideas motivating these studies
were to establish a therapeutic paradigm for the seem-
ingly most anatomically localized neurodegenerative dis-
orders, Parkinson’s and Huntington’s diseases.

NEURAL TRANSPLANTATION FOR
DEVELOPMENTAL STUDIES

In addition to its potential utility in studies of neuro-
degeneration, neural transplantation has also been em-
ployed to advantage as a powerful experimental tool for
developmental studies. In many of these studies, cortical
tissue has been transplanted in two main paradigms: 1)
whole blocks of embryonic cortical tissue have been
removed and transplanted into heterotopic cortical areas
to examine spatial predetermination and plasticity,12–14

and 2) cortical tissue has been transplanted heterochroni-
cally (from one developmental stage into either a
younger or older stage) to examine the stage specificity
and determination of brain areas during develop-
ment.15–17 Not only have these developmental studies
examined the plasticity of neural tissue during develop-
ment, but they have also investigated the effects of in-
trinsic versus extrinsic influences on the survival,
growth, and integration of transplanted neural precursors
and stem cells.

Although the transplantation of whole blocks of neural
tissue is not currently considered to be a feasible ap-
proach for reconstructing complex circuitry within the
CNS, these developmental studies have nevertheless pro-
vided a valuable resource for approaching potential fu-
ture therapies involving the transplantation of precursor
and stem cells. Indeed, developmental studies have
proven extremely important for guiding potential thera-
peutic strategies that may involve cell transplantation. In
particular, such studies can provide critical insight into
our understanding of what stage of cells is most appro-
priate for a particular use, what environmental influences
can be expected from the host at a particular age, as well
as what factors may need to be extrinsically added or
inhibited in the adult CNS to maximize the efficacy of
transplanted or endogenous precursors.

The numerous areas of the adult mammalian neocor-
tex are anatomically characterized by their patterns of
hierarchical connectivity with both cortical and subcor-
tical structures, as well as by their ability to respond
functionally to various inputs from these areas. The tim-
ing of neurogenesis during cortical development is
highly correlated with neuronal laminar position and
subsequent connectivity.16–19 During the early formation
of the neocortex, however, patterns of neuronal connec-
tivity may not be as well determined as in the adult and,
in fact, a considerable amount of epigenetic plasticity
appears to exist, in part because of local axonal guidance
cues, transient targeting, and axonal elimination. For ex-

ample, the host environment appears to control layer V
projections as well as thalamocortical projection patterns
in transplanted occipital and somatosensory cortex.12,20

Additionally, some studies have demonstrated cross-
modal plasticity in the developing cortex, whereby au-
ditory cortex can be induced to receive visual thalamic
inputs and exhibit functional properties characteristic of
visual cortical areas.21–23 Some have interpreted these
data as indicating that the early mammalian neocortex
lacks specification, and can thus be molded almost en-
tirely by environmental interactions. However, a grow-
ing body of evidence suggests that there is also, in fact,
a molecular specification of cortical areas, based on the
timing of neurogenesis as well as the area in which
neurons are born.24

A SELECTIVE MODEL OF CORTICAL
NEURON DEATH

Cortical transplantation studies focused on the recon-
struction of cortical circuitry following stroke or trauma
in adult mammals have shown only modest success using
embryonic cortical donor tissue.25–29 Some studies have
reported small amounts of reciprocal connectivity be-
tween the host and the graft; however, this connectivity
has been limited, and largely nonspecific. Several fac-
tors, including glial scarring, immune interactions, in-
flammation, and secondary excitotoxicity are likely to
have contributed to the failure of cortical transplants to
reconstruct the complex laminar, morphological, synap-
tic, and functional properties of cortical circuitry.

It is clear that reconstruction of neocortical circuitry,
or any neural circuitry for that matter, either by trans-
plantation of neural precursors or by manipulation of
endogenous precursors, may depend critically upon both
local microenvironmental control signals and the intrin-
sic competence of populations of precursors to respond
appropriately to external molecular controls. In contrast
to traditional stroke and trauma models that have used
cortical transplantation, our lab has developed a model of
targeted cortical neurodegeneration in which specific
populations of cortical projection neurons can be selec-
tively eliminated, without glial scarring, inflammation,
adverse immune reaction, or excitotoxicity. Using this
model, which will be described in greater detail below,
we found that not only are transplanted immature neu-
roblasts capable of migrating specifically to laminae un-
dergoing targeted neurodegeneration, but these cells can
also undergo correct morphological differentiation, form
long-distance projections to appropriate cortical target
areas, and integrate synaptically.30–37

Furthermore, the efficiency of neuroblast migration
and integration into the adult cortex is significantly in-
fluenced by the age of the transplantation cell source. For
example, donor cells derived from various ages of mouse
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neocortex were compared in a series of transplantation
studies, and it was found that later-stage neuroblasts and
region-specific immature neurons transplanted into the
adult cortex undergoing targeted neurodegeneration de-
velop a mature cortical projection neuron phenotype and
make appropriate connections with recipient circuitry
with increased efficiency.36,38 However, when using
transplant cell sources derived from postnatal stages of
development, limitations in survival can outweigh this
increased efficiency. Taken together, these findings sup-
port a progressive sequence of neural precursor differen-
tiation and a spectrum of competence by precursors to
respond to instructive microenvironmental signals. In-
deed, these results might also suggest that more differ-
entiated precursors might be more advantageous than
less differentiated, less committed “stem cells” in certain
neural repair strategies.

Targeted apoptotic neurodegeneration produces highly
specific cell death of selected types of projection neurons
within defined regions of neocortex. Very briefly, cellu-
lar degeneration results from the photoactivation of ret-
rogradely transported nanospheres carrying the chro-
mophore chlorin e6, stored nontoxically within neuronal
lysosomes.32,34,35 Chlorin e6 produces the reactive oxy-
gen species singlet oxygen only when excited by near-
infrared light; this light penetrates deeply through ner-
vous system tissue without absorption or cellular injury
to nontargeted cells. Targeted neurons die by apoptosis
via a cascade of well defined and characteristic apoptotic
cellular events: biochemical (e.g., internucleosomal
DNA fragmentation), morphological (e.g., nuclear frag-
mentation, specific TUNEL and PI labeling, apoptotic
body formation, phagocytic removal of membrane-
bound fragments), ultrastructural (e.g., heterochromatin
condensation, apoptotic body formation), and transcrip-
tional.31,34 Death depends on both new protein synthesis
and intrinsic endonuclease activity. Only neurons both
selectively labeled with the chromophore and in the con-
trolled light path undergo apoptotic degeneration that is
progressive over a 2- to 3-week period. Intermixed neu-
rons, glia, axons, and connective tissue are not in-
jured.32,39

We have applied this approach of targeted apoptotic
neuronal degeneration to study cellular and molecular
influences over migration and differentiation of newly
incorporated neurons. As will be discussed in more detail
below, the photoactivated induction of cell death in neo-
cortical pyramidal neurons affects migration and differ-
entiation of transplanted neurons32,33,35,37,40 as well as
transplanted neural precursors.41 An optimal model for
cortical repopulation should reflect the intricate intercon-
nections of those neurons that have degenerated. Selec-
tive apoptotic neuronal death is postulated to play a role
in a variety of neurodegenerative processes. In summary,
this model of targeted apoptotic neurodegeneration is

well characterized32–35 and provides a highly controlla-
ble model of apoptotic neuronal death in neocortex. The
following sections discuss how transplanted embryonic
neurons can exhibit directed migration and differentia-
tion when transplanted into cortex undergoing targeted
apoptosis, how such transplanted neurons can re-form
specific projections, and how multipotent neural precur-
sors can undergo similar directed neocortical neuronal
differentiation.

TRANSPLANTED EMBRYONIC NEURONS
UNDERGO DIRECTED MIGRATION AND
DIFFERENTIATION IN JUVENILE AND

ADULT MICE

In studies using juvenile and adult mice, we demon-
strated at both light and electron microscopic (EM) lev-
els that transplanted embryonic day 17 (E17) and E14
neurons undergo directed, long-distance migration of up
to 700-800 �m32,35,40; projection neuron differentiation
characterized as including the development of long-dis-
tance projections, morphology, and neurotransmitter and
receptor expression35–37,39; and afferent synapse forma-
tion32,36 within regions of targeted callosal projection
neuron degeneration in lamina II/III. For these and later
experiments, we identified the transplanted neuroblasts
by combined genetic and double or triple intracellular
prelabeling by electron-dense neuron-specific fluorescent
nanospheres, PKH lipophilic dye, and 3[H]-thymidine.
We performed later analysis with immunocytochemical
identification by multiple neuron-specific markers.32,35,36

The directed cellular events noted above are not seen
under a variety of control conditions, including condi-
tions involving transplantation into intact or excitotoxi-
cally lesioned cortex, as well as an alternate source of
neurons from the cerebellum.32,35,36,40 In addition, the
differentiation fate of earlier born neurons could be al-
tered; neuroblasts that normally form deep laminae could
differentiate into superficial layer neurons with contralat-
eral projections. These experiments demonstrate local-
ization of these events to regions of neuronal degenera-
tion and that such effects were specific to cortical
neurons. These results suggested the hypothesis, to be
discussed in more detail later in this review, that targeted
neuronal apoptosis produces a molecular and cellular
environment permissive and instructive for at least par-
tial cellular repopulation via re-expression of develop-
mental signal molecules that guide elements of cortical
neuron differentiation.42

Directed migration and initial differentiation occurs
over approximately 1 to 3 weeks after initiation of pro-
jection neuron death. Approximately 45% of trans-
planted E17 neurons undergo directed migration and py-
ramidal neuron differentiation; the rest of the
transplanted cells remain at the injection site, surviving
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as small neurons.32,35 In one study, neurons were trans-
planted at the borders of regions undergoing neuronal
death and were quantitatively studied for directed migra-
tion.32 Migrating neurons moved an average of 300 �m
and as far as 800 �m into the adjacent brain regions,
whereas control transplantations did not undergo net
movement into the regions at all, staying within 40 �m
of the injection site. Time-lapse video microscopy and
digital confocal imaging in living slice cultures also
shows that neurons with classic migratory morphologies
(leading and trailing processes, elongated cell bodies,
saltatory migration) actively migrate obliquely across
intact lamina IV and V toward regions undergoing tar-
geted neuronal apoptosis.40 This migration occurs along
axons and in the presence of transitional radial glia de-
differentiated from recipient astroglia (confirmed by ex-
pression of a recipient GFAP reporter transgene) and
immunocytochemically identified by re-expression of the
RC-2 radial glial surface antigen.40 This dedifferentia-
tion does not occur in the absence of targeted neuronal
death, without donor cells, or in other control conditions.
Two weeks after transplantation, most neurons have
completed migration to their new locations, and many
extend axons toward the corpus callosum.35,37 Over 65%
of the donor neurons accept afferent synaptic input (dem-
onstrated by EM and synaptophysin labeling), they ex-
press the correct complement of primarily excitatory
neurotransmitters and appropriate neurotransmitter re-
ceptors, and they appear to integrate well at the light and
ultrastructural levels.32,36,41 Together, these results sup-
port the hypothesis that apoptotic degeneration of pro-
jection neurons induces re-expression of permissive and
instructive signals guiding elements of migration and
differentiation of donor neurons, and this suggests that
other classes of precursors or their progeny could be
appropriately directed if precise signals are identified and
manipulated.

DONOR NEURONS RE-FORM SPECIFIC
PROJECTIONS

Several sets of our experiments have focused on an-
other central question regarding development of such
transplanted neurons. Do they form long-distance axonal
projections, and are these connections specific? We per-
formed these experiments in S1 primary somatosensory
cortex of adult mice, to use the known connectivity of S1
to allow for analysis of appropriate or alternate distant
axonal projections via double retrograde labeling meth-
ods. Large numbers of newly differentiated neurons re-
formed specific callosal projections 6- to 10-mm long
over the 6 to 12 weeks following transplantation,37 ana-
lyzed by retrograde labeling of donor neurons. The effi-
ciency of this anatomic reconnectivity appears to be
highly dependent on the stage of the donor neuroblasts

(or precursors in other experiments): projections were
made by 21-23% of pooled E17 cortical donor neuro-
blasts36,37; by 10-15% of earlier stage E14 neuroblasts;
by 1-3% of transplanted multipotent precursors (Leavitt,
unpublished observations); and most recently by over
40% of more uniform, subregionally dissected E19 S1
anlage neuroblasts.38 Donor neuroblasts made no non-
specific projections to closer, alternate targets of other
nearby populations of S1 neurons, including ipsilateral
thalamus, motor cortex, and secondary somatosensory
S2 cortex. Our data and other reports43,44 provide evi-
dence that neurons or appropriate precursors can support
long-distance and at least partially specific axon exten-
sion even in the adult mammalian brain, if transplanted
into regions undergoing neuronal degeneration without
significant inflammation or gliosis. These experiments
set the stage for future experiments in which functional
connectivity can be tested.

The observations that axonal outgrowth by embryonic
neurons occurs through adult corpus callosum support
the idea that axon outgrowth inhibitors present in mature
CNS43–52 do not have an absolutely inhibitory effect.
This outgrowth may occur because embryonic neurons
do not yet have receptors for myelin-associated inhibi-
tors53,54 or because differences in lesion paradigms could
account for differences in axon growth (e.g., nonspecific,
inflammatory, gliotic lesions55 vs minimally traumatic
transplants).43,44,54

MULTIPOTENT NEURAL PRECURSORS CAN
UNDERGO DIRECTED NEOCORTICAL

NEURONAL DIFFERENTIATION

The commitment of individual precursors to particular
neuronal identities appears to result from a series of
progressively restrictive cellular decisions dependent
upon the interaction of precursor lineage and local fac-
tors, including interactions with other cells, ECM com-
ponents, and diffusible factors.15,56–60 Although primary
embryonic cortical neurons respond to appropriate sig-
nals,32,35–37,40 fetal tissue poses significant problems re-
lated to availability and homogeneity. Expanded and ma-
nipulated neural precursors and immature neurons could
potentially solve this problem by providing abundant and
highly characterized cells at defined stages of differenti-
ation, through specific lineages of interest.

We tested the hypothesis that signals upregulated by
targeted apoptotic neurodegeneration could affect the
earlier differentiation step of initial neuronal specifica-
tion by more homogeneous multipotent neural precur-
sors: the cerebellar-derived C17.2 cell line,61,62 and the
even earlier stage, hippocampal-derived HiB5 line.34,63

These experiments also tested the feasibility of neuronal
replacement by early-stage neural precursors in regions
of neurodegeneration in neocortex, a strategy that could
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lead to manipulation of endogenous multipotent precur-
sors. HiB5 cells were immortalized at an earlier stage of
differentiation than were C17.2 cells, expressing in vitro
fewer markers of cellular differentiation.33 We found, in
experiments employing transplantation in utero, that
both lines can differentiate into neurons and glia during
the embryonic period of neurogenesis in neocortex, con-
firming their multipotential differentiation competence in
cortex. Neither cell line efficiently forms neurons post-
natally in neocortex under control conditions,33,41 con-
sistent with the developmental completion of cortical
neurogenesis. Both cell lines differentiate into glia or fail
to differentiate within intact or excitotoxically lesioned
postnatal neocortex. The cells presumably do not receive
signals for neuronal differentiation postnatally to which
they could respond. Together, these experiments further
supported the importance of local environmental signals
in guiding and restricting neural precursor development.

CONSTITUTIVELY OCCURRING ADULT
MAMMALIAN NEUROGENESIS

Ramon y Cajal has been widely quoted as writing that
“in the adult centers the nerve paths are something fixed,
ended and immutable. Everything may die, nothing may
be regenerated.” However, in addition to the use of trans-
planted cells, such as those from embryonic primary
cultures or those derived from multipotent neural precur-
sors, it has recently become clear that there are regions
within the CNS that might serve as endogenous sources
of cells for directed CNS repair. Until recently, the rel-
ative lack of recovery from CNS injury and neurodegen-
erative disease, and the relatively subtle and extremely
limited distribution of neurogenesis in the adult mamma-
lian brain, resulted in the entire field reaching the con-
clusion that neurogenesis does not occur in the adult
mammalian brain. Joseph Altman was the first to use
techniques sensitive enough to detect the ongoing cell
division that occurs in the adult brain. Using tritiated
thymidine as a mitotic label, he published evidence that
neurogenesis constitutively occurs in the hippocampus64

and olfactory bulb65 of the adult mammalian brain.
These results were later replicated using tritiated thymi-
dine labeling followed by electron microcopy.66 How-
ever, the absence of neuron-specific immunocytochemi-
cal markers at the time resulted in identification of
putatively newborn neurons being made on purely mor-
phological criteria. These limitations led to a widespread
lack of acceptance of these results, and made research in
the field difficult.

The field of adult mammalian neurogenesis was rekin-
dled in 1992, when it was shown that precursor cells
isolated from the forebrain can differentiate into neurons
in vitro.67,68 These results and technical advances, in-
cluding the development of immunocytochemical re-

agents that could more easily and accurately identify the
phenotype of various neural cells, led to an explosion of
research in the field. Normally occurring neurogenesis in
the olfactory bulb, olfactory epithelium, and hippocam-
pus have now been well characterized in the adult mam-
malian brain.

OLFACTORY BULB NEUROGENESIS

The cells contributing to olfactory bulb neurogenesis
originate in the anterior periventricular zone and undergo
a fascinating and intricate path of migration to reach their
final position in the olfactory bulb. Adult olfactory bulb
neurogenesis has been most extensively studied in the
rodent, with some studies conducted in nonhuman pri-
mates69,70; there is also in vitro71,72 and in vivo73 evi-
dence suggesting that such neural precursors exist in
humans. Several experiments show that the precursors
that contribute to olfactory bulb neurogenesis reside in
the anterior portion of the subventricular zone. When
retroviruses,74 tritiated thymidine,74 vital dyes,74,75 or
virally labeled SVZ cells75,76 are microinjected into the
anterior portion of the SVZ of postnatal animals, labeled
cells are eventually found in the olfactory bulb. Upon
reaching the olfactory bulb, these labeled neuroblasts
differentiate into olfactory granule and periglomerular
interneurons. To reach the olfactory bulb, the neuroblasts
undergo tangential chain migration though the rostral
migratory stream (RMS) into the olfactory bulb.77,78

Once in the olfactory bulb, the neuroblasts migrate radi-
ally from the RMS and differentiate into interneurons.

Although neural precursors residing in the SVZ in
rodents and in nonhuman primates have been found to
undergo chain migration through the rostral migratory
stream and into the olfactory bulb, recent evidence in
humans has raised the possibility that, despite the pres-
ence of progenitors in the SVZ, these cells may not
undergo chain migration through the RMS in humans.79

Although this evidence in humans is compelling but
inconclusive as to the possibility of local olfactory bulb
neurogenesis at this time, it underlines the fact that direct
comparisons cannot always be made between mice and
humans, or even between nonhuman primates and hu-
mans. The complexity of the human brain is considerably
greater than that of rodents, and the introduction of new
neurons into such a complex pre-existing system may be
a far more challenging task in humans than in rodents or
nonhuman primates.

Of notable interest have been the factors that contrib-
ute to the direction of migration of the neuroblasts, as
well as factors involved in initiating and controlling mi-
gration itself. In vitro experiments show that caudal sep-
tum explants secrete a diffusible factor, possibly the
molecule Slit80 that repels olfactory bulb neural precur-
sors.81 Consistent with the idea that SVZ precursor mi-
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gration is directed by repulsion is the finding that SVZ
precursors migrate anteriorly along the RMS even in the
absence of the olfactory bulb.82 The tangential migration
of the cells seems to be at least partially mediated by
polysialylated neural cell adhesion molecule, certain in-
tegrin subunits, and other factors.80,83–85 This may be
modified by tenascin and chondroitin sulfate proteogly-
cans that are located near the SVZ.86 Neuroblasts under-
going chain migration along the RMS do not travel along
radial glia, although glia may play a role in their migra-
tion. Garcia-Verdugo et al.87 presented anatomical evi-
dence that SVZ neuroblasts migrate within sheaths of
slowly dividing astrocytes. However, the astrocyte
sheaths may not be necessary for tangential migration,
because a great deal of tangential migration occurs in the
first postnatal week, before astrocytes can be found in the
RMS.88 More recent evidence has shown that the olfac-
tory bulb itself provides a secretable factor that acts as a
chemoattractant for neuronal precursor cells.89 Under-
standing the factors that contribute to normal SVZ pre-
cursor migration could be important in developing ap-
proaches to induce such precursors to migrate to injured
or degenerating regions of the brain.

OLFACTORY EPITHELIUM NEUROGENESIS

Sensory neurons in the olfactory epithelium are con-
tinually generated in adult rodents. The globose basal
cells of the olfactory epithelium divide, differentiate into
neurons, and send their axons through the olfactory nerve
to the olfactory bulb.90,91 Of all the neurons in the mam-
malian body, olfactory epithelium sensory neurons are
most directly exposed to potentially damaging influ-
ences, which might help to explain the necessity for their
continual replacement. The constant flow of air over the
epithelium brings a varying combination of new odorants
and potential insults to the olfactory sensory neurons.
Despite the precarious position of olfactory receptor neu-
rons, the population of olfactory receptor neurons is pre-
served, and mammals maintain a fairly consistent sense
of smell throughout life.

Neurogenesis in the olfactory epithelium is strongly
modulated by neuronal death in the epithelium. Olfactory
nerve lesions or olfactory bulb lesions, which lead to the
degeneration of axotomized neurons,92,93 result in an
increase in proliferation of precursors.90,92–95 The new
neurons that form in the adult olfactory epithelium send
axons through the olfactory nerve and into the mature
olfactory bulb.96,97 The ability of the newborn neurons to
re-form long-distance projections is probably due to their
immature state and to the environment through which
they extend their axons.

In vitro experiments suggest that mature olfactory sen-
sory neurons produce a signal that inhibits neurogenesis.
Olfactory epithelial precursor cells undergo dramatically

reduced neurogenesis in the presence of mature olfactory
receptor neurons in vitro,98 suggesting that when olfac-
tory sensory neurons are lost in vivo, the factors inhib-
iting neurogenesis are reduced, allowing the formation of
new sensory neurons. Understanding the signals that in-
hibit neurogenesis and neuronal integration could be as
important as understanding the signals that foster neuro-
genesis. Research in the olfactory epithelium highlights
the role of inhibitory factors in controlling neurogenesis;
understanding such signals in degenerating portions of
the CNS will be instrumental in developing neuronal
replacement therapies.

HIPPOCAMPAL NEUROGENESIS

Neurogenesis in the adult mammalian hippocampus
has been extensively studied, at least partially because of
the tantalizing connection between the hippocampus and
the formation of memory. Of particular interest is the fact
that hippocampal neurogenesis can be modulated by
physiological and behavioral events such as aging, stress,
seizures, learning, and exercise. These properties of hip-
pocampal neurogenesis may provide novel methods for
studying neurogenesis and may help to elucidate broader
influences that may be relevant to neuronal replacement
therapies.

Hippocampal neurogenesis has been described in vivo
in adult rodents,64 monkeys,99–101 and humans.102 New-
born cells destined to become neurons are generated
along the innermost aspect of the granule cell layer, the
subgranular zone, of the dentate gyrus of the adult hip-
pocampus. The cells migrate a short distance into the
granule cell layer, send dendrites into the molecular layer
of the hippocampus, and send their axons into the CA3
region of the hippocampus.103–105 Adult-born hippocam-
pal granule neurons are morphologically indistinguish-
able from surrounding granule neurons,106 and they de-
velop electrophysiological properties characteristic of
mature neurons.107 The precursor cells appear to mature
rapidly, and extend their processes into the CA3 region
as early as 4 days after division.104 The properties of both
the precursor cells and the hippocampal environment
likely contribute to the rapid maturation observed.

Much research on hippocampal precursors has been
performed in vivo, but many in vitro results are also
useful for understanding the effects of growth factors on
the differentiation of hippocampal precursors. Hip-
pocampal precursor cells are studied in vitro much like
SVZ precursors: they are removed from the brain, dis-
sociated, and typically cultured in EGF and/or FGF-2;
the mitogen is then removed, and the cells are exposed to
the growth factors of interest. Hippocampal precursors
proliferate in response to FGF-2 and can differentiate
into astroglia, oligodendroglia, and neurons in vitro.106
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BDNF increases both neuronal survival and differentia-
tion, while NT-3, NT-4/5, and CNTF might have more
limited effects.108 Further demonstrating the existence of
precursors in the adult human, multipotent precursors
derived from the adult human brain can be cultured in
vitro.109,110

Hippocampal neurogenesis occurs throughout adult-
hood but declines with age.111 This age-related decline
could be because of a depletion of multipotent precursors
with time, a change in precursor cell properties, or a
change in the levels of molecular factors that influence
neurogenesis. Understanding what causes this age-re-
lated decrease in neurogenesis may be important in as-
sessing the potential utility of potential future neuronal
replacement therapies based on manipulation of endog-
enous precursors. Although aged rats have dramatically
lower levels of neurogenesis than younger rats, adrena-
lectomized aged rats have levels of neurogenesis very
similar to those of young adrenalectomized rats.112,113

These results suggest that it is, at least partially, in-
creased corticosteroids, which are produced by the adre-
nal glands, and not a decrease in the number of multi-
potent precursors, that leads to age-related decreases in
neurogenesis. At least in the hippocampus, multipotent
precursors appear to survive with advancing age.

Seizures can also increase hippocampal neurogenesis.
However, it appears that seizure-induced neurogenesis
may contribute to inappropriate plasticity, highlighting
the fact that newly introduced neurons need to be appro-
priately integrated into the brain to have beneficial ef-
fects. Chemically or electrically induced seizures induce
the proliferation of subgranular zone precursors, the ma-
jority of which differentiate into neurons in the granule
cell layer.114,115 However, some newborn cells differen-
tiate into granule cell neurons in ectopic locations in the
hilus or molecular layers of the hippocampus and form
aberrant connections to the inner molecular layer of the
dentate gyrus, in addition to the CA3 pyramidal cell
region.115,116 It is hypothesized that these ectopic cells
and aberrant connections may contribute to hippocampal
kindling.117,118

Hippocampal cell death or activity-related signals re-
sulting from seizures may modify signals that lead to
increased neurogenesis. Induced seizures lead to degen-
eration of hippocampal neurons,119–121 which is fol-
lowed by neurogenesis.114,115 Excitotoxic or physical le-
sions of the hippocampal granule cell layer induce
precursor cell proliferation within the dentate gyrus and
the formation of neurons that have the morphological
and immunocytochemical properties of granule cell neu-
rons.122 These results suggest that hippocampal granule
cells either inhibit neurogenesis, as do neurons in the
olfactory epithelium, or that they or surrounding cells
produce signals that induce neurogenesis as they die.
However, since neurogenesis is also increased by less

pathological levels of electrophysiological activity,123 it
is also possible that signals induced by such activity play
a role in seizure-induced hippocampal neurogenesis.

Events occurring in the hippocampus dramatically
demonstrate that behavior and environment can have a
direct influence on the microcircuitry of the brain. Ani-
mals living in an enriched environment containing toys,
running wheels, and social stimulation contain more
newborn cells in their hippocampus than do control mice
living in standard cages.124 Experiments to further assess
which aspects of the enriched environment contribute to
increased neurogenesis reveal that a large portion of the
increase can be attributed simply to exercise via run-
ning.125,126 Associative learning tasks that involve the
hippocampus also appear to increase neurogenesis.127

Stress, on the other hand, can reduce neurogenesis in
both rodents128,129 and primates.99 An intriguing, but
completely speculative, idea that has been advanced by
some in this field is that the processes mediating these
effects on neurogenesis may underlie some of the bene-
fits that physical and social therapies provide for patients
with stroke and brain injury.

Some of the molecular mechanisms that mediate be-
havioral influences on hippocampal neurogenesis have
begun to be elucidated. For instance, IGF-I, which in-
creases adult hippocampal neurogenesis,130 is preferen-
tially transported into the brain in animals that are al-
lowed to exercise. Blocking IGF-I activity in exercising
animals reduces hippocampal neurogenesis, suggesting
that IGF-I at least partially mediates the effects of exer-
cise on neurogenesis.131 Stress increases systemic adre-
nal steroid levels and reduces hippocampal neurogen-
esis.129 Adrenalectomy, which reduces adrenal steroids,
including corticosteroids, increases hippocampal neuro-
genesis,112,132 suggesting that adrenal hormones at least
partially mediate the effects of stress on hippocampal
neurogenesis. Intriguingly, some antidepressant medica-
tions also appear to increase neurogenesis.133–135 To-
gether, these results demonstrate that adult neurogenesis
can be modified by systemic signals, suggesting that
modifying such systemic signals, and not only local
ones, may be useful in developing potential future neu-
ronal replacement therapies involving manipulation of
endogenous precursors.136

Adult hippocampal multipotent precursors can adopt a
variety of fates in vivo, suggesting that they may be able
to integrate appropriately into neuronal microcircuitry
outside of the dentate gyrus of the hippocampus. Hip-
pocampal precursors transplanted into neurogenic re-
gions of the brain can differentiate into neurons, while
precursors transplanted into non-neurogenic regions do
not differentiate into neurons at all. Adult rat hippocam-
pal precursors transplanted into the rostral migratory
stream migrate to the olfactory bulb and differentiate into
a neuronal subtype not found in the hippocampus, ty-
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rosine hydroxylase-positive neurons.137 However, al-
though adult hippocampal precursors transplanted into
the retina can adopt neuronal fates and extend neurites,
they do not differentiate into photoreceptors, demonstrat-
ing at least conditional limitation of their differentiation
fate potential.138,139 These findings demonstrate the im-
portance of the local cellular and molecular microenvi-
ronment in determining the fate of multipotent precur-
sors. These results also highlight that, although adult
hippocampal precursors can adopt a variety of neuronal
fates, they may not be able to adopt every neuronal fate.

Some recent correlative evidence suggests that newly
generated neurons in the adult hippocampus may partic-
ipate in some way in hippocampal-dependent memory.
Nonspecifically inhibiting hippocampal neurogenesis us-
ing a systemic mitotic toxin impairs trace conditioning in
a manner not seen in relevant controls, suggesting a role
for newly born neurons in the formation of memories.140

These correlative results, along with direct analysis of
electrophysiologic integration by newborn granule neu-
rons,107 suggest that adult-born hippocampal neurons in-
tegrate functionally into the adult mammalian brain. On-
going research in several laboratories is exploring the
precise role that new neurons might play in adult hip-
pocampal circuitry.

An interesting, but as yet unproven, hypothesis con-
cerning the role of hippocampal neurogenesis in human
depression has been proposed. Jacobs et al.141 and others
propose that insufficient hippocampal neurogenesis caus-
ally underlies depression.135,142 Consistent with this hy-
pothesis, stress-related glucocorticoids are associated
with a decrease in neurogenesis, and increased serotonin
levels141,143 or antidepressants134 are associated with an
increase in neurogenesis. However, the hippocampus is
generally thought to be involved in memory consolida-
tion, and less involved in the generation of mood, sug-
gesting that altered hippocampal neurogenesis may be
secondary to, rather than causative of, depression.

Although many studies of adult-born progenitor cells
in the hippocampus report that adult-born hippocampal
precursors residing in the subgranular zone of the dentate
gyrus exhibit stem-like properties in vitro,4,144,145 these
studies often employ dissociation of the entire hippocam-
pus and immediately adjacent subependymal zones. Oth-
ers have investigated the stem-like properties of neuro-
sphere cultures derived from microdissected subregions
of the hippocampus and the surrounding ventricular
ependymal areas, and find that hippocampal progenitors
residing in the adult dentate gyrus do not exhibit fully
stem-like properties, in that they are not capable of self-
renewal after primary spheres are passaged.146 In that
report, it was shown that subependymal-derived neuro-
spheres are, in fact, the population that is capable of
massive self-renewal into at least the second and third

passages, and that these cells are the likely source of
“stem cells” described in previous studies. Though there
is still debate on these issues, one interpretation is that,
although specific neurogenic regions in the adult brain
may be capable of repopulating specific regions of the
brain, these regions may not be more widely capable of
producing new neurons for other regions of the adult
brain. These and other recent findings discussed below
support the hypothesis that quiescent populations of pre-
cursor cells exist in the adult brain that, although they are
not neurogenic under normal conditions, can proliferate
and become neurogenic in response to appropriate sig-
nals and/or pathological processes. The possibility for
neuronal replacement strategies involving the manipula-
tion of endogenous precursors in the adult brain is, there-
fore, an area of great interest in the development of
potential therapeutic strategies for treating brain injury or
degeneration.

CORTICAL NEUROGENESIS

The vast majority of studies investigating potential
neurogenesis in the neocortex of the well studied rodent
brain do not report normally occurring, constitutive adult
cortical neurogenesis. Our own results demonstrate a
complete absence of constitutively occurring neurogen-
esis in murine neocortex.147 However, a few studies re-
port low-level, constitutively occurring neurogenesis in
specific regions of the neocortex of adult primates148,149

and in the visual cortex of adult rat.66 In Gould et al.,100

neurogenesis of 2–3 new neurons per millimeter cubed was
reported in prefrontal, inferior temporal, and posterior pa-
rietal cortex of the adult macaque, but not in striate cortex,
a presumably simpler primary sensory area. However, these
experiments were strikingly confounded by the fact that the
areas with the reported exceptionally small number of new
neurons had actually been previously lesioned by extracel-
lular recording electrodes, raising the issue of response to
local cellular injury and/or death. In contrast, other more
recent reports analyzed with more rigorous methods have
been unable to reproduce these findings, and report a com-
plete absence of cortical neurogenesis in both rodents and
primates.150–152 There exists a single report of neurogenesis
in the visual cortex of the adult rat,66 but this study used
tritiated thymidine and purely morphological cell type iden-
tification, and has not been confirmed by any other group,
including our own. It is unclear whether neurogenesis oc-
curs normally in the neocortex of any mammals, but further
examination of potential constitutively occurring neurogen-
esis in classically non-neurogenic regions153 will be re-
quired to assess definitively the potential existence of per-
haps extremely low-level neurogenesis.
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THE IDENTITY AND POTENTIAL LOCATION
OF ADULT MAMMALIAN MULTIPOTENT

PRECURSORS

If adult multipotent precursors were limited to the two
neurogenic regions of the brain, the olfactory bulb and
hippocampal dentate gyrus, it would severely limit the
potential of neuronal replacement therapies based on in
situ manipulation of endogenous precursors. However,
adult multipotent precursors are not limited to the olfac-
tory epithelium, anterior SVZ, and hippocampus of the
adult mammalian brain; they have been cultured in vitro
from caudal portions of the SVZ, septum,4 striatum,4

cortex,154 optic nerve,154 spinal cord,155,156 and retina.157

The precursors derived from all these regions can self-
renew and differentiate into neurons, astroglia, and oli-
godendroglia in vitro. It is thought that they normally
differentiate only into glia or die in vivo. Cells from each
region have different requirements for their proliferation
and differentiation. Precursors derived from septum, stri-
atum, cortex, and optic nerve are reported to require
FGF-2 to proliferate and differentiate into neurons in
vitro. There are conflicting reports on whether FGF-2 is
sufficient to culture spinal cord precursors.155,156 Retinal
precursors do not require any mitogens to divide in vitro,
although they do respond to both EGF and FGF-2. As
with all primary cultures, the particular details of the
protocols used can strongly influence the proliferation,
differentiation, and viability of the cultured cells, so it is
difficult to compare results from different labs. It is es-
timated that adult multipotent precursors can be found in
small but significant numbers in various regions of the
brain, e.g., separating cortical neural precursors by Per-
coll gradient yields about 140 multipotent precursors per
milligram versus 200 per milligram in the hippocam-
pus.154 Understanding the similarities and differences
between the properties of multipotent precursors derived
from different regions of the brain will be instrumental in
potentially developing neuronal replacement therapies
based on manipulation of endogenous precursors.

Although it is not generally accepted, there are reports
that, in addition to the undifferentiated multipotent pre-
cursors that are found in various portions of the brain,
mature neurons themselves can be induced to di-
vide.158,159 While it seems unlikely that a neuron could
maintain the elaborate neurochemical and morphologic
differentiation state of a mature neuron while replicating
its DNA and remodeling its nucleus and soma, it is still
theoretically possible. Although it is generally accepted
that other neural cells, such as astroglia, can divide, most
reports suggest that any attempt by differentiated neu-
rons to re-enter the cell cycle results in aborted cycling
and, ultimately, death.160 Significant evidence would
need to be presented to demonstrate convincingly that
mature neurons in the adult brain are capable of mitosis.

The effort to identify the neural precursors that con-
tribute to olfactory bulb neurogenesis has generated a
great deal of controversy. Two potential sources of ol-
factory bulb neuroblasts have been suggested: a sub-
population of astrocytic-like cells in the subventricular
zone, and ependymal cells lining the ventricles. It has
been reported that single ependymal cells are capable of
producing neurospheres,161 free-floating spheres of cul-
tured multipotent neural precursors, neurons, and glia. In
contrast, it has also been reported that ciliary ependymal
cells form spheres that consist only of astrocytes.162

Other investigators have been unable to generate neuro-
spheres from single ciliary ependymal cells, and instead
suggest that a population of “transit-amplifying” multi-
potent neural precursors found in the adult brain are a
type of astrocyte, expressing astrocytic morphology and
GFAP.163,164 Additional independent reports provide
support for the concept that multipotent neural precur-
sors with similarities to astrocytes contribute to adult
neurogenesis.165 Although the majority of currently
available evidence suggests that GFAP-expressing cells
in the SVZ are a proximal source of olfactory bulb neu-
rogenesis, it is important to distinguish between true
astroglia and a distinct class of precursor cells that may
also express GFAP. GFAP, although generally a reliable
marker for activated astrocytes, has been used as a sole
phenotypic marker in reports suggesting that astrocytes
are multipotent neural precursors or “stem cells.”166,167 It
is quite possible that at least some multipotent neural
precursors may also express GFAP, while remaining dis-
tinct from astroglia. Further clarifying the identity of
potentially multiple classes of multipotent neural precur-
sors that contribute to adult neurogenesis will increase
our ability to manipulate such cells.

Although the identity of the adult multipotent neural
precursors in the SVZ is still controversial, a number of
experiments have been performed to manipulate their
fate and examine their potential, both in vitro and in vivo.
These results will guide attempts to manipulate endoge-
nous precursors for brain repair. In vitro, subventricular
zone precursors have been exposed to a number of fac-
tors to determine their responses. Generally, precursor
cells have been removed from the brain, dissociated, and
cultured in EGF and/or FGF-2. The EGF and/or FGF-2 is
then removed, and the cells are exposed to differentiation
conditions and/or growth factors of interest. The details
of this process, including the particular regions from
which the cells are derived, the media in which they are
grown, and the substrates on which they are plated, can
have significant effects on the fate of the precursors.168

EGF and FGF-2169–171 both induce the proliferation of
SVZ precursors and can influence their differentiation.
EGF tends to direct cells to a glial fate, and FGF-2 more
toward a neuronal fate,168 while bone morphogenetic
proteins promote differentiation of SVZ precursors into
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an astroglial fate.172 However, PDGF156,173 and IGF-1174

promote SVZ precursors to differentiate into neurons.
There are conflicting results regarding whether BDNF
promotes the survival175,176 or differentiation174,177 of
SVZ precursors in vitro.177 Remaining questions not-
withstanding, in vitro results show that it may be possible
to influence the proliferation and differentiation of adult
SVZ precursors.

The effects of several growth factors, neurotrophic
factors, and cytokines have also been tested in vivo, to
investigate their effects under physiological conditions.
Intracerebroventricularly infused EGF or TGF-� induce
a dramatic increase in SVZ precursor proliferation,
whereas FGF-2 and CNTF induce smaller increases in
proliferation.178–180 Even subcutaneously delivered
FGF-2 can induce the proliferation of SVZ precursors in
adult animals.181 However, despite the fact that newborn,
mitogen-induced cells disperse into regions of the brain
surrounding the ventricles, it is generally accepted that
none of the newborn cells differentiates into neurons.179

Intraventricularly infused BDNF increases the number of
newly born neurons found in the olfactory bulbs of adult
animals.182 Further studies have shown that intraven-
tricularly administered BDNF is not only capable of
increasing the proliferation of SVZ precursors, but is
additionally able to promote neuronal migration into ec-
topic areas such as the neostriatum, septum, thalamus,
and hypothalamus.183,184 These findings indicate that it
might be possible to use growth factors to manipulate
adult endogenous precursors in vivo to replace neurons
lost to diseases or degeneration in brain areas that do not
normally undergo neuronal replacement.

Several reports have attempted to establish the differ-
entiation potential of SVZ multipotent precursors, but
these studies have yielded conflicting results. Postnatal
mouse SVZ precursors can differentiate into neurons in a
number of regions in the developing neuraxis,185 while
their fate is more limited to astroglia when they are
transplanted into adult brain.186 Adult mouse SVZ pre-
cursors injected intravenously into sublethally irradiated
mice have been reported to differentiate into hematopoi-
etic cells, interpreted as demonstrating the broad poten-
tial of neural precursors for differentiation and interlin-
eage “transdifferentiation.”187 However, it is possible
that either cell fusion or a chance transformation of cul-
tured SVZ cells led to a single transformant precursor
accounting for this finding. In this event, it could be
concluded that this result is not generally the case. How-
ever, one report indicates that labeled multipotent neural
precursors derived from adult mouse and transplanted
into stage 4 chick embryos or developing mouse morulae
or blastocysts can integrate into the heart, liver, and
intestine, and express proteins specific for each of these
sites.188 However, it has been again suggested by others
in the field that both fusion or transformation could ex-

plain some of these results. Adult multipotent neural
precursors may not be totipotent, but it appears that they
may possibly be capable of differentiating into a wide
variety of cell types under appropriate conditions. These
results indicate that the local cellular and molecular en-
vironment in which SVZ neural precursors are located
can play a significant role in their differentiation. Pro-
viding the cellular and molecular signals for appropriate
differentiation and integration of new neurons will be
critical for neuronal replacement therapies in which en-
dogenous neural precursors are either transplanted or
manipulated in situ.

THE ROLE OF RADIAL GLIA IN
NEUROGENESIS

The role of radial glia during mammalian CNS devel-
opment has recently undergone a revision in thinking,
such that, in addition to the traditional view of radial glia
providing a scaffolding on which newly generated neu-
roblasts can migrate into the developing cortex, emerg-
ing evidence indicates that radial glia are themselves
neural progenitors capable of generating neuronal phe-
notypes specific to several brain regions, including the
cortex, striatum, and lateral ganglionic eminence.189–192

Some estimate the percentage of cortical pyramidal neu-
rons generated by radial glia to be greater than 90%.191

It is unclear whether the diversity of neuronal subtypes
generated by radial glia in the distinct areas of the de-
veloping brain are the result of intrinsic diversity of
radial glia based on regional prespecification or the chro-
nological regulation of molecular controls over neuronal
fate. However, recent findings characterizing the region-
specific differences in both radial glia and astrocytes
suggest that cellular and molecular distinctions may lead
to a greater understanding of the developmental potential
of radial glia to produce distinct classes of neurons in
different areas of the developing brain.193–195

Radial glia appear to be heterogeneous in terms of the
neuronal progeny that they produce, with subsets of ra-
dial glia expressing Pax6 in the cortex,193,195 retinol-
binding protein 125 in the developing lateral ganglionic
eminence, Olig2 in oligodendrocytes located in the me-
dial ganglionic eminence,189 and sonic hedgehog in ven-
tral regions of the developing brain.196 Whether radial
glia are directly and functionally involved in the pattern-
ing of the developing CNS remains to be seen. In addi-
tion, the precise role of radial glia, if any, in the adult
CNS remains to be elucidated.

HEMATOPOIETIC TRANSDIFFERENTIATION:
CELL FUSION OR CELL CONFUSION?

The ability of non-neural cells to “transdifferentiate”
into neurons and other neural cells has become a subject
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of great interest in the past few years. Such transdiffer-
entiation of peripherally available cells appears as an
especially enticing prospect for future cell-replacement
therapies in the CNS, in light of the readily abundant and
renewable sources of such cells, such as bone marrow,
blood, skin, and fat. Much of this work has focused on
the ability of marrow stromal stem cells (MSCs) to trans-
differentiate into neural cell types both in vitro and in
vivo. It has been reported that MSCs exposed to growth
and/or trophic factors are capable of expressing several
neural markers, including nestin, NeuN, trkA, neuron-
specific enolase (NSE), neurofilament, and tau pro-
tein.197,198 Some cells observed in these studies have
been thought to exhibit neuronal morphologies in vitro,
with long processes, and what have been interpreted to
be growth cones and filopodia. Others have interpreted
these cells as spindle-shaped cells contracting during the
process of cell death. In vivo work with bone marrow
cells (BMCs) transplanted or infused into irradiated or
hematopoietically deficient mice has been interpreted by
some authors as showing donor-derived cells in the
brain, expressing the individual neuronal antigens NeuN,
NF-H, class III B-tubulin, and NSE.199,200 Other claims
of transdifferentiation of marrow-derived cells into fully
differentiated Purkinje neurons in the adult cerebellum
have also been made,201 and there have been reports of
improved neurological function after transplantation of
BMCs in brain injury models.202,203

Despite the excitement generated by studies regarding
such remarkable developmental plasticity of blood and
marrow stromal cells to transdifferentiate into neurons
(and other cell types), further investigation of the phe-
nomena observed in the above studies, by the same and
additional labs, casts substantial doubt on whether the
observations represent transdifferentiation at all. Rather,
it appears likely that either cell fusion or the inappropri-
ate expression of multiple cell-type markers (cell “con-
fusion”) has led investigators to their conclusions. The
expression of one or more neural or neuronal protein
markers does not necessarily indicate that a cell is a
neural cell or a neuron, respectively, especially if the cell
has undergone atypical differentiation from an alterna-
tive lineage. It increasingly appears possible that trans-
planted or cultured marrow cells differentiate aberrantly
and express a wide variety of cellular markers, including
neural and/or neuronal markers. To substantiate reports
of transdifferentiation, it is critical that analyses of neural
and/or neuronal differentiation be accompanied by data
showing the absence of non-neural or non-neuronal
markers. In addition, the presence of defining character-
istics of neurons, e.g., classical morphology, axonal pro-
jection, dendritic elaboration, synapse formation, neuro-
transmitter production, and/or generation of action
potentials in response to activation could be considered
minimal requisites to conclusions regarding neuronal dif-

ferentiation. Neurological functional improvements in ro-
dent studies have largely been attributed to release of tro-
phic factors by transplanted cells204,205 or to
angiogenesis,206,207 but not to actual neuronal differentia-
tion and integration of transdifferentiated marrow cells.
Several recent studies report that there is little evidence for
hematopoietic transdifferentiation,208–211 even in response
to brain injury, and these studies have further indicated
rather convincingly that the phenomena of hematopoietic
transdifferentiation into Purkinje neurons, cardiomyocytes,
and hepatocytes is actually a result of cell fusion.212,213

It is increasingly thought that circulating transplanted
microglia are responsible for cell fusion, and thus the
misidentification of transgenically tagged transplanted
cells as morphologically mature cell types that express
neural cell type-specific markers. Although the prospect
of bona fide transdifferentiation of marrow cells into
neural cells would be exciting, the existing data do not
currently support this interpretation. However, the pos-
sibility of therapeutic strategies involving the fusion of
microglia with mature cell types vulnerable to degener-
ation, as molecular and/or genetic delivery agents, is a
potentially promising field. The genetic manipulation of
microglia before transplantation may allow for effective
and selective gene or molecular product delivery to de-
generating populations of cells via cell fusion.

MANIPULATING THE CORTICAL
ENVIRONMENT

Endogenous multipotent precursors in the adult brain
can divide, migrate, differentiate into neurons, receive
afferents, and extend axons to their targets. Multipotent
precursors are concentrated in the olfactory epithelium,
anterior SVZ, and the dentate gyrus of the hippocampus,
but they can be found in lower densities in a number of
other regions of the adult brain. In addition, these pre-
cursors also have a broad potential; they can differentiate
into at least three different cell types (astroglia, oligo-
dendroglia, and neurons), given an appropriate in vitro or
in vivo environment. These properties of endogenous
multipotent precursors led us to explore the fate of these
precursors in an adult cortical environment that has been
manipulated to support neurogenesis.

As discussed earlier in this review, our lab has previ-
ously shown that cortex undergoing synchronous apo-
ptotic degeneration of projection neurons forms an in-
structive environment that can guide the differentiation
of transplanted immature neurons or neural precur-
sors.31,32,34,39,214 Immature neurons or multipotent neu-
ral precursors transplanted into targeted cortex can mi-
grate selectively to layers of cortex undergoing
degeneration of projection neurons, differentiate into
projection neurons, receive afferent synapses, express
appropriate neurotransmitters and receptors, and re-form
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appropriate long-distance connections to the original
contralateral targets of the degenerating neurons in adult
murine neocortex.35–38,40–42

These results suggested to us that cortex undergoing
targeted apoptotic degeneration could direct endogenous
multipotent precursors to integrate into adult cortical
microcircuitry. In agreement with this hypothesis, we
found, for the first time, that endogenous multipotent
precursors, normally located in the adult brain, can be
induced to differentiate into neurons in the adult mam-
malian neocortex without transplantation.147 We induced
synchronous apoptotic degeneration of corticothalamic
neurons in layer VI of anterior cortex and examined the
fates of dividing cells within cortex, using BrdU and
markers of progressive neuronal differentiation. BrdU�
newborn cells expressed NeuN, a mature neuronal
marker, and survived at least 28 weeks, while no new
neurons were observed in control, intact cortex. More-
over, some newborn neurons displayed typical pyramidal
neuron morphology (large, 10-15 �m diameter somata
with apical processes) characteristic of neurons that give
rise to long-distance projections. Retrograde labeling
from thalamus demonstrated that newborn, BrdU� neu-
rons can form long-distance, appropriate corticothalamic
connections.147 Together, these results demonstrate that
endogenous neural precursors can be induced in situ to
differentiate into cortical neurons, survive for many
months, and form appropriate long-distance connections
in the adult mammalian brain (FIG. 1). The same micro-
environment that supports the migration, neuronal dif-
ferentiation, and appropriate axonal extension of trans-
planted neuroblasts and precursors also supports and
instructs the neuronal differentiation and axon extension
of endogenous precursors. These results demonstrate that
the normal absence of constitutive cortical neurogenesis
does not reflect an intrinsic limitation of the potential of
endogenous neural precursors, but more likely results
from a lack of appropriate microenvironmental signals
necessary for neuronal differentiation or survival. Eluci-
dation of these signals could enable CNS repair. Taken
together, our results demonstrate that endogenous neural
precursors can be induced to differentiate into neocorti-
cal neurons in a layer- and region-specific manner and
re-form appropriate corticothalamic connections in re-
gions of adult mammalian neocortex that do not nor-
mally undergo neurogenesis. It appears that these results
are generalizable to other classes of projection neurons
(Chen et al., unpublished observations).

Recently, other groups have reported similar and com-
plementary results in hippocampus215 and stria-
tum,216,217 confirming and further supporting this direc-
tion of research. In Nakatomi et al.,215 an in vivo
ischemia model was used in which it was found that
massive repopulation of neurons in the CA1 region of the
hippocampus is possible following the large-scale elim-

ination of these neurons in the CA1 region. It was found
that the overwhelming majority of adult-born neurons
repopulating the damaged CA1 region originated from a
proliferative response in the posterior periventricle, and
that this proliferative response could be augmented by
infusion of EGF and FGF-2, dramatically increasing the
number of neurons able to migrate into and repopulate
the damaged CA1 region.

MOLECULAR SIGNALS UNDERLYING
INTEGRATION OF TRANSPLANTED AND

ENDOGENOUSLY DERIVED NEURONS

To begin to identify the molecular signals that are
responsible for the instructive environment produced by
cortex undergoing targeted apoptosis of projection neu-
rons, we analyzed the gene expression of candidate neu-
rotrophins, growth factors, and receptors in regions of
targeted neuronal death. We compared gene expression
to that of intact adult cortex using Northern blot analysis,
in situ hybridization, and immunocytochemical analysis.
The genes for BDNF, NT-4/5, and NT-3 are upregulated
only in degenerating regions of cortex, specifically dur-
ing the period of projection neuron apoptosis.42 The ex-
pression of a variety of other growth factors that are not
as developmentally regulated is not altered. These results
are in contrast to the less specific, more immediate, and
short-lived changes in gene expression observed in re-
sponse to nonspecific necrotic injuries or seizure-induced
injury. Surrounding glia and neurons may change their
gene expression in response to activity-dependent
changes at their synapses or factors released by degen-
erating projection neurons. For example, BDNF is up-
regulated specifically by local interneurons adjacent to
degenerating projection neurons. We are currently using
PCR-based suppression subtraction hybridization and
DNA microarray approaches to examine the expression
of other known and novel factors that contribute to the
instructive environment formed by cortex undergoing
targeted apoptosis of projection neurons. In a comple-
mentary manner, we have investigated cellular and mo-
lecular controls over the survival218 and differentia-
tion219 of cortical callosal projection neurons, using
cultured FACS-purified neurons of this specific lineage,
and analogous analysis of corticospinal motor neurons is
ongoing. Furthermore, we have recently identified broad
combinatorial programs of gene expression that specify
corticospinal motor neuron differentiation (Arlotta et al.,
unpublished observations), as well as other lineages of
cortical projection neurons (Arlotta et al., in preparation).
Furthermore, the microenvironmental factors that sup-
port the migration, differentiation, and axonal extension
of transplanted immature neurons and neural precursors
also appear to support and instruct the neuronal differ-
entiation and axon extension of endogenous precursors.
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CONCLUSIONS AND FUTURE PROSPECTS
FOR ENDOGENOUS CNS REPAIR

A better understanding of the cellular and molecular
controls over differentiation of neural precursor cells during
development and in the adult CNS will be critical for po-
tential cellular therapeutic approaches to repopulating dam-
aged or diseased areas of the nervous system. The future
prospect of directing the development and integration of
transplanted and endogenous precursors in the adult mam-
malian brain, toward the replacement of lost neurons or glia,
is exciting indeed, and several recent lines of work provide

remarkable progress toward this aim. Specifically, recent
findings regarding the presence of neural precursors in a
number of areas in the adult mammalian brain, ongoing
adult mammalian neurogenesis, and the possibility of acti-
vating even limited neurogenesis in normally non-neuro-
genic regions of the adult brain are advancing the field
toward the goal of cellular repopulation and repair.

Although constitutive neurogenesis normally occurs in
only two areas of the adult mammalian brain (SVZ and
dentate gyrus), recent research suggests that it may be
possible to manipulate endogenous neural precursors in

FIG. 1. Induction of neurogenesis in the neocortex of adult mice. Cartoon showing targeted apoptosis of corticothalamic projection
neurons and subsequent recruitment of new neurons from endogenous neural precursors, without transplantation, in adult mouse
neocortex. A: In intact adult mouse neocortex, endogenous precursors exist in the cortex itself, and in the underlying SVZ. Normally,
these precursors produce only glia in cortex. Neurons produced in the anterior SVZ migrate along the rostral migratory stream to the
olfactory bulb (not shown). B: When corticothalamic projection neurons are induced to undergo synchronous targeted apoptosis, new
migratory neuroblasts are born from endogenous precursors. These cells migrate into cortex, differentiate progressively into fully mature
neurons, and a subset send long-distance projections to the thalamus, the appropriate original target of the neurons being replaced. The
new neurons appeared to be recruited from SVZ precursors and potentially also from precursors resident in cortex itself. Adapted from
Björklund and Lindvall, Nature 405:892-894, 2000, re: Magavi et al., ibid, 405:951-955, 2000. Reprinted with permission from Nature ©
2000, Macmillan Magazines Ltd.
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situ to undergo neurogenesis in other regions of the adult
brain, toward future neuronal (or oligodendroglial) re-
placement therapy for neurodegenerative disease and
other CNS injury. Multipotent precursors capable of dif-
ferentiating into neurons, astroglia, and oligodendroglia
exist in many regions of the adult brain. These precursors
have considerable plasticity and, although they might
have limitations in their integration into some areas of
the CNS, they appear capable of differentiation into neu-
rons appropriate to a wide variety of regions, when either
heterotopically transplanted, or, more recently, recruited
in situ. Many adult precursors are capable of migrating
long distances, using both tangential and radial forms of
migration. Endogenous adult neural precursors are also
capable of extending axons significant distances through
the adult brain. In addition, in vitro and in vivo experi-
ments have begun to elucidate the responses of endoge-
nous precursors to both growth factors and behavioral
manipulations, and are beginning to provide key infor-
mation toward manipulation of their proliferation and
differentiation. For example, recent experiments from
our lab have shown that, under appropriate conditions,
endogenous precursors can differentiate into neocortical
neurons, extend long-distance axonal projections, and
survive for long periods of time in regions of the adult
brain that do not normally undergo neurogenesis. Other
laboratories have recently reported similar results in
other systems. Together, these results indicate that there
exists a sequence and combination of molecular signals
by which neurogenesis can be induced in the adult mam-
malian cerebral cortex and other regions where it does
not normally occur.

These results suggest that neuronal replacement ther-
apies based on manipulation of endogenous precursors
may be possible in the future. However, many questions
must be answered before neuronal replacement therapies
using endogenous precursors become a reality. The mul-
tiple signals that are responsible for endogenous precur-
sor division, migration, differentiation, axon extension,
and survival will need to be elucidated in order for such
therapies to be developed effectively. These challenges
also exist for neuronal replacement strategies based on
transplantation of precursors, because donor cells, what-
ever their source, must interact with an extremely com-
plex and intricate mature CNS environment to integrate
into the brain. In addition, although it remains an open
question, recent results in the field suggest that potential
therapies manipulating endogenous precursors in situ
would not necessarily be limited to portions of the brain
near adult neurogenic regions. It appears that neural pre-
cursor cells may be much more widely distributed in the
parenchyma of the adult CNS than previously thought,
albeit in lower numbers.

Another relatively unexplored theoretical possibility
for cellular repopulation in the mammalian CNS is the

mechanism used so successfully by urodeles and other
amphibians: dedifferentiation of phenotypically mature
cells and subsequent repopulation of damaged areas. Al-
though there are not yet data to support directly such
dedifferentiation strategies in mammals, theoretically it
may be possible to reconstruct complex structures in the
adult mammalian CNS as well. Although precursor cells
may be widely distributed in the adult mammalian CNS,
this population of cells may include precursors that exist
as seemingly differentiated cells, expressing mature neural
markers, while still retaining the ability to act as precursor
cells in response to a highly orchestrated and regulated set
of molecular signals. However, with the exception of the
SVZ and the inner granular layer of the dentate gyrus, the
adult mammalian CNS still appears to be a highly restric-
tive environment for neuronal production and integration
under normal physiological conditions.

Looking forward, it may be possible to induce the
cellular repopulation of the diseased brain via specific
activation and differentiation of endogenous neural pre-
cursors along desired neuronal or glial lineages. Even if
multipotent precursors are not located in large numbers
outside of normally neurogenic regions of the brain, it
may be possible to induce them to proliferate and differ-
entiate from small populations that are more widely dis-
tributed throughout the neuraxis. However, this field is
just at the beginning of understanding the complex in-
terplay between neural precursor potential and signals in
their local microenvironment; much can be learned about
precursor heterogeneity and how to take advantage of
what may be partial cell-type restriction, permissive and
instructive developmental signals, and modulation of
specific aspects of neuronal differentiation and survival.
Progress over the past decade has been great, and the
coming decades promise to offer significant insight into
these and other critical issues for the neural repair field.
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